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Editorial on the Research Topic
Neuroendocrine Research in Health and Disease

To facilitate interactions between Chinese neuroendocrine researchers and the international
neuroendocrine community, promote the growth of neuroendocrine research, and explore optimal
treatment strategies for neuroendocrine diseases, we opened this topic on February 10, 2018.
At the end of this topic, we had reviewed 31 manuscripts and accepted 22 for publication in
the Neuroendocrine Science Section of the Journals of Frontiers in Neuroscience and Frontiers
in Endocrinology. Among these papers, there were 19 original research contributions and three
reviews. The research reported in these papers covered neuroendocrine regulation of mental
activity, novel neuroendocrine pathways, peripheral effects of neuropeptides, receptor signaling,
neuroendocrine diseases and treatments, and other associated areas.

NEUROENDOCRINE REGULATION OF MENTAL ACTIVITY

Kendrick and colleagues initiated the publications by presenting findings that stated “oxytocin (OT)
facilitates empathic- and self-embarrassment ratings through attenuating amygdala and anterior
insula responses” (Geng et al.). OT, a hypothalamic neuropeptide, can enhance emotional empathy
in association with reduced amygdala activation. By using a randomized, double-blind placebo
controlled functional MRI experiment on 70 male and female subjects, the authors investigated the
effects of intranasal OT (40 IU) on behavioral and neural responses to embarrassment experienced
by the self or others. The results demonstrated that OT increases ratings of self- and other
embarrassment and that this is associated with reduced physiological arousal and activity in neural
circuitry involved in emotional arousal. Interestingly, the neural effects of OT are stronger in
individuals with high trait anxiety, suggesting that they may particularly reduce their anxiety in
embarrassing situations.

Next, Lin et al. reported that high plasma levels of irisin, a humoral factor important for
metabolism and homeostasis of energy balance, are associated with early cognitive deficits
in Chinese patients with Type 2 diabetes mellitus (T2DM). In this study on 133 Chinese
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patients with T2DM, the authors found that a higher level of
irisin in the plasma is associated with impaired overall cognition,
specifically in executive function. It is likely that irisin functions
both as “a sports pill” and as a signal of impaired cognition.

In a morphometric MRI study, Yang H. et al. reported
alterations in cortical thickness in young male patients
with childhood-onset adult growth hormone deficiency. They
revealed a close correlation between serum growth hormone
(GH)/insulin-like growth factor-1 (IGF-1) levels and age-related
cognitive function. This correlation is based on alterations in
cortical thickness in different brain lobes/regions.

In another study, Liu X. Y. et al. reported that intranasal
OT alleviated maternal postpartum depression while improving
milk production. Findings demonstrated that pup deprivation
can evoke aberrant maternal behavior and hypogalactia in rat
dams and that OT significantly improves these symptoms. In
the supraoptic nucleus (SON), a major source of brain OT,
intranasal administration can reverse pup deprivation -evoked
reduction of c-Fos and increases glial fibrillary acidic protein
(GFAP) filaments. Notably, OT also increases plasma levels
of adrenocorticotropic hormone and corticosterone in pup-
deprived dams. These Liu X. Y. et al. findings highlight
the therapeutic potential of OT in pup-deprived dams by
restoring the activity of the hypothalamic OT-secreting
system involving modulation of astrocytic plasticity. However,
OT’s activation of the hypothalamic pituitary adrenal
(HPA) axis likely compromises the facilitatory effects of
intranasal administration.

Involvement of the HPA axis in mental activity has been
well-known for decades. In the report by Zhou et al, the
causal association between cortisol levels and depression is
verified through a Mendelian randomization approach in
a CORNET consortium of 12,597 participants (Zhou and
Qiao). The result confirmed that a genetic predisposition to
higher serum morning cortisol levels is associated with an
increased depression score. Moreover, Wu R. et al. reported
that prenatal dexamethasone exposure causes depression-like
behavior in adult rats due to mitochondrial dysfunction.
Intervention with treadmill exercise in early life can reverse
this depression through improving mitochondrial function
in the hippocampus (Wu T. et al.). Consistent with these
latter findings, Qin et al. show that in rhesus macaques, a
non-human primate, chronic glucocorticoid exposure leads to
depression-like behavior and reduces dopamine (DA) levels
in cerebrospinal fluid (CSF). Paradoxically, this treatment
decreases cortisol concentration in the blood but increases them
in hair. Thus, chronic glucocorticoid exposure may disturb
both acute and chronic HPA axis reactivity, which eventually
disturbs neurotransmitter systems and leads to a depression-
like phenotype.

In addition to OT and corticosteroid hormones, sex steroid
hormones are also involved in the regulation of mental
activity. A paper by Cheng et al. demonstrated that androgens
and androgenic signaling are involved in the occurrence of
depression and anxiety. Following exposure to androgen during
pregnancy, rats manifest depressive, anxious, and stereotypical
behaviors in the adolescent period. These phenotypes are possibly

associated with changes in neurogenesis in the dentate gyrus of
the hippocampus.

NOVEL NEUROENDOCRINE PATHWAYS

Neuroendocrine regulation of bodily activity can be influenced
by direct neural innervation along with the actions of circulating
neurohormones. In studying the mechanism underlying
gastroparesis in patients with Parkinson’s disease (PD), Yang
Y.-L. et al. demonstrated that DA neurons in the substantia nigra
(SN) project to and activate the lateral hypothalamic nucleus
(LH) via the D1 receptor. LH neurons expressing orexin A also
innervate the dorsal motor nucleus of the vagus (DMV). By
activating the orexin receptor 1 of DMV, orexin A from the
LH can alter gastric motility. Reduction of DA in the SN of PD
patients decreases the activity of this SN-LH-DMV pathway,
which ultimately leads to gastric dysfunction via the vagal nerve
(Yang Y.-L. et al.).

Zhou et al. also reported that dopaminergic neurons in the
SN are involved in the regulation of glucose metabolism through
corticotropin-releasing hormone (CRH) neurons that express
DA receptor 2 (D2) in the hypothalamic paraventricular nucleus
(PVN). Bilateral SN lesions decrease glucose tolerance in rats
by down-regulating the D2 receptor and up-regulating CRH
in the PVN (Zhou et al.). These findings highlight that high
prevalence of glucose metabolism abnormalities in PD patients
associates with down-regulation of D2 and up-regulation of CRH
in the PVN.

The review by Li et al. systematically demonstrated how
pancreatic endocrine secretion is under the regulation
of extrapancreatic nerves projecting to the islet directly,
or converging on intrapancreatic ganglia, innervated by
sympathetic, parasympathetic, enteric, sensory nerve fibers,
and other intrapancreatic ganglia. It also highlighted the
necessity of clarifying the roles and the mechanisms of
intrapancreatic ganglia in physiological and disease states of the
pancreas (Li et al.).

PERIPHERAL EFFECTS OF
NEUROPEPTIDES

Neuropeptides have extensive influences on bodily functions
and this view is illustrated further in the current topic. Zhang
J. et al. or demonstrated that the neuropeptide substance P
released from primary sensory fibers promotes proliferation of
adult pancreatic ductal cells—one of the important sources of
pancreatic islet B-cell neogenesis—but not their differentiation
into B-cells. The observed effect of substance P involves the NK-1
receptor and Wnt signaling pathway. This finding indicates that
lack of substance P may be a possible risk factor for diabetes
development (Zhang N. et al.).

The review by Wang et al., comprehensively demonstrated
the therapeutic potential of OT in atherosclerotic cardiovascular
disease and the underlying mechanisms and signaling pathways.
This review first linked atherosclerosis with varieties of
immunometabolic disorders that can suppress OT receptor
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(OTR) signaling in the cardiovascular system (CVS). Next,
the authors discussed evidence for this and the cellular and
molecular mechanisms underlying CVS protective effects of
OT. Finally, the authors also presented evidence for OT-evoked
cardiovascular disturbance and the strategy for applying OT
safely in clinical practice.

RECEPTOR SIGNALING

Different hormones can have multiple receptors and the effects
of activating a specific receptor rely on specific signaling events.
The report by Ding et al. showed that activation of the G
protein-coupled estrogen receptor (GPER) elicits the release
from calcium stores and phosphorylation of the mu-opioid
receptor by regulating reproduction and metabolism in human
neuroblastoma cells. Activation of GPER is followed by rapid
calcium mobilization, translocation, and activation of protein
kinase C-a and -¢ at the plasma membrane leading to mu-opioid
receptor phosphorylation. The GPER-mediated rapid calcium
signal may also transmit to the nucleus to impact on gene
transcription (Ding et al.). Such a signaling cascade may play an
important role in the regulation of opioid signaling in the brain.

The review by Wang et al., discussed cellular and molecular
mechanisms underlying cardiovascular protective effects of OT.
The OT receptor signals mainly belong to the reperfusion
injury salvage kinase pathway composed of PI3K-Akt-endothelial
nitric oxide synthase cascades and extracellular signal-regulated
protein kinase 1/2 (ERK 1/2). Additionally, AMP-activated
protein kinase, Ca?*/calmodulin-dependent protein kinase
signaling, and many others can influence OTR signaling related
to cardiovascular protection. These signaling events coordinate
at many levels to suppress metabolic disorders, reduce the
production of inflammatory cytokines, and inhibit the activation
of apoptotic pathways, particularly endoplasmic reticulum stress
and mitochondrial oxidative stress. This comprehensive review
expands our understanding of the immunoregulatory functions
of OT.

DISEASE AND TREATMENT

Neuroendocrine studies have established the involvement and
treatment effects of neuropeptides in a variety of diseases. In their
study, Ma et al. found for the first time that the expression of OT
and OTR declines in human colorectal tissues as malignancy of
colorectal cancer (CRC) increases. They reported that OT can
suppress the expression of tumor-associated immunosuppressive
proteins fibroblast activation protein-o (FAPa) and chemokine
(C-C motif) ligand 2 (CCL-2). The reduction in OT-OTR
expression can unleash the expression of FAPa and CCL-
2 and, thus, facilitates CRC metastasis. Importantly, OT can
reduce the invasion ability of human CRC cells. Although the
authors limited their findings to colorectal adenocarcinoma, the
therapeutic potential of directly applying OT to inhibit CRC
migration is worthy of further exploration.

The report by Zhu et al, studied the spatial distribution
patterns of primary age-related tauopathy (PART) in subcortical

nuclei, including the neuroendocrine hypothalamus of post-
mortem human brains. They found that the prevalence
and severity of tau pathology in subcortical nuclei of PART
and AD positively correlate with the stage of NFT Braak
neurofibrillary tangles, suggesting that these nuclei are
increasingly involved as PART and AD progress. Thus,
these subcortical nuclei are probably the sites initially
affected by aging associated tau pathology, especially
brainstem nuclei.

Zou et al., reviewed the role of leptin in mood disorders
and neurodegenerative diseases and summarized findings that
leptin can improve learning and memory, affect hippocampal
synaptic plasticity, exert neuroprotective efficacy, and reduce the
risk of several neuropsychiatric diseases, including depression.
These effects are associated with leptin regulation of the release
of neurotransmitters and neurotrophic factors and can reverse
dysfunction in the HPA axis.

Sheng et al. demonstrated an involvement of mitogenic
signaling in the regulation of thyroid proliferation by insulin
glargine and human insulin. Their results show that therapeutic
doses of glargine do not stimulate thyroid cell proliferation,
despite longer-lasting hypoglycemic control than human
insulin. However, high doses of these insulin products can
stimulate thyroid cell proliferation, which should therefore be a
consideration in the clinical use of insulin glargine.

OTHERS

The topic also includes neuroendocrine studies in other
associated research areas. Liu L. L. et al. reported CSF
metabolite profiles in neurosyphilis patients following an
untargeted metabolomics analysis. These differential metabolites
may potentially improve neurosyphilis diagnostics in the future
and deserve further exploration. Xiao et al. demonstrated that
prenatal ethanol exposure produces age-dependent changes in
glucose metabolism, pancreatic morphology, and function in
male offspring rats. This intrauterine programming alteration
in the GC-IGF1 axis may contribute to prenatal and postnatal
pancreatic dysplasia and impaired insulin biosynthesis in
male offspring.

In addition, Wu R. et al. presented research suggesting that
brief mindfulness meditation can significantly improve emotion
processing. The beneficial effect correlates with reduced activity
of the HPA-axis and stress responses (Wu R. et al.). The report
by Zhang J. et al. revealed that voluntary wheel running reverses
deficits in social behavior following chronic social defeat stress in
mice due to the reversal of reduced levels of tyrosine hydroxylase
in the ventral tegmental area and the D2 receptor in the nucleus
accumbens shell.

Taken together, our topic submissions demonstrate
that Chinese neuroendocrine researchers are contributing
significantly to the field of neuroendocrinology. While many
challenges remain, the growth of a new generation of Chinese
neuroendocrine researchers will, we hope, result in even stronger
contributions to novel approaches, concepts, and principles in
both fundamental and clinical neuroendocrine research.
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Oxytocin Facilitates Empathic- and
Self-embarrassment Ratings by
Attenuating Amygdala and Anterior
Insula Responses

YaYuan Geng, Weihua Zhao, Feng Zhou, Xiaole Ma, Shuxia Yao, Benjamin Becker* and
Keith M. Kendrick™

MOE Key Laboratory for Neuroinformation, Clinical Hospital of Chengdu Brain Science Institute, University of Electronic
Science and Technology of China, Chengdu, China

The hypothalamic neuropeptide oxytocin has been reported to enhance emotional
empathy in association with reduced amygdala activation, although to date studies
have not investigated empathy for individuals expressing self-conscious, moral emotions
which engage mentalizing as well as emotion processing networks. In the current
randomized, double-blind placebo controlled functional MRI experiment in 70 male
and female subjects we have therefore investigated the effects of intranasal oxytocin
(40 IU) on behavioral and neural responses to embarrassment experienced by others or
by self. Results showed that oxytocin significantly increased ratings of both empathic
and self-embarrassment and concomitantly decreased skin conductance response,
activation in the right amygdala and insula but not in the medial prefrontal cortex.
The amygdala effects of oxytocin were associated with the magnitude of the skin
conductance response and trait anxiety scores. Overall our results demonstrate that
oxytocin increases ratings of self- and other embarrassment and that this is associated
with reduced physiological arousal and activity in neural circuits involved in emotional
arousal. The neural effects of oxytocin were more pronounced stronger in individuals with
high trait anxiety suggesting that it may particularly reduce their anxiety in embarrassing
situations.

Keywords: oxytocin, empathy, embarrassment, anxiety, insula, amygdala, prefrontal cortex, sex differences

INTRODUCTION

Our ability to empathize with others is a core feature influencing our social behavior through
allowing us to understand both what others are thinking and feeling and thereby promoting our
social interactions with them. As such, impaired ability to empathize with others is often a core
feature of disorders where social communication and interactions are dysfunctional, such as autism
spectrum disorders (1), depression (2) and psychopathy (3).

Even though empathy has been extensively investigated, its sub-components and associated
neural mechanisms are still not fully established (4). The most prevalent view considers empathy as
a multidimensional construct including both cognitive (identifying emotions expressed by another
person) and emotional components (being aroused by or feeling the same emotion expressed by
another person) (5). Meta-analytic data has suggested that a network including left orbital frontal
cortex, left anterior mid-cingulate cortex, left anterior insula and left dorsal medial thalamus is
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involved in cognitive-evaluative empathy, whereas another
network including the dorsal anterior cingulate cortex, bilateral
anterior insula, right dorsal medial thalamus and midbrain is
involved in affective-perceptual empathy (6). Studies that directly
compared the two empathy components additionally proposed
that the inferior frontal gyrus is essential for emotional empathy,
whereas the superior and middle frontal gyrus and the orbital
gyrus are specifically engaged in cognitive empathy (7). However,
the derived empathy network can differ dependent upon the
paradigm used (4) thus making it important to establish a core
network that is maintained across different paradigms.

The hypothalamic neuropeptide oxytocin (OXT) has been
implicated in a number of crucial aspects of social cognition and
emotional bonds (8, 9) and importantly studies have reported
that it can enhance components of empathy (10-12). The most
consistent findings have been in studies using paradigms that
distinguish cognitive from emotional empathy components. For
example, in male Caucasian subjects OXT was found to enhance
both direct and indirect aspects of emotional empathy, but not
cognitive empathy per se, in the Multifaceted Empathy Task
(MET) (12). Urbach-Wiethe disorder patients with selective and
complete bilateral amygdala-lesions also exhibited deficits in
emotional but not cognitive empathy in the MET suggesting
that the emotional empathy enhancing effects of OXT might
be mediated by the amygdala (12). We recently confirmed
these behavioral findings in Chinese male, as well as female
subjects using a Chinese version of the MET and demonstrated
that OXT effects on emotional empathy were associated with
decreased amygdala activity and increased physiological arousal
(10). Finally, another study using dynamic, empathy-inducing
video clips in which protagonists expressed sadness, happiness,
pain or fear demonstrated that OXT exerted no effects on
cognitive empathy but selectively enhanced emotional empathy
for fear (11). Thus, OXT may particularly enhance emotional
empathy, although in the context of the strong modulatory
influence of personal and social contextual factors on the specific
effects of OXT (8, 13) it is important to extend these observations
using other paradigms and contexts where empathic responses
are evoked.

Some initial support for OXT also influencing aspects of
cognitive empathy has been reported using the reading the mind
in the eyes test (RMET) where participants identify from visual
cues restricted to the eye regions which of four different complex
emotions is being experienced by subjects. Thus, in one study
OXT was reported to increase accuracy, particularly for more
difficult items (14). However, subsequent studies found that
OXT either only increased RMET accuracy for difficult items
in individuals with low empathy scores (15) or generally only
in individuals with lower socially proficiency associated with
higher levels of maternal love withdrawal (16). Furthermore, a
final comprehensive study failed to observe any effects of OXT
on RMET performance even taking into account item difficulty,
gender and valence and subject traits (17). Thus, evidence for
OXT enhancing cognitive empathy using the RMET paradigm
remains equivocal.

In the current double-blind, placebo-controlled study we
therefore investigated whether OXT would enhance empathy in

social situations involving more complex moral, “self-conscious,”
emotions such as embarrassment. Embarrassment is primarily a
self-reflection and self-evaluative process which serves as a way to
help humans adapt their behavior to social norms by punishing
non-compliance to such norms with a negative emotional state
(18). The neural pathways involved in embarrassment include
both those controlling mentalizing and emotional arousal (19).
Oxytocin has previously been shown to modulate activity in both
of these networks in the context of processing self-referential
information (mPFC-(20, 21)) and emotional stimuli [amygdala
and anterior insula—(22-27)].

We can experience empathic-embarrassment (EE) toward
others we see in embarrassing situations irrespective of
whether they are familiar or not (28), and so in the current
paradigm we investigated OXT effects on behavioral and neural
responses to pictures depicting others in embarrassing situations.
Additionally, we also asked subjects to imagine their own
feelings if they experienced a similar situation themselves
(i.e., self-embarrassment-SE). We reasoned that the latter self-
related context would involve a stronger mentalizing component,
although both contexts should have strong arousal components.
On the behavioral level, we hypothesized that, in line with
its enhancement of emotional empathy (10, 12), OXT would
increase both EE and SE ratings. At the neural level we
hypothesized that in line with previous findings, both in the
context of emotional empathy (10) and responses to fear and
other arousing stimuli (8, 24), OXT would decrease amygdala
activity and also change that of the insula (22, 25-27). We
additionally hypothesized that given the mentalizing component
associated with embarrassment there would be involvement of
the mPFC which could also be modulated by OXT given previous
findings (20, 21), but in view of the greater self-orientation and
mentalizing component in SE we additionally hypothesized that
the effects of OXT on mPFC activation would be greater in
this condition. We have previously shown that some behavioral
and neural effects of OXT on empathy and other behaviors are
associated with increased physiological arousal and modulated
by autistic traits (10, 29). The neural effects of embarrassment
are also modulated by anxiety (30) and autism (19). Thus, in
the current study we also investigated the effects of OXT on
physiological arousal as assessed by electrodermal activity and
associations of its effects with autism and anxiety traits.

MATERIALS AND METHODS

Participants

A total of n = 70 participants were enrolled in the present
randomized double-blind, placebo-controlled between-subject
experiment. Participants were randomly assigned to receive
OXT (40 International Units, IU) or placebo (PLC) intranasal
treatment resulting in 35 participants (female n = 17) in the OXT
treatment group and 35 (female n = 15) in the PLC treatment
group. Both groups were of comparable age [mean 4 STD,
OXT: 22.03 £ 2.15; PLC: 21.86 £ 1.97; p = 0.73,t(79) = —0.35],
education [OXT: 16.09 + 1.65; PLC: 15.89 + 1.64; p =0.61,
to) = —0.51], and gender distribution [x%(1) = 0.23, p =
0.63]. All participants reported having no past / current physical,
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How embarrassed
do you feel for the Embarrassment task

pers

SE

SE SE EE
173s [173s] [ 17$s | 173s [173s] [173s]

If you were in the
same situation.

Stimuli

FIGURE 1 | Paradigm for the embarrassment task. Subjects were first shown an instruction for 3 s to indicate whether it was an empathic embarrassment (EE) or
self-embarrassment (SE) trial followed by a jittered fixation cross (5s mean duration with 4-6's range. The picture stimulus was then presented for 3's, followed by
another fixation jittered mean duration of 4 s (range 3-5's). A rating slide (1-9) was then shown for 5. Each run included one EE block and one SE block of 10 stimuli
and the run order was counterbalanced using an ABBA design.

psychiatric or neurological disorders or regular/current use of  female participants (EE, p = 0.77, t = —0.30; SE, p = 0.17,
medication or tobacco. Subjects were required to refrain from ¢ = 1.41). For the fMRI experiment stimuli were presented in a
nicotine, alcohol or caffeine intake for at least 12h before  mixed block/event related design during four subsequent runs.
the experiment. None of the female participants were taking  Each run containing one block of EE and one block of SE trials,
oral contraceptives or were in their menstrual period. The  with 10 trials of stimuli presented during each block. Each block
distribution of females estimated to be in their follicular or luteal ~ started with a 3 s cue presentation indicating whether the subject
phases did not differ significantly between the groups (x> =0.06,  was required to rate EE or SE. Within each block stimuli were
p = 1.00). Written informed consent was obtained from each  presented for 3, followed by a jittered low-level baseline during
participant before the experiment. The study was approved by  which a fixation cross was presented for 4s (3-5s). After each
the ethical committee of the University of Electronic Science and  stimulus, subjects were given 5s to rate EE or SE using a 1-9
Technology of China, and all procedures were in accordance with ~ Likert rating scale (1 = not at all, 9 = very strong) followed by

the latest revision of the declaration of Helsinki. another 5s (4-65) jittered inter-trial interval. An ABBA block-
design was used to counterbalance the order of conditions (see
Experimental Paradigm Figure 1 for paradigm details).

40 pictures depicting male or female protagonists (Chinese

protagonists; 20 male, 20 female) in everyday embarrassing

situations were evaluated by an independent sample (n = 29, Procedure

14 females) prior to the experiment to balance mean ratings for ~ To control for potential confounders, all participants completed a
empathic embarrassment (EE-how embarrassed do you feel for  test battery of Chinese versions of mood and trait questionnaires
the person in the picture?) and self-embarrassment (SE-if you  before intranasal administration: BecK’s Depression Inventory
were in the same situation, how embarrassed would you feel?)  (BDI) (31), Emotional Intelligence Scale (Wleis-C) (32), Empathy
in response to the pictures and the gender of the protagonist  Quotient (EQ) (33), Liebowitz Social Anxiety Scale (LSAS) (34)
(EE: females, 6.54 £ 1.14, males, 6.65 £ 0.89; SE: females, 7.91  and Positive and Negative Affect Scale (PANAS) (35). Based on
£ 0.55, males, 7.58 £ 0.67). No significant differences were  previous research reporting that individual variations in autism
found with regard to both EE and SE ratings between male and  and anxiety influence (1) embarrassment-associated neural
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activity (30), as well as (2) effects of OXT on embarrassment-
related functional domains (e.g., emotional arousal, empathy
and self-appraisal) and neural activity in embarrassment-related
regions, including the insula (10, 29, 36-38), levels of anxiety
and autism were assessed in the present sample. To this end,
participants additionally completed the State Trait Anxiety
Inventory (STAI) (39) and Autism Spectrum Quotient (ASQ)
(40). Next, subjects self-administered intranasal spray (either
40IU of OXT or PLC lacking the neuropeptide, both supplied
by the Sichuan Meike Pharmaceutical Co., Ltd, Sichuan, China).
The PLC spray had identical packing and ingredients as the OXT
spray (sodium chloride and glycerine, minus the peptide). In
accordance with previous recommendations for the intranasal
administration of OXT in humans (8, 41), the experimental
paradigm started 45min after treatment. In post-experiment
interviews participants were unable to guess better than chance
which treatment they had received (34 subjects guessed correctly;
%% =0.22, p = 0.64), confirming successful blinding.

During the experiment electrodermal activity was also
measured to assess skin conductance responses (SCR) to the
stimuli as an index of autonomic sympathetic activity (42) using
the same approach as previously described (10). For the SCR
data an event-related analysis approach was employed focusing
on SCR responses associated with the presentation of SE and EE
stimuli (procedures for preprocessing and event-related analysis
of the SCR data were identical to our previous study, details
provided in Geng et al. (10).

fMRI Acquisition

MRI data was acquired using a GE (General Electric Medical
System, Milwaukee, WI, USA) 3T Discovery 750 MRI system
with a standard head coil. fMRI time series were acquired using
a T2*-weighted echo planar imaging pulse sequence (repetition
time, 2,000 ms; echo time, 30 ms; slices, 39; thickness, 3.4 mm;
gap, 0.6 mm; field of view, 240 x 240 mm?; resolution, 64 x
64; flip angle, 90°). Additionally, a high resolution T1-weighted
structural image was acquired using a 3D spoiled gradient
recalled (SPGR) sequence (repetition time, 6 ms; echo time, 2 ms;
flip angle 9°; field of view, 256 x 256 mm?; acquisition matrix,
256 x 256; thickness, 1 mm without gap) to exclude subjects with
apparent brain pathologies and to improve normalization of the
fMRI data.

fMRI Data Processing

fMRI data were analyzed using SPMI12 (Wellcome Trust
Center of Neuroimaging, University College London, London,
United Kingdom). The first five volumes were discarded from
further analyses and images were realigned to the first image
to correct for head motion using a six-parameter rigid body
algorithm and unwarping. Tissue segmentation, bias-correction
and skull-stripping were performed for the high-resolution
structural images. Functional images were further corrected for
slice-acquisition time differences, co-registered to the anatomical
scan and subsequently spatially normalized to the standard
Montreal Neurological Institute (MNI) template. The normalized
functional volumes were written out at a 3 x 3 x 3 mm voxel
size and were finally smoothed with an 8 mm full-width-at-half-
maximum (FWHM) isotropic Gaussian kernel.

On the first level, separate event-related regressors for the
EE and SE conditions were included as main regressors of
interest. Additionally, separate regressors for the rating phases,
the cue phase and the six head motion parameters were included.
The regressors were convolved with the standard hemodynamic
response function (HRF). To evaluate the sex-dependent effects
of OXT on embarrassment an ANOVA including treatment
(OXT, PLC), sex (male, female) as between-subject factors and
embarrassment type (EE, SE) as a within-subject factor was
conducted on the second level.

Based on previous studies indicating that regions involved
in arousal (amygdala, anterior insula, AI) and mentalizing
(mPFC) neurally underpin embarrassment processing a region-
of-interest (ROI) analysis specifically focused on these regions.
The amygdala was structurally defined based on masks from
the Automated Anatomical Labeling (AAL) atlas (43). Given the
size and functional heterogeneity of these regions, the ROIs for
the mPFC and anterior insula (specifically dorsal A, dAI) were
defined using 6 mm spheres centered at peak coordinates of these
regions reported in a previous study examining the neural basis
of embarrassment (30). For the five a priori defined ROIs the first
eigenvariate was extracted using Marsbar (44). The individual
activity estimates were subsequently subjected to mixed ANOVAs
with the between-subject factors treatment (OXT, PLC) and
sex (male, female) and the within-subject factor embarrassment
type (EE and SE) in SPSS (Statistical Package for the Social
Sciences, Version 22). Multiple comparisons for the ROI analysis
were controlled for by applying False Discovery Rate (FDR)
correction. To explore effects in regions beyond the predefined
ROIs an exploratory whole brain analysis was conducted in
SPM using cluster-level Family-Wise Error (FWE) correction for
multiple comparisons. In line with recent recommendations (45)
for the control of false positives using cluster based methods (46)
an initial cluster defining threshold of p <.001 (uncorrected)
was applied to the data resampled at 3 mm voxel resolution.
This voxel-wise analysis employed a flexible factorial design to
model the mixed ANOVA computed on the extracted regional
estimates and included the within-subject factor embarrassment
type (EE and SE) and the between subject factors sex (male,
female) and treatment (OXT, PLC). Due to limitations of the
flexible factorial design to estimate between-subject main effects,
the corresponding main effects of the between-subject factors
were additionally examined using separate independent sample
t-tests and appropriate first level contrasts. Significance level for
the corrected p-values was p < 0.05.

RESULTS

No significant trait and mood differences were observed
between participants in the OXT and PLC group (see
Supplementary Table S1).

Behavioral and SCR Results

An ANOVA analysis with treatment and sex as between-
subject factors, embarrassment context as a within-subject factor
and embarrassment rating as dependent variable, revealed a
significant treatment main effect [PLC: 6.45 £+ 0.11, OXT:
6.77 £ 0.11, F(166 = 4.30, p = 0.04, n% = 0.06] with OXT
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FIGURE 2 | Oxytocin significantly increased overall embarrassment ratings in
behavioral tests. Histograms show mean ratings for EE and SE trials combined
(*p < 0.05).

enhancing embarrassment ratings in both contexts (Figure 2).
No significant interaction effects involving treatment were found
[Sex * Treatment, F(; 65 = 2.20, p = 0.14, nf, = 0.03; Sex *
Treatment * embarrassment context, F(; 66y = 0.09, p = 0.76,
1, = 0.001].

As a result of scanner-induced noise SCR data from n =
12 subjects had to be excluded (baseline readings could not be
reliably obtained in >50% of trials) leading to a final sample size
of n = 58 subjects for the SCR analysis (n = 33, OXT; n = 25,
PLC). An ANOVA analysis including the same factors as for
the behavioral analysis and SCR response as dependent variable
revealed a significant main effect of treatment [F(;54) = 7.35,
p = 0.009, r]IZJ = 0.12] with OXT decreasing the SCR magnitude
in both EE and SE conditions (see Figure 3).

fMRI Results

For the ROI-based analysis we initially explored whether there
were either effects of embarrassment type or gender in the PLC
group. This revealed a main effect of embarrassment type in
the mPFC [F( 33 = 5.54, Prpp = 0.04, 73 = 0.14] and in the
amygdala [F(; 33y = 7.21, Pppr = 0.01, r]IZ) = 0.18] but not in
the dAIL This confirmed our expectation that there would be a
difference in activation in mentalizing in the SE compared to the
EE condition and additionally that there was greater activation
in the amygdala during EE compared to SE trials. Examination of
OXT by comparing the OXT and the PLC treated groups revealed
significant main effect of treatment on right amygdala [F(; 66
= 9.97, Pppr = 0.01, ny = 0.10] and right dAI [F(; ¢5) = 5.82,
Prpr = 0.03, ’712; = 0.08] responses, with OXT reducing activity
in both EE and SE contexts (see Figure4). No interactions
between treatment and gender and embarrassment type were
found in these regions. The exploratory whole-brain analysis did

SCR
0.15° *

3 AL
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° ——

£
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—
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-
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FIGURE 3 | Oxytocin reduced SCR magnitude during the embarrassment
task. Histograms show mean SCR magnitude for EE and SE trials combined
(*P < 0.05).

not reveal significant main or interaction effects of treatment on
the neural level (Prwg < 0.05).

Correlation Between Behavioral,
Physiological, and Neural Data and Trait

Questionnaires

There was a negative association between overall embarrassment
ratings (average of EE and SE) and STAI Trait scores in the OXT
but not the PLC group (STAI Trait: PLC, r = 0.06, p = 0.75, OXT,
r = —0.34, p = 0.05), suggesting that ratings were particularly
increased under OXT in more anxious individuals. However, the
correlation difference did not achieve significance (Fisher’s Z-
Test, z = 1.66, p =0.098). For the neural data there was a similar
negative association between right amygdala activation and STAI
trait scores in the OXT group but not the PLC group (STAI Trait:
PLC, r = 0.13, p = 0.44, OXT, r = —0.35, p = 0.04) and in this
case the correlation difference was significant (Fisher’s Z-Test,
z = 1.99, p = 0.05) (see Figure 5). There was also a negative
association between right amygdala activation and the magnitude
of the SCR in the OXT group whereas in the PLC group there was
a positive association (PLC, r = 0.32, p = 0.12, OXT, r = —0.33,
p = 0.06; Fisher’s Z-Test, z = 2.40, p = 0.016) (see Figure 5).
In contrast, no significant associations between levels of autism
(ASQ scores) and behavioral, SCR or neural effects were observed
(all ps > 0.15).

DISCUSSION

The current experiment demonstrated for the first time that
OXT increases both empathic- and self-embarrassment ratings
in male and female subjects and that its behavioral effects are
associated with decreased responses in the right amygdala and
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estimates for EE and SE trials combined (P < 0.05).

FIGURE 4 | fMRI analysis showing that oxytocin significantly reduced right amygdala and right dAl responses during EE and SE trials. Histograms show parameter

and PLC groups is significant (Fisher’s Z-test p < 0.05).

FIGURE 5 | Correlation differences between parameter estimates of right amygdala and trait anxiety scores (STAI Trait) and the magnitude of the skin conductance
responses (SCR) in the placebo (PLC) and oxytocin (OXT) groups. Data from EE and SE trials are combined. In both cases the correlation difference between the OXT

in the right dAI and the magnitude of physiological arousal
(SCR). On the other hand, OXT appeared to have no effects
on responses in the mentalizing network (mPFC) during either
of the embarrassment rating contexts. Furthermore, in contrast
with the PLC group the effects of OXT in reducing amygdala
responses were negatively correlated with both STAI trait scores
and SCR magnitude, implying that it had an anxiolytic effect and
particularly in individuals with higher trait anxiety.

Our ROI-based findings in the PLC group that empathic
embarrassment primarily increases activation in both
mentalizing (mPFC) and emotion processing (amygdala
and insula) brain regions is consistent with previous studies
(18, 19, 30). Our expectation that the mentalizing component in

self- compared to empathic embarrassment would be different
was also supported in terms of differential mPFC activation in the
PLC group. The effects of OXT in both embarrassment contexts
were however restricted to emotion processing regions with
reduced amygdala activation, similar to our previous findings
for emotional empathy (10) and additionally decreased insula
activation. Thus, although a number of studies have reported
effects of OXT on both dorsal and ventral mPFC activation in
the context of self-vs. other referential and ownership contexts
(20, 21) it would appear that this does not occur in self-vs. other-
embarrassment. However, these previous studies demonstrating
OXT effects on the mPFC in self-vs. other processing have
shown that in both behavioral and neural term’s it reduced the
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normal self-bias. Thus, it is possible that OXT had no effects
on the mPFC since EE and SE ratings were similar and there
was therefore no indication of self-bias for embarrassment
experience in the present paradigm.

In contrast to the lack of effects of OXT on self-vs. other
processing in the mPFC it increased embarrassment across
both, EE and SE in the context of attenuated amygdala and
insula reactivity. Although EE trials produced stronger amygdala
responses than SE ones following PLC, OXT suppressed
them equivalently in both conditions. In line with the social
salience hypothesis of OXT (47) the general enhancement of
embarrassment may reflect an increased awareness and impact
of the social context. However, previous studies reporting OXT-
enhanced salience of external social stimuli commonly report
decreased amygdala and concomitantly increased insula activity
(9, 25, 48) which would be difficult to reconcile with the observed
OXT-induced attenuation in both regions in the present study.
Decreased insula activity following OXT has been previously
observed in response to pain empathy (22), negative social
feedback (49) and approach behavior (48). Moreover, in concert
with concomitantly decreased amygdala activity attenuated stress
in response to negative interactions (50) and reduced anxiety
during social sharing (in women) have been reported (51). In
line with these previous findings the suppression of both regions
may thus rather reflect the stress-buffering or anxiolytic effects of
OXT. Together with the hippocampus, the amygdala and insula
are considered core nodes of the threat and anxiety circuitry
(52, 53) and are hyperactive across anxiety disorders (52)-
particularly social anxiety disorder (54). Moreover, successful
non-pharmacological therapy for exaggerated anxiety has been
accompanied by decreased hyperactivity in these regions (55,
56). The amygdala is also critically involvemed in emotional
modulation of the SCR (57) and during OXT-enhanced empathy
and protective responses suppression of amygdala reactivity
was accompanied by increased SCR (10) and acoustic startle
response (26). On the other hand, OXT decreased the SCR in
response toward conditioned threat stimuli (58) and decreased
autonomic stress reactivity (59). Moreover, increased activity
in the dAI has been specifically associated with increased
arousal during embarrassing social situations (30), however not
embarrassment-related schadenfreude (60). Together, the pattern
of decreased reactivity in the two threat nodes as well as the
autonomic arousal measures during exposure to embarrassing,
social-stressful situations may thus reflect anxiolytic effects of
OXT. This interpretation is further supported by a negative
association between amygdala activation and trait anxiety scores
and the magnitude of the SCR in the OXT group suggesting that
it reduced anxiety and particularly in more anxious individuals.

It seems paradoxical therefore that in the context or empathic
and self-embarrassment OXT-reduced amygdala responses were
associated with a decreased SCR and yet ratings were still
increased. This demonstrates that OXT-induced reduction of
amygdala activity per se is not sufficient to infer anxiolytic
effects of OXT, and indeed another study has also reported that
OXT can promote an anxiogenic response in the context of
concomitantly reduced amygdala activation (25). It thus may be
hypothesized that the insula plays an important role in shaping

the specific behavioral effects of an unspecific OXT-attenuation
of the amygdala. Whereas concomitantly increased insula activity
may promote the salience-enhancing effects of OXT (25, 26,
48), a concomitant reduction may reflect anxiogenic or arousal
reducing effects of OXT (22, 48, 49) which is in line with the
contribution of the anterior insula to several functional domains
including salience, and arousal (61, 62). The observed pattern
of neural effects of OXT in the present study may thus favor
an anxiolytic interpretation of its action during embarrassment
processing. This may also reflect a reduction of the aversive
and threatening affect evoked by the embarrassment stimuli and
facilitate a more cognitive appraisal of the social contexts and
their implications thus enhancing embarrassment levels across
situations experienced both by others or by self.

Thus, OXT may have reduced the feelings of both pain
and anxiety experienced during embarrassment, leading to a
more cognitive assessment such that subjects rated the level of
embarrassment experienced as higher. In this respect it should
be noted that subjects in our task were asked to rate the level
of embarrassment being experienced in a particular situation
and not specifically to rate the intensity of their feelings for
others in embarrassing situations, or of their own personal
feelings in the self-condition. It is possible therefore that in the
context of moral self-conscious emotions such as embarrassment,
OXT may actually reduce emotional empathy toward others in
order to promote a more accurate cognitive assessment of what
someone is feeling. This might in turn promote more efficient
avoidance of potential embarrassing situations in the future.
Further experiments are required to disentangle these cognitive
and emotional factors.

In our previous experiment using the MET task we observed
that the OXT enhancement of emotional empathy ratings and
reduced amygdala activity showed some associations with trait
autism, however in the current study we did not find this.
Previous studies have reported decreased responses in the
anterior insula to social pain in adults with autism spectrum
disorder (19), although not for empathic neural responses
toward physical pain (63). However, we found no associations
between neural responses to embarrassment and autistic traits
in healthy subjects. On the other hand, we did find a negative
association between trait anxiety and the effect of OXT on the
amygdala and SCR, which contrasted with no such association
in the PLC group. This suggested that OXT was particularly
attenuating neural and behavioral indices of anxious arousal in
subjects with high trait anxiety, and resonates with previous
findings suggesting that OXT particularly reduced negative
appraisal following social stress induction in high trait anxiety
subjects (36). These observations conflict with a recent report
on OXT-induced increased startle responsivity in high anxious
subjects (38). However, in this previous study OXT specifically
increased startle responsivity toward non-social stimuli, further
emphasizing how complex interactions between personal and
social contextual factors may moderate the specific effects
of OXT.

No sex-differential effects were observed in the behavioral
effects of OXT on embarrassment ratings or on right amygdala
or right insula responses, which is consistent with our previous
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observations that OXT enhanced emotional empathy in the MET
in both sexes (10). These findings contrast with other studies
reporting sex-dependent responses in amygdala and insula (23,
64) in the context of the impact of positive and negative personal
characteristics on face attraction and sub-liminal processing of
emotional faces. However, this may reflect the fact that exhibiting
empathic-embarrassment and self-embarrassment are of equal
adaptive importance in males and females and that OXT only
tends to promote or amplify sex-differences in behavioral and
neural responses associated with sex-specific priorities in social
salience and social preference processing (see 22).

It is still unclear how intranasal administration of OXT
exerts its neural and behavioral effects. While it has been
questioned whether OXT administered via an intranasal spray
does actually enter the cerebrospinal fluid (CSF) and influence
brain OXT receptors (65) it is now established from work using
labeled peptides in monkeys that it does enter into the CSF as
well as the blood (66). In humans intranasal OXT does also
increase CSF as well as blood OXT concentrations although
with different time courses (67). It has still to be demonstrated
however whether it can both enter the brain across the blood
brain barrier from increased concentrations in the peripheral
vasculature (66) and directly via the established lymphatic or
other transport mechanisms at the back of the nasal cavity [see
(8)]. Importantly however, despite some early studies in autistic
subjects reporting behavioral effects of intravenous oxytocin
(68, 69) recent studies have failed to find any behavioral or
neural effects of intravenous compared with intranasal routes
of administration (70, 71). Intranasal administration of OXT in
humans also results in extensive increases in regional cerebral
blood flow in the majority of brain regions containing OXT
receptors at the same time course as routinely used in the
current as well as most previous intranasal treatment studies
(i.e., around 45 min)(72). Thus, in the context of the findings
in the current experiment it is likely that functional effects of
OXT on embarrassment and reduced physiological arousal, as
well as those on the amygdala and insula, are caused primarily
by its actions following entry into the brain, although we cannot
rule out some contributions from indirect actions via receptors
in peripheral organs.

Findings of the present study need to be interpreted in the
context of limitations. Firstly, compared to previous studies
that determined sex-differential neural effects of OXT during
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Department of Neuroendocrine Pharmacology, School of Pharmacy, China Medical University, Shenyang, China

Purpose: The pancreas is innervated by sensory nerves, parasympathetic and
sympathetic nerves. The classical neurotransmitters, acetylcholine and noradrenaline,
and some kind of neuropeptides are contained in the terminals of these nerves.
Neuropeptides substance P (SP) and calcitonin gene-related peptide (CGRP)
co-released from the primary sensory fibers have been identified as the key
neurotransmitters in pancreas. Pancreatic ductal epithelium cells are one of the important
sources of the pancreatic islet -cell neogenesis. We hypothesized that SP and CGRP
might play a role on proliferation of ductal cells and differentiation of ductal cells toward
the B-cell neogenesis.

Methods: Primary ductal cells of rat pancreas at the third passage (P3) were used. The
identification of P3 cells were confirmed with flow cytometry analysis and immunostaining
by CK19 (the ductal cell marker). Proliferation of ductal cells was verified by CCK-8
assay and Ki67 immunostaining. Differentiation of ductal cells was determined with
immunostaining and flow cytometry. Possible mechanism was explored by testing the
key proteins of Wnt signaling using Western blot analysis.

Results: Our data showed that SP but not CGRP promoted proliferation of ductal cells.
Moreover, NK-1 receptor antagonist L-703,606 blocked the SP-induced stimulation of
proliferation. The results of Western blot analysis showed that L-703,606 attenuated the
effects of substance P on NK1R, GSK-3p, and B-catenin expression. However, SP did
not directly induce the differentiation of ductal cells into B-cells, and did not promote the
progression of ductal cells to differentiate into more insulin-produced cells in induction
medium.

Conclusions: These findings suggested that SP but not CGRP promoted proliferation
of adult pancreatic ductal cells. SP promoted proliferation of ductal cells but not
differentiation into B-cells. NK1R and Wnt signaling pathway might be involved in the
mechanism of promoting the proliferation of ductal cells by SP. Findings in this study
indicated the lack of SP might be a possible indicator for the initial of diabetes. SP could
also be used as a drug candidate for the treatment of diabetes.

Keywords: Substance P, calcitonin gene-related peptide, pancreatic ductal cells, proliferation, p-cell
differentiation, NK-1 receptor
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INTRODUCTION

The B-cell mass is dynamic and is regulated to maintain glucose
homeostasis in response to the changes in physiological and
pathological demands (Bonner-Weir, 2000; Halban et al., 2010;
Juhl et al., 2010). When the demand for insulin is increased,
the B-cell mass is expanded by replication and/or hypertrophy
of pre-existing p-cells (Dor, 2006), and B-cell neogenesis from
pancreatic progenitor cells located in duct epithelial cells
or surrounding centroacinar cells/terminal ductules (Bonner-
Weir et al, 2010). Therefore, strategies targeted to improve
proliferation or differentiation of ductal cells may lead to
improvements in the alleviation of B-cell loss pathology.

Pancreatic ductal cells are a part of exocrine component
of pancreas and can act as pancreatic stem cells and the
progenitor cells of islet § cells. In injured adult mouse pancreas,
p-cell progenitors located in the ductal lining were activated
(Xu et al.,, 2008). Several in vitro studies have shown that
adult pancreatic ductal cells can differentiate into insulin-
producing cells (Fukazawa et al., 2006; Seeberger et al., 2006;
Li et al, 2011). Proliferating pancreatic ductal epithelium cells
were induced to differentiate into B-cells with TNF-like weak
inducer of apoptosis (Wu et al., 2013). Expanded pancreatic
ductal cells also differentiated into insulin-producing p-cells
in an appropriate environment (Rovira et al., 2010). Capacity
of self-renewal and pluripotency is an important feature of
stem cells. Despite the differentiation capability of ductal cells
has been demonstrated, the proliferation potential and the
possible factors controlling of growth in these cells is not well-
understood.

The importance of the nervous system in maintaining body
homeostasis has previously been described, and it is suggested
that organogenesis and tissue repair are under neural control
(Besedovsky and del Rey, 1996). There is increasing evidence that
neuroendocrine-remodeling does take place in the pancreatic
islets of diabetic disease models (Persson-Sjogren et al., 2005;
Razavi et al., 2006). Two neuropeptide substance P (SP) and
calcitonin gene-related peptide (CGRP) have been found to
tightly link to the development of diabetes. SP mediates insulin
secretion and plays an important role in the development of
type I diabetes (Razavi et al., 2006). CGRP is also involved
in the activity of insulin secretion and contributes to the
development of type II diabetes (Gram et al., 2007; Tanaka et al.,
2011). SP and CGRP fibers not only innervate islets, but also
innervate pancreatic ducts (Razavi et al., 2006; Gram et al., 2007),
suggesting that SP and CGRP might modulate the activity of
pancreatic ducts. We hypothesized that the innervations of the
primary sensory fibers to the pancreatic ducts play a role on
ductal epithelium cells proliferation and differentiation toward
the B-cell neogenesis.

In the present study we investigated the effects of SP
and CGRP on primary cultured ductal cells of rat pancreas.
We examined the effects of SP and CGRP on proliferation
of pancreatic ductal cells, and further the effect of SP
on differentiation of ductal cells toward B-cells. Moreover,
we investigated the possible mechanism of the proliferative
promotion effects of SP.

MATERIALS AND METHODS

Animals

Sprague Dawley rats (male, 2 months old) were purchased from
the Animal Center of China Medical University. All animal
protocols were approved by the Animal Care Commitee in China
Medical University (Shenyang, China) and performed according
to institutional guidelines.

Preparation of Substance P (SP) and

Calcitonin Gene Related Peptide (CGRP)

SP was purchased from Millipore Co. (Catalog number: 05-23-
0600-1MGCN, Billerica, MA, USA), CGRP was gained from
Bioss Co. (Catalog number: bs-0791P, Beijing, China), and both
kept protected from light during the experiments. Stock solution
of SP (1 mg/ml) and CGRP (1 mg/ml) were dissolved in distilled
water and stored at —20°C.

Primary Culture and Identification of
Pancreatic Ductal Cells

Adult Sprague Dawley rats were sacrificed and the pancreases
were rapidly removed. Pancreases were then dissociated with V
collagenase (1.5 g/L). The digested tissues were triturated through
600 pwm cell strainer to obtain primary ductal cells. The cultures
were grown in the complete medium containing DMEM/F12
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
Penicillin and 100 pg/ml Streptomycin (all from Gibco) at 37°C
in a humidified atmosphere with 5% CO,. The medium was
changed 24h after, and the non-adherent cells were discarded.
The attached cells were labeled PO, and the medium was changed
again every 3 days. When cells became 90% confluent, cultures
were dissociated with trypsin (1 ml 0.25% trypsin) at 37°C 2-
3min, and serum was used to inactivate the enzyme. Cells
were then expanded at the third passage (P3) for purification.
Cells were characterized for the ductal cell marker cytokeratin19
(CK19) by immunocytochemistry and flow cytometry.

Cells were plated at a density of 1.0 x 10° cells/ml and
cultured. Atday 1, 3, 5,7, and 9. Cells in each well were collected
and counted by hemocytometer. At least 6 wells were assessed
at each time point. Growth curve was designed to reveal the
self-renewal capacity of the cells.

Assay for Proliferation of Ductal Cells

Disassociated ductal cells at 3rd passage (P3) were plated in 96
well-plates at a density of around 1.0 x 10° cells per well. The
cells were divided into groups randomly and treated with saline
(1 mM) or serial concentrations of SP (107, 107>, 1074, 1073,
1072,107%, 1, and 10 wM; n = 6 wells for each) or CGRP (107°,
107°,1074,1073,1072,107%, 1, and 10 uM; n = 6 wells for each)
for 3 days. In the other experiment, cells were treated with SP or
SP plus L-703,606 (1, 2, 4, 6, 8, 10 wM) for 3 days. The medium
containing SP or CGRP was changed every 24h to ensure the
concentration of neuropeptides in the medium. After treatments,
cell viability was determined by CCK-8 test. Briefly, the cells
were incubated with 10 pl CCK-8 (Invitrogen) at 37°C for 4 h.
Absorbance at 490 nm was determined with a microplate reader
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(Thermo Fisher Scientific Inc., USA). The results were presented
as percentages of the value of normal control cells.

The proliferation potential of ductal cells was tested by Ki67
immunostaining after treated with serial doses of SP (1073,
1072, 107!, and 1M n = 6 wells for each) with or without
L-703,606 (2 M) for 3 days. The medium containing SP was
changed every 24 h. Cells were fixed with 4% paraformaldehyde
and then incubated with primary antibody at 4°C overnight.
The primary antibodies used were as follows: mouse anti CK19
(1:100; Proteintech, Wuhan, China) and rabbit anti Ki67 (1:50,
Abcam, Cambridge, UK), rabbit anti NKIR (1:100) and mouse
anti Ki67 (1:100, All from Bioss, Beijing, China). After rinsing
with PBS, cells were incubated with Cy3 or FITC-conjugated
secondary antibodies (1:200; all from Jackson ImmunoResearch
Lab, West GroveCity, PA, USA) at room temperature for 1h.
Immunofluorescence controls were performed without primary
antibodies. The cells were covered with mounting medium
(Vector Laboratories, Burlingame, CA, USA) containing DAPI
(0.5 wg/mL; Sigma, St. Louis, MO, USA). Results were visualized
with fluorescence microscopy (Nikon Eclipse E600; Nikon
Corporation, Tokyo, Japan). Cells were counted in triplicate
cultures in ten randomly chosen areas under the microscope.
NIH Image] was used to count Ki677/CK19" cells, and the mean
numbers were used for analysis.

Detection of Differentiation and

Immunocytochemistry

P3 ductal cells were directly treated with SP (1072, 10~!, and
1 M) or treated with SP and insulin-produced cell induction
medium (DMEM/F12 plus 2% FBS, 10 mmol/L Niacinamide,
20ng/ml HGE 20 pg/L bFGE and 10 nmol/L exendin-4)
for 28 days and immunostained with CK19 and Pdx-1, or
Pdx-1 and insulin antibodies to detect differentiation. The
medium containing SP was changed every 24h. Cells were
fixed with 4% paraformaldehyde and then were permeabilized
with 0.5ml of 0.1% Triton X-100. After blocking with 3%
BSA, cells were incubated with primary antibody at 4°C
overnight. The following primary antibodies were used: mouse
anti-CK19 (1:100; Proteintech, Wuhan, China), rabbit anti-
Pdx-1(1:100; Proteintech, Wuhan, China) and mouse anti-
insulin (1:100; NovusBio, Littleton CO, USA). Cells were
then stained with FITC- or Cy3-labeled secondary antibodies
(Jackson ImmunoResearch Lab, West Grove, PA at 1:200
dilution). Nuclei were stained with DAPI. Results were visualized
with fluorescence microscopy (Nikon Eclipse E600; Nikon
Corporation, Tokyo, Japan). The proportion of cells labeling with
specific marker in total number of DAPI+ cells was accessed and
expressed as the mean percentage of specific differentiation.

Flow Cytometry Analysis

To determine the percentage of CK19+ cells in total ductal
cells, ductal cells at 3rd passage were stained with CK19. Cells
were fixed and permeabilized using Cytofix/Cytoperm system
(BD Bioscience, San Diego, CA, USA). After permeabilization,
cells were stained with mouse anti Cytokeratin 19 (CK19)
antibody for 30 min at 4°C. Then cells were incubated with FITC-
labeled secondary antibody for 30 min at room temperature.

To detect the differeciation of ductal cells, intracellular
staining was performed for insulin production and CK19
expression. After cell permeabilization, cells were stained with
mouse anti CK19 and PE-labeled insulin antibodies, following
incubation of FITC-labeled secondary antibody. Mouse anti
CK19 and PE-labeled anti-insulin antibodies were purchased
from Novus Biologicals(Littleton, CO, USA). FITC-labeled anti-
mouse secondary antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Data were analyzed by
FACScan flow cytometer (BD Biosciences) using the CellQuest
software (BD Biosciences).

Western Blot Analysis

Cells were lysed by pre-cooling cell lysis buffer for Western and
IP (Beyotime biotechnology, Shanghai, China) supplemented
with 1 mM PMSF (Beyotime biotechnology, Shanghai, China)
on ice for 15min and centrifuged at 12,000 x g for 15min
at 4°C. Protein qualification was measured by using a BCA kit
(Beyotime biotechnology, Shanghai, China). Forty micrograms
total proteins in each lane were electrophoretically separated by
10% SDS-PAGE (Beyotime biotechnology, Shanghai, China) and
transferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA). Membranes were blocked with 3%
BSA in TBST buffer (50 mM TriseHCI, pH 7.4, 150 mM NaCl,
0.1% Tween-20) for 1h at room temperature. After rinsing
with TBST buffer three times, membranes were incubated
with primary antibodies overnight at 4°C. The following
primary antibodies were used: rabbit anti NK1R (1:1,000; AbSci,
Baltimore, MD), rabbit anti GSK-3f (1:1,000; AbSci, Baltimore,
MD), rabbit anti B-catenin (1:1,000; Cell Signaling Technology,
Boston, MA) and mouse anti f-actin (1:10,000; Sigma, St. Louis,
MO). After washing with TBST, membranes were incubated by
horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-
mouse secondary antibodies for 1h at room temperature. ECL
chemiluminescence solution (Bio-Rad Laboratories, Hercules,
CA) was added after rinsing with TBST. Signal intensity of
immunoreactive bands was analyzed using Image Lab software
(Bio-Rad Laboratories, Hercules, CA) and Image] software
(Version 1.48v, National Institutes of Health, Bethesda, MD).
For the Western blot assay, the optical density of the protein
bands was normalized to the density of B-actin band to yield the
densitometric ratio value.

Statistical Analysis

Statistical analysis was performed with SPSS version 16.0 (2007;
Chicago, IL, USA). Most data are expressed as the mean =+
SD, data of Western blot are expressed as the mean + SEM,
and one-way ANOVA with Bonferroni correction for multiple
comparisons was used to analyze the differences between the
groups. p < 0.05 was determined as significance.

RESULTS

Generation and Identification of Rat

Pancreatic Ductal Cells
The ductal cells obtained from rat pancreas were expanded at 3rd
passage (P3) for purification and characterized phenotypically
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and molecularly. Cells at P3 were adherent in serum containing
medium, and were long, spindle shaped cells in morphology.
Majority of the P3 cells were positive for CK19 (Figure 1A), a
ductal cell marker. Flow cytometry results showed that more
than 80% of single P3 cells were positive for CK19 (Figure 1B),
indicating that the isolated cells were ductal cells and qualified
for subsequent experiments.

Cell growth was measured at day 1, 3, 5, 7, and 9 to assess the
self-renewal capacity of ductal cells. The result showed that the
cells expanded rapidly between day 1 and day 5 and plateaued
after day 5 (Figure 1C).

Substance P but Not CGRP Enhanced
Self-Renewal Capacity of Ductal Cells

Proliferation is tightly linked to self-renewal capabilities of ductal
cells. To determine the effects of SP or CGRP on proliferation,
P3 ductal cells were treated with series concentrations of SP
(107,107, 1074, 1073, 1072, 107, 1, and 10 uM) or CGRP
(107°, 107>, 1074, 1073, 1072, 1071, 1, and 10 M) in growth
medium for 3 days. Cell viability was assessed by CCK-8 test.
Compared with control cells, SP (107%, 107°, 1073, 1072, 1071,
and 1 pM) treated cells exhibited a stronger proliferation capacity
(Figure 2A). However, there was not a significant effect of CGRP
on cell viability (Figure 2B), indicating that SP but not CGRP
promoted cell proliferation of pancreatic ductal cells.

To further confirm the effect of SP on ductal cell proliferation,
the proliferation of ductal cells was tested with Ki67 (a marker
for cell proliferation) immunostaining. After incubation with
SP (107%, 1073, 1072, 107!, and 1 uM) for 3 days, ductal cells
were immunostained with Ki67 followed by image analysis.
As shown in Figures 3A,B, significantly higher levels of Ki67-
positive cells were found in SP treated groups compared with

control (P < 0.05, P < 0.05, P < 0.05, P < 0.01, P < 0.05,
respectively). Moreover, growth curves of day 1, 3, 5, 7, and 9
were plotted to assay the self-renewal capacity of ductal cells
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(1076,105,1074, 1073, 1072, 10", 1, and 10 uM; n = 6 wells for each)
for 72 h, following assayed by CCK-8 test. *P < 0.05, compared with control
groups.
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FIGURE 1 | Generation and characterization of adult pancreatic ductal cells in vitro. (A) Pancreatic ductal cells were cultured and expanded at the third passage (P3)
for purification. The P3 cells were immunostained by CK19 (green) antibody and visualized by fluorescent microscopy. Scale bar: 100 um. (B) Flow cytometric analysis
of CK19 expression on pancreatic ductal cells. One representative experiment of three is shown. (C) Growth curve. Dissociated ductal cells were plated at a density of
1.0 x 10° cells/ml and cultured. At day 1, 3, 5, 7, and 9, the cells were collected and counted by hemocytometer. At least 6 wells were assessed at each time point.
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of Ki67 positive cells. (C) Growth curves. Dissociated ductal cells were plated at a density of 1.0 x 10° cells/ml and cultured. Cells were treated without or with
substance P (10’6, 103,101 uwM). Atday 1, 3, 5, 7, and 9, the cells were collected and counted by hemocytometer. At least 6 wells were assessed at each time
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treated with different concentrations of SP (107°, 1073, and
107! wM). The results indicated that cells incubated with SP
expanded more rapidly on day 3, 5, 7, and day 9 (Figure 3C).
These findings indicated that SP promoted proliferation of ductal
cells.

Substance P Did Not Induce Differentiation
of Ductal Cells Into g-Cells

Above results showed ductal cells were sensitive to SP, and cell
proliferation was promoted at a concentration of 107 WM. Next,
we tested whether SP further promotes differentiation on ductal
cells. To determine the effects of SP on differentiation of ductal
cells, cells were treated with serial doses of SP (107°, 10~1, and
1 wM) for 28 days. In substance P treated groups, cells positive
for CK19 and Pdx-1 were negative for insulin (Figures 4A,B),
as verified by triple immunostaining, indicating that SP dose not
directly induce differentiation of adult pancreatic ductal cells into
B-cells.

Further, cell culture medium was replaced by insulin-
produced induction medium with or without SP (107°, 1071,
and 1 uM). After 28 days, ductal cells developed into insulin-
produced cells (insulin+) (Figure 4C). Flow cytometric analysis
showed that SP did not promote ductal cells differentiated into
greater numbers of insulin-produced cells (P > 0.05, P > 0.05,
respectively, Figure 4D) as compared with induction medium
control group. All these results indicated that SP did not affect
the differentiation potential of ductal cells into B-cells.

Blockade of SP-Induced Stimulation of
Proliferation With NK-1 Receptor

Antagonist L-703,606

To evaluate the influence of NK-1 receptor (NK1R) antagonist L-
703,606 on the effects of SP on duct cells, cells were incubated
with SP (10~ wM) plus L-703,606 (1, 2, 4, 6, 8, 10 uM) for
72 h. After 72 h incubation, cell viability was measured by CCK8
assay. Exposure of SP-treated cells to L-703,606 (2, 4, 6, 8,
10 M) significantly inhibited the cell proliferation induced by
SP (P <0.01,P < 0.01, P < 0.01, P < 0.01, P < 0.01, respectively,
Figure 5A). The dose of 2 WM of L-703,606 was used to block the
stimulatory effects of SP on duct cells in further experiments.

To investigate whether SP could mediate ductal cell
proliferation via NK-1 receptor, we added NKIR antagonist L-
703,606 (2wM) into the culture medium containing different
doses of SP (1072,107!, and 1 pM). In L-703,606 plus SP-treated
groups, L-703,606 treatment decreased cell viability of ductal cells
compared with SP-treated groups (percentage of control without
SP or 1-703,606, 108.02 + 19.65 vs. 136.10 & 20.59 in 1072 wM,
P <0.05;128.50 & 16.33 vs. 172.81 +24.15in 10~! WM, P < 0.01;
110.95 4+ 10.78 vs. 137.14 £ 17.06 in 1 uM, P < 0.01; Figure 5B).

Ki67 immunostaining was performed to verify the inhibition
of L-703,606 on proliferation effects of SP on ductal cells.
Compared with control groups, the SP-treated cells showed a
significantly higher number of cells positive for Ki67 (21.34 +
1.89% vs. 16.17 £ 1.04%, P < 0.05, Figures 5C,D). Compared
with SP-treated groups (107! M), L-703,606 treatment
decreased the number of Ki67 positive cells (16.17£1.04% vs.
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FIGURE 4 | Substance P did not promote differentiation of adult pancreatic ductal cells into Beta-Cells. P3 ductal cells were treated with substance P (10’6, 1072,
and 10~ M) for 28 days. Immunostaining was performed to identified the differentiation of ductal cells. (A) Cells were Pdx-1 (red) and CK19 (green) positive. Scale
bar: 100 um. (B) Cells were Pdx-1 (red) positive but insulin (green) negative. Scale bar: 100 um. (C) After 28 incubation of induction medium (DMEM/F12 plus 2% FBS,
10 mmol/L Niacinamide, 20 ng/ml HGF, 20 .g/L bFGF, and 10 nmol/L exendin-4) with or without substance P (10*6, 10=2 and 10! M) for 28 days, ductal cells
were immunostained by Pdx-1 (red) and insulin (green) antibodies. A portion of Pdx-1 positive cells expressed insulin. Scale bar: 100 um. (D) Flow cytometric analysis
of CK19 and insulin expression on pancreatic ductal cells. Data was compared with isotype-matched controls. One representative experiment of three is shown.
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21.34 + 1.89%, P < 0.05, Figures 5C, D). These results mean that DISCCUSION
SP plays its role in proliferation of ductal cell via NK-1 receptor.
In the present study, we demonstrated that SP but not

. CGRP promoted cell viability and proliferation of ductal
Substance P Promotes NK1R Expression, cells derived from rat pancreas, which is inhibited by the

Decreases GSK-38 and Increased NK1 receptor antagonist. SP did not exert the effects of

p-Catenin in Ductal Cells differentiation toward f-cell of these cells. Our experiments
We performed double immunostaining of NKI1R and ki67  also revealed that SP treatment enhanced NKIR expression,
expression on ductal cells. Similar to Garland’s finding (Garland ~ reduced GSK-3p levels and increased B-catenin levels. However,
et al., 1994), we found that NK1R was expressed in cytoplasm  treatment with NKIR inhibitor L-703,606 attenuated the effects
after SP treatment (Figure 6A). To investigate whether SP affect ~ of SP on NKIR, GSK-3p and PB-catenin levels. Collectively,
NKI1R, and GSK-3B/B-catenin pathway, cells were treated with ~ these findings suggest that SP promotes pancreatic duct cell
SP (10~! wM), SP (10~! pwM)+L-703,606 (2 wM) and L-703,606  proliferation via NKIR, and the Wnt/B-catenin pathway is
(2 uM) alone for 72 h, total protein was harvested and Western  involved in the mechanisms of SP-induced proliferation of ductal
blot analysis was performed to test expression of NK1R, GSK-3p  cells.

and B-catenin (Figures 6B,D). Quantitative analysis revealed that SP and CGRP have been showed to be capable to promote
NKI1R protein levels were significantly increased in SP treated  proliferation in some other tissues. SP has been reported to
cells as compared with control groups (Figure 6C, P < 0.01),  promote proliferation of adult neural progenitor cells (NPCs)
but L-703,606 treatment significantly decreased NKIR levels  (Park et al., 2007), cord blood CD34+ hematopoietic stem cells
(Figure 6C, P < 0.05). Quantitative analysis of GSK-3f and -  (Shahrokhi et al,, 2010), and fibroblast-like cells derived from
catenin protein showed that SP treatment significantly decreased ~ bile duct (Tian et al.,, 2014). CGRP stimulates cell proliferation
GSK-3B levels (Figure 6E, P < 0.01) and significantly increased ~ and inhibits cell apoptosis of bone-marrow MSCs in short term
B-catenin levels (Figure 6E, P < 0.01) compared with control  culture, and promotes osteogenetic differentiation in long term
group, whereas L-703,606 treatment decreased these effects of  culture (Xu and Jiang, 2014; Liang et al, 2015). It has been
SP on ductal cells (SP+L-703,606 group vs. SP group, P < 0.05,  reported that CGRP overexpressed rat adipose-derived stem cells
P < 0.05, respectively). (ADSCs) exerted more potency of proliferation, neurosphere
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FIGURE 5 | L-703,606 blocked the promotion effects of substance P on proliferation of pancreatic ductal cells. (A). Effect of L-703,606 on proliferative effects of
substance P in pancreatic ductal cells. Cells were treated with SP (1 o1 M) plus different concentrations of L-703,606 (1, 2, 4, 6, 8, 10 uM) for 72 h, and the cell
viability was measured by CCK-8 assay. (B) Cell viability assay. Cells were treated with different concentrations of substance P (1 072,10~1, and 1 wM) with or without
L-7083,606 (2 uM) for 72 h, and the cell viability was measured by CCK-8 assay. (C) Ki67 labeling. Cells were treated with substance P (10“ M) with or without
L-703,606 (2 uM) for 72 h. Cells were immunostained by CK19 (green) and Ki67 (red) antibodies. Scale bar: 100 um. (D) Quantitative analysis of Ki67 positive cells.
*P < 0.05, P < 0.01, as compared with substance P treated groups.

formation (Yang et al, 2014), and osteoblastic differentiation = marrow-derived mesenchymal stem cell-like cells and bone
(Fang et al, 2013). Moreover, CGRP and SP treatment marrow stromal stem cells, 1072 WM SP is needed to promote cell
promoted human skin keratinocyte proliferation (Shi et al,  proliferation (Mei et al., 2013; Dubon and Park, 2015; Liu et al.,
2013). Besides promoting proliferation, SP has also been shown  2016). SP concentration as high as 10~! uM is needed in ARPE-
to stimulate differentiation of mesenchymal stem cells (MSCs) 19 cells, a human retinal pigmented epithelial (RPE) cell line
into osteoblastic cells through neurokinin (NK)-1 receptor  (Baeketal., 2016), and neural stem/progenitor cells derived from
(Sun et al., 2010). spinal cord to show its effect (Kim et al., 2015). In bone marrow

Our results showed that SP stimulated proliferation of  mesenchymal stem cells (MSCs), SP at as low as 107 uM
pancreatic ductal cells and pancreatic ductal cells were very  enhances osteoblast differentiation of MSCs (Wang et al., 2009)
sensitive to SP on proliferation. Opolka et al. (2012) reported that  and protects against apoptosis induced by serum deprivation (Fu
SP at the concentration of 10™* WM promoted proliferation of et al., 2015). Our results indicated that SP at as low as 107°
murine chondrocytes. SP at 10~* M induces pro-proliferation M had pro-proliferation effect on ductal cells. Thus, pancreatic
effects on fibroblast-like cells from bile duct and hematopoietic ~ ductal cells are among the most sensitive cells to SP, similar
stem cells (Shahrokhi et al., 2010; Tian et al., 2014). In bone  to MSCs.
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FIGURE 6 | L-703,606 attenuated the effects of substance P on NK1R, GSK-3, and B-catenin expression. (A) Cells were NK1R (red) and Ki67 (green) positive in
cells treated without (control cells) or with substance P (1 01 wM). Scale bar: 100 pm. (B) Western Blot images of NK1R. Cells were incubated with or without
substance P (10’1 M) and/or L-703,606 (2 M) for 72 h. Cell extracts were analyzed for the expression of NK1R. (C). Quantitative analysis of NK1R. Substance P
increased NK1R expression, whereas L-703,606 blocked the effects of substance P on NK1R. (D) Western Blot images of GSK-3p and p-catenin. Cells were
incubated with or without substance P (10’1 M) and/or L-703,606 (2 M) for 72 h. GSK-3B and B-catenin expression were measured in cell extracts by Western
blot. (E) Quantitative analysis of GSK-3p and p-catenin. Substance P reduced GSK-3 levels and increased B-catenin levels, whereas L-703,606 blocked the effects
of substance P on GSK-3g and B-catenin. Densitometric ratios are the mean + SEM of three experiments. “*P < 0.01, *P < 0.05 as compared with control groups.
##P < 0.01, #P < 0.05 as compared with substance P treated groups.

The actions of SP are mediated by three G protein-coupled  showed that L-703,606 inhibited the proliferation effects of SP
receptors, NK-1, NK-2, and NK-3 receptors; among these, the  on pancreatic ductal cells, indicating the proliferation stimulating
NK-1 receptor (NK1R) has the highest affinity for SP (Takeda  effect of SP on ductal cells through NKIR. Notably, several
et al, 1991). In Kim’s (Kim et al, 2015) and Park’s (Park  studies are consistent with our results. Glaser et al. (2011)
et al, 2007) reports, NKIR inhibitor L-703,606 (1-10 M)  reported that knockout of the NKIR reduced cholangiocyte
decreased SP-induced proliferation of spinal cord-derived neural ~ proliferation in bile duct-ligated mice, indicating a specific
stem/progenitor cells (SC-NSPCs). We examined the inhibitory =~ mitotic effect of SP on bile ductal cells. In Liu’s study (Liu et al.,
effect of L-703,606 (1-10 wM) on SP-stimulated cell proliferation. = 2016), they demonstrated that SP enhanced proliferation of bone
Our results indicated that L-703,606 at dose of 2-10.M  marrow mesenchymal stem cell derived osteoblasts (BMSC-OB),
effectively blocked the proliferative effect of SP. Our results and this effect would be inhibited by adding NKIR antagonist.
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In has been shown that pretreatment with the NKIR antagonist
reduced the effect of SP on proliferation of ARPE-19 cells (Baek
etal., 2016).

It has been reported that SP at concentration of 1puM
increased NK1R mRNA expression in pancreatic acinar cells
(Koh et al, 2012). In our study, we performed double
immunostaining of NKIR and ki67 expression on ductal cells.
The images showed that the ductal cells had stronger NKIR
immune staining in SP-treated cells by compared with control
cells. Garland et al. (1994) reported that NKIR was located
in intracellular vesicles, rather than aggregated in the plasma
membrane in epithelial cells after incubation with SP. Similar
to Garlands finding, we found that NKI1R was expressed in
cytoplasm after SP treatment. Consistent with the results of
staining, our results of Western blotting showed that the level
of NK1R was significantly higher in SP treated group, compared
with control group.

It is interesting that CGRP did not show any effect on
proliferation of ductal cells. SP and CGRP are two important
neurotransmitters released from primary sensory fibers of
dorsal root ganglia. CGRP and SP are colocalized and co-
released from these fibers (Gibbins et al., 1985). Besides primary
sensory fibers of dorsal root ganglia, SP was also from another
important source which is intrapancreatic ganglia. Neurons
in pancreatic ganglia innervate islets as well as pancreatic
ducts (Sha et al,, 2001; Love et al, 2007). Our study (Shen
et al,, 2016) revealed that intrapancreatic ganglia contain SP
neurons and contribute around 50% of SP in pancreas. Our
results suggested that SP released from primary sensory fiber
and fibers of pancreatic ganglia stimulate proliferation of
pancreatic ducts. Pancreatic ganglia don’t contain any CGRP
neurons (our unpublished data) and all CGRP fibers appear
coming from primary sensory neurons (Russell et al., 2014).
Thus, via release of CGRP, primary sensory fibers might
uniquely modulate activity other than proliferation of pancreatic
duct.

Pancreatic ductal cells play as pancreatic stem cells that exhibit
stem cell properties, including proliferation and differentiation
potential. Even though SP showed pro-proliferation activity, we
did not find SP exert any promoting effect on the ductal cells
differentiating toward B-cells. Our results showed that SP did not
induce pancreatic ductal cells differentiate into insulin-positive
cells directly, although the ductal cells all expressed Pdx-1, a
pancreatic progenitor cell marker (Murtaugh, 2007). Further, in
insulin-produced cell induction medium, SP did not promote
pancreatic ductal cells differentiating into greater numbers of
insulin-produced cells either.

Activation of Wnt signaling has been shown to be essential
for proliferation of multiple cells (Mah et al., 2016; Arrigoni
et al., 2018; Majidinia et al., 2018). Glycogen synthase kinase-
3p (GSK-3B), a key molecule of the Wnt pathway, induces
phosphorylation of B-catenin, causing the degradation of f-
catenin. GSK-3f activity is inhibited following activation of the
Wnt pathway, stimulating the accumulation of B-catenin in the
cytoplasm, and B-catenin transferred into the nucleus, serving
as a transcription factor to induce the activation of downstream

target genes (Wang et al., 2018). We propose that SP regulates
ductal cell proliferation via activation of Wnt pathway. Our
results of western blot showed that SP treatment enhanced NK1R
expression, decreased GSK-3f levels and increased B-catenin
levels. Moreover, L-703,606, a NK1R antagonist, decreased NK1R
expression and attenuated the effects of SP on GSK-3f and
B-catenin levels, indicating that SP may promote proliferation
of ductal cells via augmenting NKIR and GSK-3p/B-catenin
signaling.

Our study was designed to understand the possible effects
of neuropeptides released by primary sensory nerve fibers on
pancreatic ductal cells. However, we found that only SP promoted
the proliferation of pancreatic ductal cells. Moreover, SP did
not induce or promote the differentiation of ductal cells into
B-cells. The onset of diabetes is related to the lack of SP.
Razavi et al. (2006) reported that reduced release of substance
P initiates immune stress response of islet B-cells, leading to
inflammation of islet cells and invasion of lymphocytes. On
top of that, the ductal cells in the pancreas have stem cell
properties and are one of the sources of fB-cell neogenesis
(Xu et al., 2008; Bonner-Weir et al., 2010). The proliferative
effect of SP on ductal cells may explain another possible
pathological course in the developmental stage of diabetes. The
stabilization of SP levels might indicate that the pancreatic
endogenous B-cell pool is abundant and is one of the conditions
for maintaining B-cell homeostasis. Therefore, the lack of SP
might be an indicator of the initial of diabetes. In addition,
SP can also be used as a drug candidate for the treatment of
diabetes.

In summary, SP but not CGRP stimulates the proliferation
of pancreatic ductal cells. SP does not induce or promote
the differentiation of ductal cells toward B-cells. Moreover, SP
may promote proliferation of pancreatic ductal cells through
enhancing NKIR expression, decreasing GSK-3p and increasing
B-catenin levels.
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Intrauterine growth restricted offspring suffer from abnormal glucose homeostasis
and B cell dysfunction. In this study, we observed the dynamic changes of glucose
metabolic phenotype, pancreatic morphology, and insulin synthesis in prenatal ethanol
exposure (PEE) male offspring rats, and to explore the potential intrauterine programming
mechanism of the glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis. Ethanol (4
g/kg-d) was administered through oral gavage during gestational day (GD) 9-20. Serum
glucose and insulin levels, pancreatic g cell mass, and expression of glucocorticoid
receptor (GR), IGF1 and insulin were determined on GD20, postnatal week (PW) 6, PW12
with/without chronic stress (CS), and PW24, respectively. Both intraperitoneal glucose
and insulin tolerance tests were conducted at PW12 and PW24. Results showed that
the serum glucose and insulin levels as well as pancreatic B cell mass were reduced
on GD20 in PEE males compared with the controls, while pancreatic GR expression
was enhanced but IGF1 and INS1/2 expression were suppressed. After birth, compared
with the controls, B cell mass in the PEE males was initially decreased at PW6 and
gradually recovered from PW12 to PW24, which was accompanied by increased serum
glucose/insulin levels and insulin resistance index (IRl) at PW6 and decreased serum
glucose contents at PW12, as well as unchanged serum glucose/insulin concentrations
at PW24. In addition, both improved glucose tolerance and impaired insulin sensitivity
of the PEE males at PW12 were inversed at PW24. Moreover, at PW6 and PW12,
pancreatic GR expression in the PEE group was decreased, while IGF1 expression was
reversely increased, resulting in a compensatory increase of insulin expression. Moreover,
CS induced pancreatic GR activation and inhibited IGF1 expression, resulting in impaired
insulin biosynthesis. Conclusively, the above changes were associated with age and the
intrauterine programming alteration of GC-IGF1 axis may be involved in prenatal and
postnatal pancreatic dysplasia and impaired insulin biosynthesis in PEE male offspring.

Keywords: prenatal ethanol exposure, intrauterine growth restriction, pancreatic g cell development, insulin
expression, glucocorticoids-insulin-like growth factor 1 axis
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INTRODUCTION

Alcohol consumption is common in both developing and
developed countries. Epidemiological studies have shown that
the alcoholism rate in young women has increased in recent
years (1), and some of female alcoholics could not quit drinking
during pregnancy (2). Prenatal alcohol exposure can lead to a
range of adverse developmental outcomes in offspring, which are
collectively termed fetal alcohol spectrum disorder (FASD) (3).
In European countries, the morbidity of FASD is 0.97 per 1,000
births, whereas the morbidity of FASD in U.S. is 1.95 per 1,000
births (4). As one of the primary symptoms of FASD, intrauterine
growth restriction (IUGR) is usually diagnosed with a birth
weight and/or length below the 10th percentile for gestational
age and an abdominal circumference that is less than the 2.5th
percentile, with pathologic restriction of fetal growth (5). Human
surveys and animal studies indicate that IUGR offspring induced
by prenatal ethanol exposure (PEE) are characterized by altered
glucose homeostasis and an increased risk of type 2 diabetes
(T2DM) in adulthood (6, 7). It has been suggested that PEE
induces glucose intolerance and hyperinsulinemia in IUGR male
rats on postnatal day (PD) 91 (6, 8) and that the abnormality
of glucose metabolism is more substantial in PEE male offspring
(9, 10).

Intrauterine environmental challenges can “program”
pancreatic p-cell structure and function (11, 12), which lead to
glucose-insulin metabolic dysfunction and increased T2DM risk
in adult offspring (13). The postnatal dysfunction of metabolic
phenotype and abnormal pancreatic morphology induced by
PEE have been reported in some studies (6-8, 14). However,
these studies have some contradictory results, which might be
attributed to a single selected time point for the investigations
(15). Therefore, the dynamic changes of pancreatic development
and glucose metabolism in PEE offspring, as well as the
intrauterine programming mechanism, remains to be clarified.

It has been documented that glucocorticoids (GC) could
affect pancreatic differentiation in utero (16, 17). High levels
of glucocorticoids might induce an imbalance of pancreatic
differentiation, reduction of B cell mass, and deceleration of
insulin expression and secretion (16, 18). Insulin-like growth
factor 1 (IGF1) is one of the key factors regulating pancreatic
development (19). IGF1 not only promotes rapid division and
proliferation of pancreatic p cells (20, 21) but also suppresses
their apoptosis (20, 22). Furthermore, the IGF1 signaling
pathway could regulate the proliferation of pancreatic precursor
cells to affect the directional differentiation of B cells (23). It
has been documented that glucocorticoids could reduce IGF1
expression in various cells via glucocorticoid receptor (GR)
activation (24, 25). The evidence mentioned above suggests that
the effect of glucocorticoids on IGF1 expression may play an
important role in pancreatic development and p cell mass.

Previously, we have demonstrated that ethanol administered
though oral gavage on gestational day (GD) 9-20 caused
IUGR in rats (26). Furthermore, PEE can induce fetal
rat over-exposure to maternal GC, which program IUGR
offspring to be susceptible to multiple adult diseases (26—
28). It is still unknown whether high levels of glucocorticoids

in fetal blood can change the expression of IGFl in the
pancreas and further affect pre- and postnatal pancreatic
development and insulin synthesis. In previous studies, we
found a negative relationship between serum corticosterone
(CORT) levels and IGF1 contents in PEE offspring before and
after birth; this negative relationship also correlates to the
increased susceptibility to metabolic diseases. Based on these
findings, we proposed a programming alteration mechanism
of the glucocorticoid-insulin-like growth factor 1 (GC-IGF1)
axis to explain multi-organ development toxicity and disease
susceptibility in PEE offspring (26, 28).

Researches reveal that IUGR is associated with glucose
intolerance in both men and women during adulthood (29),
while the female offspring of undernourished rats do not develop
glucose intolerance (30) or develop insulin resistance only in
old age (31), suggesting gender-specific programming of glucose
metabolism in these animals. Evidence also reveals that males
are more sensitive to early life programming of insulin action
than females (32). In this study, we observed dynamic changes
in the glucose metabolic phenotype, pancreatic morphology and
insulin synthesis in the PEE male offspring. The selected time
points include GD20, postnatal week (PW) 6, 12, and 24, which
are approximately equivalent to the fetus, childhood, early, and
late stages of adulthood in humans (33). Moreover, a previously
described chronic stress (CS) test, induced by a 2-week ice-water
swimming test from PW10 (33, 34), was used to confirm the
involvement of the GC-IGF1 axis in the alteration of pancreatic
development and insulin synthesis induced by PEE. This study
is significant for clarifying the developmental toxicity of ethanol
and seeking early prevention and treatment strategies for fetal-
originated adult diabetes.

MATERIALS AND METHODS

Chemicals and Reagents

Ethanol (analytical pure grade) was purchased from Zhen Xin
Co., Ltd. (Shanghai, China). Isoflurane was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Ultrasensitive Rat insulin ELISA kits, Rat insulin ELISA kits and
Rat/Mouse Proinsulin ELISA kits were provided by Mercodia
(Uppsala, Sweden). Glucose oxidase assay kits were purchased
from Mind Bioengineering Co. Ltd. (Shanghai, China). TRIzol
reagent was purchased from Invitrogen Co. (Carlsbad, CA, USA).
Reverse transcription and real-time quantitative polymerase
chain reaction (RT-qPCR) kits were offered by TaKaRa
Biotechnology Co., Ltd. (Dalian, China). Oligonucleotide
primers for rat RT-qPCR genes (PAGE purification) were custom
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
RNAlater was provided by Qiagen (Diisseldorf, North Rhine-
Westphalia, Germany). Glucocorticoid receptor (GR), IGF1,
and insulin gene enhancer protein isll (ISL1) antibodies were
obtained from Abcam (San Francisco, California, USA). Insulin
antibody was provided by Sigma-Aldrich (St. Louis, Missouri,
USA). Immunohistochemical staining agents were purchased
from Zhongshan Golden Bridge Biotechnology Co. Ltd. (Beijing,
China).
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Animals and Treatment

This project was performed at the Center for Animal Experiment
of Wuhan University (Wuhan, China), which is recognized and
designated by the Association for Assessment and Accreditation
of International Laboratory Animal Care. This study was carried
out in accordance with the Guidelines for the Care and Use of
Laboratory Animals of the Chinese Animal Welfare Committee
(AAALAC International). The protocol was approved by the
Committee on the Ethics of Animal Experiments of the Wuhan
University School of Medicine (permit number: 14016). Specific
pathogen free Wistar rats (12~13-week-old, with weights of 197-
221 g for females and 241-275 g for males) were purchased from
the Experimental Center of Hubei Medical Scientific Academy
(No. 2012-2014, certification number: 42000600002258, license
number: SCXK [Hubei]).

Animals were fed in metal wire cages in temperature-
controlled conditions and allowed ad libitum access to tap water
and standard chow at all times (room temperature: 18-22°C;
humidity: 40-60%, light cycle: 12 h light-dark cycle; 10-15 air
changes per hour). After 7 days of acclimation, each two female
rats and one male rat were mated from 7:00 p.m. to 7:00 a.m.
The appearance of a vaginal plug or vaginal smear with sperm
cells was confirmed as successful mating. We designated that day
as GDO. Pregnant rats were then transferred to individual cages.
From GD9 to GD20, the pregnant rats were given ethanol (4
g/kg-d, 40%) or distilled water through oral gavage at 8:00 a.m.
every day as described in previous studies (26, 35). The animal
processing schedule was shown in Figure 1.

For fetal rat experiment, a portion of pregnant rats were
anesthetized with isoflurane and decapitated, and fetal rats were
obtained through cesarean section on GD20. To eliminate the
interferences induced by litter size, only pregnant rats with
8~14 pups were included and each group finally contained 14
pregnant rats. The fetal rats were quickly picked and weighed.
Fetal rats were decapitated, and the pancreases were weighed.
The fetal blood or pancreases (per litter) were collected and
pooled into one independent sample, respectively. Fetal blood
was centrifuged at 2263 x g for 15min, and the serum was
stored at —80°C. Some intact fetal pancreases (including the
head, body and tail) were weighed and put into RNAlater (1
mg: 100 pl) overnight at 4°C, and then transferred to the
—80°C refrigerator for gene expression analysis. Other intact fetal
pancreases (head, body, and tail) were selected and fixed per litter
(n=5) for histology observation or fixed for electron microscope
observation.

For postnatal rat experiment, the remaining pregnant rats
(including the control and PEE groups) were subjected to
delivery. The pups remained with their original mothers after
birth and throughout lactation. To ensure adequate and relatively
equal intake of nutrients during the suckling period, only litters
with 8~14 pups were chosen for the following experiment and
normalized to 8 pups per litter (male: female = 1:1) (36). Finally, a
total of 16 litters (8 controls & 8 PEEs) were included and all pups
were weaned until postnatal week (PW) 4. Four male offspring
rats from each litter were selected and assigned to the four
studies at different postnatal time points or condition (i.e., PW®6,
PW12, PW12 with CS and PW24), respectively. The CS test was

achieved by forced 5-min ice-water swimming per day (5-7°C)
from PW10 to PW12 (33, 34). Intraperitoneal glucose tolerance
tests (IPGTT) and insulin tolerance tests (ITT) were performed
at PW12 and PW24. Pups were anesthetized with isoflurane and
then decapitated. Blood and pancreases were collected. Intact
pancreases (including head, body, and tail) were weighed. Blood
was centrifuged at 2263 x g for 15 min, and the serum was stored
in an —80°C refrigerator for gene expression analysis. Some
pancreases were weighed and put into RNAlater (1 mg: 100 pl)
overnight at 4°C, and then they were restored at —80°C. Other
pancreases (n = 5) were fixed in a 10% neutral formalin solution
for histology observation.

IPGTT, ITT, and Area Under the Curve (AUC)
Based on the reference (37), rats were pre-fasted for 12h
before the IPGTTs, which started at 8:00a.m. Each rat was
intraperitoneally administered glucose (2 g/kg). The interval
time of administration to each animal was 2 min, and the total
operating time was limited to within 30 min. Blood glucose
levels which measured 0, 15, 30, 60, and 120 min after the
glucose challenge were determined using a glucometer (ACCU-
CHEK Performa, Roche). The AUCs were calculated using
the trapezoidal rule (38). ITTs were administered after a 5h
fast (8:00a.m.—1:00 p.m.) (39), and insulin (I unit/kg) was
intraperitoneally injected. The measurement of blood glucose
levels which measured 0, 15, 30, 60, and 120 min after the insulin
challenge and calculation of the corresponding AUCs was the
same as that described for the IPGTTs. Con. N min represented
serum glucose at each time point. Time N min-N min represented
the time gap between two time points.
Con. Niin (%) = Con. Npin / Con. Omin

AUC = (Con. Opin+Con. 15nin)/2xTime Omin-15min+
(Con. 15min+Con. 30min)/2x Time 15min-3min—+(Con.
30min+Con. 60min)/2xTime 30min-60min+(Con. 60y,i,+Con.
120min)/2 % Time 60min-120min

Serum Glucose/Insulin Concentrations and
Pancreatic Insulin/Proinsulin Contents

Determination

The serum insulin and glucose levels were measured through
ELISA and biochemical assay kits, respectively, following the
manufacturer’s protocol. The fasting glucose (FG), fasting insulin
(FI) and insulin resistance index (IRI) was acronymized as b.
Pancreatic insulin and proinsulin were extracted with acidic
ethanol (1.5% [vol/vol] HClin 75% [vol/vol] ethanol) and assayed
using ELISA Kits.

IRI = FG (mmol/L) x FI (mIU/L)/22.5

Pancreatic Morphometric Analysis

Pancreases at GD20, PW6, PW12, and PW24 were weighed and
fixed in 10% neutral buffered formalin overnight, dehydrated,
and embedded in paraffin. Each analytical result of the
pathological indices was obtained from a total of five animals
per group, with five complete longitudinal sections (5pm)
per embedded pancreas (i.e., at their maximum widths) in (at
minimum) 200 pm intervals. The hematoxylin-eosin (HE) and
insulin immunohistochemical staining were subjected to the
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TABLE 1 | Oligonucleotide primers and PCR conditions of rat in quantitative real-time PCR.

Genes Forward primer Reverse primer Accession number Product (bp) Annealing (°C)
ISL1 ACTGAGTGACTTCGCCTTGC ATCTGGGAGCTGAGAGGACA NM_017339.3 133 60
INS1 TCAGCAAGCAGGTCATTGTT AGGTACAGAGCCTCCACCAG NM_019129.3 147 57
INS2 TCTTCTACACACCCATGTCCC GGTGCAGCACTGATCCAC NM_019130.2 149 55
IGF1 GACCAAGGGGCTTTTACTTCAAC TTTGTAGGCTTCAGCGGAGCAC NM_178866.4 148 60
GR CACCCATGACCCTGTCAGTG AAAGCCTCCCTCTGCTAACC NM_012576.2 156 54
GAPDH GCAAGTTCAACGGCACAG GCCAGTAGACTCCACGACA NM_017008.4 140 60

ISL1, insulin gene enhancer protein isl1; INS1, insulin 1; INS2, insulin2; IGF1, insulin-like growth factor 1; GR, glucocorticoid receptor; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.

pancreases of GD20 to PW24. As a negative control, pancreatic
sections underwent similar treatment, and no positive reactions
to the antibody against insulin were observed (data not shown).
Sections were viewed at a magnification of x40. Approximately
3-4 fields per fetal pancreas section and 30-40 fields per
postnatal pancreas section were acquired, and we used NIS-
Elements Br 4.20 (Nikon, USA) to analyze the total pancreas
areas and P-cell areas (insulin-positive cells). The size of the
insulin-positive cell area and the pancreatic tissue area were
measured (average value, five sections per animal). The f cell
fraction and mass were calculated according to the formula
provided below (40). The unit of p cell mass/body weight
was |ug/g (39). Fetal pancreases were cut and fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2h at 4
°C and post fixed with 1% osmium tetroxide. We dehydrated
these tissues with a graded series of ethanol and then embedded
them in Epon 812. Ultrathin sections (~50 nm) were cut with
LKB-V ultramicrotome (Bromma, Sweden), dual stained with
uranyl acetate and lead citrate and observed with a Hitachi
H600 transmission electron microscope (EM) (Hitachi, Tokyo,
Japan).
B cell fraction (%) = B cell area/total pancreas area x 100
p cell mass (mg) = P cell fraction x pancreas weight.

Pancreatic mRNA and Protein Expression

Analysis

GD20 and PW6 pancreases (including the head, body, and
tail) were grinded and mixed in liquid nitrogen. We used
25mg of pancreatic tissue to extract total RNA, based
on the manufacturer’s protocol (RNA-Solv Reagent). The
concentrations and purity of total RNA were measured in Azgom
and Ajgonm, and the rates of Aonm /A2s0nm were kept between
1.8 and 2.0. The total RNA concentrations were adjusted to
1 pg/wL. cDNA synthesis and RT-qPCR amplification were
performed using the manufacturer’s protocol. Relative standard
curves were constructed for the following target genes: GR, IGF1,
ISL1, insulin 1 (INS1), and INS2. The oligonucleotide primers
and annealing temperatures in RT-qPCR are listed in Table 1.
To precisely quantify the gene transcripts, the mRNA level of
the housekeeping gene glyceraldehyde phosphate dehydrogenase
(GAPDH) was measured and used as the quantitative control
(26, 35).

The relative protein expressions of GR, IGF1, ISL1,
and insulin in PWI12 and PW24 were semi-quantified by
immunohistochemistry (IHC) and the area of these protein
expression in the pancreatic tissues also could be observed.
PWI12 and PW24 pancreases were embedded and sliced as
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mentioned above. As negative controls, pancreatic sections
underwent similar treatment, and no positive reactions to the
antibody against GR, IGF1, ISL1, and insulin were observed
(data not shown). The mean density for pancreases in the same
group was taken as the expression level for the protein of interest.
Sections were viewed at a magnification of x400. Approximately
200 fields per postnatal pancreas section were acquired, and we
used NIS-Elements Br 4.20 (Nikon, USA) to analyze the mean
density of GR, IGF1, ISL1, and insulin staining.

Statistical Analysis

All data presented were expressed as the mean £ S.E.M., and
the statistical analysis was performed with SPSS for Windows
version 19 (SPSS Science Inc., Chicago, IL, USA). The normality
and homogeneity of the variances were analyzed using the one-
sample Kolmogorov-Smirnov test and Levene’s test, respectively.
Differences between the control and PEE groups were compared
using a repeated measures ANOVA (IPGTT and ITT) or
two-tail Student’s test. Groups which were assumed to have
normal distribution, and equal variances were compared through
repeated measures ANOVA and Student’s two-tailed ¢-test. When
data failed tests for normal distribution and homogeneity of
variance, we chose the Mann-Whitney U test (equivalent to
Wilcoxon W). Statistical significance was designated at P < 0.05
and P < 0.01.

RESULTS

In Male Fetal Rats

Islet Function and Pancreatic Morphological Changes
In our previous study, a decrease bodyweight and a high IUGR
rate were observed in PEE male fetal rats (26). Based on this
batch of animals, we further observed changes in islet function

and pancreatic morphology of fetal rats. Compared with the
controls, serum glucose and insulin levels of the PEE fetal rats
were decreased (P < 0.01, Figures 2A,B), while serum proinsulin
level was unchanged (Figure 2C), as a result, the ratio of serum
proinsulin and insulin presented increasing trend in the PEE
offspring (P = 0.06, Figure 2D). Pancreas weight (P < 0.01,
Figure 2E), B cell mass (P < 0.05, Figure2G), and B cells
mass/body weight (P = 0.06, Figure 2H) were all decreased or
showed a decreasing trend in the PEE fetal rats, whereas the
B cell fraction (Figure 2F) did not change. The typical B cell
ultrastructure could be observed in the fetal pancreases from
the control group (Supplementary Figures 1E,F): the mature
dense-core B-granules were highly populated, and there were
halo spaces between the core and f-granule membrane. However,
there was lower electron density and a lack of the characteristic
halos of mature P-granules in the PEE group. The above
data suggest that islet function was reduced, and pancreatic
morphology was impaired in the PEE male fetal rats.

Pancreatic Insulin Biosynthesis, GR and IGF1
Expression Changes

The results indicated that the contents of pancreatic insulin
and proinsulin in the PEE group were lower than those in the
controls (P < 0.05, P < 0.01, Figures 3A,B), whereas the ratio
of proinsulin/insulin was unchanged (Figure 3C). Furthermore,
compared with the controls, the expression levels of ISL1, INSI,
and INS2 mRNA were decreased in the PEE fetal pancreases
(P < 0.01, Figure 3D). Meanwhile, the GR mRNA expression
level was increased, while the expression level of the IGF1
gene was decreased (P < 0.01, Figure 3E). These results suggest
that pancreatic insulin biosynthesis was inhibited and that this
inhibition was accompanied by increased Gr expression and
decreased IGF1 expression.
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FIGURE 3 | Effects of prenatal ethanol exposure (PEE) on pancreatic insulin synthesis, mRNA expression of glucocorticoid receptor (GR), and insulin-like growth
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(ISL1), insulin 1 (INS1) and INS2, and (E) gene expression of GR and IGF1. Mean + S.EM., n = 14. *P < 0.05, **P < 0.01 vs. control.

In Male Offspring Rats at Different Time

Points After Birth

Glucose Metabolic Phenotype Changes at Different
Time Points

At PW6, serum glucose, insulin levels and IRI were increased
in the PEE group compared with the controls (P < 0.05, P
< 0.01, Figures 4A-C). However, at PW12, the basal level of
serum glucose was significantly decreased (P < 0.01, Figure 4D),
while the serum insulin concentration and IRI did not change
in the PEE group (Figures4E,F). In the IPGTT of the PEE
group, when compared with the controls, the serum glucose
concentration at 30 min was lower in the PEE male pups (P
< 0.05, Figure 4G), while the corresponding AUC was not
obviously changed. In the ITT of the PEE group, the 15min
serum glucose concentration was higher than that of the control
(P < 0.01), whereas the corresponding AUC in the PEE group
was 1.13-fold higher than that of the controls (P = 0.08,
Figure 4H). These results suggest that the glucose tolerance was
increased, while the insulin sensitivity was decreased in the PEE
male pups of PWI12. At PW24, the basal serum glucose and
insulin levels, as well as the IRI of the PEE male rats, were
not altered (Figures 4I-K). However, the glucose tolerance of
the PEE offspring was remarkably weakened compared with
the control, as evidenced by the conspicuous increase in the
concentration of blood glucose at 30 min and the increased
corresponding AUC after adding the glycemic load (P < 0.01,
Figure 4L). Furthermore, in the ITT, the serum glucose levels of
the PEE males at 30 and 120 min, as well as the corresponding
AUC, were decreased (P < 0.01, P < 0.05, Figure 4M). These
data suggest that a weakened glucose intolerance and enhanced
insulin sensitivity existed, although there was no significant

change in the glucose metabolic phenotype in the PEE male
offspring rats for PW24.

Pancreatic Morphological Changes at Different Time
Points

At PW6, compared with the controls, the pancreas weight (P
< 0.01, Figure 5A), B cell fraction (P = 0.088, Figure 5B), p
cell mass (P < 0.05, Figure 5C), and B cell mass/body weight
rate (P < 0.05, Figure 5D) were all decreased or showed a
decreasing trend in the PEE offspring. However, at PW12, the
B cell fraction (Figure5F), p cell mass and p cell mass/body
weight rate (Figures 5G,H) showed no obvious changes, except
for the lower pancreas weight (P < 0.01, Figure 5E). At PW24,
the pancreas weight (P < 0.05, Figure 5I) was still decreased,
while the B cell mass (P = 0.055, Figure 5K) and f cell mass/body
weight rate (P = 0.058, Figure 5L) only showed a decreasing
tendency in the PEE group, and the p cell fraction did not show
any obvious changes (Figure 5]). The above data suggest that
cells demonstrate a “catch-up” growth pattern in the PEE male
offspring.

Pancreatic Insulin Biosynthesis, GR and IGF1

Expression Changes at Different Time Points

At PW6, when compared with the respective controls, the
GR mRNA expression was unchanged while the IGF1 mRNA
expression was increased (P<0.05, Figure 6A), meanwhile,
the expression levels of ISL1, INSI and INS2 mRNA were
significantly increased (P < 0.01, Figureé6B). At PWI2
(Figures 6C,D), the GR protein expression level was decreased,
however, the IGF1 protein expression level was increased
in the PEE offspring rats (P < 0.01, P <0.05), and the
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expression levels of ISL1 and insulin protein were increased
(P < 0.01, P < 0.05). At PW24 (Figures 6E,F), the GR
protein expression level was decreased, while that of the IGF1
protein was still increased (P < 0.05, P < 0.05), however,
the protein expression levels of ISL1 and insulin were not
significantly changed. These results suggest that the insulin
synthesis was enhanced after birth in the PEE male offspring
and that this enhancement was accompanied by the down-
regulated expression of GR and the up-regulated expression
of IGF1 and ISLI. Finally, the expression levels of ISL1 and
insulin decreased to the control levels during the late stage of
adulthood.

Glucose Metabolic Phenotype, Pancreatic GR/IGF1
Expression, and Insulin Biosynthesis Changes at
PW12 After a Chronic Stress Test

Furthermore, we aimed to confirm the involvement of the GC-
IGF1 axis in pancreatic development and insulin synthesis in
the PEE offspring. The results showed that, in the PEE group
subjected to the CS, the serum glucose level was higher, while the
serum insulin level was lower (P < 0.01, P < 0.05, Figures 7A,B),
and the IRI was unchanged (Figure 7C). Meanwhile, the protein
expression level of GR was higher, and those of IGF1, ISL1 and
insulin were all decreased, compared with the controls (P < 0.05,
P < 0.01, Figures 7D,E).

DISCUSSIONS

Age-Characteristic Changes of Glucose
Metabolic Abnormalities in Male PEE
Offspring Rats

We have previously demonstrated that PEE causes a reduced
birth weight and a high ITUGR rate (26). Based on this batch
of animals, in the present study, we found that the basal
serum glucose and insulin levels of the PEE male offspring rats
were decreased at GD20, however, transient insulin resistance
appeared at PW6, manifesting as increased basal serum glucose
and insulin levels and IRI, which is similar to the finding of
age-dependent insulin resistance in a childhood cohort study
(41). At PW12, the basal level of serum glucose was remarkably
diminished, however, the basal level of serum insulin showed no
significant change, and the glucose tolerance was increased, while
the insulin sensitivity was decreased in the PEE male offspring.
At PW24, the basal levels of serum glucose and insulin were not
changed, however, weakened glucose intolerance and enhanced
insulin sensitivity were found in the PEE male offspring.
The evidences described above confirmed the abnormalities of
glucose metabolic phenotype before and after birth, glucose
tolerance and insulin sensitivity after birth in the PEE male
offspring rats, which were age-characteristic changes and at least
partially resulted from pancreatic dysplasia.
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The Abnormalities of Pancreatic 8 Cell
Morphology and Function in Male PEE
Fetal Rats

As the sole source organ of insulin, pancreas plays an
important role in the regulation of glucose metabolism. Multiple
adverse intrauterine environments can induce developmental
programming alterations of offspring’s pancreas, further affecting
its insulin synthesis (40, 42-44). In clinical studies (45-47) and
TUGR animal model of food restriction (11, 48), low-protein diet
and placenta-uterine deficiency (49-51), a reduction in B cell
mass could often be observed. In the present study, the fetal
serum glucose and insulin levels were decreased in the male fetal
rats of PEE. Meanwhile, the damages in islet morphology and
the EM images also suggested that PEE resulted in pancreatic
morphological and insulin synthetic function abnormalities in
the male fetal rats.

It has been suggested that “fetal over-exposure to maternal
glucocorticoids” is one of the important factors contributing
to the permanent changes in fetal structure, physiology and
metabolism (52). In vivo and in vitro experiments have shown
that dexamethasone can induce pancreatic dysplasia, reduce
cell number, and decrease insulin expression and secretion
(16). Glucocorticoids could repress IGF1 expression in multiple
types of organs and cells via GR activation (24, 25), and

decreased IGF1 expression could further inhibit the expression
of ISL1 (53), which is one of the most important transcription
factors involved in the regulation of pancreatic development
and insulin expression (54). In our previous researches, we
have demonstrated that PEE could induce fetal over-exposure
to maternal glucocorticoids in utero (26, 55, 56), which further
increased the GR expression [e.g., hippocampus (56) and
adrenals (26)] and decreased IGF1 expression [e.g., adrenals (26),
and liver (28)] of multiple fetal organs, and thus resulted in
their developmental programming alterations. In addition, in
other IUGR models induced by prenatal exposure to xenobiotics
[such caffeine (57), nicotine (58)], we have also found the fetal
over-exposure to maternal glucocorticoids, and the alterations
of GR expression in multiple fetal organs, accompanied with
related developmental programming changes. In the present
study, we found that the contents of pancreatic insulin and
proinsulin were lower, and the expression levels of INS1, INS2
and ISL1 mRNA were decreased in the PEE group, furthermore,
the GR mRNA expression level was increased but the expression
level of IGF1 mRNA was decreased. These results suggested
that the lower insulin biosynthesis was likely associated with
the pancreatic increased GR expression and decreased IGF1
expression by PEE-induced fetal over-exposure to maternal
glucocorticoids.
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The Postnatal Changes of Glucose However, at PW24 in the PEE male offspring, the glucose
Homeostasis, Pancreatic g Cell tolerance was impaired while the insulin sensitivity seems to be
Morphology and Function in Male PEE improved, suggesting that the sensitivity of peripheral tissues

to endogenous insulin might be lower than that to exogenous
insulin in the late stage of adulthood. A previous study showed
that total insulin and IGF1 resistance in pancreatic f cells causes
overt diabetes (64). Therefore, we speculated that the progressive
glucose intolerance of PEE offspring from PW12 to 24 might be
due to the loss of sensitivity to endogenous insulin and IGF1.

Offspring Rats

The changes of pancreatic B cell morphology and function
induced by adverse intrauterine environments not only appeared
in utero but also emerged after birth (40, 59, 60). In the
present study, the § cell mass of PEE fetal rats were significantly
decreased, however, this reduction of § cell population became

progressively less obvious after birth. In addition, both serum  GC-IGF1 Axis Programming Mechanism
insulin levels and the insulin gene expression of the PEE offspring Might May be Involved in

were not lower than those of the controls at all selected postnatal . . .
time points, which was accompanied by persistent enhanced Age-Characteristic Changes of Pancreatic

pancreatic IGF1 expression. As we know, IGF1 is important in B Cell Morphology and Function Induced
regulating B cell growth (61) and usually mediates the postnatal by PEE
catch-up growth pattern in IUGR offspring (62). Therefore,  Glucocorticoids are a class of key metabolic hormones regulating
we presumed that this persistent enhanced pancreatic IGF1  fetal growth and development as well as the organ maturity in
expression might contribute to the postnatal dynamic changes of  utero, while IGF1 plays an insulin-like growth promoting role
pancreatic § cell morphology and function in the PEE offspring. ~ and is the main factor contributes to IUGR and postnatal catch-
Glucose tolerance relies on several important aspects, up growth (65, 66). In a series of our previous studies, we have
including f cell mass and function-associated insulin secretion,  demonstrated that PEE induces fetal overexposure to maternal
as well as insulin availability of the targeted organs (63). At  glucocorticoids. The excessive circulatory glucocorticoids in fetus
PW12, for the PEE male offspring, although the basal serum  not only inhibits the functional development of HPA axis (67),
insulin level showed no significant changes, the basal serum  but also alters the structure and function of multiple fetal
glucose level was remarkably diminished, while the glucose  multi-organs [i.e., liver (28) and adrenal (26)] via local GR
tolerance was increased but the insulin sensitivity was decreased,  activation and the downstream IGF1 signaling suppression.
suggesting that the sensitivity of peripheral tissues to endogenous  Furthermore, these changes, particularly the negative regulatory
insulin might be higher than the sensitivity to exogenous insulin.  relationship between circulatory glucocorticoids (accompany

Prenatal ethanol exposure

Over-exposure to maternal glucocorticoids

g pancreas
s

Fetus (GD20) 1

GR expression T B cell mass 4 s L
IGF1 expressiony > [SL1/insulin expression{ > Seruminsulin

After birth  childhood (PW6) §
v
GR expression - B cell mass ¢ y
IGF1 expr >  ISL1/Insulin expressionT == Serum glucose T insulin TIR1 T
Puberty (PW12) :
\4
GR expression ¥ — B cell mass - w———p  Serum glucose { insulin - IRl >
IGF1 expression T ISL1/Insulin expression T Gl tol lin sensitivity 4

Adulthood (PW24) S

v
GR expression ¥ —_—
IGF1 expression T

B cell mass 4 N Serum glucose — insulin - IRl -
ISL1/Insulin expression - Glucose tolerance ¥ insulin sensitivity T

FIGURE 8 | Prenatal ethanol exposure (PEE) induced dynamic changes of pancreatic development and glycometabolism in male offspring rats. GR, glucocorticoid
receptor; ISL1, insulin gene enhancer protein isl1; IGF1, insulin-like growth factor 1.
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with GR expression) and IGF1 signaling in various tissues,
could be maintained after birth and may contribute to organ
dysfunction and lead to enhanced susceptibility to adult
diseases. Basing on the above, we proposed the “GC-IGF1
axis programming” mechanism might be involved in the PEE-
induced multi-organ dysfunction and predisposition to adult
diseases. In the present study, we also observed that the
alterations of local pancreatic glucocorticoid action mediated by
GR expression presented a negative relationship with changes of
pancreatic IGF1, ISL1, and insulin expressions as well as insulin
secretion in PEE offspring rats before (GD20) and after birth
(PW12 and 24).

Recently, we have demonstrated that PEE programs the
hypersensitivity of hypothalamic-pituitary-adrenal (HPA) axis of
PW12 male offspring rats, presenting by the increased levels
of circulatory CORT after the CS (67). Basing on this, the
previously well-described CS model was employed to further
verify the negative regulatory relationship between circulatory
glucocorticoid (accompany with GR expression) and IGF1
signaling in pancreas and its influence on insulin biosynthesis
function in PEE males. Here we found the pancreatic IGF1,
ISL1, and insulin expressions of PEE males at PW12 were
increased as well as the insulin secretion (Figure 6) which
might be attributed to the weaken local glucocorticoid action
evidenced by both unchanged CORT levels (67) and decreased
pancreatic GR expression. Furthermore, for these PEE male
offspring characterized by programmed hypersensitivity of HPA
axis, the CS-induced elevation of circulatory CORT activated
pancreatic GR, which further inhibits the downstream pancreatic
IGF1 and ISL1 expressions thereby causing dysfunction of
insulin biosynthesis in PEE males (Figure?7). To sum up,
these results observed in PW12 animals without/with CS just
collectively revealed the negative regulatory relationship between
local glucocorticoid action and IGF1 signaling in pancreas as
well as the corresponding influence on insulin biosynthesis.
Accordingly, we proposed that “GC-IGF1 axis programming”
mechanism maybe mainly mediate the dysfunction of insulin
biosynthesis after birth.

It should be noted that, in this study, the degradation of adult
pancreatic tissues caused by ineligible preserve condition made
RT-qPCR cannot be applied to accurately quantify the relative
mRNA expression for GR, IGF1, ISL1 and insulin in pancreatic
tissue of PW12 and PW24 animals. Therefore, IHC was chosen
to semi-quantify these relative protein expression.

Ethanol May Also Have Direct Toxic Effects
on the Pancreatic Development in
Offspring

A series studies reveal that ethanol may also have direct toxic
effects on the pancreatic development and function. The research
from Kim et al (68) suggested that in PW7 mice, chronic
ethanol exposure could induce down-regulation in glucokinases,
thus induced B cell apoptosis and declined the B cell function.
Researches in f-cell lines (69) and isolated murine islets (70) also
suggested that ethanol reduced insulin content and caused ER
stress, and resulted in P cell death by apoptosis. In the present

study, we found the pancreatic proinsulin/insulin ratios of PEE
male fetuses were unchanged with an equally decreased contents
of pancreatic insulin and proinsulin, which may be due to the
direct toxic effect of EtOH on the B cell function by reducing
the production of all proteins including proinsulin and insulin
equally. We should further study it in the future work.

CONCLUSION

In summary, we systematically confirmed the changes in glucose
metabolism and pancreatic dysfunction before and after birth
in the PEE male offspring rats with different ages, and we
propose here for the first time a “GC-IGF1 axis programming”
mechanism maybe mainly mediate the prenatal and postnatal
pancreatic dysplasia and dysfunction of insulin biosynthesis
(Figure 8). This study will help to clarify the pathophysiological
mechanism and explore early prevention and treatment strategies
for fetal-originated adult diabetes.
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Supplementary Figure 1 | Insulin immunohistochemistry and electron
microscope images of pancreatic p cells of male fetal rats induced by prenatal
ethanol exposure (PEE). (A-D) Representative images of pancreatic insulin
immunohistochemical staining (x40 and x400), and (E,F) electron microscope
images of pancreatic p cells. n = 5 for insulin immunohistochemistry.

Supplementary Figure 2 | Insulin immunohistochemistry of prenatal ethanol
exposure (PEE) male offspring rats at postnatal week (PW) 6, PW12 and
PW24.(A-D) Representative images of insulin immunohistochemical staining at
PW6 (x40 and x400); (E-H) representative images of insulin
immunohistochemical staining at PW12 (x40 and x400); (I-L) representative
images of insulin immunohistochemical staining at PW24 (x40 and x400).

Supplementary Figure 3 | Glucocorticoid receptor (GR), insulin-like growth
factor (IGF1) and insulin gene enhancer protein isl1 (ISL1) immunohistochemistry
of prenatal ethanol exposure (PEE) male offspring rats at postnatal week (PW) 12
and PW24. (A,B) Representative images of GR at PW12, (C,D) representative
images of IGF1 at PW12, (E,F) representative images of ISL1 at PW12, (G,H)
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representative images of GR at PW24, (1,J) representative images of IGF1 at
PW24, and (K,L) representative images of ISL1 at PW24.

Supplementary Figure 4 | Glucocorticoid receptor (GR), insulin-like growth
factor (IGF1), insulin gene enhancer protein isl1 (ISL1) and INSULIN

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Alati R, Betts KS, Williams GM, Najman JM, Hall WD. Generational increase

in young women’s drinking: a prospective analysis of mother-daughter dyads.
JAMA Psychiatry (2014) 71:952-7. doi: 10.1001/jamapsychiatry.2014.513

. Nizhnikov ME, Pautassi RM, Carter JM, Landin JD, Varlinskaya EI, Bordner

KA, et al. Brief prenatal ethanol exposure alters behavioral sensitivity to
the kappa opioid receptor agonist (U62,066E) and antagonist (Nor-BNI)
and reduces kappa opioid receptor expression. Alcohol Clin Exp Res. (2014)
38:1630-8. doi: 10.1111/acer.12416

. Chudley AE, Conry J, Cook JL, Loock C, Rosales T, LeBlanc N. Fetal alcohol

spectrum disorder: canadian guidelines for diagnosis. CMAJ (2005) 172(5
Suppl.):S1-21. doi: 10.1503/cmaj.1040302

. May PA, Gossage JP, Kalberg WO, Robinson LK, Buckley D, Manning M, et al.

Prevalence and epidemiologic characteristics of FASD from various research
methods with an emphasis on recent in-school studies. Dev Disabil Res Rev.
(2009) 15:176-92. doi: 10.1002/ddrr.68

. Clarren SK, Smith DW. The fetal alcohol syndrome. N Engl ] Med. (1978)

298:1063-7. doi: 10.1056/NEJM197805112981906

. Chen L, Nyomba BL. Effects of prenatal alcohol exposure on glucose

tolerance in the rat offspring. Metabol Clin Exp. (2003) 52:454-62.
doi: 10.1053/meta.2003.50073

. Lopez-Tejero D, Llobera M, Herrera E. Permanent abnormal response to a

glucose load after prenatal ethanol exposure in rats. Alcohol (1989) 6:469-73.
doi: 10.1016/0741-8329(89)90054-2

. Chen L, Nyomba BL. Glucose intolerance and resistin expression in rat

offspring exposed to ethanol in utero: modulation by postnatal high-fat diet.
Endocrinology (2003) 144:500-8. doi: 10.1210/en.2002-220623

. Yao XH, Chen L, Nyomba BL. Adult rats prenatally exposed to

ethanol have increased gluconeogenesis and impaired insulin response
of hepatic gluconeogenic genes. ] Appl Physiol. (2006) 100:642-8.
doi: 10.1152/japplphysiol.01115.2005

Yao XH, Nguyen HK, Nyomba BL. Prenatal ethanol exposure causes glucose
intolerance with increased hepatic gluconeogenesis and histone deacetylases
in adult rat offspring: reversal by tauroursodeoxycholic acid. PLoS ONE (2013)
8:¢59680. doi: 10.1371/journal.pone.0059680

Inoue T, Kido Y, Asahara S, Matsuda T, Shibutani Y, Koyanagi M, et al. Effect of
intrauterine undernutrition during late gestation on pancreatic beta cell mass.
Biomed Res. (2009) 30:325-30. doi: 10.2220/biomedres.30.325

Stoffers DA, Desai BM, DeLeon DD, Simmons RA. Neonatal exendin-4
prevents the development of diabetes in the intrauterine growth retarded rat.
Diabetes (2003) 52:734-40. doi: 10.2337/diabetes.52.3.734

Nyirenda M]J, Lindsay RS, Kenyon CJ, Burchell A, Seckl JR. Glucocorticoid
exposure in gestation permanently programs rat hepatic
phosphoenolpyruvate carboxykinase and glucocorticoid receptor expression
and causes glucose intolerance in adult offspring. J Clin Investig. (1998)
101:2174-81. doi: 10.1172/]JCI1567

Villarroya F, Mampel T. Glucose tolerance and insulin response in
offspring of ethanol-treated pregnant rats. Gen Pharmacol. (1985) 16:415-7.
doi: 10.1016/0306-3623(85)90208-3

Ting JW, Lautt WW. The effect of acute, chronic, and prenatal ethanol
exposure on insulin sensitivity. Pharmacol Ther. (2006) 111:346-73.
doi: 10.1016/j.pharmthera.2005.10.004

Gesina E, Tronche F, Herrera P, Duchene B, Tales W, Czernichow P, et al.
Dissecting the role of glucocorticoids on pancreas development. Diabetes
(2004) 53:2322-9. doi: 10.2337/diabetes.53.9.2322

Gesina E, Blondeau B, Milet A, Le Nin I, Duchene B, Czernichow P,
et al. Glucocorticoid signalling affects pancreatic development through
both direct and indirect effects. Diabetologia (2006) 49:2939-47.
doi: 10.1007/s00125-006-0449-3

Blondeau B, Lesage J, Czernichow P, Dupouy JP, Breant B. Glucocorticoids
impair fetal beta-cell development in rats. Am ] Physiol Endocrinol Metab.
(2001) 281:E592-9. doi: 10.1152/ajpend0.2001.281.3.E592

late

immunohistochemistry of prenatal ethanol exposure (PEE) male offspring rats at
postnatal week (PW) 12 with chronic stress (CS). (A,B) Representative images of
GR, (C,D) representative images of IGF1, (E,F) representative images of ISL1, and
(G,H) representative images of INSULIN.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Smith FE, Rosen KM, Villa-Komaroff L, Weir GC, Bonner-Weir S. Enhanced
insulin-like growth factor I gene expression in regenerating rat pancreas. Proc
Natl Acad Sci USA. (1991) 88:6152-6. doi: 10.1073/pnas.88.14.6152

Hugl SR, White ME Rhodes CJ. Insulin-like growth factor I (IGF-I)-
stimulated pancreatic beta-cell growth is glucose-dependent. Synergistic
activation of insulin receptor substrate-mediated signal transduction
pathways by glucose and IGF-I in INS-1 cells. J Biol Chem. (1998) 273:17771-
9. doi: 10.1074/jbc.273.28.17771

Lingohr MK, Dickson LM, McCuaig JE Hugl SR, Twardzik DR, Rhodes CJ.
Activation of IRS-2-mediated signal transduction by IGF-1, but not TGF-
alpha or EGE, augments pancreatic beta-cell proliferation. Diabetes (2002)
51:966-76. doi: 10.2337/diabetes.51.4.966

Hill DJ, Petrik ], Arany E, McDonald TJ, Delovitch TL. Insulin-like growth
factors prevent cytokine-mediated cell death in isolated islets of Langerhans
from pre-diabetic non-obese diabetic mice. | Endocrinol. (1999) 161:153-65.
doi: 10.1677/joe.0.1610153

Withers DJ, Burks DJ, Towery HH, Altamuro SL, Flint CL, White MF. Irs-
2 coordinates Igf-1 receptor-mediated beta-cell development and peripheral
insulin signalling. Nat Genet. (1999) 23:32-40. doi: 10.1038/12631

Hyatt MA, Budge H, Walker D, Stephenson T, Symonds ME. Ontogeny
and nutritional programming of the hepatic growth hormone-insulin-like
growth factor-prolactin axis in the sheep. Endocrinology (2007) 148:4754-60.
doi: 10.1210/en.2007-0303

Inder WJ, Jang C, Obeyesekere VR, Alford FP. Dexamethasone administration
inhibits skeletal muscle expression of the androgen receptor and IGF-1-
implications for steroid-induced myopathy. Clin Endocrinol. (2010) 73:126-
32. doi: 10.1111/j.1365-2265.2009.03683.x

Huang H, He Z, Zhu C, Liu L, Kou H, Shen L, et al. Prenatal ethanol exposure-
induced adrenal developmental abnormality of male offspring rats and its
possible intrauterine programming mechanisms. Toxicol Appl Pharmacol.
(2015) 288:84-94. doi: 10.1016/j.taap.2015.07.005

Ni Q, Tan Y, Zhang X, Luo H, Deng Y, Magdalou J, et al. Prenatal ethanol
exposure increases osteoarthritis susceptibility in female rat offspring by
programming a low-functioning IGF-1 signaling pathway. Sci Rep. (2015)
5:14711. doi: 10.1038/srep14711

Shen L, Liu Z, Gong J, Zhang L, Wang L, Magdalou J, et al. Prenatal
ethanol exposure programs an increased susceptibility of non-alcoholic fatty
liver disease in female adult offspring rats Toxicol Appl Pharmacol. (2014)
274:263-73. doi: 10.1016/j.taap.2013.11.009

Phipps K, Barker DJ, Hales CN, Fall CH, Osmond C, Clark PM. Fetal growth
and impaired glucose tolerance in men and women. Diabetologia (1993)
36:225-8. doi: 10.1007/BF00399954

Sugden MC, Holness MJ. Gender-specific programming of insulin secretion
and action. ] Endocrinol. (2002) 175:757-67. doi: 10.1677/joe.0.1750757
Fernandez-Twinn DS, Wayman A, Ekizoglou S, Martin MS, Hales CN,
Ozanne SE. Maternal protein restriction leads to hyperinsulinemia and
reduced insulin-signaling protein expression in 21-mo-old female rat
offspring. Am ] Physiol Regul Integr Comp Physiol. (2005) 288:R368-73.
doi: 10.1152/ajpregu.00206.2004

Kind KL, Clifton PM, Grant PA, Owens PC, Sohlstrom A, Roberts CT, et
al. Effect of maternal feed restriction during pregnancy on glucose tolerance
in the adult guinea pig. Am ] Physiol Regul Integr Comp Physiol. (2003)
284:R140-52. doi: 10.1152/ajpregu.00587.2001

Liu L, Liu E Kou H, Zhang BJ, Xu D, Chen B, et al. Prenatal nicotine exposure
induced a hypothalamic-pituitary-adrenal axis-associated neuroendocrine
metabolic programmed alteration in intrauterine growth retardation offspring
rats. Toxicol Lett. (2012) 214:307-13. doi: 10.1016/j.toxlet.2012.09.001

Xu D, Wu Y, Liu E, Liu YS, Shen L, Lei YY, et al. A hypothalamic-pituitary-
adrenal axis-associated neuroendocrine metabolic programmed alteration in
offspring rats of IUGR induced by prenatal caffeine ingestion. Toxicol Appl
Pharmacol. (2012) 264:395-403. doi: 10.1016/j.taap.2012.08.016

Zhu Y, Zuo N, Li B, Xiong Y, Chen H, He H, et al. The expressional
disorder of the renal RAS mediates nephrotic syndrome of male rat offspring

Frontiers in Endocrinology | www.frontiersin.org

February 2019 | Volume 10 | Article 34


https://doi.org/10.1001/jamapsychiatry.2014.513
https://doi.org/10.1111/acer.12416
https://doi.org/10.1503/cmaj.1040302
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1056/NEJM197805112981906
https://doi.org/10.1053/meta.2003.50073
https://doi.org/10.1016/0741-8329(89)90054-2
https://doi.org/10.1210/en.2002-220623
https://doi.org/10.1152/japplphysiol.01115.2005
https://doi.org/10.1371/journal.pone.0059680
https://doi.org/10.2220/biomedres.30.325
https://doi.org/10.2337/diabetes.52.3.734
https://doi.org/10.1172/JCI1567
https://doi.org/10.1016/0306-3623(85)90208-3
https://doi.org/10.1016/j.pharmthera.2005.10.004
https://doi.org/10.2337/diabetes.53.9.2322
https://doi.org/10.1007/s00125-006-0449-3
https://doi.org/10.1152/ajpendo.2001.281.3.E592
https://doi.org/10.1073/pnas.88.14.6152
https://doi.org/10.1074/jbc.273.28.17771
https://doi.org/10.2337/diabetes.51.4.966
https://doi.org/10.1677/joe.0.1610153
https://doi.org/10.1038/12631
https://doi.org/10.1210/en.2007-0303
https://doi.org/10.1111/j.1365-2265.2009.03683.x
https://doi.org/10.1016/j.taap.2015.07.005
https://doi.org/10.1038/srep14711
https://doi.org/10.1016/j.taap.2013.11.009
https://doi.org/10.1007/BF00399954
https://doi.org/10.1677/joe.0.1750757
https://doi.org/10.1152/ajpregu.00206.2004
https://doi.org/10.1152/ajpregu.00587.2001
https://doi.org/10.1016/j.toxlet.2012.09.001
https://doi.org/10.1016/j.taap.2012.08.016
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Xiao et al.

Pancreas Development and Glucose Metabolism

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

induced by prenatal ethanol exposure. Toxicology (2018) 400-401:9-19.
doi: 10.1016/j.t0x.2018.03.004

Manuel-Apolinar L, Zarate A, Rocha L, Hernandez M. Fetal malnutrition
affects hypothalamic leptin receptor expression after birth in male mice. Arch
Med Res. (2010) 41:240-5. doi: 10.1016/j.arcmed.2010.06.002

Linden MA, Fletcher JA, Morris EM, Meers GM, Laughlin MH, Booth
FW, et al. Treating NAFLD in OLETF rats with vigorous-intensity
interval exercise training. Med Sci Sports Exerc. (2015) 47:556-67.
doi: 10.1249/MSS.0000000000000430

Zambrano E, Bautista CJ, Deas M, Martinez-Samayoa PM, Gonzalez-
Zamorano M, Ledesma H, et al. A low maternal protein diet during pregnancy
and lactation has sex- and window of exposure-specific effects on offspring
growth and food intake, glucose metabolism and serum leptin in the rat. J
Physiol. (2006) 571(Pt 1):221-30. doi: 10.1113/jphysiol.2005.100313

Valtat B, Riveline JP, Zhang P, Singh-Estivalet A, Armanet M, Venteclef N,
et al. Fetal PGC-1alpha overexpression programs adult pancreatic beta-cell
dysfunction. Diabetes (2013) 62:1206-16. doi: 10.2337/db12-0314

Garofano A, Czernichow P, Breant B. Beta-cell mass and proliferation
following late fetal and early postnatal malnutrition in the rat. Diabetologia
(1998) 41:1114-20. doi: 10.1007/s001250051038

Raab J, Haupt E Kordonouri O, Scholz M, Wosch A, Ried C, et al. Continuous
rise of insulin resistance before and after the onset of puberty in children at
increased risk for type 1 diabetes - a cross-sectional analysis. Diabetes Metab
Res Rev. (2013) 29:631-5. doi: 10.1002/dmrr.2438

Green AS, Rozance PJ, Limesand SW. Consequences of a compromised
intrauterine environment on islet function. J Endocrinol. (2010) 205:211-24.
doi: 10.1677/JOE-09-0399

Gatford KL, Simmons RA. Prenatal programming of insulin secretion
in intrauterine growth restriction. Clin Obstet Gynecol. (2013) 56:520-8.
doi: 10.1097/GRF.0b013e31829e5b29

Blondeau B, Avril I, Duchene B, Breant B. Endocrine pancreas development
is altered in foetuses from rats previously showing intra-uterine growth
retardation in response to malnutrition. Diabetologia (2002) 45:394-401.
doi: 10.1007/s00125-001-0767-4

Van Assche FA, De Prins E Aerts L, Verjans M. The endocrine pancreas in
small-for-dates infants. Br ] obstetr Gynaecol. (1977) 84:751-3

Nicolini U, Hubinont C, Santolaya ], Fisk NM, Rodeck CH. Effects of fetal
intravenous glucose challenge in normal and growth retarded fetuses. Horm
Metab Res. (1990) 22:426-30.

Beringue E, Blondeau B, Castellotti MC, Breant B, Czernichow P, Polak M.
Endocrine pancreas development in growth-retarded human fetuses. Diabetes
(2002) 51:385-91. doi: 10.2337/diabetes.51.2.385

Garofano A, Czernichow P, Breant B. In utero undernutrition impairs rat
beta-cell development. Diabetologia (1997) 40:1231-4.

Limesand SW, Rozance PJ, Macko AR, Anderson M]J, Kelly AC, Hay
WW Jr. Reductions in insulin concentrations and beta-cell mass precede
growth restriction in sheep fetuses with placental insufficiency. Am J physiol
Endocrinol Metab. (2013) 304:E516-23. doi: 10.1152/ajpendo.00435.2012
Bertin E, Gangnerau MN, Bellon G, Bailbe D, Arbelot De Vacqueur A, Portha
B. Development of beta-cell mass in fetuses of rats deprived of protein and/or
energy in last trimester of pregnancy. Am J Physiol Regul Integr Comp Physiol.
(2002) 283:R623-30. doi: 10.1152/ajpregu.00037.2002

Limesand SW, Rozance PJ, Zerbe GO, Hutton JC, Hay WW Jr.
Attenuated insulin release and storage in fetal sheep pancreatic islets
with intrauterine growth restriction. Endocrinology (2006) 147:1488-97.
doi: 10.1210/en.2005-0900

Reynolds RM. Glucocorticoid excess and the developmental origins
of disease: decades of testing the hypothesis—2012 Curt
Richter Award Winner. Psychoneuroendocrinology (2013) 38:1-11.
doi: 10.1016/j.psyneuen.2012.08.012

Yang Z, Zhang Q, Lu Q, Jia Z, Chen P, Ma K, et al. ISL-1 promotes pancreatic
islet cell proliferation by forming an ISL-1/Set7/9/PDX-1 complex. Cell cycle
(2015) 14:3820-9. doi: 10.1080/15384101.2015.1069926

Karlsson O, Thor S, Norberg T, Ohlsson H, Edlund T. Insulin gene enhancer
binding protein Isl-1 is a member of a novel class of proteins containing both
a homeo- and a Cys-His domain. Nature (1990) 344:879-82.

Liang G, Chen M, Pan XL, Zheng J, Wang H. Ethanol-induced inhibition
of fetal hypothalamic-pituitary-adrenal axis due to prenatal overexposure
to maternal glucocorticoid in mice. Exp Toxicol Pathol. (2011) 63:607-11. .
doi: 10.1016/j.etp.2010.04.015

two

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Lu J, Wen Y, Zhang L, Zhang C, Zhong W, Zhang L, et al. Prenatal
ethanol exposure induces an intrauterine programming of enhanced
sensitivity of the hypothalamic-pituitary-adrenal axis in female offspring
rats fed with post-weaning high-fat diet. Toxicol Res. (2015) 4:1238-49.
doi: 10.1039/C5TX00012B

He Z, Zhu C, Huang H, Liu L, Wang L, Chen L, et al. Prenatal caffeine
exposure-induced adrenal developmental abnormality in male offspring rats
and its possible intrauterine programming mechanisms. Toxicol Res. (2016)
5:388-98. doi: 10.1039/c5tx00265f

Xu D, Liang G, Yan YE, He WW, Liu YS, Chen LB, et al. Nicotine-induced
over-exposure to maternal glucocorticoid and activated glucocorticoid
metabolism hypothalamic-pituitary-adrenal ~ axis-associated
neuroendocrine metabolic alterations in fetal rats. Toxicol Lett. (2012)
209:282-90. doi: 10.1016/j.toxlet.2012.01.006

Matveyenko AV, Singh I, Shin BC, Georgia S, Devaskar SU. Differential
effects of prenatal and postnatal nutritional environment on ss-cell mass
development and turnover in male and female rats. Endocrinology (2010)
151:5647-56. doi: 10.1210/en.2010-0978

.Simmons RA, Templeton L], Gertz SJ. Intrauterine growth retardation leads
to the development of type 2 diabetes in the rat. Diabetes (2001) 50:2279-86.
doi: 10.2337/diabetes.50.10.2279

van  Haeften TW, Twickler TB.
and pancreas beta cells. Eur ] Clin Investig.
doi: 10.1111/j.1365-2362.2004.01337.x

Fall CH, Pandit AN, Law CM, Yajnik CS, Clark PM, Breier B, et al. Size at
birth and plasma insulin-like growth factor-1 concentrations. Arch Dis Child.
(1995) 73:287-93.

Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN, Schwartz MW,
et al. Quantification of the relationship between insulin sensitivity and beta-
cell function in human subjects. Evidence for a hyperbolic function. Diabetes
(1993) 42:1663-72.

Ueki K, Okada T, Hu J, Liew CW, Assmann A, Dahlgren GM, et al. Total
insulin and IGF-I resistance in pancreatic beta cells causes overt diabetes. Nat
Genet. (2006) 38:583-8. doi: 10.1038/ng1787

McGowan PO, Matthews SG. Prenatal stress, glucocorticoids, and
developmental programming of the stress response. Endocrinology (2018)
159:69-82. doi: 10.1210/en.2017-00896

Tosh DN, Fu Q, Callaway CW, McKnight RA, McMillen IC, Ross MG, et
al. Epigenetics of programmed obesity: alteration in IUGR rat hepatic IGF1
mRNA expression and histone structure in rapid vs. delayed postnatal catch-
up growth. Am ] Physiol Gastrointest Liver Physiol. (2010) 299:G1023-9.
doi: 10.1152/ajpgi.00052.2010

Lu J, Jiao Z, Yu Y, Zhang C, He X, Li Q, et al. Programming
for increased expression of hippocampal GAD67 mediated the
hypersensitivity of the hypothalamic-pituitary-adrenal in male
offspring rats with prenatal ethanol exposure. Cell Death Dis. (2018)
9:659. doi: 10.1038/s41419-018-0663-1

Kim JY, Song EH, Lee HJ, Oh YK, Park YS, Park JW, et al. Chronic ethanol
consumption-induced pancreatic {beta}-cell dysfunction and apoptosis
through glucokinase nitration and its down-regulation. J Biol Chem. (2010)
285:37251-62. doi: 10.1074/jbc.M110.142315

Dembele K, Nguyen KH, Hernandez TA, Nyomba BL. Effects of
ethanol on pancreatic beta-cell death: interaction with glucose and fatty
Cell Biol Toxicol. (2009) 25:141-52. doi: 10.1007/s10565-008-9

causes

Insulin-like ~ growth  factors

(2004) 34:249-55.

axis

acids.
067-9
Nguyen KH, Lee JH, Nyomba BL. Ethanol causes endoplasmic reticulum
stress and impairment of insulin secretion in pancreatic beta-cells. Alcohol
(2012) 46:89-99. doi: 10.1016/j.alcohol.2011.04.001

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Xiao, Kou, Gui, Ji, Guo, Wu and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Endocrinology | www.frontiersin.org

February 2019 | Volume 10 | Article 34


https://doi.org/10.1016/j.tox.2018.03.004
https://doi.org/10.1016/j.arcmed.2010.06.002
https://doi.org/10.1249/MSS.0000000000000430
https://doi.org/10.1113/jphysiol.2005.100313
https://doi.org/10.2337/db12-0314
https://doi.org/10.1007/s001250051038
https://doi.org/10.1002/dmrr.2438
https://doi.org/10.1677/JOE-09-0399
https://doi.org/10.1097/GRF.0b013e31829e5b29
https://doi.org/10.1007/s00125-001-0767-4
https://doi.org/10.2337/diabetes.51.2.385
https://doi.org/10.1152/ajpendo.00435.2012
https://doi.org/10.1152/ajpregu.00037.2002
https://doi.org/10.1210/en.2005-0900
https://doi.org/10.1016/j.psyneuen.2012.08.012
https://doi.org/10.1080/15384101.2015.1069926
https://doi.org/10.1016/j.etp.2010.04.015
https://doi.org/10.1039/C5TX00012B
https://doi.org/10.1039/c5tx00265f
https://doi.org/10.1016/j.toxlet.2012.01.006
https://doi.org/10.1210/en.2010-0978
https://doi.org/10.2337/diabetes.50.10.2279
https://doi.org/10.1111/j.1365-2362.2004.01337.x
https://doi.org/10.1038/ng1787
https://doi.org/10.1210/en.2017-00896
https://doi.org/10.1152/ajpgi.00052.2010
https://doi.org/10.1038/s41419-018-0663-1
https://doi.org/10.1074/jbc.M110.142315
https://doi.org/10.1007/s10565-008-9067-9
https://doi.org/10.1016/j.alcohol.2011.04.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

',\' frontiers

in Neuroscience

REVIEW
published: 20 February 2019
doi: 10.3389/fnins.2019.00021

OPEN ACCESS

Edited by:

Lee E. Eiden,

National Institutes of Health (NIH),
United States

Reviewed by:

Youssef Anouar,

Institut National de la Santé et de la
Recherche Médicale (INSERM),
France

Qingchun Tong,

The University of Texas Health
Science Center at Houston,

United States

*Correspondence:
Lei Sha
Isha@cmu.edu.cn

Specialty section:

This article was submitted to
Neuroendocrine Science,

a section of the journal
Frontiers in Neuroscience

Received: 12 July 2018
Accepted: 10 January 2019
Published: 20 February 2019

Citation:

LiW, Yu G, Liu Y and Sha L (2019)
Intrapancreatic Ganglia and Neural
Regulation of Pancreatic Endocrine
Secretion. Front. Neurosci. 13:21.

doi: 10.3389/fnins.2019.00021

Check for
updates

Intrapancreatic Ganglia and Neural
Regulation of Pancreatic Endocrine
Secretion

Wenjing Li', Guangjiao Yu?, Yudan Liu’ and Lei Sha'*

" School of Pharmacy, China Medical University, Shenyang, China, ? China Medical University-The Queen’s University
of Belfast Joint College, China Medical University, Shenyang, China

Extrapancreatic nerves project to pancreatic islets directly or converge onto
intrapancreatic ganglia. Intrapancreatic ganglia constitute a complex information-
processing center that contains various neurotransmitters and forms an endogenous
neural network. Both intrapancreatic ganglia and extrapancreatic nerves have an
important influence on pancreatic endocrine function. This review introduces the
histomorphology, innervation, neurochemistry, and electrophysiological properties
of intrapancreatic ganglia/neurons, and summarizes the modulatory effects of
intrapancreatic ganglia and extrapancreatic nerves on endocrine function.

Keywords: intrapancreatic ganglia, extrapancreatic nerves, pancreas, islet, insulin

INTRODUCTION

Intrapancreatic ganglia were first described by Langerhans in 1869 and have been studied over
several decades (Sha et al., 1995, 1996, 1997, 2001b; Liu and Kirchgessner, 1997; Love and Szebeni,
1999b; Sha and Szurszewski, 1999; Yi et al., 2005; Shen et al., 2016). While intrapancreatic ganglia
have been traditionally considered to be simple parasympathetic relays, growing evidence suggests
that, similar to the enteric nervous system (ENS), intrapancreatic ganglia may constitute a complex
information-processing center containing various neurotransmitters and form an endogenous
neural network (Gylfe and Tengholm, 2014; Shen et al., 2016; Tang et al., 2018b). Although
the influence of extrapancreatic nerves, especially autonomic nerves, on pancreatic endocrine
function has been extensively studied, the role of intrapancreatic ganglia in endocrine and exocrine
functions has garnered far less attention (Sha et al., 2001b; Love et al., 2007; Gylfe and Tengholm,
2014; Rodriguez-Diaz and Caicedo, 2014). In this review, we will focus on research studies from
the past 30 years. We will introduce the histomorphology, innervation, neurochemistry, and
electrophysiological properties of intrapancreatic ganglia/neurons, and summarize the modulatory
effects of intrapancreatic ganglia and extrapancreatic nerves on endocrine function.

ANATOMY AND MORPHOLOGY OF INTRAPANCREATIC
GANGLIA

Intrapancreatic ganglia are composed of pancreatic neurons, glial cells, and extrinsic and intrinsic
nerve fibers. They are located over or alongside nerve trunks in the interlobular, acinar, or
insular connective tissues, or within lobules and islets (Liu and Kirchgessner, 1997; Tang et al.,
2018a). Intrapancreatic ganglia can be oval, round, or polygonal in shape, and vary in size
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(Shen et al, 2016). Most intrapancreatic ganglia are found
alongside or inside nerve trunks that are branches of larger
nerve trunks traveling along the pancreaticoduodenal artery in
the head of the pancreas (Liu and Kirchgessner, 1997). Ganglia
are also found along nerve bundles from the celiac and superior
mesenteric plexuses, and the splenic nerves in the body and tail
of the pancreas (Love et al., 2007). The ganglia in the head are
larger and contain more neurons than those in the body and
tail of the pancreas (Sha et al, 1996). In the rabbit pancreas,
the larger ganglia (>6 neurons) often appear to be encapsulated
and connect to larger nerve trunks, while the smaller ganglia
are similar to grape clusters; single pancreatic neurons are also
found within islets (Love and Szebeni, 1999b). The peri-lobular
ganglia are larger than intra-parenchymal ganglia. The ganglia of
patients with type 2 diabetes are larger than those of individuals
without diabetes (Tang et al., 2018a). The number of neurons
in each pancreatic ganglion is different in different species. For
example, rabbit ganglia contain 1 to 35 neurons per ganglion
[mean + standard error of the mean (SEM), 4 + 1] (Love
and Szebeni, 1999b), while rat ganglia contain 2-24 neurons
per ganglion (mean £ SEM, 8.8 £ 0.5) (Shen et al., 2016).
Although the neurons are typically oval or round, triangular
neurons are also found. Most of the neurons are bipolar or
multipolar, and unipolar neurons are rare. While the dendritic
neuropil of neurons is variable in shape, most of the dendrites
are typically short and stubby (Sha et al., 1996). Most nerve fibers
of intrapancreatic ganglia are unmyelinated. The unmyelinated
nerve bundles have a fine axonal structure, with a large number
of microtubules present in the center. Some axons contain both
small, clear vesicles and large dense-cored vesicles, while others
appear to contain only small, clear vesicles (Love et al., 2007).
The axons of pancreatic neurons project to all pancreatic effector
cells, including islets, pancreatic ducts, acini, blood vessels, and
other intrapancreatic ganglia, indicating that intrapancreatic
ganglia may play an important role in pancreatic functions,
including endocrine function (Niebergall-Roth and Singer, 2001;
Love et al., 2007).

INNERVATION OF INTRAPANCREATIC
GANGLIA

Sympathetic Efferent Fibers

Preganglionic efferent sympathetic fibers project from cell bodies
in the lateral horn of the spinal cord (Cg-L3) to paravertebral
and prevertebral sympathetic ganglia (Llewellyn-Smith, 2009;
Figure 1). The fibers projecting from the prevertebral ganglia
(the celiac and superior mesenteric ganglia) enter the pancreas
directly or with other autonomic nerves (Ahrén, 2000; Gilon
and Henquin, 2001; Love et al., 2007). The celiac plexus mainly
includes four branches: the anterior hepatic plexus, posterior
hepatic plexus, splenic plexus, and plexus accompanying the
transverse pancreatic artery (Dolensek et al, 2015). These
branches are distributed in different locations of the human
pancreas. The head of the pancreas receives the anterior and
posterior hepatic plexuses, which are distributed along the
hepatic artery and located in the dorsal aspect of the portal vein.

The body and tail of the pancreas are innervated by the other
two plexuses. Some nerves originate from the superior mesenteric
ganglia and enter the uncinate process of the pancreas along
the inferior pancreaticoduodenal artery. There also exist plexuses
that surround the main pancreatic duct, but pass through the
pancreas independently of the blood vessels (Yi et al., 2003).
The postganglionic sympathetic fibers project to intrapancreatic
ganglia, islets, ducts, and blood vessels, and release several
neurotransmitters such as norepinephrine (NE), galanin, and
neuropeptide Y (NPY) (Ahrén, 1999; Di Cairano et al., 2016).
Preganglionic sympathetic fibers also enter the pancreas directly
and terminate at the intrapancreatic ganglia (Havel et al., 1989).

Parasympathetic Efferent Fibers

Most preganglionic parasympathetic fibers supplying the
pancreas originate from the dorsal motor nucleus of the vagus
(DMV) in the medulla, and their cell bodies are rarely observed
in the nucleus ambiguous (Love et al., 2007; Chandra and Liddle,
2013; Rodriguez-Diaz and Caicedo, 2014; Ma and Vella, 2018;
Figure 1). Vagus nerve fibers pass through the hiatus of the
esophagus into the abdomen and are divided into five distinct
branches that subsequently innervate different organs. The vagus
nerve fibers that innervate the pancreas include the hepatic and
bilateral gastric branches (primary), and bilateral celiac branches
(secondary) (Niebergall-Roth and Singer, 2001; Love et al., 2007;
Chandra and Liddle, 2014).

A number of parasympathetic preganglionic fibers terminate
at the intrapancreatic ganglia to form synapses (Chandra
and Liddle, 2009). Acetylcholine (ACh) is released from both
the preganglionic and postganglionic parasympathetic nerve
terminals. In addition, vasoactive intestinal polypeptide (VIP),
gastrin-releasing peptide (GRP), pituitary adenylate cyclase-
activating polypeptide (PACAP), and nitric oxide (NO) are
released from the postganglionic parasympathetic nerve fibers
(Wang et al., 1999; Gilon and Henquin, 2001; Love et al., 2007; Di
Cairano et al,, 2016). NPY and galanin exist in both sympathetic
and parasympathetic nerve fibers of the pancreas in pigs and mice
(Pettersson et al., 1987; Sheikh et al., 1988; Ahrén, 2000).

Enteropancreatic Plexus

The ENS within the wall of the gastrointestinal tract is often
considered to be the “local brain” that regulates gastrointestinal
functions. Enteric neurons in the myenteric plexus of the
gastric antrum and proximal duodenum also project out of the
gut to the intrapancreatic ganglia (Kirchgessner and Gershon,
1990; Chandrasekharan and Srinivasan, 2007). Cholinergic
enteropancreatic neurons form excitatory nicotinic synapses
on pancreatic neurons. In addition, some enteropancreatic
nerves, such as the PACAP-containing nerves, are peptidergic.
PACAP is often considered as a neuromodulator that strengthens
pancreatic secretion (Kirchgessner and Liu, 2001). The fibers
of serotonergic enteropancreatic neurons form inhibitory axo-
axonic synapses to inhibit amylase secretion (Kirchgessner
and Gershon, 1995). Enteropancreatic neurons form nicotinic
synapses in intrapancreatic ganglia; however, other excitatory
pathways remain unknown. The role of enteric nerves in
controlling the endocrine functions of the pancreas has not been
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FIGURE 1 | Innervation of intrapancreatic ganglia. Intrapancreatic ganglia receive inputs from sympathetic fibers (red), parasympathetic fibers (green), enteric plexus
(brown), and nerves of other intrapancreatic ganglia. The parasympathetic efferent fibers (green solid line) originate from the dorsal motor nucleus of the vagus (DMV)
and ambiguous nucleus, whereas the cell bodies of sympathetic efferent fibers (red solid line) project from the lateral horn of the spinal cord to the celiac ganglia
(CG), superior mesenteric ganglia (SMG), or paravertebral ganglia (not show in the Figure). The cell bodies of parasympathetic (green dashed line) and sympathetic

(red dashed line) afferents are positioned in the nodose ganglia (NG) and the dorsal root ganglia (DRG), respectively.

completely elucidated. The ENS may be a therapeutic target for
the regulation of glucose metabolism (Abot et al., 2018a,b).

Afferent Nerve Fibers

Intrapancreatic ~ ganglia receive both sympathetic and
parasympathetic afferents, most of which are sensitive
to capsaicin. These afferent fibers transmit sensory

information from the pancreas to the central nervous
system (Dolensek et al., 2015).

Sympathetic afferents are thought to exit the pancreas along
the postganglionic sympathetic fibers within the splanchnic
nerves and the celiac plexus to the dorsal root ganglia (DRG,
T¢-Lz) (Love et al, 2007; Rodriguez-Diaz and Caicedo,
2014; Dolensek et al, 2015). Pancreatic parasympathetic
afferents originate from the nodose ganglia (NG) (Lartigue,
2016). While pancreatic parasympathetic afferent fibers

primarily supply the blood vessels, ducts, acini, and islets,
few parasympathetic afferents are found in intrapancreatic
ganglia (Love et al.,, 2007). Although the central targets of vagal
afferents remain largely unclear, the nucleus of the solitary
tract (NTS) is considered to be the main relay center for vagal
afferent nerves (Renehan et al., 1995; Dolensek et al., 2015).
Sympathetic and parasympathetic afferent fibers contain either
substance P (SP) or calcitonin gene-related peptide (CGRP), or
both (Rodriguez-Diaz and Caicedo, 2014).

NEUROTRANSMITTERS OF
INTRAPANCREATIC GANGLIA

A variety of neurotransmitters can be identified in the
intrapancreatic ganglia (Figure 2). Studies show that choline
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FIGURE 2 | Neurotransmitters are released from both extrinsic nerves and intrinsic intrapancreatic ganglia. Neurotransmitters are, respectively released from
parasympathetic fibers, sympathetic fibers, sensory fibers, enteric fibers, the intrapancreatic ganglionic fibers. ACh, acetylcholine; GRP, gastrin-releasing peptide;
VIP, vasoactive intestinal peptide; NO, nitric oxide; NE, noradrenaline; NPY, neuropeptide Y; PACAP, pituitary adenylate cyclase activating polypeptide; 5-HT,

@ ACh,VIP,GRP
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@ PACAPNO

acetyltransferase (CHAT)-immunopositive neuronal cell bodies
and nerve fibers are present in the pancreas of many species
(Liu et al., 1998; Love and Szebeni, 1999a; Wang et al., 1999),
suggesting that ACh is not only released from parasympathetic
efferents and enteropancreatic fibers, but also from the neurons in
the intrapancreatic ganglia. However, intrapancreatic ganglia are
not innervated by cholinergic nerve fibers in the sheep pancreas
(Arciszewski and Zacharko-Siembida, 2007), which suggests that
the cholinergic innervation of islets from pancreatic neurons
is species-dependent.

It has been shown that intrinsic noradrenaline-containing
neurons are present in the pancreases of rats and newborn
guinea pigs. Dense catecholamine-containing nerves with few
cell bodies are observed in the intrapancreatic ganglia of rabbits.
Moreover, high performance liquid chromatography (HPLC)
reveals higher levels of NE in the ganglia of the head and neck
regions than in those of the body of the pancreas (Yi and Love,
2005a). It has also been reported that CHAT is colocalized with
dopamine-B-hydroxylase (DBH), indicating that ACh and NE
can be released from the same neurons. However, the origin of
these fibers that release both ACh and NE remains unknown (Liu
et al.,, 1998). Recent studies have also shown an increased density
of noradrenergic nerve fibers in the islets of obese mice compared
to control mice (Giannulis et al., 2014).

Apart from ACh and NE, many neuropeptides are also
released from the intrapancreatic ganglia (De Giorgio et al,
1992a). VIP and GRP are located in both neuronal cell bodies
and fibers of the intrapancreatic ganglia (De Giorgio et al., 1992b,
1993; Myojin et al., 2000). VIP is present in most intrapancreatic
ganglionic cell bodies, while the number of neuronal cell bodies
containing GRP is much lower (De Giorgio et al., 1992b).
External PACAP originates from vagal nerves, sensory nerves,
or enteropancreatic nerves, while intrinsic PACAP has been
observed in the neurons of intrapancreatic ganglia (Hannibal
and Fahrenkrug, 2000; Kirchgessner and Liu, 2001). PACAP

is co-localized with VIP in the neurons of the rat pancreas
(Hannibal and Fahrenkrug, 2000). PACAP is also co-localized
with galanin, SP, and corticotrophin-releasing factor (CRF) in
the intrapancreatic ganglia of the sheep pancreas (Arciszewski
etal., 2015). Moreover, both galanin and NPY can be observed in
intrapancreatic ganglia of the bovine pancreas (Furuzawa et al.,
1996; Myojin et al., 2000; Adeghate et al.,, 2001), with galanin
being more frequently observed than NPY (Myojin et al., 2000).
Besides sensory nerves, approximately 50% of the SP in the
pancreas originates from intrapancreatic ganglia (Shen et al,
2016). CGRP-positive fibers are observed in intrapancreatic
ganglia, but not in cell bodies (Silvestre et al., 1996; Myojin et al.,
2000). Methionine-enkephalin-positive neurons are occasionally
found in bovine intrapancreatic ganglia (Myojin et al., 2000).
Nicotinamide adenine dinucleotide phosphate (NADPH)-
diaphorase (d) and nitric oxide synthase (NOS) levels have been
used as markers of NO production in the intrapancreatic ganglia
(Sha et al., 1995; Liu and Kirchgessner, 1997). This demonstrates
that apart from enteric and vagal nerve fibers, nitrinergic nerves
are also present in the intrapancreatic ganglia (Wang et al,
1999; Chaudhury, 2014). Most NADPH-d-positive neurons show
immunoreactivity for VIP or galanin in the chicken pancreas
(Hiramatsu et al., 1994). Moreover, ACh is co-localized with VIP
or NOS or both in most cholinergic neurons (Myojin et al., 2000).

ELECTROPHYSIOLOGICAL
PROPERTIES AND SYNAPTIC
POTENTIALS OF PANCREATIC
NEURONS

The electrophysiological properties of intrapancreatic ganglionic
neurons have been characterized through intracellular recording
in guinea pigs, rabbits, cats, and dogs (King et al., 1989; Sha et al.,
1996; Liu and Kirchgessner, 1997; Sha and Szurszewski, 1999;
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Love, 2000). The resting membrane potentials (RMP), input
resistances (IR), action potential (AP) thresholds, AP amplitudes,
time constant, and after-spike hyperpolarization (ASH) durations
are similar in different species, as are the electrophysiological
properties of pancreatic neurons in different regions of the
pancreas (Sha et al, 1996). Electrophysiological properties of
pancreatic neurons are summarized in Table 1. Pancreatic
neurons have higher IR than other autonomic neurons. Most of
the pancreatic neurons are classified as neurons with phasic firing
patterns. A small number (9%) of rabbit pancreatic neurons show
spontaneous low amplitude oscillations that resemble pacemaker
potentials (Love, 2000).

Pancreatic neurons exhibit both fast and slow excitatory
postsynaptic potentials (fEPSPs and sEPSPs). Stimulation of
nerve bundles attached to intrapancreatic ganglia evokes multiple
fEPSPs (Sha et al, 1996, 1997; Liu and Kirchgessner, 1997;
Love, 2000) that are blocked by hexamethonium in 75%
of the neurons, while non-cholinergic fEPSPs are observed
in 25% of the neurons (Love, 2000). Repetitive stimulation
evokes muscarinic and non-cholinergic sEPSPs, whose duration
and amplitude are positively related to the stimulus trains;
hexamethonium has no impact on the sEPSPs (Sha et al., 1996;
Liu and Kirchgessner, 1997). sEPSPs are evoked by repetitive
stimulation using atropine or BRL24924, a 5-HTjp receptor
antagonist (Sha et al., 1996, 1997). Spontaneous fEPSPs are
usually observed at low frequency, and action potentials (APs)
are also observed due to summation of subthreshold fEPSPs
(King et al., 1989). Approximately 41% of the intrapancreatic
neurons in the head and body of the pancreas show spontaneous
fEPSPs and APs, while only 31% of the intrapancreatic neurons
in the pancreatic tail show spontaneous fEPSPs and APs (Sha
et al., 1996). Pancreatic neurons are capable of coordinating
intrinsic activity owing to the rhythmic bursts of fEPSPs
and APs in interconnected ganglia (Love, 2000). Inhibitory
postsynaptic potentials (IPSPs) have not been reported vyet.
Intrapancreatic ganglia of rabbits in all three regions of pancreas
exhibit paired-pulse facilitation (PPF) or depression (PPD)
of fEPSPs. PPF peaking and disappearing have shorter inter-
stimulus intervals than PPD. PPF is observed mainly in the
pancreatic head and neck (60%), while PPD is observed in
the body of the pancreas. In the head/neck region, facilitation

during the initial 1-2 s of train stimulation is reduced by mid-
train depression (2-5 s) of a greater magnitude. The frequency
of postsynaptic APs is inversely related to the magnitude of
mid-train depression, suggesting that the electrophysiological
activities of pancreatic neurons can regulate synaptic strength.
Train stimulation in the head or neck of the pancreas is seen
to be followed by brief post-train augmentation of fEPSPs
(Sha et al., 1996; Love, 2000; Yi and Love, 2005b). Presynaptic
post-train depression results in a decrease in ACh release.
Regional differences in electrophysiological activities may reflect
regional differences in pancreatic function (Yi and Love, 2005b;
Love et al., 2007).

Neurotransmitters of external or internal origin are observed
to affect ganglionic transmission. In cats, ACh evokes fast
depolarization with a decrease in IR, an effect mediated by
nicotinic receptors. Most fEPSPs are activated by nicotinic
receptor subunits in ganglionic neurons and few fEPSPs are not
sensitive to hexamethonium, indicating that there exist non-
cholinergic receptors in the ganglia. The slow transmission is
mediated by M; receptors through an increase in the IR (Sha
et al., 1997). However, muscarine can convert synaptic APs of
rabbit pancreatic neurons into fEPSPs without any changes in the
RMP or IR (Love, 2000). The electrical activity of intrapancreatic
ganglia has a vital influence on amplitude regulation of pulsatile
insulin secretion by isolated ganglia together with the adjacent
pancreatic parenchyma (Sha et al., 2001b).

A higher percentage of neurons respond to adrenergic
agonists in the pancreatic head than in the body or the tail
of the pancreas, a finding consistent with the fact that the
density of noradrenergic innervation to intrapancreatic ganglia
in the pancreas head is higher than in the body or tail (Yi
et al,, 2004). A predominance of inhibitory a, receptors in
the body of the pancreas contributes to the inhibition of
ganglionic transmission, and excitatory a; receptors in the
ganglia from the head/neck regions participate in the facilitation
of ganglionic transmission. Presynaptic post-train depression
(PTD) is mediated by NE and other unknown neurotransmitters
(Yi and Love, 2005a).

PACAP depolarizes pancreatic neurons via the activation of
ganglionic PAC; receptors and may enhance endocrine secretion
(Kirchgessner and Liu, 2001).

TABLE 1 | Electrical properties of pancreatic neurons in different species.

Guinea pigs Liu and Rabbits Love Dogs Sha and Cats King Region of the cat pancreas Sha et al. (1996)
Kirchgessner (1997) (2000) Szurszewski (1999) et al. (1989)
Head Body Tail

RMP (mV) —-51.9+0.6 —54+0.4 —53.5+1.6 —49 £+ 2 —491 +£71 —495+7.2 —535+1.6
IR (MQ) 84 +2.3 106 + 6 88.2+1.9 46+ 4 66.0 £ 31.6 69.1 £36.2 60.7 £28.4
AP threshold (mV) —-30.5+0.8 —15+1 —33+1
AP amplitude (mV) 53.2+1.0 65+ 1 60 + 1
Time constant (ms) 1.8+0.1 2.0+ 0.1 3.1+0.2 3.0+ 0.1 3.1 +£0.1 3.1+0.1
ASH amplitude (mV) 12.6 £ 1.1 11+£0.5 17 +£1
ASH duration (ms) 168.6 + 23.6 210+ 19

RMPF, resting membrane potentials; IR, input resistances,; AR action potential; ASH, after-spike hyperpolarization. All the values represent mean =+ standard error of the

data.
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While NO evokes membrane hyperpolarization in neurons
of the cat pancreas, the membrane IR does not markedly
change. Inhibition of NO production may enhance release
of ACh to evoke fEPSPs and increase the amplitude of
sEPSPs (Sha et al., 1995).

Serotonergic nerve fibers are found in the intrapancreatic
ganglia of guinea pigs and cats, but are rare or absent in rabbits
(Ma and Szurszewski, 1996b; Liu and Kirchgessner, 1997; Yi
et al.,, 2004). No 5-HT immunoreactive neurons are observed
in cat intrapancreatic ganglia (Sha et al., 1996). Neurons in
the pancreatic head have a higher excitability in response to
5-HT than those in the tail. The responses of neurons of the
intrapancreatic ganglia to 5-HT with fast and slow depolarization
are mediated by 5-HT3 and 5-HT|p receptors, respectively (Ma
and Szurszewski, 1996b; Sha et al., 1996).

Cholecystokinin (CCK) has been shown to be present in nerve
terminals which surround but are not in the intrapancreatic
ganglia. The vagal and sympathetic nerve fibers may be the source
of CCK in the pancreas. In cats, cholecystokinin octapeptide
(CCK-8) can evoke slow depolarization by acting on CCKgp
postsynaptic receptors, and amplify nicotinic transmission by
facilitating the release of ACh from preganglionic nerve terminals
or by increasing the sensitivity of postsynaptic membranes to
ACh (Cantor and Rehfeld, 1984; Ma and Szurszewski, 1996a).

Investigation of electrophysiological effects of gamma-
aminobutyric acid (GABA) on cat pancreatic neurons indicates
that GABA acts on the ganglia through GABA, receptors, which
can cause depolarization and inhibit fEPSPs (Sha et al., 2001a).
While endogenous GABA has been shown to be stored in
and released from the ganglionic glial cells, the origin of the

GABA remains unclear (Sha et al., 2001a). Leptin promotes fast
synaptic transmission by acting on presynaptic nerve terminals
of intrapancreatic ganglia in dogs (Sha and Szurszewski, 1999).

NEURAL REGULATION OF ISLETS

Intrapancreatic ganglia are the integration center for extrinsic
nerve inputs and intrinsic neuronal inputs. This integration
center plays an important role in regulating pancreatic
endocrine function. The extrinsic nerves modulate pancreatic
endocrine function either directly at the islet level or by going
through the integration center (Gylfe and Tengholm, 2014;
Di Cairano et al., 2016; Figure 3).

Innervation of Islets

The modes of innervation of pancreatic islets vary across species.
In mice, the postganglionic parasympathetic fibers contact all
types of endocrine cells (o, B, 8, and PP cells) in the islets,
while the postganglionic sympathetic fibers innervate o cells and
smooth muscle cells of the blood vessels, but not the f cells
(Dolensek et al., 2015). The islets are sparsely innervated in adult
humans. Parasympathetic postganglionic fibers are observed to
contact exocrine tissue preferentially. Most sympathetic nerves
innervate smooth muscle cells of the blood vessels in the
adult human pancreas. However, the human fetal pancreas is
richly innervated (Taborsky, 2011; Krivova et al., 2016). Islet
innervation is correlated with age and environmental factors
in humans and rats (Proshchina et al., 2014; Mundinger et al,,
2016; Tang et al., 2018b). The integration between epithelial cells
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FIGURE 3 | Effects of neurotransmitters on insulin secretion. Neurotransmitters modulate the insulin secretion by activating different receptors both directly at the
islets and indirectly at the ganglionic level. ACh, acetylcholine; GRP, gastrin-releasing peptide; VIP, vasoactive intestinal peptide; NO, nitric oxide; NE, noradrenaline;
NPY, neuropeptide Y; PACAP, pituitary adenylate cyclase activating polypeptide; 5-HT, serotonin; CCK, cholecystokinin; CGRP, calcitonin gene-related peptide; SP,

i)

o
osa\-\ NE
e CCK

GRP

VIP

PACAP

Frontiers in Neuroscience | www.frontiersin.org

49

February 2019 | Volume 13 | Article 21


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Lietal

Neural Modulation of Islet Secretion

and components of the nervous system may form the neuro-
insular complexes seen during cellular differentiation (Krivova
etal., 2016). In addition, the composition and cytoarchitecture of
endocrine cells are also different in humans and rats (Rodriguez-
Diaz and Caicedo, 2014; Thorens, 2014; Dolensek et al., 2015;
Da Silva Xavier, 2018). Current findings indicate that different
species may have different mechanisms for neural regulation of
pancreatic endocrine function.

Intrapancreatic Ganglionic Regulation of
Islets

As the integrated innervation enters the pancreas, intrapancreatic
ganglia directly innervate islets, thereby modulating
islet secretion.

Tract-tracing of intrapancreatic ganglionic neurons shows
that intrapancreatic ganglia send nerve fibers directly to
the islets (Kirchgessner and Pintar, 1991). This ganglion-
islet association has been recently demonstrated by a three-
dimensional panoramic histology study (Tang et al., 2018b).
In vivo ganglionic nicotinic activation stimulates insulin and
glucagon secretion in the mouse pancreas (Karlsson and
Ahrén, 1998). Cholinergic nerves of the intrapancreatic ganglia
regulate the oscillatory pattern of basal endocrine secretion
(Karlsson and Ahrén, 1998; Fendler et al., 2009). Activation
of postganglionic cholinergic nerves by GRP regulates insulin
secretion in vivo (Karlsson et al., 1998). An electrophysiological
study in a ganglion-islet attached preparation setting provides
direct evidence for the modulation of insulin secretion by the
intrapancreatic ganglia. The activity of intrapancreatic ganglionic
neurons directly stimulates insulin secretion, while blockage of
this activity removes the modulation (Sha et al., 2001b).

Sympathetic Regulation of Islets

Sympathetic nerves regulate pancreatic endocrine secretion with
multiple direct and indirect mechanisms through their actions on
islets, blood vessels, and intrapancreatic ganglia (Yi et al., 2005).
Electrical stimulation of sympathetic nerves induces NE release
and has an inhibitory effect on basal and glucose-stimulated
insulin release by acting on the ay-adrenoceptor of § cells in
dogs and calves. Sympathetic nerves do not participate in the
inhibition of basal insulin secretion in rats, pigs, and humans
(Ahrén, 2000). NE can also stimulate insulin secretion by acting
on the By-adrenoceptor of B cells or by acting on the ay- and
Ba-adrenoceptors of a cells, where glucagon secretion leads to
an increase in insulin secretion (Ahrén, 2000). In general, the
overall effect of NE is lowering the plasma insulin concentration
(Rodriguez-Diaz and Caicedo, 2013). In humans, the primary
targets of the sympathetic fibers are vascular smooth muscle cells,
which can reduce blood flow to regulate secretion (Rodriguez-
Diaz and Caicedo, 2013; Dolensek et al, 2015). Patients
with type 1 diabetes show a severe loss of islet sympathetic
nerves. Moreover, rats with short-term hyperglycemia show
a dysfunction in the islet sympathetic innervation from the
celiac ganglia, while hyperphagic weaning mice show markedly
increased sympathetic innervation compared to control mice
(Mundinger et al., 2015, 2016; Tang et al., 2018b).

Activation of the sympathetic pathway potentiates glucagon
secretion and inhibits somatostatin secretion. However, the
effects of sympathetic nerve activity on pancreatic polypeptide
(PP) secretion are different across species, in that it enhances PP
secretion in pig and human pancreases, but inhibits PP secretion
in the dog pancreas (Ahrén, 1999; Gilon and Henquin, 2001;
Rodriguez-Diaz and Caicedo, 2014).

Both NPY and galanin are known to mediate insulin secretion
(Chandra and Liddle, 2013). NPY inhibits glucose-induced
insulin secretion in rats and mice, but has no effect in dogs
(Dunning et al., 1987; Pettersson et al., 1987; Morgan et al., 1998).
Galanin inhibits insulin secretion in dogs but not in humans, as
the innervation of galanin-containing nerves is abundant in dog
islets, but rare in human pancreatic islets (Ahrén and Lindskog,
1992; Ahrén, 2000). Interestingly, both NPY and galanin have an
insulinotropic effect on the pig pancreas (Sheikh et al., 1988).
NPY binds to the Y1 receptor subtype, while galanin interacts
with GA1RI receptors in B cells to mediate insulin secretion
(Parker et al., 1995; Morgan et al., 1998; Chandra and Liddle,
2009). Oral administration of galanin has been shown to improve
insulin sensitivity by decreasing duodenal contraction in diabetic
mice (Abot et al., 2018b).

Parasympathetic Regulation of Islets

Insulin secretion is stimulated by the electrical activation of
parasympathetic fibers and inhibited by vagotomy (Ahrén, 2000;
Teff, 2008; Balbo et al., 2016). The density of parasympathetic
axons is lower in the exocrine tissue of the pancreas in individuals
with new-onset type 1 diabetes (Lundberg et al., 2017) than in
control individuals. ACh released by postganglionic nerve fibers
acts on muscarinic receptors of B-cells and stimulates insulin
secretion directly (Van der Zee et al., 1992). The M3 receptor
subtype plays an important role in regulating cholinergic nerves
to induce secretion of islet hormones (Karlsson and Ahrén,
1993; Gautam et al., 2006; Miranda et al., 2016). ACh stimulates
glucagon and PP secretion that can be blocked by atropine, and
the effect of ACh on somatostatin secretion varies across species
(Gilon and Henquin, 2001).

VIP, PACAP, and GRP can stimulate the secretion of glucagon
and insulin. Given their similar structures, VIP and PACAP have
common receptors called VIP; and VIP; receptors, whereas the
PAC; receptor is specific for PACAP (Kirchgessner and Liu,
2001). GRP directly acts on the islets via the GRP receptors
(Karlsson and Ahrén, 1998). As the nerves containing VIP are
found very close to a cells in dogs, a cells are more sensitive to
VIP than B cells (Havel et al., 1997).

Sensory Nerve-Mediated Regulation of
Islets

Sensory nerves regulate endocrine secretion through two
mechanisms: (a) direct action on the islet receptors, and
(b) formation of neural circuits with adrenergic nerves
(Ahrén, 2000). CGRP inhibits glucose-induced insulin
release and stimulates glucagon secretion (Ahrén et al,
1987; Silvestre et al., 1996), but the specific CGRP receptor that
mediates these processes has not yet been identified. There is
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considerable variation in reports of the effects of SP on insulin
release (Hermansen, 1980; Chiba et al., 1985; Shen et al., 2016). SP
induces a marked increase in insulin secretion from the pancreas
of healthy rats, but inhibits insulin secretion from the pancreas
of diabetic rats, indicating that it may play a role in the onset of
diabetes (Adeghate et al., 2001; Shen et al., 2016). It is generally
considered that SP interacts with neurokinin G-protein-coupled
receptors (NK-R) on islets. In rats, it is suggested that the
role of vagal afferents is to suppress insulin secretion (Meyers
et al., 2016). The role of sensory nerves in mediating glucose
homeostasis remains unexplored.

CONCLUSION AND PERSPECTIVES

Intrapancreatic ganglia constitute endogenous neural networks
and release various neurotransmitters. They integrate both
intrinsic and external nerve inputs to play an important role in
pancreatic endocrine secretion. The mechanisms underlying the
role of intrapancreatic ganglia in islet function remain relatively
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The mechanism underlying the stealth property of neurosyphilis is still unclear. Global
metabolomics analysis can provide substantial information on energy metabolism,
physiology and possible diagnostic biomarkers and intervention strategies for
pathogens. To gain better understanding of the metabolic mechanism of neurosyphilis,
we conducted an untargeted metabolomics analysis of cerebrospinal fluid (CSF) from
18 neurosyphilis patients and an identical number of syphilis/non-neurosyphilis patients
and syphilis-free patients using the Agilent, 1290 Infinity LC system. The raw data
were normalized and subjected to subsequent statistical analysis by MetaboAnalyst
4.0. Metabolites with a variable importance in projection (VIP) greater than one were
validated by Student's T-test. A total of 1,808 molecular features were extracted
from each sample using XCMS software, and the peak intensity of each feature was
obtained. Partial-least squares discrimination analysis provided satisfactory separation
by comparing neurosyphilis, syphilis/non-neurosyphilis and syphilis-free patients.
A similar trend was obtained in the hierarchical clustering analysis. Furthermore, several
metabolites were identified as significantly different by Student’s T-test, including L-
gulono-gamma-lactone, D-mannose, N-acetyl-L-tyrosine, hypoxanthine, and S-methyl-
5’-thioadenosine. Notably, 87.369-fold and 7.492-fold changes of N-acetyl-L-tyrosine
were observed in neurosyphilis patients compared with syphilis/non-neurosyphilis
patients and syphilis-free patients. These differential metabolites are involved in
overlapping pathways, including fructose and mannose metabolism, lysosomes, ABC
transporters, and galactose metabolism. Several significantly expressed metabolites
were identified in CSF from neurosyphilis patients, including L-gulono-gamma-lactone,
D-mannose, N-acetyl-L-tyrosine, and hypoxanthine. These differential metabolites could
potentially improve neurosyphilis diagnostics in the future. The role of these differential
metabolites in the development of neurosyphilis deserves further exploration.

Keywords: untargeted metabolomics, neurosyphilis, cerebrospinal fluid, Treponema pallidum, metabolites
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Liu et al.

CSF Metabolic Profile of Neurosyphilis

INTRODUCTION

Syphilis is a common sexually transmitted disease worldwide,
and the causative pathogen is the spirochete Treponema pallidum
(Tong et al, 2013; Giacani and Lukehart, 2014). In China,
the incidence of syphilis has demonstrated an increasing trend,
with an annual growth percentage of 16.3% (Yang et al., 2017),
and ranks first among 45 notifiable diseases (Yang et al,
2017). Although the significant growth in syphilis incidence
in China can be partly attributed to the implementation of
enhanced coverage and the completeness of nationwide, web-
based and real-time reporting systems, syphilis is a sexually
transmitted disease with a severe public health impact and should
not be neglected.

Neurosyphilis refers to T. pallidum infection in the central
nervous system, and it can occur at any stage of syphilis (Liu
etal., 2017). In general, the most common form of neurosyphilis
currently diagnosed in clinical practice is asymptomatic. The
stealth property of T. pallidum is responsible for the obstacles
currently encountered in the treatment and prevention of
syphilis. To date, the mechanism underlying the stealth property
has not yet been fully elucidated. Previous studies have proposed
that the slow replication cycle of T. pallidum in vivo may be one
of the reasons for the diminished immune response and clinical
symptoms after infection (Wicher et al., 2000; Deka et al., 2013).
Given a plentiful supply of glucose in the blood and interstitial
fluids, T. pallidum requires approximately 33 to 44 h to double in
number (Edmondson et al., 2018). The limited energy metabolic
capacity of T. pallidum is responsible for the slow replication
cycle and inability to survive outside mammalian cells of this
pathogen (Deka et al,, 2015). With the completion of whole
genome sequencing of T. pallidum, the total size of 1.14 Mb and
1041 predicted open reading frames have been identified (Fraser
etal., 1998). Compared with that of other bacterial pathogens, the
genome of T. pallidum is several times smaller, and the absence of
pathways related to the tricarboxylic acid cycle and components
of oxidative phosphorylation in the limited genome have led to
the major dependence on the host environment to perform the
necessary biosynthetic functions (Tong et al., 2017). Endogenous
metabolites are an excellent reflection of the metabolic process of
pathogens in hosts.

Owing to the high sensitivity and specificity of state of the
art ultra-high-performance liquid chromatography/quadrupole-
time-of-flight-mass spectrometry (UHPLC-Q-TOF/MS), even
tiny variations in metabolites can be detected (Zhu et al,
2016). Global metabolomics analysis has been widely applied in
investigations of pathogen-related diseases (Wang et al., 2016;
Du et al,, 2017). For instance, a study conducted among 30 pairs
of HCV-positive patients and healthy controls revealed several
differentially excreted metabolites in urine, and after enrichment
analysis, enhanced aldose reductase activity was identified as a
hallmark among HCV patients (Semmo et al., 2015). Such studies
are capable of providing substantial information on energy
metabolism, physiology and possible diagnostic biomarkers and
intervention strategies for the pathogen (Chen et al,, 2017). To
date, no publications on the metabolomics analysis of syphilis
patients have been reported. To gain a better understanding of

the metabolic changes of neurosyphilis patients, we conducted an
untargeted metabolomics analysis on cerebrospinal fluid (CSF)
samples collected from neurosyphilis patients, syphilis/non-
neurosyphilis patients and syphilis-free patients. By conducting
this study, we attempted to identify a few hallmark metabolites
in the CSF among neurosyphilis patients and consequently
reveal the physiology and possible diagnostic biomarkers in
neurosyphilis for further investigation.

MATERIALS AND METHODS
Study Participants

Consecutive neurosyphilis patients (Group-1) were recruited
from department of Neurology Zhongshan Hospital, Xiamen
University between July 2017 and December 2017, with 18
cases. Considering sex- and age-matching with the neurosyphilis
patients, syphilis/non-neurosyphilis patients (Group-2) and
syphilis-free patients (Group-3) were selected from the
department of Neurology department of Neurosurgery in
the same period of the time with 18 cases in each group.
According to the guidelines of the European Center for Disease
Prevention and Control, the diagnosis of syphilis was established
in the present study by employing treponemal tests, including
chemiluminescence immunoassays and T. pallidum particle
agglutination (TPPA) (French et al, 2009). The diagnostic
criteria of neurosyphilis in our study complied with the
guidelines of the Centers for Disease Control in America and
Europe (Janier et al, 2014; Workowski and Bolan, 2015) as
described in our previous study (Xiao et al, 2017a). Briefly,
neurosyphilis was defined based on positive treponemal test
results and one or more of the following findings: (i) positive
CSF Venereal Disease Research Laboratory (VDRL) and/or
rapid plasma reagin (RPR) tests; (ii) positive TPPA assay
and elevated leukocyte count (>10 cells/uL) in CSF; and
(iii) elevated CSF protein concentration (>500 mg/L) and/or
leukocyte count (>10 cells/pL) in the absence of other known
causes of these abnormalities and clinical symptoms or signs
consistent with neurosyphilis without other known causes for
these clinical abnormalities. Syphilis/non-neurosyphilis patients
were diagnosed if (i) they were seropositive for treponemal
tests, including chemiluminescence immunoassays and TPPA;
and (ii) they had negative results on the CSF VDRL/RPR, CSF
TPPA, and CSF fluorescent treponemal antibody absorption
assays, without CSF pleocytosis and elevated CSF protein levels,
and did not exhibit any characteristic symptoms or signs of
neurosyphilis (Xiao et al., 2017a). Syphilis-free patients were
recruited by the neurosurgery department, and these patients
were hospitalized due to acute trauma which subjected to
lumber puncture to exclude the possibility of infectious diseases.
Potential participants were included in syphilis-free group if they
showed all negative results in serum RPR, serum TPPA, CSF
RPR, and CSF TPPA.

Ethics Statement

This study was carried out in accordance with the
recommendations of the Institutional Ethics Committee of
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Zhongshan Hospital, Medical College of Xiamen University
with written informed consent from all subjects. All subjects
gave written informed consent in accordance with the national
legislation and the Declaration of Helsinki. The protocol was
approved by the Institutional Ethics Committee of Zhongshan
Hospital, Medical College of Xiamen University.

Sample Preparation

Approximately 2 mL of CSF was collected from each patient
by conducting lumbar puncture from neurosyphilis patients
and an identical number of syphilis/non-neurosyphilis patients
and syphilis-free patients. After collection, the samples were
immediately placed on ice for transportation; processed for
syphilitic serological tests, CSF protein and leucocyte counted
within 6 h of obtaining the CSF; and then stored at —80°C
prior to further processing for UHPLC-Q-TOF/MS analysis.
Before analysis, the samples were thawed at room temperature.
Then, 100 pL of sample was transferred to EP tubes and mixed
with 400 WL of methanol/acetonitrile (1:1, v/v). The tubes were
vortexed for 30 s, incubated for 10 min at —20°C, and then
centrifuged at 14000 g for 15 min at 4°C. The supernatants
were collected and dried with nitrogen, and then, the lyophilized
powder was stored at —80°C prior to analysis. Lyophilized
samples were reconstituted by dissolving in 100 pnL of solvent
mixture containing water/acetonitrile (5:5, v/v). The samples
were vortexed for 1 min and centrifuged at 14000 g for 15 min
at 4°C. The supernatants were subjected to UHPLCQ-TOF/MS
analysis. In parallel to the preparation of the test samples, pooled
quality control (QC) samples were prepared by mixing equal
amounts (30 wL) of each sample. The QC samples were utilized
to monitor the LC-MS response in real time (Ma et al., 2017).

Laboratory Tests

The syphilitic serological tests for each sample were performed
using RPR (InTec, Xiamen, China), Boson chemiluminescence
immunoassays (Boson Biotechnology Co., Ltd., Xiamen, China),
and TPPA (Fujirebio, Tokyo, Japan) tests according to the
manufacturer’s instructions and as previously reported (Xiao
etal., 2017b). The protein in the CSF samples was measured using
a Roche-Hitachi Modular P800 Analyzer (Roche Diagnostics, F.
Hoffmann-La Roche, Ltd., Basel, Switzerland). The CSF leukocyte
count was measured using an Automatic Blood Cell XE5000
Analyzer (Sysmex International Reagents, Co., Ltd., Japan).

UHPLC-Q-TOF/MS Analysis

Metabolic profiling of CSF samples was performed on an Agilent,
1290 Infinity LC system (Agilent Technologies, Santa Clara,
California, CA, United States) coupled with an AB SCIEX Triple
TOF 6600 System (AB SCIEX, Framingham, MA, United States)
(Wang et al., 2017). Chromatographic separation was conducted
on ACQUITY HSS T3 1.8 pm (2.1 x 100 mm) columns for
both positive and negative models. The column temperature was
set at 25°C for operation. The mobile phases of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B) were
used in positive ionization mode, while 0.5 mM ammonium
fluoride in water (C) and acetonitrile (D) were used in negative
ionization mode. In the positive (negative) model, the elution

gradient initially started with 1% B (D) for 1 min, linearly
increased to 100% B (D) at 8 min, was maintained for 2 min,
and then returned to 1% B (D) for approximately 2 min of
equilibrium. The delivery flow rate was 300 pL/min, and a 2 pL
aliquot of each sample was injected onto the column. UHPLC-Q-
TOF/MS was performed on both jonization modes. Electrospray
ionization source conditions on Triple TOF were set as follows:
the pressure for ion source gas 1 was 40 psi, and the pressure for
ion source gas 2 was 60 psi; the pressure for curtain gas was 30
psi; source temperature, 650°C; ionspray voltage floating, 5000 V
(4+) and —4500 V (—). Information-dependent acquisition, an
artificial intelligence-based product ion scan mode, was used to
detect and identify MS/MS spectra. The parameters were set as
follows: declustering potential, 60 V (+) and —60 V (—); collision
energy, 50 V (+) and —20 V (—); exclude isotopes within 4 Da,
candidate ions to monitor per cycle: 10. The analysis process
was conducted with the assistance of Applied Protein Technology
(Shanghai, China).

Data Analysis

The raw data generated by UPLC-Q-TOF/MS were converted
into mzML format files using the Proteo Wizard MS converter
tool and then subjected to data processing using XCMS
online software (https://xcmsonline.scripps.edu/landing_page.
php?pgcontent=mainPage). The non-linear alignment in the
time domain, automatic integration, and extraction of the peak
intensities were completed by XCMS, with default parameter
settings. The data were subsequently processed using XCMS for
peak alignment and data filtering. MetaboAnalyst 4.0 (http://
www.metaboanalyst.ca) was employed for the statistical analysis
(Chong et al., 2018). Principal component analysis (PCA) is
initially applied to obtain an overview of the data, especially for
the examination of QC data. Partial-least squares discrimination
analysis (PLS-DA) was conducted as a supervised method to
identify the important variables with discriminative power. PLS-
DA models were validated based on the multiple correlation
coeflicient (R2), after that, we applied cross-validation on this R2
to calculate the cross-validated R2 (Q2); and permutation tests
by applying 2000 iterations (P < 0.001). The significance of the
biomarkers was evaluated by calculating the variable importance
in projection (VIP) score (>1) from the PLS-DA model. For the
univariate analysis, specific biomarkers were compared among
the neurosyphilis, syphilis/non-neurosyphilis, and syphilis-free
groups by employing Students T-tests. Among the metabolites
with a VIP greater than 1, those with a P-value ranging from
0.05 to 0.10 were considered differential metabolites, while a
P-value less than 0.05 was considered significant (Luo et al.,
2017). The heat map was created by using the embedded module
of MetaboAnalyst 4.0, to be more specific, we applied Euclidean
distance measure and ward clustering algorithm in creating
the heat map. Meanwhile, based on the differentially expressed
metabolites, we compared the groups, and KEGG pathway (http:
/Iwww.genome.jp/kegg/) analysis was conducted to investigate
the metabolomic pathways affected by T. pallidum infection.
Briefly, the enrichment level of each metabolomic pathway was
calculated by Fisher’s exact test, and a P-value less than 0.05 was
considered statistically significant.
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RESULTS

Baseline Information of Study

Participants

The demographic characteristics of all study participants are
presented in Table 1. The three groups demonstrated a roughly
equal distribution in gender. The average age of the neurosyphilis
patients in the study was 56.2 years, and there were 10
males (55.6%) and 8 females (44.5%). The average age of the
syphilis/non-neurosyphilis patients was 51.8 years, and there
were 9 males (50.0%) and 9 females (50.0%). The average age
of the syphilis-free patients was 50.7 years, and there were 9
males (50.0%) and 9 females (50.0%). For CSF RPR, 88.9%
of neurosyphilis patients had positive results. We obtained all
positive TPPA results in neurosyphilis cases.

Data Processing and Quality Control of

Untargeted Metabolomics Analysis

The total ion chromatogram of the quality control sample showed
that the overlaps of the spectral peak of the QC samples were
within slight changes, suggesting that the method has good
reproducibility overall. A total of 1,808 molecular features were
extracted from each sample using XCMS software, and the peak
intensity of each feature was obtained (Figure 1). Before the
subsequent analysis, the data were subjected to a data integrity
check, and no missing values were detected. We applied the
log transformation and Pareto scaling to the data, and the
metabolomics data presented a normal distribution after these
processes (Figure 2). Principal component analysis (PCA) was
carried out using the molecular features of all the groups from
the study, including QC samples. The distribution of metabolic
profiles for the test samples and QC samples in PCA are shown
in Figure 3. All of the QC injections were clustered tightly in the
PCA space. The consistency of the repeated QC injections and
reliable data quality across all the samples revealed the potency of
the method for metabolic profiling studies during the experiment.

TABLE 1 | Clinical information of study participants.

Syphilis/ Syphilis-
Neurosyphilis non-neurosyphilis free
patients patients patients
Variable (n=18) (n=18) (n=18) P-value
Age (Years) 58.5(21) 58.5(11.8) 53.0(27) 0.747
Gender
Male n(%) 10 (65.6) 9 (50.0) 9 (50.0) 0.929
Female n(%) 8 (44.5) 9 (50.0) 9 (50.0)
CSF RPR
Negative n(%) 2(11.1) 18 (100.0) 18 (100.0)
Positive n(%) 16 (88.9) 0(0.0 0(0.0
CSF TPPA
Negative n(%) 0(0.0) 18 (100.0) 18 (100.0)
Positive n(%) 18(100.0) 0(0.0 0(0.0

CSF, cerebrospinal fluid;, RPR, rapid plasma reagin; TPPA, T. pallidum particle
agglutination.

Untargeted Metabolomics Analysis of

CSF Obtained From Study Participants

To identify ion peaks that could possibly be used to differentiate
the metabolite profiles among the three groups, we established
a supervised PLS-DA model that was concentrated on the
actual class discriminating variations. In 4A-4C, the multiple
comparisons among the three groups all showed clear separation.
The goodness of fit (R2) and prediction ability of the model (Q2)
by the first three components were 0.985 and 0.5; 0.993 and 0.5;
0.986 and 0.339, respectively, for differentiating neurosyphilis
patients and syphilis/non-neurosyphilis patients (Figure 4A);
neurosyphilis patients and syphilis-free patients (Figure 4B);
and syphilis/non-neurosyphilis patients and syphilis-free
patients (Figure 4C).

Based on the VIP calculated by the PLS-DA model, the
hierarchical analysis was conducted using Euclidean distance
with an average clustering algorithm. Through this analysis
and a heat map, the similarity of the metabolite abundance
profiles was presented (Figure 5). The results showed a
satisfactory discriminatory power between neurosyphilis patients
and syphilis/non-neurosyphilis patients (Figure 5A) and between
neurosyphilis patients and syphilis-free patients (Figure 5B). For
discriminating syphilis/non-neurosyphilis patients and syphilis-
free patients, the heat map showed a lower discriminatory
power (Figure 5C).

Identification of Differential CSF

Metabolites

We included metabolites with a VIP greater than 1 to conduct
Student’s T-test to verify whether they are differentially expressed
or significantly different in CSF metabolites among neurosyphilis
patients, syphilis/non-neurosyphilis patients and syphilis-free
patients. A total of 1,808 metabolite components were obtained
from each group. Differential metabolite components are
described in Table 2 according to the intersection of VIP
>1.0 and P-value <O0.1. The L-gulono-gamma-lactone, D-
mannose, and hypoxanthine levels were significantly decreased in
neurosyphilis patients compared with syphilis/non-neurosyphilis
patients with fold changes of 0.517, 0.872, and 0.745 (P < 0.05),
respectively. In contrast, an 87.369-fold change in N-acetyl-L-
tyrosine levels was observed in neurosyphilis patients compared
with syphilis/non-neurosyphilis patients (P < 0.05), and an
approximately 7.5 times increase was found in neurosyphilis
patients compared to syphilis-free patients (0.05 < P < 0.1).
In addition, significant differences in L-gulono-gamma-lactone
were found between the neurosyphilis patients and syphilis-free
patients; syphilis/non-neurosyphilis patients and syphilis-free
patients had fold changes of 0.646 and 1.591, respectively.

KEGG Pathway Analysis of Differential

CSF Metabolites

The KEGG pathway analysis showed seven metabolic pathways
that were enriched in neurosyphilis patients compared to
syphilis/non-neurosyphilis patients; these pathways included
tryptophan metabolism, biosynthesis of unsaturated fatty acids,
fatty acid biosynthesis, lysosome, ABC transporters, fructose and

Frontiers in Neuroscience | www.frontiersin.org

February 2019 | Volume 13 | Article 150


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Liu et al.

CSF Metabolic Profile of Neurosyphilis

Log, (Fold change)

1)
Log, (Fold change)

Peaks (ma/rt)

Peaks (mz/rt)

Peaks (ma/rt)

FIGURE 1 | The molecular features of 1,808 metabolite components based on the normalized peak intensity. Purple dots indicate metabolites with a fold change
greater than 2, while the gray dots indicate the remaining metabolites. (A) Neurosyphilis patients vs. syphilis/non-neurosyphilis patients; (B) neurosyphilis patients vs.
syphilis-free patients; (C) syphilis/non-neurosyphilis patients vs. syphilis-free patients.
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FIGURE 3 | PCA score plots based on the UHPLC-Q-TOF/MS data of CSF
samples. Light red oval represents the 95% ClI of score calculated from each
neurosyphilis patient. Light green oval represents the 95% ClI of score
calculated from each syphilis/non-neurosyphilis patient. Light blue oval
represents the 95% CI of score calculated from syphilis-free patient.

mannose metabolism, and galactose metabolism (Figure 6A). In
a comparison of neurosyphilis patients and syphilis-free patients,
there were only six pathways enriched, including proximal
tubule bicarbonate reclamation, amino sugar and nucleotide
sugar metabolism, lysosome, ABC transporters, fructose and
mannose metabolism, and galactose metabolism (Figure 6B). In
addition, 15 pathways were identified as enriched pathways when
comparing syphilis/non-neurosyphilis patients and syphilis-free
patients (Figure 6C). Among them, there were overlapping
pathways with the former two comparisons, including fructose
and mannose metabolism, lysosome, ABC transporters, and
galactose metabolism.

DISCUSSION

Many studies have demonstrated that pathogens cause distinct
host metabolomes, which show involvement of fructose
and galactose metabolism, amino acid metabolism, lipid
metabolism, and nucleotide metabolism, to adapt to their new
environment (Langley et al, 2013; Semmo et al.,, 2015; Chen
et al., 2017; Du et al., 2017). Metabolomics is a powerful tool
for studying metabolic processes, identifying crucial biomarkers
responsible for metabolic characteristics, and revealing metabolic
mechanisms. CSF contains many metabolites, and their
variations can offer biochemical clues into central nervous
system diseases and possibly provide information on the
physiology and diagnostic markers of diseases.

To the best of our knowledge, CSF metabolomics profiles
have not previously been described for neurosyphilis. In the
present study, we conducted an untargeted metabolomics
analysis on CSF collected from neurosyphilis patients to gain a
better understanding of the metabolic changes of neurosyphilis
patients. We evaluated the experimental process by PLS-DA and
hierarchical clustering analysis, and clear separation between
groups was found. We verified the differential metabolites using
Student’s T-test, and several significantly differential metabolites
were identified, including L-gulono-gamma-lactone, D-mannose,
N-acetyl-L-tyrosine, and hypoxanthine, between neurosyphilis
patients and syphilis/non-neurosyphilis patients. The differences
in L-gulono-gamma-lactone, D-mannose, and hypoxanthine
between neurosyphilis patients and syphilis/non-neurosyphilis
patients were less than two times. More specifically, an 87.369-
fold change was observed in neurosyphilis patients compared
with syphilis/non-neurosyphilis patients, and a 7.492-fold change
of N-acetyl-L-tyrosine was observed in neurosyphilis patients
compared to syphilis-free patients. Currently, the diagnosis of
neurosyphilis relies heavily on serological tests of CSE such as
VDRL and/or TPPA. However, the sensitivity and specificity
of serological tests of CSF are not satisfactory based on the
previous practices (Jiang et al., 2011). N-acetyl-L-tyrosine may
be used as an indicator to distinguish neurosyphilis patients from
syphilis/non-neurosyphilis patients. N-acetyl-L-tyrosine is a
precursor of the essential neurotransmitter dopamine. Due to the
absence of investigations into CSF metabolites in neurosyphilis
patients, the role of tyrosine in neurosyphilis remains unknown.
Similar to LPS, two purified T. pallidum lipoproteins (Tp47
and Tpl7) induced NF-kB translocation in THP-1 human
monocytoid cells (Norgard et al., 1996). There is considerable
evidence for the involvement of tyrosine phosphorylation
events (particularly mitogen-activated protein kinases) in
LPS signaling and T. pallidum lipoproteins (English et al,
1997). However, elevated tyrosine levels may lead to increased
formation of dopamine by the combined effects of tyrosine
hydroxylase and tryptophan decarboxylase (Sehara et al., 2017).
The enhanced level of dopamine would lead to neurobehavioural
abnormalities, including increased psychomotor activity,
hyperalertness, agitation, irritability, restlessness, combativeness,
distractibility, and psychosis (Maldonado, 2008), and some
of them overlap with the clinical symptom of neurosyphilis.
Moreover, excessive dopamine is capable of inducing neuronal
cell death and apoptosis via the caspase-3 pathway (Pedrosa
and Soares-da-Silva, 2002). This change could partly explain
the higher tyrosine levels in neurosyphilis patients compared
to syphilis/non-neurosyphilis patients and syphilis-free patients
and the neurobehavioural symptoms caused by T. pallidum
infection in the central nervous system.

In addition, significantly different L-gulono-gamma-lactone
levels were found not only between the neurosyphilis patients
and syphilis/non-neurosyphilis patients but also between the
neurosyphilis patients and syphilis-free patients, as well as the
syphilis/non-neurosyphilis patients and syphilis-free patients.
The fold change was less than two. The L-gulono-gamma-
lactone levels were significantly decreased in neurosyphilis
patients compared with syphilis/non-neurosyphilis patients.
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FIGURE 5 | Heatmap of clustering analysis of three groups. (A) Neurosyphilis patients vs. syphilis/non-neurosyphilis patients; (B) neurosyphilis patients vs.
syphilis-free patients; (C) syphilis/non-neurosyphilis patients vs. syphilis-free patients.

TABLE 2 | List of differential CSF metabolites in three groups of study participants.

Comparison Metabolite Rt (sec) m/z VIP Fold change P-value
NS vs. Non-NS L-gulono-gamma-lactone 206.4 196.0808 4.371 0.517 0.024*
D-mannose 559.8 198.0968 3.142 0.872 0.020*
N-acetyl-L-tyrosine 69.34 268.0621 5.156 87.369 0.019*
Hypoxanthine 303.4 137.0447 2.042 0.765 0.002*
NS vs. syphilis-free L-gulono-gamma-lactone 163.6 196.0808 2.342 0.646 < 0.001*
D-mannose 559.8 198.0968 3.621 0.850 0.061
N-acetyl-L-tyrosine 69.34 268.0621 4.791 7.492 0.069
NN cases VS NS cases Hypoxanthine 303.366 137.0447 2.0645 0.765066 0.000692
Non-NS vs. syphilis free L-gulono-gamma-lactone 206.4 196.0808 4.223 1.591 0.026*
D-mannose 498.7 198.0966 1.078 0.797 0.071
N-acetyl-L-tyrosine 69.34 268.0621 2.424 0.086 0.061
S-methyl-5'-thioadenosine 144.7 298.0964 1.421 0.855 0.054
L-Leucine 485.931 132.1009 1.32648 1.16155 0.071789

NS, neurosyphilis; Non-NS, syphilis/non-neurosyphilis; Rt, retention time; VIR, variance importance for projection. *P < 0.05.

L-gulono-gamma-lactone is an immediate precursor of Vitamin
C, and its conversion into Vitamin C is catalyzed by L-gulono-
1,4-lactone oxidase (Ching et al., 2014). Reduced levels of
Vitamin C in the brain may trigger dangerous levels of oxidative

stress during normal aging, particularly during inflammatory
neurodegenerative diseases (Dixit et al., 2015).
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FIGURE 6 | KEGG pathway analysis of the differential metabolite components in the three groups. The P-value of each pathway was demonstrated by the color of
bar, and the rich factor of each pathway generated by using KEGG analysis was presented in the number after the bar. (A) Neurosyphilis patients vs.
syphilis/non-neurosyphilis patients; (B) neurosyphilis patients vs. syphilis-free patients; (C) syphilis/non-neurosyphilis patients vs. syphilis-free patients. The numbers
presented in the bar were rich factors generated by using KEGG analysis.

with syphilis/non-neurosyphilis patients. The decrease in
D-mannose may be due to T. pallidum, which is capable of
metabolizing mannose as an alternative carbon source under
insufficient glucose (Gonzalez et al, 2005). The reason for
the decreased hypoxanthine levels in CSF in neurosyphilis
patients compared to syphilis/non-neurosyphilis patients

and its role in the development of neurosyphilis should be
further explored.

We also conducted a metabolomics pathway analysis
based on the differentially expressed metabolites identified by
employing statistical analysis. Some overlapping pathways,
including lysosome, ABC transporters, galactose metabolism
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and fructose and mannose metabolism, were found in all
comparisons. According to the previous literature, T. pallidum
lacks tricarboxylic acid cycle enzymes and an electron transport
chain (Fraser et al., 1998) but does carry enzymes for absorption
of amino acids and fatty acids, which indicated that this
pathogen has to derive some essential macromolecules from
the host. The ABC transporter encoded by the tro operon
plays an important role in this process and has been identified
as an enriched pathway in the present study. Fructose and
mannose metabolism was also found to be an enriched
pathway. Under the circumstances of insufficient glucose,
T. denticola is capable of metabolizing mannose as an alternative
carbon source in an in vitro tissue culture system (Gonzalez
et al, 2005). Therefore, T. pallidum may take up mannose
in the CSF to reproduce itself, especially in a low-glucose
environment, such as CSF. In the pathway analysis, most of the
overlapping pathways are related to alternative carbon sources
of T. pallidum.

There are some limitations in the present study. First, the
sample size is limited. Second, further validation conducted
on a larger population was absent. Whether the same changes
take place in other neurological diseases, it need to do some
experiments to verify that. Still, several metabolites were
associated with neurological complications related to T. pallidum
infection, and further investigation should be conducted to
determine their exact function.

In summary, we conducted a metabolomics study on
metabolites of CSF from neurosyphilis patients for the first time.
Several significant differences in metabolites were identified,
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Oxytocin (OT), a hypothalamic neuropeptide, applied through nasal approach (IAO),
could improve maternal health during lactation that is disrupted by mother—baby
separation; however, the regulation of IAO effects on maternal behaviors and lactation
as well as the underlying mechanisms remain unclear. Using lactating rats, we observed
effects of intermittent pup deprivation (PD) with and without IAO on maternal behaviors
and lactation as well as the activity of OT neurons in the supraoptic nucleus (SON)
and the activity of hypothalamic pituitary-adrenal axis, key factors determining the
milk-letdown reflex during lactation and maternal behaviors. The results showed that
PD reduced maternal behaviors and lactation efficiency of rat dams as indicated by
significantly longer latency to retrieve their pups and low litter’'s body weight gains
during the observation, respectively. In addition, PD caused early involution of the
mammary glands. |IAO partially improved these changes in rat dams, which was not
as significant as IAO effects on control dams. In the SON, PD decreased c-Fos
and increased glial fibrillary acidic protein (GFAP) filaments significantly; IAO made
PD-evoked c-Fos reduction insignificant while reduced GFAP filament significantly in
PD dams. IAO tended to increase the levels of phosphorylated extracellular signal-
regulated kinases (pERK) 1/2 in PD dams. Moreover, PD+IAO significantly increased
plasma levels of dam adrenocorticotropic hormone and corticosterone but not OT
levels. Lastly, PD+IAO tended to increase the level of corticotropin-releasing hormone
in the SON. These results indicate that PD disrupts maternal behaviors and lactation
by suppressing the activity of hypothalamic OT-secreting system through expansion of
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Oxytocin and Maternal Health

astrocytic processes, which are partially reversed by IAO through removing astrocytic
inhibition of OT neuronal activity. However, the improving effect of IAO on the
maternal health could be compromised by simultaneous activation of hypothalamic

pituitary-adrenocortical axis.

Keywords: pup deprivation, intranasal drug application, lactation, maternal health, oxytocin

INTRODUCTION

Lactation is essential for maintaining the species of mammals
and an irreplaceable factor for mental and physical health of
mothers and the babies. However, lactation is vulnerable to many
adverse factors, such as mother-baby separation (Wang and
Hatton, 2009b), lacking social supports (Trickey and Newburn,
2014), obesity (Stuebe et al., 2014), babies™ sickness (Lawrence,
2013), poor breast conditions (Tang et al., 2013), cesarean section
(Orun et al., 2010), mothers’ using drugs that are toxic to
the babies (Varalda et al., 2012), early usages of bottle feeding
and milk substitutes (Jiang et al., 2012), working requirements
(Oslislo and Kaminski, 2000), and others (Seema et al., 1997;
Berde and Yalcin, 2016). These factors often cause postpartum
depression (Figueiredo et al., 2013) and insufficient breastfeeding
(Stuebe et al., 2014), which are associated with high incidence
of premenopausal breast cancer, diabetes, and obesity in the
mothers and autism, sudden death, and deficiency in maternal
behaviors in their offspring (Ip et al., 2007).

Oxytocin (OT), a neuropeptide produced in hypothalamic
supraoptic nucleus (SON), paraventricular nucleus (PVN) and
several accessory neuroendocrine nuclei, not only plays a major
role in baby delivery and milk ejection, but is also pivotal
in maintaining maternal mental health (Hou et al, 2016).
It has been reported that OT knockout mice show a failure
of the milk-ejection reflex (MER) and thus cannot rear their
offsprings (Lee et al., 2008). In virgin ovariectomized female
rats, intracerebroventricular administration of OT can induce a
rapid onset of full maternal behavior (Pedersen et al., 1982); the
expression of OT receptor (OTR) is associated with variations in
maternal behaviors (Francis et al., 2000). Thus, OTR signaling
is essential for normal maternal behavior and lactation. By
contrast, pup deprivation (PD) can disrupt the activity of OT
neurons and the MER (Wang and Hatton, 2009b) while OT
applied through nasal approach (IAO) can activate OT neurons
in the hypothalamus (Liu et al., 2017), thereby having the
potential to promote maternal health. In parallel with OTR
signaling, as a chronic stress, PD can activate the hypothalamic-
pituitary-adrenocortical (HPA) axis (Russell et al., 2018), which
in turn inhibits OT neuronal activity (Di et al., 2005) and
maternal behaviors (Pereira et al., 2015) and TAO likely reverses
this process. However, effects of PD and IAO on interactions
of the two systems remain unclear, particularly at the early
stage of lactation.

To clarify the effect of IAO on maternal behavior and
lactation and identify its underlying mechanisms, a rat model
of intermittent PD (Wang and Hatton, 2009b; Liu et al,
2016) was used. We observed effects of IAO on PD-evoked
depression-like behaviors and hypogalactia, and then analyzed

the neuroendocrine mechanisms underlying IAO effect on
PD-evoked postpartum depression and hypogalactia. The results
allow us to better understand the underlying mechanisms and to
propose novel approaches to improve maternal health.

MATERIALS AND METHODS
Preparation of PD Model and IAO

Sprague-Dawley rats were used in this experiment. All the rats
were housed and maintained on a 12-12 h light-dark cycle
with free access to water and food. Two virgin females (180-
250 g) and one proven breeder male (350-400 g) were housed
in one cage for 1 week for making pregnant rats. The pregnant
rats were randomly divided into control group, PD group and
PD+IAO group. The PD model was made from lactating rats
deprived 10 pups in the litter for 20 h/day from postpartum
day 1 (PD1), continuously for 4 days (PD1 to PD4). All rat
dams received 0.45% NaCl or 0.1 nmole OT in 0.45% NacCl
nasally (Sigma-Aldrich, 10 pl for each naris), 3 times/day. During
the separation from their biological mothers, the 10 pups in a
litter were nursed by a foster mother. Control dams and pups
received the same handling procedure as the PD dams did
without the separation during observation. All the procedures
were conducted in accordance with NIH Guidelines for the Care
and Use of Animals and approved by the Animal Care and Use
Committees of the Harbin Medical University.

Observation of Maternal Behaviors

Maternal behaviors and lactation performance were evaluated on
PD1 and PD4 before the brain, blood and mammary glands were
sampled for further examinations next day. Items of observations
included the latency of pup retrieval and latency of suckling for
judging maternal behaviors; litter’s body weight gain (LBWG) was
used for judging lactation efficiency. The whole procedure was
video-taped for later analyses.

Western Blots

Methods for processing proteins were modified from previous
reports (Wang et al., 2013b; Liu et al.,, 2017). On PD5, protein
expression and immunohistochemistry of the hypothalamus
were analyzed without suckling. Dams were decapitated and
the hypothalamus were removed and cooled down in ice-cold
artificial CSF for 1-2 min. Then, the SON and PVN were
isolated and homogenized in a RIPA lysis buffer (Yeasen,
Shanghai, CAS#20115ES60). In brief, 30 pg protein per lane
was separated on a 10% SDS-PAGE gel and then transferred
onto polyvinylidenefluoride membrane. The protein membranes
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were incubated with TBS containing 5% dry milk (w/v) for
2 h at room temperature (21-23°C) and then incubated with
primary antibodies (Santa Cruz Biotechnology, Shanghai)
against glial fibrillary acidic protein (GFAP, SC6171, a marker
of astrocytes), c-Fos (SC-7202), extracellular signal-regulated
protein kinases (ERK) 1/2 (SC-514302), phosphorylated ERK
(pERK) 1/2 (SC-136521, and Omnimabs, Shanghai, OM25780),
corticotrophin-releasing hormone (CRH, SC-10718) and
p-tubulin (Wanlei, Shanghai, WL-02296) in a dilution of 1:200
to 1:400 at 4°C for 12 h. ERK 1/2 and B-tubulin were used
as loading controls. The protein membranes were further
processed with horseradish peroxidase-conjugated secondary
antibodies which matched with the species of corresponding
primary antibodies and with an enhanced chemiluminescence
detection kit (Tanon, Shanghai). Protein bands were visualized
with an automated chemiluminescence imaging analysis system
(Tanon 5200, Shanghai).

Immunohistochemistry of the
Hypothalamus

Methods of immunostaining were the same as previously
described (Wang et al., 2013b; Liu et al,, 2017). In brief, the
hypothalamus was fixed in 4% paraformaldehyde for 24 h, and
then cut using a vibratome into 60 pm thick sections that
contained the SON. The sections were treated with 0.3% Triton
X-100 for 60 min to permeabilize cell membranes and then
with 5% bovine serum albumin for 60 min to block non-specific
binding sites. After incubation with primary antibodies against
GFAP, pERK 1/2, c-Fos (see above) and OT-NP (SC-393907) in
a dilution of 1:200 at 4°C overnight, species-matched secondary
antibodies (1:1000) were applied for 1.5 h at room temperature
to label the corresponding primary antibodies. Lastly, Hoechst
staining (0.5 pg/ml, 15 min) was used to label nuclei. Sections
were first examined with a fluorescence microscope (Eclipse FN1,
Nikon) through a CCD camera (DS Ri2, Nikon), results of which
were further compared with the images taken with a confocal
microscope (Thorlabs). To avoid false positive or negative results
of immunostaining, serial dilutions of the primary antibody,
staining with pre-absorbed primary antibody, no-primary and no
secondary antibody controls were applied.

Histochemistry of the Mammary Glands

In identification of the morphological features of mammary
glands, conventional Hematoxylin and Eosin (H-E) staining was
carried out after paraffin section (5 pwm-thick) of the tissue.
Images of the sections were taken using a Nikon microscopy and
stored in computer for further analysis. To reduce the variability
resulting from different loci, coronal sections of the middle
part of the mammary glands from different groups were used
for comparisons.

Assay of Plasma Levels of
Adrenocorticotropic Hormone
(ACTH), Corticosterone, and OT

Assaying plasma levels of different hormones was performed
using enzyme linked immunosorbent assay (ELISA, for ACTH,

HY-10057; corticosterone, HY-10063; OT, HY-10017) or
radioimmunoassay (for OT only) by Beijing Sino-UK Institute of
Biological technology (Beijing). Briefly, dams were decapitated
after observations and trunk blood (0.5 ml) was collected in
heparinized tubes; the plasma was separated by centrifugation
(3,000 rpm, 4°C, 15 min), and aliquots were stored at —20°C.
ELISA experiment was performed using the following method.
In brief, the standard was prepared in a series (4, 8, 16, 32, 64,
and 128 pg/ml for ACTH; 10, 20, 40, 80, 160, 320, 640 ng/ml
for corticosterone and 60, 30, 15, 7.5, 3.75, and 1.875 pg/ml for
OT). Samples were thawed and warmed to room temperature
for assays in duplicates. The wells of a 96-well plate were coated
with 100 pl antibody solution in each well for 2 h; after rinsing
with washing buffer and drying, 200 pl blocking buffer was
added and kept for 30 min; after rinsing with washing buffer,
shaking and drying, 50 pl standard solutions or sample solution
(25 pl coating solution plus 25 pl plasma sample) were added
to designed wells, respectively; then, 100 pl enzyme-labeled
agent HRP solution was added to each well and kept for 60 min;
after rinsing and drying, 100 pl color substrate solution was
added and kept for 15 min for coloration before the reaction
was stopped by adding 100 pl stopping solution. Optical
density for each well was measured at 450 nm within 15 min
of reaction stopping. To confirm the result of ELISA assay of
OT levels, radioimmunoassay was performed with conventional
method with the kit containing OT antibody (ab212193, Abcam,
Shanghai) by the same company. The average recovery rates
were >96% in all assays. The sensitivities for OT, ACTH and
corticosterone were <0.9 ng/ml, <0.4 pg/ml, and <0.5 ng/ml,
respectively. Intra-group and inter-group variations were less
than 5 and 9%, respectively. Negative controls were set with
diluted plasma and final results were based on the average results
of duplicated samples.

Data Collection and Analysis

Lactation failure was defined as a reduction in milk availability of
more than 80% of the control. Signs of depression included those
that showed loss of interests in the pups, such as delayed retrieval
and suckling of pups (Wang et al., 2007). Data analyses of
Western blots, and immunohistochemistry have been described
in previous reports (Wang et al., 2013a). In brief, ImageJ or
Photoshop was used for quantitation of protein bands (average
luminosity multiply the total number of Pixels), which was
further divided by the amount of their corresponding loading
proteins; the protein amount of each bands in the control group
was set as 1 or 100, and proteins in other groups were expressed
as the fold or % of the control. In evaluation of confocal images,
the fluorescence intensity in each channel was normalized to
a standard curve (1-256) to allow for comparison between
different experiments. The background level was set as 1 through
minimum baseline correction. GFAP filaments were identified by
fibrous GFAP positive staining that is an extension of astrocytic
nucleus and longer than 20 pm (Wang and Hatton, 2009a).
ANOVA, Kruskal-Wallis text or Wilcoxon rank test and y? test
were used for statistical analyses where appropriate as instructed
by SigmaStat program (SPSS, Chicago, IL, United States), and
P < 0.05 was considered significant. All graphs were represented
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with box-whiskers with scattered plots indicating the median and
the quartiles Q1 and Q3. All measures were also expressed as
mean =+ SEM in raw values or the percentage of controls.

RESULTS

In this study, we first tested the effect of PD and IAO on
maternal behaviors and lactation efficiency in 63 dams and
assayed plasma hormone levels. Then using Western blotting
and immunohistochemistry, we identified activities of the
OT-secreting system in 30 rats and assayed CRH contents in the
PVN of 21 dams.

Effect of IAO on PD-Evoked Maternal

Behaviors and Hypogalactia

PD reduces suckling stimulation, causes maternal stress, and
likely evokes aberrant maternal behaviors and hypogalactia. To
test this hypothesis, we observed effects of PD on maternal
behaviors and lactation performance following parturition.
Before observation, rat dams were put into the observation cages
and their pups were put back to the cage 30 min later. In general,
PD dams showed reduced interest toward the litters with certain
time-dependence and individual variation (Figure 1). That is,
on PD1, all dams retrieved and suckled their pups; on PD4,
the number of dams retrieving pups (15/20) was significantly
smaller than that in the control group (22/22, P < 0.05 by
Fisher exact test), which became insignificant after IAO (17/20,
Figure 1Aa). Similar trend was present in the number of dams
suckling the pups (22/22 in control group, 16/20 in PD group,
and 19/20 in PD+IAO group) (Figure 1Ba). The same change
was also present in the dams that retrieved and suckled their

pups. The average latency of retrieving the pups on PD4 was
significantly longer in the PD dams than the control dams
[PD: 115 (34, 510), n = 15; Control: 6 (3,21), n = 22; Kruskal-
Wallis test, P < 0.01]. However, IAO in PD dams shortened the
latency significantly, which made the difference in the latency
become insignificant between the control group and PD+IAO
group [PD+IAO: 34 (3.5, 207.5), n = 17; Kruskal-Wallis test,
P > 0.05] (Figure 1Ab). Correspondingly, IAO also removed the
trend of elongated latency of suckling in the PD group, but there
was no statistical significance among the three groups [control:
11.5 (5.8, 24.3), n = 22; PD: 11.5 (8.3, 19.0), n = 16; PD+IAQO: 8
(5,21), n =19, Kruskal-Wallis test, P > 0.05] (Figure 1Bb).

In evaluation of the lactation efficiency, we found that changes
in the intramammary pressure of the dams were not as sharp
as what we have observed in the dams at the middle stage
(days 8-12) of lactation under urethane anesthesia although
a slow rising and falling in the pressure could be evoked
by intravenous injection of 1 mU OT in control dams but
rarely in the PD dams at day 4 (data not shown). Instead,
we evaluated lactation efficiency by daily measuring LBWGs
in 4 h suckling during dam-pup reunion throughout PD1~4.
The result showed that on PD3, LBWGs in the PD dams were
significantly lower than that in the control group (4.25 £ 0.0.4 g,
n = 6, in the contro; —1 £ 0.5 g, n = 13, in the PD,
P < 0.01), which was partially weakened in PD+IAO group
(1.28 £ 0.5 g, n = 10, P < 0.01 compared with the PD group).
On PD4, both the PD and PD+IAO remained significantly
lower than the control in the LBWGs; however, the difference
between PD and PD+IAO group disappeared (Figure 1C). By
contrast, in control dams, IAO significantly shortened the latency
of lactation and increased the duration of suckling the pups
(Supplementary Figure S1).
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FIGURE 1 | Effects of PD and IAO on maternal behaviors and lactation. (A,B) The number of dams’ retrieving (Aa) and suckling (Ba) their pups (black bars) or not
(gray bars) during 1 h observation, and the average latency of dams’ retrieving (Ab) and suckling (Bb) their pups among dams retrieving and suckling pups. Graphs
of (Ab,Bb) were represented with box-whiskers with scattered plots indicating the median and the quartiles. (C) The litter's body weight gain (LBWG) in 4 h suckling
throughout postpartum days 1-4 (PD1-4). PD, pup deprivation; IAO, oxytocin (OT) applied through nasal approach; *P < 0.05, **P < 0.01 compared with the
control group; ¥P < 0.05 compared with the PD group.
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FIGURE 2 | Effects of PD and IAO on the development of mammary glands. (A) HE staining of the mammary glands, the right panels are the enlargements of red
squares in left panels. Box-whiskers with scattered plots summarizing statistical analysis of the ratio of alveolar area per field (B) and the average area in five biggest

alveoli in one filed (C). Others refer to Figure 1.
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Effects of IAO on PD-Evoked Involution

of Mammary Glands

Upon pregnancy, the epithelium and lobule extensively
proliferate and differentiate to meet the demand of milk
production while weaning causes involution of them. The
hypogalactia could be due to a failure of the milk production,
secretion or ejection at the mammary glands. To test this
hypothesis, we analyzed the histological feature of the mammary
glands. Following 4 days of PD, relative to the enlarged and
well-differentiated alveoli in control dams (Figure 2A), PD
caused involution-like changes in the histology of the mammary
glands. That is, the ratio between alveolar area and the total area
of the mammary glands decreased [47.4% (39.6%, 56.0%) in PD
vs. 87.8% (78.9%, 92.4%) in Control group, n = 7; Kruskal-Wallis
test, P < 0.01]. The ratio remained lower in the PD4+IAO group
[64.9% (61.1%, 75.4%), n = 6, P > 0.05 compared with control
group], but there was no statistically difference compared with
PD groups, suggesting partial recovery.

Similarly, measuring the area of individual alveolar cavity
revealed that PD dams [9413.1 (4985.1, 14029.5) wm?2, n = 7]
had significantly smaller alveolar cavity than that in the control
dams [20582.1 (20006.2, 32243.2) um?, n = 7, Kruskal-Wallis
test, P < 0.05], and this difference became insignificant after IAO
was applied to the PD dams [13993.9 (8445.1, 22183.0) pwm?,
n = 6, Kruskal-Wallis test, P > 0.05 to the control]. This result is
in agreement with the incomplete recovery of the depression-like
behaviors and the LBWGs.

Effects of PD and IAO on Cellular
Activities in the SON

The improving effect of IAO on maternal behaviors and lactation
performance suggests involvement of the CNS, particularly the
OT-secreting system, as suggested by the study on PD effects on
maternal behaviors and lactation in the middle stage of suckling
(Liu et al, 2016). To test this hypothesis, we first observed
the expression of pERK 1/2, a marker of cellular activation

in the SON (Wang and Hatton, 2007b), in OT neurons by
immunohistochemistry (Figure 3A). The result showed that
PERK 1/2-positive SON neurons were 29.3 £ 6.8 in control
(n =6),35.3 &£ 11.3 in PD (n = 4) and 32.5 &£ 8.3 in PD+IAO
(n = 5), respectively. By contrast, the ratio of neurons/pERK
1/2-positive neurons was 0.91 + 0.10 in control (n = 6),
0.64 = 0.10 in PD (n = 4) and 0.70 £ 0.07 in PD+IAO
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FIGURE 3 | Effects of PD and IAO on the expressions of pERK1/2 in the
SON. (A) Fluorescent microscopy of immunostaining images of nuclei (in sky
blue), OT-neurophysin (OT-NP, in red), pERK1/2 (in green), and their merges.
The arrows point to non-OT neurons. (B) Western blot bands (left panel) and
the summary graphs (right panel) showing the expression of pERK1/2 under
different experimental conditions. Annotations are the same as Figure 1.
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FIGURE 4 | Effects of PD and IAO on the expressions of c-Fos in the SON.
(A) Fluorescent microscopy of immunostaining images of nuclei (in sky blue),
OT-neurophysin (OT-NP, in red), c-Fos (in green), and their merges.

(B) Western blotbands (left panel) and the summary graphs (right panel)
showing the expression of c-Fos under different experimental conditions.
Annotations are the same as Figure 1.

(n = 5), respectively. This result highlights a trend of reduction
in pERK 1/2-positive OT neurons in PD and PD+IAO groups,
which accompanied with an increase in pERK 1/2-positive
vasopressin (VP) neurons, the only neuron that co-exists with OT
neurons in the SON.

Moreover, we assayed protein levels of pERK1/2 in the SON
following the 4 day PD. In Western blotting, there was no
significant difference in the level of pERK 1/2 between the control
and PD groups [108.3 (81.0, 152.6) % of the control, n = 6,
Kruskal-Wallis test, P > 0.05]. Similar to PD group, the level of
pERK 1/2 in the PD4+IAO group showed an insignificant increase
[131.2 (80.5, 160.1) % of the control, n = 6, Kruskal-Wallis test,
P > 0.05] (Figure 3B).

By contrast, c-Fos expression in the SON decreased signi-
ficantly in the PD group, which was partially blocked in
the PD4+IAO group in the immunohistochemical observation
(Figure 4A). This finding was confirmed in Western blot analysis.
As shown in Figure 4B, PD significantly decreased the protein
levels of c-Fos [50.3 (36.8, 86.6) % of the control, n = 6,
Kruskal-Wallis test, P < 0.05], which recovered partially in the
PD+IAO group [77.8 (48.0, 111.3) % of control, n = 6, Kruskal-
Wallis test, P > 0.05 compared to the control group]. As a
strong marker of OT neuronal activation (Fenelon et al., 1993),
the reduction in PD and the recovery in PD+IAO in c-Fos
expression are consistent with the changes in maternal behaviors
and lactation performance.

Effects of PD and IAO on Astrocytic
Plasticity in the SON

There is a close interaction between neurons and astrocytes
in activities of the OT-secreting system (Hou et al, 2016).

PD-evoked alteration in OT neuronal activity could also result
from aberrant astrocytic plasticity that is usually represented
by GFAP, a cytoskeletal and scaffolding protein of astrocytes
(Wang and Parpura, 2016). Thus, we observed GFAP plastic
changes under PD without and with IAO (Figure 5). The
result in immunohistochemistry showed that the length of
GFAP filament increased significantly [62.8 (57.9, 77.0) pm,
n = 5, Kruskal-Wallis test, P < 0.05] in PD compared
with the control group [27.5 (18.7, 49.7) pm, n = 6].
With TAO, the elongation of GFAP filament attenuated [42.8
(33.5, 56.0) wm, n = 5, Kruskal-Wallis test, P > 0.05].
The representative images of fluorescent microscopy are
shown in Figure 5A.

Corresponding to the morphological observation, we also
analyzed levels of GFAP protein expression in the SON. As
shown in Figure 5B, PD significantly reduced the level of GFAP
monomers [59.7 (36.3, 89.5) % of control, n = 8, Kruskal-
Wallis test, P < 0.05 compared to the control] and PD+IAO
insignificantly reversed this trend [70.5 (34.0, 108.7) % of control,
n = 8, Kruskal-Wallis test, P > 0.05]. Supplementary Figure S2
shows a full panel of the blots in Figures 3B, 4B and 5B.

Effects of PD and IAO on Hormone

Levels in the Plasma

Maternal behaviors and lactation are all associated with the
production of OT; the depression-like behavior and hypogalactia
possibly result from reduced OT secretion. To test this
hypothesis, we assayed OT concentration in plasma with
ELISA and then again using radioimmunoassay (Figure 6A).
Unexpectedly, no obvious difference in the three groups was
identified in the plasma although there was a trend of increased
OT levels following PD and PD+IAO [Control: 17.3 (15.5,
20.1) pg/ml, n = 6; PD: 20.2 (11.5, 23.0) pg/ml, n = 7;
PD+IAO: 21.2 (16.4, 25.5) pg/ml, n = 6, Kruskal-Wallis test,
P > 0.05]. This is in agreement with the knowledge that OT
functions during lactation are mainly at its pulsatile but not tonic
pattern of secretion/action.

On the other hand, PD is a kind of chronic stress and
unavoidably influences the activity of HPA axis. Thus, we
assayed plasma concentration of stress hormones, ACTH, and
corticosterone levels by ELISA. The results showed that PD+IAO
evoked significant increase in ACTH [34.6 (33.6, 41.4) pg/ml,
n = 4 in PD4+IAO vs. 20.0 (16.5, 31.3) pg/ml, n = 6 in control,
Kruskal-Wallis test, P < 0.05]. But in corticosterone, there was
no difference [270.7 (254.7, 282.7) ng/ml, n = 6 in control group;
297.7 (266.9, 330.8) ng/ml, n = 5 in PD group; 346.1 (276.6,
355.6) ng/ml, n = 4 in PD+IAO group, Kruskal-Wallis test,
P > 0.05] (Figures 6B,C). However, in an average level, PD4+IAO
did significantly increase corticosterone levels compared to the
control (326.1 & 24.3 ng/ml in BD4+IAO vs. 268.4 &= 7.4 ng/ml in
control, P < 0.05 by ANOVA).

Effects of PD and IAO on
CRH Levels in the PVN

Increases in plasma ACTH and corticosterone levels suggest
activation of the HPA axis, which is mainly assumed due to
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FIGURE 5 | Effects of PD and IAO on GFAP plasticity in the SON. (A) Fluorescent microscopy of immunostaining of GFAP filaments. From left to the right, the
images show nuclei, OT-NP, GFAP, and their merges (Aa); the right panel exhibiting the statistical result of average length of GFAP filaments (Ab). (B) Western blot
bands (Ba) and the summary graphs (Bb) showing the expression of GFAP under different experimental conditions. Annotations are the same as Figure 1.
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FIGURE 6 | Effects of PD and IAO on plasma levels of OT, ACTH, and corticosterone. (A) OT concentration. (B) Levels of ACTH. (C) Levels of corticosterone

activation of CRH neurons in the PVN. To examine if IAO
effect is also associated with CRH expression, we assayed the
expression of CRH in Western blot (Figure 7). The result
showed that PD and PD+IAO tended to increase CRH levels,
particularly in PD4+IAO dams (230.6 £ 63.2% of the control,
n =7, P < 0.05 by ANOVA); however, these did not reach
statistically significant levels with non-parametric statistical
analysis [126.0 (83.6, 187.9) % of the control, n = 7, P > 0.05
in PD; 162.6 (127.1, 433.7) % of the control, n = 7, in
the PD4+IAO group].

DISCUSSION

The present studies revealed that PD can cause postpartum
depression-like maternal behaviors and hypogalactia with
dramatic time dependence and certain individual variation.
These effects are associated with reduced activity of the OT-
secreting system, particularly astrocytes-associated inhibition of
pulsatile OT secretion and early involution of the mammary
glands for the MER. TAO can partially reverse these PD-evoked
psycho-physical changes. However, activation of the HPA axis
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needed. However, current finding of the histological alteration
A B . .
in the mammary glands could account for the hypogalactia, at
-~y least partially.
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FIGURE 7 | Effects of PD and IAO on CRH expression in the PVN.
(A) Western blot bands. (B) The summary graphs. Annotations are the same
as Figure 1.

likely compromises the improving effects of IAO on PD-evoked
changes. These findings highlight both the therapeutic potential
of TAO in postpartum depression and hypogalactia and the
challenges of integrative strategy of improving maternal health.

Effects of PD and PD Plus IAO on

Maternal Behaviors and Lactation
Pup deprivation dams experience physical and psychological
stress, which can be mimicked by the rat model of intermittent
PD (Liu et al., 2016). It has been reported that maternal
attachment behaviors and representations declined linearly with
the duration of mother-infant separation (Feldman et al., 1999);
early life stress due to maternal separation can induce anxiety-
and aggressive-like behavior during adolescence (Shin et al,
2016). However, effects of PD on maternal behaviors have not
been studied extensively. The present study revealed direct effects
of PD on maternal behaviors of the dams. As presented in
Figure 1, PD significantly reduced the ratio of retrieving and
suckling pups while elongating the latency of pup retrieval by
the dams that exhibited retrieval behaviors during observation,
indicating reduced interest in pups, a critical sign of maternal
depression (Wang et al., 2007). This finding is in agreement
with a previous report that PD disrupted lactation while causing
maternal depression in the rat dams at the middle stage of
lactation (Liu et al, 2016) as well as clinical observations
that OT can improve the mother’s mood and the relationship
between mother and baby (Mah et al., 2013; Mah, 2016) and
that OT can mitigate the depressive-like behaviors of maternal
separation stress through modulating mitochondrial function
and neuroinflammation (Amini-Khoei et al., 2017).
Accompanying with the maternal depression, hypogalactia
occurred in PD dams. As shown in Figure 1, PD reduced
the LBWGs gradually during the 4 h dam-pup reunion, which
became statistically significant on PD3 and PD4. Obviously,
PD influence on lactation performance is associated with the
length of separation, which not only causes the recession of
the hypothalamic machinery for the MER, but also results in
early involution-like changes in the histology of the mammary
glands. As shown in Figure 2, PD dams had significantly smaller
area of alveoli and increased fatty interstitial tissues compared
to the control dams. Since we could not count all the alveoli,
the increased fatty tissues did not exclude the possibility of
reduction in total number of alveoli and thus, fully evaluating
the features of PD-evoked changes in the mammary glands are

Different from the effect on maternal behaviors, TAO
enhanced the LBWGs in PD dams, particularly on PD3; however,
this effect is short-lasting since there was no obvious effect of
IAO on the PD4. Noteworthy is that plasma OT levels in the
PD dams did not decrease compared to the control levels with or
without IAO. Thus, the hypogalactia is likely a result of failure of
the burst firing pattern of OT neurons and losses of pulsatile OT
secretion that directly determine the milk ejection as previously
identified in the middle stage of lactation (Wang and Hatton,
2009b; Liu et al,, 2016). This finding is in agreement with the
report of Fewtrell and colleagues that OT nasal spray in mothers
with preterm babies could induce initial faster milk production
but then convergence between groups (Fewtrell et al., 2006).

Effects of PD and IAO on Cellular
Activities in the OT-Secreting System

OT can influence mental activity in the brain and milk letdown
at the mammary glands by OT release from the hypothalamo-
neurohypophysial system. The SON is a main source of OT in the
brain and the blood (Hou et al., 2016). Therefore, we examined
the cellular activity of the SON in PD dams. We found that
PD significantly decreased the expression of c-Fos in the SON
(Figure 4) although there was no significant change in pERK1/2
expression (Figure 3), an indicator of instant firing activity of OT
neurons (Wang and Hatton, 2007b). An important contributor
for the inhibition of OT neuronal activity is maladapted astrocytic
plasticity. As shown in Figure 5, there was an expansion of GFAP
filament in PD dams, suggesting expansion of astrocyte processes
that is known as a key factor inhibiting OT neuronal activity
(Wang and Hamilton, 2009; Wang and Zhu, 2014). Together
with the previous finding (Liu et al., 2016), we can conclude that
PD suppresses the activity of OT neurons and in turn reduces
OT release into the brain and blood, leading to postpartum
depression and hypogalactia.

In general, the effect of IAO on PD dams was similar to
that on control dams (our unpublished data), i.e., increased
the expression of both pERK 1/2 and c-Fos. In PD dams,
IAO also tended to increase the expression of pERK 1/2 while
made the reduction in c-Fos levels insignificantly different from
the control. As a general inhibitory factor, the retraction of
GFAP and its associated astrocyte processes can account for the
weakened reduction of c-Fos, allowing OT neurons to regain
its activity in response to suckling. As for the mechanisms
underlying reduction in the expression of GFAP monomers, we
currently do not have evidence to explain; however, different
spatiotemporal distribution of pERK 1/2 and protein kinase A
(Wang et al,, 2017) could be a reason, which remains to be
identified under PD condition.

Effects of PD and IAO on the
Activity of HPA Axis

The possibility that HPA axis can be activated by chronic stress
(Russell et al., 2018) is further tested in the present study.
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We found that PD tended to increase the expression of CRH
in the PVN in Western blots (5/7 rats showed an increase in
CRH levels) as well as plasma ACTH and corticosterone levels
although that did not reach a statistical significant levels due
to big variation of one or two samples. Thus, the maternal
depression and hypogalactia were not likely a result of tonic
release of OT into the blood as evidenced in assaying plasma
OT levels but possibly due to interrupting the burst firing ability
of OT neurons by potentially increased activity of the HPA axis
(Pereira et al., 2015), which should be verified in future study.

What come out unexpectedly are the increased plasma
levels of ACTH and corticosterone by IAO in PD dams as
well as CRH expression in the PVN. Appropriate and stable
plasma corticosterone level is one of the essential factors for
dams to take care of the offspring (Hasiec and Misztal, 2018);
however, chronically increased corticosterone level could inhibit
excitatory input on OT neurons (Di et al., 2005) and decreased
maternal behaviors (Pereira et al., 2015), particularly a pulsatile
pattern (Wang and Hatton, 2004, 2007a), thereby inhibited burst
generation in OT neurons and the MER.

The increased activity of the HPA axis likely resulted from
a general activation of both the SON and PVN including CRH
neurons. As exhibited in the result, the expression of c-Fos
became significantly high following IAO in PD dams involving
OT neurons, VP neurons and likely astrocytes in the SON. The
SON and PVN share many common structural and functional
features and connect closely in the MER and thus, it is reasonable
to believe that the two nuclei under went the same activation
process during PD and following the IAO. Thus, CRH neurons
could be activated in this process although that did not reach
a statistical significant level due to big variation of one or two
samples following the non-parametric analysis. We have to say
that using Western blot to study on CRH expression allows
only hemi-quantification; RIA or ELISA seems a better approach.
Hopefully, a more trustable supplier would make all the assays
more accurate in future study.

Alternatively, the activation of HPA axis could result from
increased VP neuronal activity. As shown in Figure 3, PD+IAO
also increased the number of VP neurons with pERK 1/2
staining, which reflects increased VP neuronal activity despite
that could be differentiated in Western blotting. VP is generally
believed to be an important activator of the ACTH cells and
the HPA axis (Yayou et al., 2007). Thus, its activation should
partially account for the increased plasma ACTH and the
subsequently increased plasma corticosterone levels following
IAO. In addition, because lactating rats exhibited a high degree
of CRH and VP colocalization in parvocellular PVN neurons,
hypothalamic projections, and median eminence terminals
compared to virgins, it is possible for a simultaneous increase in
VP and CRH in the PVN (Milewski et al., 2016).
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It has long been observed in humans that the occurrence of depressive symptoms is
often accompanied by the dysfunction of hypothalamic-pituitary-adrenal (HPA) axis. The
rodent experiments also showed that chronic corticosterone exposure could induce
depression-like phenotype. However, rodents are phylogenetically distant from humans.
In contrast, non-human primates bear stronger similarities with humans, suggesting
research on primates would provide an important complement. For the first time, we
investigated the effects of chronic glucocorticoid exposure on rhesus macaques. Seven
male macaques were selected and randomized to glucocorticoid or vehicle groups,
which were subjected to either prednisolone acetate or saline injections, respectively.
The depression-like behaviors were assessed weekly, and the body weights, HPA axis
reactivity, sucrose solution consumption and monoaminergic neurotransmitters were
further compared between these two groups. The glucocorticoid group was not found
to display more depression-like behaviors than the vehicle group until 7 weeks after
treatment. Chronic glucocorticoid exposure significantly decreased the levels of cortisol
determined from blood (a biomarker for acute HPA axis reactivity) but increased the hair
cortisol concentrations (a reliable indicator of chronic HPA axis reactivity) compared with
controls. The glucocorticoid group was also found to consume less sucrose solution
than controls, a good manifestation of anhedonia. This could be possibly explained
by lower dopamine (DA) levels in cerebrospinal fluid induced by chronic glucocorticoid
treatment. The results presented here indicate that chronic glucocorticoid exposure
could disturb both the acute and chronic HPA axis reactivity, which eventually disturbed
the neurotransmitter system and led monkeys to display depression-like phenotype.

Keywords: chronic, glucocorticoid, HPA axis, depression, rhesus macaque
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INTRODUCTION

According to the World Health Organization (WHO), depression
is estimated to become the second leading burden of illness in the
world by 2020 (Mathers and Loncar, 2006). The core symptoms
of depression include low mood and anhedonia (i.e., lack of
interests in pleasurable activities), but it is always accompanied
by a complex cluster of clinical symptoms that may include
weight changes, sleep disturbances, psychomotor agitation or
retardation, loss of energy, feelings of worthlessness, difficulty
concentrating, and/or recurrent thoughts of death (American-
Psychiatric-Association, 2013). In addition, depression can also
cause increased physical illness, decreased social functioning,
and a high mortality rate (Nemeroff, 1998). As is the case with
other affective disorders, depression also has both a genetic
and environmental basis. Twin studies revealed that about
25% of the variance was genetic and environmental factors
accounted for about 75% of the variance (Henn et al., 2004).
Further studies showed that stress was the most important
environmental factor in the development of depression (Paykel,
2003; Charney and Manji, 2004).

The connection between stress and depression was initially
drawn from clinical observations of abnormalities of stress
reactivity in depressed patients, including dysfunction of
hypothalamic-pituitary—adrenal (HPA) axis (Carroll and Curtis,
1976; Carroll et al,, 1976b,c), disrupted cortisol rhythmicity
(Sachar et al., 1973; Linkowski et al., 1985) and elevated cortisol
levels in plasma (Carroll et al., 1976a), cerebrospinal fluid
(Traskman et al.,, 1980), urine (Scott and Dinan, 1998), saliva
(Vedhara et al., 2003), and hair samples (Staufenbiel et al., 2013).
These findings solidly underpin a crucial role of cortisol in the
development of depression. The link between disruption of the
HPA axis and depression also comes from evidence that patients
experiencing elevated cortisol levels as a result of Cushing’s
disease (Kelly et al., 1983; Sonino et al, 1998) or synthetic
glucocorticoid therapy (Brown and Suppes, 1998; Antonijevic
and Steiger, 2003; Brown et al,, 2004) suffer from depressive
episodes. Moreover, some effective antidepressant drugs were
found to act on the function of glucocorticoid receptors (GR) to
restore the function of HPA axis (Pariante et al., 2001; Okuyama-
Tamura et al., 2003; Pariante et al., 2003).

Although dysfunction of the HPA axis has been verified
to be closely related to the development of depression,
it is still unknown that whether depression promotes
dysfunction of the HPA axis or vice versa. In order to
elucidate the causal relationship between them, animal
models were developed. Among numerous animal models
that currently exist, those involving repeated injection are
the most promising as this paradigm could provide control
over increases in circulating glucocorticoids to manipulate
the function of HPA axis (Johnson et al., 2006), which
cannot be achieved with other administration methods
(e.g., corticosterone pellet implantation or corticosterone in
drinking water).

However, previous animal studies involving glucocorticoids
are mostly based on rodents, which may pose a major challenge.
Rodent brain is phylogenetically distant from human brain

(Piper et al., 2011), which makes them differ greatly from
humans in anatomy, neurophysiology, function, and behavioral
performance and thus limits the degree to which insights derived
from the rodents can be applied to understanding human
depression (Belmonte et al., 2015). There is another obvious
limitation for rodent models that they cannot exhibit the core
symptoms of depression (low mood and anhedonia) because
of relatively simple brain structure (Song and Leonard, 2005),
and they secrete corticosterone in response to stress (Wasser
et al,, 2000). Compared with cortisol, which is the primary
glucocorticoid in both primates and humans, corticosterone has
only weak glucocorticoid and mineralocorticoid potencies and
is important mainly as an intermediate in the steroidogenic
pathway from pregnenolone to aldosterone. By contrast, non-
human primates share a common ancestry with humans,
and bear strong similarities to humans, such as intricacy of
brain organization, details of reproductive biology, complex
cognitive capabilities, and great social complexity (Belmonte
et al., 2015). As with human beings, non-human primates
produce cortisol to cope with stress and can display core
depression-like symptoms after exposed to chronic mild
stress (Qin et al,, 2015a). But what’s even more crucial is
that cortisol hyper-secretion can accelerate the occurrence
of depressive behaviors in monkeys experiencing more stress
(Qin et al., 2016).

Epidemiological studies have indicated that depression occurs
nearly twice as frequently in females than in males, which
can be ascribed to fluctuations in estrogen associated with
reproductive function (Garde, 2007). Therefore, in order to
avoid the disturbances of estrogen, male rhesus macaques
(Macaca mulatta) were selected in this study and were injected
repeatedly with synthetic glucocorticoid to characterize the
behavioral and neurobiological consequences of prolonged
glucocorticoid treatment, and to further provide insights
into the biological mechanisms underlying the link between
glucocorticoid and depression.

MATERIALS AND METHODS

Animals

Seven male rhesus macaques, aged 8-10 (8.60 £ 0.60) years
old, were randomly selected from Kunming Primate Research
Center of the Chinese Academy of Sciences. The animals
were singly housed (0.80 x 0.80 x 0.80 m) in a controlled
environment (temperature: 22 + 1°C; humidity: 50 £ 5% RH),
with 12 h light/12 h dark cycle (lights on at 07:00 h and
lights off at 19:00 h). All monkeys were given commercial
monkey biscuits twice a day and were fed with fruits and
vegetables once daily. The animals were accommodated in
their cages for at least 3 months prior to initial manipulation,
and all efforts were made to minimize the monkeys’ suffering.
For example, hair samples were taken from the back of the
monkeys' neck using an electric-razor without anesthetic and
no animals were sacrificed in this study. Routine veterinary care
was provided throughout the experiment by professional keepers
and veterinarians.
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All animal procedures were approved by the National Animal
Research Authority (P.R. China) and the Institutional Animal
Care and Use Committee (IACUC) of Kunming Institute of
Zoology, Chinese Academy of Sciences.

Experimental Design

Animals were firstly habituated to experimental procedures to
minimize the influences of stress, and then were randomized
to glucocorticoid or vehicle group, which was subjected to
either prednisolone acetate (3 monkeys) or saline (4 monkeys)
treatment. Body weights, HPA axis reactivity and monoaminergic
neurotransmitters as well as depression-like behaviors and
anhedonia were assessed to analyze the effects of chronic
glucocorticoid exposure on monkeys.

Injection of Prednisolone Acetate and

Saline

After 3 months of acclimatization in single cages, the monkeys
were injected intramuscularly with prednisolone acetate,
which is a synthetic glucocorticoid. The injections (State
Medical Permitment Number: H33020824, Drug Specifications:
25 mg/ml) were purchased from Zhejiang Xianju Pharmaceutical
Co., Ltd. (China). According to previous studies, the injection
dose for rats was 40 mg/kg and this dose reliably induced
depression-like behavior in the forced swim test (Kalynchuk
et al., 2004; Gregus et al., 2005; Johnson et al., 2006). Using
the BSA (body surface area) method, the injection dose
for monkeys was calculated (15.89 mg/kg). Saline was used
as solvent of prednisolone acetate injection in this study,
because it is less painful than sterile water for injection. As
a result, the vehicle group was injected with equivalent does
of saline. Throughout the experiment, all treatments were
performed at 10:00 a.m.

Blood and Hair Samples Collection
In order to assess the acute HPA axis reactivity, each monkey
was sampled 2 ml of blood. Each cage that monkeys lived
was equipped with one locking push-pull device and the
restraint could be achieved by reducing volumes of the cage.
After 15 min of restraint, the blood was sampled from
the femoral vein by pulling out the monkey’s leg, with the
restraint being the acute stressor. The blood samples were
then put into a heparin lithium-treated vacuum collection
tube. However, the stress of restraint, blood collection, and
the limitation on the volume of blood that could be safely
drawn from each monkey, precluded the possibility of repeated
sampling of the same monkey. As a result, three blood samples
were collected for each monkey every 14 days, with the
first, second and third sample obtained on 14, 28, and 42
days after treatment, respectively. As there was an obvious
rhythmic change in blood cortisol, all blood samples were
obtained at the same time of the day (between 10:30 a.m.
and 11:30 a.m.).

Hair samples from all monkeys were collected at the same
time of the day (between 10:30 a.m. and 11:30 a.m.) to assess
the chronic HPA axis reactivity. Before treatment, each monkey

was captured by an experienced technician and taken out of the
cage for hair sampling. The monkey was manually restrained,
and the hair on the back of each animal’s neck was shaved with
an electric razor without the use of anesthetic, with particular
attention paid by technicians not to break or damage the skin.
After completion of treatment, newly grown hair was shaved
as previously described and the hair samples were placed into
a small pouch of aluminum foil for protection (Wennig, 2000;
Davenport et al., 2006).

Measurement of Cortisol From Blood

and Hair Samples

The blood samples were centrifuged at 8,000 x g for 10 min to
isolate plasma, and the hair samples were ground to powder to
break up the hair’s protein matrix and to increase the surface area
for the extraction of cortisol (Davenport et al., 2006; Feng et al.,
2011; Qinetal., 2013, 2015a,b). The cortisol concentration in each
blood and hair sample was quantified with a commercial cortisol
radioimmunoassay (RIA) kit. In order to minimize the cross-
reaction for prednisolone, the cortisol Kit “TFB” (Immunotech,
Tokyo, Japan) was used because of its lowest cross-reaction
(2.5%) for prednisolone (Horie et al., 2007). The cortisol RIA
was performed in triplicate under a double-blind design at
the Department of Nuclear Medicine of the Second Affiliated
Hospital of the Kunming Medical College. The limit of detection
for the cortisol assay was 0.5 pg/dL, and the intra-assay coefficient
of variability (CV) for this assay was 2.08%. All the samples were
assayed at the same time using the same kit.

Cerebrospinal Fluid Sampling and
Measurement of Monoaminergic

Neurotransmitters

Before and after the treatment, all monkeys were sampled
cerebrospinal fluid (CSF) under ketamine anesthesia (15 mg/kg)
within 10-20 min after their anesthesia. Using a spinal needle,
the CSF was obtained through a lumbar puncture. During the
procedure, the monkey was positioned in lateral recumbency
and a needle was inserted usually between the 3rd and
4th lumbar vertebrae. The CSF fluid was collected into a
polypropylene tube and immediately frozen in liquid nitrogen.
For purposes of comparison, CSF samples were collected from
the same sites. All the collected CSF samples were stored at
—80°C until assayed.

Before analysis, CSF sample was centrifuged at 4°C in
a high speed freezing centrifuge at 8,000 x g for 10 min.
Homovanillic acid (HVA), 5-hydroxyindole acetic acid (5-HIAA)
and dopamine (DA) concentrations in the supernatant was
quantified by high performance liquid chromatography (HPLC)
with electrochemical detection (Yang and Beal, 2011). The CSF
samples from a given subject obtained before and after treatment
were paired and run in a single assay.

The HPLC system was composed of an Antec LC-110
solvent delivery module, and an Antec Autoinjector AS-110.
The separation of HVA and 5-HIAA was performed using
an Antec ALF-115 column (C18, 3 ywm, 150 x 1 mm). The
mobile phase comprising 50 mM monobasic sodium phosphoric
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acid, 8 mM Sodium chloride, 0.1 mM EDTA, 10.0% (v/v)
methanol, 500 mg/L OSA with the final pH adjusted to 6.00 with
phosphoric acid, was maintained at a flow rate of 40 pl/min.
The separation of DA was performed using an Antec ALF-105
column (C18, 3 pm, 50 x 1 mm). The mobile phase comprising
50 mM phosphoric acid, 50 mM Citric acid, 8 mM Sodium
chloride, 0.1 mM EDTA, 12.5% (v/v) methanol, 500 mg/L OSA
with the final pH adjusted to 3.25 with phosphoric acid, was
maintained at a flow rate of 40 pl/min. The optimal electrical
potential settings were: E1 —700 mV and E2 +700 mV. For
electrochemical detection, an Antec Decade-11 detector was
used. Quantification of the detector signals was achieved by
means of peak area integration. Data represent the average of at
least two analysis.

Behavioral Sampling and Analysis

Animal behaviors were video-recorded using a focal follow
technique (Altmann, 1974). Before the experiment, fourteen
1 h recordings were collected for each monkey, 1 h each day.
Specifically, they were, respectively, collected from 7:00 a.m.
to 8:00 a.m., 8:00 am. to 9:00 am., 9:00 am. to 10:00 a.m.,
10:00 a.m. to 11:00 a.m., 11:00 a.m. to 12:00 p.m., 12:00 p.m.
to 13:00 p.m., 13:00 p.m. to 14:00 p.m., 14:00 p.m. to 15:00
p-m., 15:00 p.m. to 16:00 p.m., 16:00 p.m. to 17:00 p.m., 17:00
pm. to 18:00 p.m., 18:00 p.m. to 19:00 p.m., 9:00 am. to
10:00 a.m., and 14:00 p.m. to 15:00 p.m. After the start of
the experiment, the monkeys’ depression-like behaviors were
assessed weekly. Once the monkey was observed to become
obviously depressed, the treatment was finished and another
fourteen 1 h recordings were collected for each monkey at the
same time as before.

Each video-recording was scored simultaneously by three
observers unaware of experimental design. During the scoring,
the observers calculated the duration of specific behaviors
by manually starting and stopping the video, and they all
agreed on the definition of observed behaviors, including
depression-like huddling behavior, environmental exploration,
locomotion, stereotypic behaviors and self-grooming. All these
behaviors were quantified as frequencies and seconds per
hour. The inter-rater correlation coefficient was found to
be > 0.90 through SPSS statistical analysis and there were
no significant changes (Version 19.0 for the PC) after a
period of training.

Depression-like huddling behavior was defined as a fetal-
like, self-enclosed posture with the head at or below the
shoulders during the waking state (Harlow and Suomi, 1971;
Shively et al., 2005). Environmental exploration included tactile
exploration of the cage or environments and oral exploration
of the cage or environments (Davenport et al., 2008). The
locomotion was divided into spontaneous locomotion (defined
as any voluntary movement within the cage, including walking,
running, jumping and climbing) and reactive locomotion
(defined as the locomotion caused by external stimuli) (Rogers
et al, 2008). The stereotypic behaviors were defined as
frequent, repetitive, and constant postures or behaviors that
appear to serve no purpose, including pacing, saluting,
somersaulting, weaving and head tossing (Hugo et al., 2003).

Self-grooming included any picking, scraping, spreading, mouth
picking, or licking of the hair on monkeys own body
(Parks and Novak, 1993).

Sucrose Preference Test

Anhedonia is a core symptom of depression (Gaillard et al,
2013), and can be evaluated in rhesus monkeys using the
sucrose preference test (Paul et al, 2000). During the period
of acclimatization, all animals were adapted to a 23 h/day
water restriction schedule, and had access to water in two
identical bottles for 1 h per day. During the test period, animals
were supplied with 1.5% sucrose solution (SIGMA, Aldrich,
China, dissolved in tap water) in one bottle, and tap water
in the other one. Bottle positions were alternated daily to
control for position preference, and the bottles were refilled
30 min after the start of the access period to accommodate the
increased consumption. The sucrose concentration was selected
based on previous experiments with rhesus monkeys (Paul
et al., 2000). The test schedule included 14 days of continuous
exposure to sucrose solution and tap water, corresponding to
the behavioral sampling period. The test occurred between 9:00
am. and 10:00 a.m. The sucrose preference was calculated
as ml consumed per kg body weight because the monkey’s
water consumption was correlated with its body weight
(Paul et al., 2000).

Statistical Analysis

Data analysis was conducted with the SPSS software package
(SPSS Inc., Chicago, IL, United States). The normality of the
data was determined using the Kolmogorov-Smirnov test, the
results of which demonstrate that they are normally distributed
(all P-values > 0.05). And the data were further analyzed in
separate 2 (groups: predonisolone versus vehicle) x 3 (time: 14th
day, 28th day, and 42nd day) or 2 (time: pre-treatment and
post-treatment) repeated-measures ANOVAs, with time being
the repeated-measure. Further post hoc pairwise comparisons
(Bonferroni correction) were also made. The alpha level was set
at P = 0.05, and all P-values were generated using two-sided
tests. All the data were presented as the mean £+ SEM (standard
error of the mean).

RESULTS
Body Weights

As shown in Figure 1A, no significant changes over time were
observed in monkeys body weights during the experiment
(F = 3434, P = 0.073, np* = 0.407) and there were no
significant differences between the two groups (F = 1.872,
P = 0.230, np* = 0.272), including on the 14th day (F = 1.701,
P = 0.249), the 28th day (F = 2219, P = 0.197) and
the 42nd day (F = 1.482, P = 0.278) after treatment. The
group by time interaction was also non-significant (F = 0.626,
P = 0.554, np2 = 0.111). Further post hoc pairwise comparisons
(Bonferroni correction) showed no significant differences (all
P-values > 0.05).
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FIGURE 1 | Physiological changes induced by chronic glucocorticoid exposure. Mean (SEM) physiological changes, including body weights (A) and plasma
cortisol (B), are depicted for the glucocorticoid and vehicle group on 14th day, 28th day, and 42nd day post-treatment. Chronic glucocorticoid exposure induced no
significant changes in monkeys’ body weights throughout the experiment, but the glucocorticoid group exhibited attenuated cortisol reactivity to the acute stressor
than the vehicle group. Before and after treatment, the hair cortisol (C) and CSF DA (D) were also measured to assess the chronic stress reactivity and
neurotransmitter function. The glucocorticoid group displayed exaggerated cortisol reactivity and neurotransmitter deficiency compared with the vehicle group.

Acute Stress Reactivity

The glucocorticoid group exhibited attenuated cortisol reactivity
to the acute stressor compared with the vehicle group (Figure 1B,
F = 8419, P = 0.034, np* = 0.627), and on the 42nd day
after treatment, the cortisol level was decreased significantly
(Figure 1B, F = 30.034, P = 0.003). Further post hoc pairwise
comparisons (Bonferroni correction) showed no significant
differences (all P-values > 0.05).

Chronic Stress Reactivity

Although there was no significant difference between the
two groups in cortisol reactivity to the chronic stress
(Figure 1C, F = 1353, P = 0.297, npz = 0.213), the
glucocorticoid group displayed exaggerated cortisol reactivity
as group by time interaction was significant (F = 9.678,
P =0.027, np* = 0.659).

Monoaminergic Transmitters

During the treatment, the monkeys displayed significant
changes over time in the level of dopamine (Figure 1D,
F = 24.092, P = 0.004, np* = 0.828), and the group by time
interaction was also significant (Figure 1D, F = 15.693,
P = 0.011, np* = 0.758). The level of dopamine was higher
in the vehicle group than that of the glucocorticoid group

on the 42nd day after treatment (Figure 1D, F = 8.862,
P = 0.031). While, no significant differences were found in
metabolites of the other two monoaminergic neurotransmitters,
including HVA (F = 1.334, P = 0.300, np® = 0.211; vehicle
group, pre-treatment versus post-treatment: 160.085 1 23.278
versus 178.031 =+ 41.083; glucocorticoid group, pre-
treatment versus post-treatment: 121.236 + 59.749 versus
95.602 £ 24.181) and 5-HIAA (F = 0.138, P = 0.726,
npz = 0.027; vehicle group, pre-treatment versus post-treatment:
61.026 £ 4.987 versus 64.064 = 5.417; glucocorticoid group,
pre-treatment versus post-treatment: 76.099 £ 16.593 versus
87.030 + 16.774).

Depression-Like Behavior

During the experiment, the monkeys huddling behaviors
exhibited significant changes over time, including frequencies
(Figure 2A, F = 6.368, P = 0.053, np2 = 0.560) and durations
(Figure 2B, F = 53.476, P = 0.001, np2 = 0.914), and the
group by time interactions were also significant in frequencies
(Figure 2A, F = 7.003, P = 0.046, np2 = 0.583) and durations
(Figure 2B, F = 68.111, P = 0.0004, npz = 0.932). The
differences between the two groups were also found to be
significant (frequencies: F = 14.691, P = 0.012, n,> = 0.746;
and durations: F = 20.680, P = 0.006, np2 = 0.805). While
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FIGURE 2 | Depression-like behaviors. The monkeys’ depression-like behaviors, including the huddling behavior (A: frequencies per hour and B: seconds per hour)
measuring depressed mood, and sucrose solution intake (C) assessing anhedonia, were recorded for 14 consecutive days and the changes before and after
treatment were compared between the two groups. Chronic glucocorticoid exposure induced significant changes in external behavioral phenotype, such as
increases in the huddling behavior and decreases in sucrose solution intake, which, respectively, represented two core symptoms of depression.

the frequencies and durations of other behaviors, including
environmental exploration, spontaneous locomotion, passive
locomotion, stereotyped behaviors and self-grooming, did not
display significant changes (all P-values > 0.05) except for
significant changes over time in durations of reactive locomotion
(F = 12.400, P = 0.017, np* = 0.713).

Anhedonia

There were no significant changes over time in the preference of
sucrose water (Figure 2C, F = 0.102, P = 0.763, np2 = 0.020),
but the group by time interaction was significant (F = 10.610,
P =0.023, np?* = 0.680) with the glucocorticoid group consuming
less sucrose solution than the vehicle group (F = 9.640, P = 0.027).
However, no significant changes were found in the consumption
of tap water (all P-values > 0.05).

Relations of HPA Reactivity and
Neurotransmitters to Depression-Like

Behaviors
There were no significant correlations between HPA axis
reactivity and the levels of dopamine, including the acute

stress reactivity (Pearson Correlation Coefficient = 0.470,
P = 0.288), and chronic stress reactivity (Pearson
Correlation Coefficient = 0.704, P = 0.077). Further

analysis revealed that the acute stress reactivity was not
related to the chronic stress reactivity (Pearson Correlation
Coefficient = 0.328, P = 0.472).

Although plasma cortisol was not related to the frequencies
of huddling behavior (Figure 3A, Pearson Correlation
Coeflicient = —0.516, P = 0.059), it was strongly related
to the durations of huddling behavior (Figure 3B, Pearson
Correlation Coefhicient = —0.553, P = 0.040). Moreover, the
plasma cortisol level showed a strong negative correlation
with the severity of anhedonia symptoms (Figure 3C, Pearson
Correlation Coeflicient = 0.699, P = 0.005).

Further analysis revealed a moderate positive correlation
between the huddling behavior and the cortisol reactivity to the
chronic stressor as quantified by hair cortisol (Figure 3D, Pearson
Correlation Coefficient = 0.582, P = 0.029). The hair cortisol
was not found to be related to huddle frequencies (Figure 3E,

Pearson Correlation Coefficient = 0.303, P = 0.292) and correlated
with sucrose solution intake (Figure 3F, Pearson Correlation
Coefficient = —0.233, P = 0.422), but these correlations displayed
weak tendencies.

As analyzed above, the monkeys depression-like
phenotype was not only caused by abnormal HPA axis
reactivity, including both the acute and chronic stress

reactivity, but also was related to neurotransmitter
deficiency, such as the lower level of dopamine in CSF
(Figure 3G, huddle frequencies: Pearson Correlation

Coeflicient = —0.547, P = 0.043; Figure 3H, huddle durations:
Pearson Correlation Coeflicient = —0.670, P = 0.009;
and Figure 3I, sucrose water intake: Pearson Correlation
Coeflicient = 0.422, P = 0.133).

DISCUSSION

It has long been recognized that glucocorticoid plays a
crucial role in mediating the pathogenic effects of stress
on depression, but clarifying mechanisms are still dependent
upon the development of validated animal models. The
majority of studies have been focused on rodents, and it has
been consistently reported that chronic corticosterone (CORT)
injections can induce depressive behavioral manifestations
(Marks et al., 2009; Sterner and Kalynchuk, 2010; Xu et al,
2011). However, it is controversial that whether the results
obtained from rodents can serve humans because rats and
mice lack the enzyme 17 alpha-hydroxylase in their adrenal
cortices, so that they produce CORT (Van Weerden et al,
1992). However, the CORT is of minor importance in
humans, except in the very rare case of congenital adrenal
hyperplasia due to 17 alpha-hydroxylase deficiency (D’armiento
et al, 1983). This makes rodents dubious for experiments
on the HPA axis, perhaps also for studying the relationship
between glucocorticoid and human depression. In humans
and other primates, cortisol is the most abundant and
naturally occurring glucocorticoid, suggesting research on
primates will provide a critical complement on previous
rodents’ studies. That is exactly why the macaques were
chosen for this study.
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FIGURE 3 | Relations of stress reactivity and dopamine to depression-like behaviors. The depression-like behaviors, including huddling behavior and anhedonia,
were caused by attenuated acute stress reactivity (A=C), exaggerated chronic stress reactivity (D=F), and neurotransmitter deficiency (G-1).

To our knowledge, this is the first study using macaques
to clarify the mechanisms underlying the causal relationship
between glucocorticoid and depression. It was found that
chronic glucocorticoid treatment can inflict severe damage on
the monkeys’ responses to stress, including both the acute
and chronic HPA reactivity. When an organism undergoes
stress, cortisol acts to mobilize energy stores and modulate
the immune system, preparing it for fighting or fleeing. Blood
samples provide a measurement of the cortisol secretion at the
time of stress experiencing, and blood cortisol can therefore be
used to test the acute HPA reactivity (Maidana et al., 2013).
Hair of monkeys grows at an average speed of 1 cm/month,
and the cortisol is constantly deposited in the growing hair
shaft. This makes cortisol measurement from newly grown
hair capturing systemic cortisol response over the period of
hair growth, and therefore can serve as a biological marker
for the chronic HPA reactivity (Russell et al, 2012). In
this study, prolonged glucocorticoid exposure induced blunted
cortisol reactivity in response to acute restraint stress but
an exaggerated cortisol response to chronic stress experienced
during the treatment. This indicated both the acute and
chronic HPA reactivity were disturbed as a result of chronic
glucocorticoid treatment.

The hyper-secreted cortisol can cross the blood brain barrier
to rob the brain of dopamine, a neurotransmitter that plays a
critical role in the subjective pleasure associated with positive
rewards (Wise, 2008). This is also evidenced by our study
that the monkeys exposed to chronic glucocorticoid treatment
have decreased levels of dopamine in the cerebrospinal fluid,
which induces them showing less of a preference for sucrose
solution, a good manifestation of anhedonia. Postmortem
investigations, especially the subjects with severe depression, have
also demonstrated reduced concentrations of dopamine both
in the cerebrospinal fluid and in brain regions that mediate
mood and motivation (Dunlop and Nemeroff, 2007). It has
also been found that drugs decreasing the dopamine level or
the dopamine receptor antagonist can increase the duration
of huddling behavior in monkeys (McKinney et al, 1971;
Rosenzweig-Lipson et al., 1994).

Chronic glucocorticoid treatment caused severe damages on
stress reactivity and neurotransmitter systems, which induced
significant changes in external behavioral phenotype, such
as increases in the huddling behavior reflecting depressed
mood, and decreases in sucrose solution consumption reflecting
anhedonia. These are two core symptoms of human depression.
However, this behavioral depression was not induced by
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decreases in exploration, locomotion, stereotyping and self-
grooming, as these behaviors did not change significantly
throughout the treatment. This was also not the result of poor
health caused by glucocorticoid treatment as no significant
changes over time were observed in monkeys body weights.
Although systemic glucocorticoids play an integral role in
the management of many inflammatory and immunologic
conditions, there are side effects. Prolonged glucocorticoids
treatment commonly causes weight gain and redistribution of
adipose tissue. The body weights of monkeys exhibited slight
increases, but no significant changes were observed. This is
possibly because the glucocorticoid treatment was relatively short
in duration (only 7 weeks). The monkeys” depression had become
obvious before a significant weight gain. Further correlation
analysis showed that this behavioral depression was caused by
abnormal HPA axis reactivity, including both acute and chronic
stress reactivity, and it was also related to neurotransmitter
deficiency, such as a decreased level of dopamine in CSF.

The behavioral alterations were not significant until 6 weeks
after the first daily treatment, and the data justified the conclusion
that prolonged glucocorticoid exposure can induce depression-
like phenotype in rhesus macaques. The application of this
primate model can help clarifying the role of glucocorticoid
in stress-induced depressive disorders, as well as screening for
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Most Parkinson’s Disease (PD) patients experience gastrointestinal (Gl) dysfunction
especially the gastroparesis, but its underlying mechanism is not clear. We have
previously demonstrated that the neurons in the substantia nigra (SN) project to the
lateral hypothalamic nucleus (LH) and the dorsal motor nucleus of vagus (DMV) receives
the neural projection from LH by the means of anterograde and retrograde neural
tracing technology. Orexin A (OXA) is predominately expressed in the LH. It has been
reported that OXA can alter the gastric motility through the orexin receptor 1 (OX1R)
in DMV. We speculated that this SN-LH-DMV pathway could modulate the motility of
stomach because of the important role of LH and DMV in the regulation of gastric
motility. However, the distribution and expression of dopamine receptors (DR) in the LH is
unknown. In the present study, using a double-labeling immunofluorescence technique
combined with confocal microscopy, we significantly extend our understanding of the
SN-LH-DMV pathway by showing that (1) a considerable quantity of dopamine receptor
1 and 2 (D1 and D2) was expressed in the LH as well as the OX1R was expressed in the
DMV; (2) Nearly all of the D1-immuoreactve (IR) neurons were also OXA-positive while
only a few neurons express both D2 and OXA in the LH, and the DR-positive neurons
were surrounded by the dopaminergic neural fibers; In the DMV, OX1R were colocalized
with choline acetyltransferase (ChAT)-labeled motor neurons; (3) When the gastroparesis
was induced by the destruction of dopaminergic neurons in the SN, the decreased
expression of D1 and OXA was observed in the LH as well as the reduced OX1R
and ChAT expression in the DMV. These findings suggest that SN might regulate the
function of OXA-positive neurons via D1 receptor, which then affect the motor neurons
in the DMV through OX1R. If the SN is damaged the vagal pathway would be affected,
which may lead to gastric dysfunction. The present study raises the possibility that the
SN-LH-DMV pathway can regulate the movement of stomach.

Keywords: dopamine receptor, lateral hypothalamic nucleus, orexin receptor 1, gastroparesis, Parkinson’s
disease
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INTRODUCTION

Parkinson’s disease (PD) is characterized by loss of dopaminergic
neurons in the substantia nigra (SN) and decrease of dopamine
level in the striatum of basal ganglia (Lees et al., 2009). Over
80% of PD patients experience gastrointestinal (GI) dysfunctions
including gastroparesis (Jost and Eckardt, 2003; Jost, 2010).
Accumulating evidence demonstrates that cholinergic neuron
degeneration contributes to gastroparesis in PD (Travagli and
Anselmi, 2016). We previously have reported the reduced
cholinergic markers in the dorsal motor nucleus of vagus (DMV)
and gastric muscularis in rats with bilateral SN lesion by 6-
hydroxydopamine (6-OHDA). However, it is unknown how the
SN influences the DMV.

The lateral hypothalamic nucleus (LH) in diencephalon
has been identified as an important brain region that
innervates multiple brain regions and regulates many important
physiological processes including feeding, reward behaviors and
autonomic function (Berthoud and Munzberg, 2011). Orexin
(OX) neurons are primarily located in the LH (Sakurai et al,
1998; Takahashi et al, 2015). The OX neuropeptide family
consists of orexin A (OXA) and B (OXB), which are encoded by
the same pre-mRNA (Date et al., 1999; Sakurai et al., 1999). OXA
regulates food intake (Dube et al., 1999) and gastric emptying
in rats (Ehrstrom et al., 2005; Bulbul et al., 2010b). The OXA
neurons stimulation or destruction will alter the movement of
the stomach (Guo et al., 2018). Both the dopamine receptor 1
and 2 (D1 and D2) mRNA were reported to be expressed in
LH neurons. OX neurons regulate GI functions through the
brain-gut axis (Kirchgessner, 2002; Kukkonen et al., 2002).
Microinjection of OXA into the DMV increased intragastric
pressure and antral motility in anesthetized rats (Krowicki et al.,
2002). Thus, OXA may regulate GI motility through the DMV
(Grabauskas and Moises, 2003).

The DMV regulates upper GI functions, such as gastric
motility. The orexin receptor 1 (OX1R) is highly expressed in
the neurons of DMV, especially in the preganglionic neurons that
innervate the stomach (Krowicki et al., 2002; Bulbul et al., 2010a).
We previously have demonstrated that the SN and the DMV can
contact with each other indirectly through the LH. By means of
anterograde and retrograde neural tracing technology, we found
that the neurons in the SN can project to the LH and the DMV
receives neural projection from the LH (Wang et al,, 2014). It is
reported that a large number of OX neurons were lost in the LH
of PD patients (Thannickal et al., 2007, 2008).

Based on the above results, we speculated that the OXA
neurons in the LH could be regulated by dopaminergic
projections from the SN through D1 or D2, destruction of the
SN might change the expression of dopamine receptors (DR)
in the LH and then orexin receptor (OXR) in the DMV. In the
present study, double-labeling immunofluorescence procedures
were performed to detect the distribution of tyrosine hydroxylase
(TH), D1 and D2 in the LH and their co-localization with OXA
neurons. The alternations of D1, D2, and OXA in the LH, and
OXIR and choline acetyltransferase (ChAT) in the DMV were
observed in the rats with bilateral SN injection of 6-OHDA.
The present study may provide morphological evidences for

DA/DR and OXA/OXR promoting gastric motility through SN-
LH-DMYV pathway.

MATERIALS AND METHODS

Animals

Twenty-five adult male Sprague-Dawley rats (180-220 g)
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. All experiments were performed in
accordance with the guidelines established by the National
Institutes of Health (NIH, United States) and were approved
by the Animal Care and Use Committee of Xinxiang Medical
University, Xinxiang, China. All efforts were made to minimize
animal suffering, and the minimal number of animals necessary
to produce reliable scientific data was used.

6-OHDA Animal Models

The methods used have been previously described (Zheng et al.,
2014). Rats were anesthetized by intraperitoneal injection with
chloral hydrate (0.4 g/kg) and placed on stereotaxic instrument.
Two small areas of the skull were exposed (coordinates: AP,
—5.6 mm; ML, & 2.0 mm; DV, —7.5 mm), and 6-OHDA (4 pg in
2 ul of 0.9% saline containing 0.05% ascorbic acid) was injected
with a 10 pl Hamilton syringe. Control groups were injected with
0.05% ascorbic acid/saline. The rats injected with 6-OHDA in the
SN were referred to as 6-OHDA rats. Subsequent experiments
were conducted at 6 weeks after 6-OHDA administration.

Tissue Preparation

After deep anesthetization with chloral hydrate, rats received a
thoracotomy and were perfused through the left ventricle with
250 ml of saline followed by 250 ml 4% paraformaldehyde in
0.01 M PBS (pH 7.4). The brains were immediately removed
and immersed into 4% paraformaldehyde for a 12 h post-fixation
period and then placed in 30% sucrose in 0.01 M PBS (pH
7.4) for at least 48 h until the dehydration achieved. The serial
coronal sections which were 20 wm in thickness were made with
a cryostat (Leica CM1850, St. Gallen, Switzerland). The tissue
sections were air-dried overnight at room temperature and then
stored at —80°C. In some experiments, the samples of dorsal
medulla were collected (as descripted in our previous reports) on
ice and immediately frozen in liquid nitrogen.

Immunofluorescence Staining
The methods used have been described previously (Wang
et al., 2016). The brain sections were permeabilized with PBS
containing 0.3% Triton X-100, then blocked for unspecific
binding with 5% goat serum for 30 min. Sections were then
incubated overnight in a mixture of two primary antibodies
derived from different host species for 12-16 h at 4°C
(Table 1, TH/D1, TH/D2, OXA/TH, OXA/D1, OXA/D2, and
OX1R/ChAT) and then incubated with the secondary antibodies
for 1 h at room temperature. Micrographs were obtained using a
confocal microscope (Olympus, FV1000).

The OXA-IR, D1R-IR, and D2R-IR neurons in the LH were
counted from every three LH-containing section per animal
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(n = 3). Five different fields (150 pixel *150 pixel) of each section
(512 pixel *512 pixel, 200x) were selected randomly for the
neuron count. The average number of neurons in each section
was calculated from nine sections of three rats in total. To reduce
the counting error, the number of line pressing cells was only
counted on one side and moves arduously.

Western Blot Analysis

As in our previous reports (Zheng et al., 2014), tissues were
homogenized in 300 pl cold lysis buffer supplemented
with protease inhibitors for protein extraction. Proteins
(100 pg) were loaded in a 10% SDS-PAGE gel and transferred
onto a nitrocellulose membrane (NC membrane, Millipore,
United States) at 4°C. After blocking with 10% non-fat dry milk
in TBST for 2 h, the membranes were incubated with primary
antibodies against ChAT (Rabbit polyclonal, Proteintech/20747-
1-AP, 1:1,000), OX1R (Rabbit polyclonal, Abcam/ab68718,
1:500), or GAPDH (Rabbit polyclonal, Sigma/G9545, 1:5,000)
overnight at 4°C. After washing, the membranes were incubated
with horseradish-peroxidase-conjugated IgG (Pierce, Rockford,
IL, United States) for 1 h at room temperature, then washed in
TBST. Finally, the membranes were scanned with an Odyssey
Infrared Imager (LI-COR, NE, United States), and analyzed
using Odyssey software (version 1.2).

Gastric Emptying

The methods used have been described previously (Zheng
et al., 2014). Following a 24-h fast, a 2.5 ml barium meal was
administrated to each rat through oral gavage. Plain radiographs
of the GI tract were obtained using a KODAK in vivo Imaging
System FX with the focus distance manually fixed to 50 £ 1 cm.
The exposure time was adjusted to 30 s. Images were recorded at

TABLE 1 | Antibodies used in the immunofluorescent studly.

Antigen Antibody Dilution Source/Catalog
No.

TH Mouse monoclonal  1:5000 Sigma/T1299

™ Rabbit polyclonal 1:500 Abcam/ab112

OXA Mouse monoclonal  1:50 Santa
cruz/SC-80263

ChAT Mouse monoclonal  1:100 Abcam/ab35948

OX1R Rabbit polyclonal 1:250 Abcam/ab68718

D1 Rabbit polyclonal 1:100 Alomone/ADR-001

D2 Rabbit polyclonal 1:100 Alomone/ADR-002

Alexa fluor Goat 1:500 Beyotime/A0428

488-labeled

anti-mouse IgG

Alexa fluor Goat 1:500 Beyotime/A0423

488-labeled

anti-rabbit IgG

Cy3-labeled Goat 1:500 Beyotime/A0521

anti-mouse IgG

Cy3-labeled Goat 1:500 Beyotime/A0516

anti-rabbit IgG

TH, tyrosine hydroxylase; ChAT, choline acetyltransferase; D1, dopamine 1
receptor; D2, dopamine 2 receptor; OXA, orexin A; OX1R, orexin receptor 1.

different time points (30, 60, and 90 min) after the consumption
of the barium meal. Gastric emptying (GE) was calculated
according to the following formula:

GE(%) = [1 — (barium meal at Time 90 min/

barium meal at Time zero)] x 100.

Anterograde Tracing

Approximately 4 pl of 20% Biotinylated Dextran Amines (BDA)
(Eugene/n7167) (3 mg dissolved in 15 pl 0.01 M PBS, pH
7.4) was injected into the left SN (coordinates: AP, —5.6 mm;
ML, —2.0 mm; DV, —7.5 mm) with the same Hamilton
microsyringe. Seven days later, the animals were killed by
decapitation, and the brains were removed for detection of the
anterograde tracing fibers.

The sections from the anterograde tracing group were
processed for observation of the injection site in the SN and
the distribution of BDA-labeled fibers in the diencephalon and
brainstem. The sections were incubated in 0.3% Triton X-100
in 0.01 M PBS (pH 7.6) for 15 min prior to incubation in
fluorescent isothiocyanate (TEX RED)-labeled avidin D (1:200,A-
2001,Vector Laboratories, Burlingame, CA, United States) at
room temperature for 2 h. After incubation, all sections were
rinsed in 0.01 M PBS, mounted onto gelatin-coated glass slides,
air-dried, and cover-slipped with a mixture of 50% (v/v) glycerin
and 2.5% (w/v) triethylene diamine (anti-fadingagent) in 0.01 M
PBS. The injection sites and distribution of BDA-labeled fibers
were examined under a fluorescence microscope.

Statistical Analysis

The values are presented as the means + S.E.M. (standard error
of the mean) from at least three independent experiments; “n”
refers to the number of animals or tissue samples from different
animals. Statistical analysis was conducted using unpaired ¢-tests.
The level of significance was set at P < 0.05.

RESULTS

Neural Projection From the SN to the LH
and the Distribution of TH-, D1-, D2-, and
OXA-IR Neurons and Their
Colocalization in the LH

The anterograde tracer BDA was microinjected into the
left SN to determine whether BDA-labeled fibers could
be observed in the DMV. After 7 days, a dense BDA
stained area was located at the injection area, the left SN
pars compacta (Figure 1Aa). Dense puncta and irregular
curved BDA positive nerve fibers were observed in the LH
(Figures 1Ac,d). However, no BDA positive fibers were found in
the DMV (Figure 1Ab).

Double-label immunofluorescence was performed to assess
the distribution patterns of OXA, TH, DI, and D2 in the LH.
The results suggested that a considerable quantity OXA-IR,
DI-IR, and D2-IR neurons were clearly observed throughout
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500 ym

FIGURE 1 | Neural projection from the SN to the LH and distribution of TH-, D1-, D2- and OXA-IR neurons and their colocalization in the LH. (Aa) Injection site
(white dotted lines) of BDA in the SN; (b) No BDA-labeled fibers were observed in the DMV; (€) The expression of BDA-stained anterograde traced fibers in the LH;
(d) The magnified areas of the white dotted boxes in (c). (B-F) Representative confocal photomicrographs of double-immunofluorescence of TH (green) and D1
(red), TH (green)and D2 (red), OXA (green), and TH (red), D1 and OXA, D2, and OXA in the LH. (d) Shows a magnified area of the white dotted box in (c). Scale bars
in (B=F): 50 um. TH, tyrosine hydroxylase; D1, dopamine 1 receptor; D2, dopamine 2 receptor; OXA, orexin A.
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6-OHDA

neurons in 6-OHDA rats. Scale bars in (D): 50 wm. ***P < 0.001.

FIGURE 2 | Decreased expression of D1 and OXA in the LH of 6-OHDA rats. (A) Expression of TH-IR neurons within the SN in control and 6-OHDA rats;

(B) Representative images of gastric emptying (GE) at 0 and 90 min after a barium meal in control and 6-OHDA rats; (C) GE of barium meals was significantly
delayed in 6-OHDA rats compared to control animals; (D) Representative alterations in D1, D2, and OXA expression within the LH in control (upper panel) and
6-OHDA rats (lower panel); (E) Summary histogram shows a significant decrease number of D1-IR or OXA-IR neurons in the LH, while no significant change of D2-IR

Control 6-0HDA
Barium meal

2007 W Control
6-OHDA

150+

100+

Number of neurons

D1 D2 OoXA

the LH and surrounded by TH-IR fibers. The TH-IR fibers
were punctiform or short-bar in shape, and the distribution
was not arranged in any particular manner (Figures 1B-
D). The OXA was expressed in cytoplasm. We observed that
OXA expression was cuneate, gracile, deltoid, buninoid or
oval in shape (Figures 1Db,Ea,Fa). In the same slice, D1
expression displayed a similar shape as OXA (Figures 1Bb,Eb),
while D2 expression was buninoid (Figures 1Cb,Fb). The
numbers of DI-IR, OXA-IR and double-labeled neurons in
the LH (n = 3) were 1206, 969, and 895, respectively, which
were counted from nine sections of three rats in total. The
double-labeled neurons accounted for 74.2% of total D1-
labeled neurons and 92.3% of total OXA-labeled neurons.
However, only a few neurons were both D2-IR and OXA-
IR (Figure 1F). The numbers of D2-IR, OXA-IR and their
double-labeled neurons in the LH were 1289, 1116, and
334, respectively. The double-labeled neurons accounted for
25.9% of total D2-labeled neurons and 29.9% of total OXA-
labeled neurons.

Decreased Expression of D1 and OXA in
the LH of 6-OHDA Rats

Distribution of TH-IR neurons in the SN was detected in
control and 6-OHDA rats. TH-IR neurons in the SN was
considerably reduced in 6-OHDA rats compared with control
ones (Figure 2A). We further evaluated gastric emptying using
an in vivo digital X-ray imaging system. The results showed that

67.78 & 5.0% of the stomach contents were emptied at 90 min in
control rats. Meanwhile, only 34.01 £ 3.3% was emptied in the
6-OHDA rats (n = 6, P < 0.001) (Figures 2B,C).

Compared with control rats (Figures 2D,E), the number of
DI-IR neurons decreased from 134.0 &= 10.14 to 77.11 £ 5.69
in the 6-OHDA rats (n = 3, P < 0.001). The number of
OXA-IR neurons was also decreased from 111.6 + 10.38 to
62.00 £+ 5.68 (n = 6, P < 0.001) in the LH of 6-OHDA
rats. However, the change of D2-IR neurons number was not
significant (n = 3, P = 0.14), slightly increased from 143.2 £ 15.21
to 170.9 & 10.14 in 6-OHDA rats.

Reduced Expression of OX1R and ChAT
Protein in the Dorsal Medulla of 6-OHDA
Rats

ChAT-IR neurons were densely distributed throughout the DMV,
and the distribution was not arranged in any particular manner.
Nearly all ChAT-IR neurons were also OX1R-IR (Figure 3A).
Western blot results showed a significant decrease in the level of
OXI1R and ChAT protein in the dorsal medulla of 6-OHDA rats,
from 1.53 4 0.07 t0 0.42 £ 0.10 (n =4, P < 0.001) and 0.62 + 0.10
t0 0.10 £ 0.01 (n = 4, P < 0.01), respectively (Figures 3B,C).

DISCUSSION

Most PD patients experience GI dysfunction especially the
gastroparesis (Goetze et al., 2006), but its underlying mechanism
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FIGURE 3| Reduced expression of OX1R and ChAT protein in the dorsal medu
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lla of 6-OHDA rats. (A) Colocalization of OX1R and ChAT in the DMV neurons; (B)

Representative Western blot of OX1R and ChAT in the dorsal medulla from control and 6-OHDA rats. GAPDH was used as a loading control; (C) Summary histogram
shows that the OX1R and ChAT expression in the dorsal medulla was significantly reduced in 6-OHDA rats. Scale bars: 100 pm. **P < 0.01; ***P < 0.001.

is not clear. Our previous study has demonstrated that the
neurons in the SN could project into the LH and the neurons
in the DMV receives the neural projection from the LH (Wang
et al,, 2014). We speculate that this SN-LH-DMYV pathway could
modulate the gastric motility since the important role of LH and
DMYV in the regulation of gastric motility (Travagli et al., 2003,
2006; Stuber and Wiser, 2016). In the present study, we have
demonstrated that a considerable quantity of D1 and few D2 was
expressed in the OXA-positive neurons in the LH, and OXIR was
expressed in the cholinergic neurons of the DMV.

Here we significantly extend our understanding of the SN-
LH-DMYV pathway by showing that (1) a considerable quantity
of D1 and D2 was expressed in the LH, and the OXI1R was
expressed in the DMV (2) Nearly all of the D1-IR neurons were
also OXA-positive, while only a few neurons expressed both
D2 and OXA in the LH, meanwhile the DR-positive neurons
were surrounded by the catecholaminergic neural fibers; In the
DMV, OX1R was colocalized with ChAT-labeled motor neurons;
(3) When dopaminergic neurons in the SN were destroyed,
the decreased expression of D1 and OXA in the LH, and
the reduced OXI1R and ChAT expression in the DMV were
observed. These findings suggest that neurons from the SN might
regulate the function of OXA-positive neurons in the LH via
D1 receptor. The dysfunction of the OXA-positive neurons in
turn affects the motor neurons in the DMV through OXIR,
ultimately leads to the gastric dysmotility. This study provides
a morphologic possibility for the SN-LH-DMV pathway in
regulating gastric movement.

LH is one of the functional zones in the hypothalamus,
and plays an important role in regulating feeding, sleep and

wakefulness (Saper, 2002). A lot of OXA-IR neurons exist in
the LH, and most of them are lost in the progression of PD
(Thannickal et al., 2008). However, the underlying mechanism
regulating OXA release from LH remnant neurons in PD patients
is not clear. The SN-LH-DMYV neural pathway has been observed
in our previous study. In the present study, co-labeling of D1 with
OXA in the LH provides an evidence that OXA-IR neurons in
the LH might be regulated by the dopaminergic fibers from the
SN via D1 receptors, which is further confirmed by surrounding
dopaminergic fibers located around the D1-IR neurons in the
LH. Moreover, OX1R was highly expressed in the DMV neurons.
Specifically, it was presented in retrograde labeled preganglionic
neurons from the DMV innervating the stomach. OXA can excite
neurons by binding to OX1R of the DMV in rats (Krowicki et al.,
2002). The OXA plays a stimulatory effect on the gastric emptying
in rats (Ehrstrom et al., 2005; Bulbul et al., 2010b). These data
support our idea that lesion of dopaminergic neurons in the
SN impairs gastric motility might be mediated by the SN-LH-
DMV pathway, in which OXA is a connecting factor between
the LH and the DMV.

In the present study, after the dopaminergic neurons in the
SN are destroyed by the 6-OHDA, the expressions of both D1
and OXA in the LH, and OXIR and ChAT in the DMV were
significantly decrease, suggesting that the excitatory effect from
the SN on OXA-positive neurons of the LH and in turn on the
vagal cholinergic motor neurons of the DMV would be lowered,
which subsequently resulted to gastroparesis in 6-OHDA rats.
D1 receptor is a classic subtype of DR family that belongs to
G protein-coupled receptors. D1 activates adenylyl cyclase and
upregulates intracellular cAMP signaling pathway, whereas D2
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inhibits the adenylyl cyclase and downregulates cAMP levels
(Baldessarini and Tarazi, 1996). It seems that the decreased D1
in the LH and OXIR in the DMV, respectively, contribute to
attenuated OXA and acetylcholine release, respectively. However,
detailed mechanism of alteration of the D1, OXIR, OXA, and
ChAT needs to be further studied.

In summary, our present study demonstrates that the down-
regulated D1 and OXI1R might be involved in the process
of gastroparesis in PD through the SN-LH-DMV pathway.
The SN-LH-DMV pathway has a potential effect on regulating
gastric motility.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary files.
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Prenatal exposure to synthetic glucocorticoids (sGCs) can increase the risk of affective
disorders, such as depression, in adulthood. Given that exercise training can ameliorate
depression and improve mitochondrial function, we sought to investigate whether
exercise can ameliorate depression-like behavior induced by prenatal sGC exposure
and mitochondria function contributes to that behavior. At first, we confirmed that
prenatal dexamethasone (Dex) administration in late pregnancy resulted in depression-
like behavior and elevated level of circulatory corticosterone in adult offspring. We
then found that mRNA and protein expression of a number of mitochondrial genes
was changed in the hippocampus of Dex offspring. Mitochondria in the hippocampus
showed abnormal morphology, oxidative stress and dysfunction in Dex offspring.
Intracerebroventricular (ICV) injection of the mitochondrial superoxide scavenger
mitoTEMPO significantly alleviated depression-like behavior but did not significantly
affect circulatory corticosterone level in Dex offspring. The adult Dex offspring
treated with treadmill exercise starting at four-weeks of age showed ameliorated
depressive-like behavior, improved mitochondrial morphology and function and reduced
circulatory corticosterone level. Our data suggest mitochondria dysfunction contributes
to depression-like behavior caused by prenatal sGC exposure. Intervention with exercise
training in early life can reverse depression caused by prenatal Dex exposure, which is
associated with improvement of mitochondrial function in the hippocampus.

Keywords: depression, hippocampus, glucocorticoid, mitochondria, exercise

INTRODUCTION

During late gestation, concentration of glucocorticoids (GCs) in the fetal circulation is
exponentially increased, and this surge of GCs is critical for fetal organ development including
the lungs and brain (Fowden and Forhead, 2009). Therefore, synthetic GCs (sGCs) are usually
used to treat pregnant women at risk of preterm delivery in order to promote the development
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of fetal organs and impede preterm delivery associated morbid
symptoms, such as respiratory distress syndrome and intra-
ventricular hemorrhage (Amiya et al.,, 2016). However, excess
GC exposure can disturb normal fetal neurodevelopmental
progress and impact lifelong programming of neuroendocrine
function and behavior (Asztalos, 2012; O’Donnell and Meaney,
2017). Emerging epidemiological evidence has indicated that
prenatal exposure to increased amounts of sGCs causes increased
susceptibility to neuropsychiatric disorders, such as anxiety and
depression, in adulthood (Khalife et al., 2013; Braithwaite et al.,
2017). Many animal studies have also demonstrated that repeated
exposure to sGCs in late gestation leads to depression-like
behavior and other modified behavior in adult offspring (Hiroi
etal,, 2016; Conti et al., 2017; Xu et al., 2018). Although a number
of genes have been found to be associated with depression-like
behavior (McCoy et al., 2017; Xu et al., 2018), the mechanisms
underlying the prenatal GC programming of depression-like
behavior remain largely unknown.

Mitochondria are integral eukaryotic organelles that play
major roles in numerous cellular processes, particularly in
aerobic energy production and thermogenesis (Hadj-Moussa
et al., 2018). Of note, mitochondria are particularly important
for the brain because of both its high levels of energy use
and its inability to store large amounts of energy reserves in
the form of glycogen. Moreover, mitochondria can generate
reactive oxygen species (ROS) that may have toxic effects in
cells (Allen et al., 2018). Mitochondria are involved in many
processes including apoptosis and calcium homeostasis, which
is necessary for the proper functioning of the nervous tissue
(MacAskill et al., 2010; Xavier et al., 2016). A growing body of
evidence has indicated that mitochondrial dysfunction would be
a crucial factor in the development and progress of depression
(Marazziti et al., 2011). It has been reported that patients with
major depression disease (MDD) display changed mitochondrial
morphology and function as well as have abnormal expression of
genes encoding for mitochondrial proteins in the brain (Gardner
and Boles, 2011). More recently, a number of studies have
demonstrated that mitochondrial abnormalities may contribute
to the depression-like behavior induced by chronic stress or
prenatal stress (Gong et al., 2011; Chakravarty et al., 2013;
Glombik et al., 2016).

So far, the therapeutic strategy for MDD is antidepressant
therapy although it is unsatisfactory since most patients
are partial responder to the treatment (MacQueen et al,
2017). Therefore, much effort in the past decades has
focused on seeking adjuvant therapeutic approaches. The
evidence unearthed so far suggests that exercise training is
an adjuvant treatment approach for MDD as many clinical
data have demonstrated that physical exercise as a regular
life style lead to improvements in depressive status (Null
et al., 2017). Animal studies have also shown that exercise
training ameliorates depression-like behavior (Chen et al,
2016; Morgan et al, 2018). Similarly, using several rodent
models of depression, we have demonstrated that exercise
training reduces depressive behavior (Wang et al., 2016;
Liu et al, 2018). Up to now, the biological mechanisms
by which exercise ameliorates depression are yet unclear.

However, Aguiar et al. (2014) demonstrated that exercise engages
mitochondrial pathways, which might be associated to the
anti-depressive effect of exercise.

The objectives of the present study were to explore the role
of mitochondria in the development of depression-like behavior
induced by prenatal exposure to sGCs and to evaluate the impact
of exercise on the depression-like behavior programmed by
sGCs. To achieve these goals, we set up a series of experiments
to confirm that depression-like behavior can be induced by
prenatal exposure to dexamethasone (Dex) in late pregnancy in
rats, then clarified the contribution of mitochondria dysfunction
to prenatal Dex programming depression-like behavior, and
finally elucidated the association of mitochondria function
with excise intervention of depression-like behavior caused by
prenatal Dex exposure.

MATERIALS AND METHODS

Animals

Adult Sprague Dawley rats weighing 220 + 20 g were obtained
from Shanghai Laboratory Animal (Shanghai, China). All animal
procedures were carried out in accordance with the guidelines
for the use of laboratory animals published by the People’s
Republic of China Ministry of Health (January 25, 1998),
with the approval of the Ethical Committee of Experimental
Animals of the Second Military Medical University. Procedures
were designed to minimize the number of animals used and
their suffering. The rats were housed in social groups of 3
to 5 in a cage with regular light-dark cycles (lights on at
7:00 AM, lights off at 7:00 PM) under controlled temperature
(22 £ 2°C) and humidity (50 £ 10%), and were provided
standard diet and water ad libitum. Breeding females were
handled daily for 1 week. The female was placed with a
male at 3:00 PM. The male was removed the next day at
8:00 AM to its social group, and the female was transferred
to a new cage. Pregnant rats were confirmed by microscopic
analysis of vaginal smears for the presence of sperm, then were
assigned randomly to control (Con) and dexamethasone (Dex)
groups. Dexamethasone-21-phosphate disodium salt (Sigma-
Aldrich, St. Louis, MO, United States) was dissolved in saline
to achieve the concentration as 100 pl containing 0.13 mg/kg
body weight. The dosage of Dex was chosen on the basis
of the literature (Hauser et al., 2006; Liu et al., 2018) and
our preliminary study. During gestational days (GD) 14 to
21, rats of DEX group were subcutaneously administered with
0.13 mg/kg dexamethasone-21-phosphate disodium salt (equal
to 0.1 mg/kg dexamethasone), while control rats were received
vehicle (0.9% saline) once a day for 7 days. The pregnant
rats delivered undisturbed to produce the offspring. Given that
estrus cycle may have impact on the behavior tested and the
expression of various factors, the male offspring were used in the
following experiments.

Exercise Protocol
Twenty male offspring rats at 4 weeks of age were randomly
selected from Dex group. They were then randomly assigned

Frontiers in Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 264


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Wu et al.

Exercise, Mitochondia and Depression-Like Behavior

to two groups (n = 10 for each group): sedentary and
exercise. The exercise protocol for moderate physical activity
was performed as described by prior studies (Ji et al., 2017;
Shin et al,, 2017). Briefly, animals were put on the treadmill
at a speed of 2 m/min for the first 5 min, flow up a speed
of 5 m/min for the next 5 min, and a speed of 8 m/min
for the last 20 min, with the 0° inclination. The animals
were adapted to the treadmill for a week, and then the
above exercise was performed for 5 days a week for four
weeks. After exercise, behavioral tests were examined on all
of the animals. Then, rats were decapitated at 12:00 PM to
13:00 PM on the day of sacrifice for collection of blood and
tissue. Hippocampi were rapidly and carefully separated on an
ice-plate and then stored at —80°C until assays. The blood
was collected and the serum was separated and stored at
—80°C until assays.

Behavioral Tests

The behavior of offspring was monitored at 9 weeks. The
forced swimming test (FST) and sucrose preference test
were performed as previously described (Drake et al., 2005;
Long et al, 2013). In the FST, each rat was introduced
for 5 min into separate transparent cylindrical containers
(diameter 30 cm, height 45 cm) that were filled with water
to 30 cm so that rats could only touch the bottom with
the tip of the tail. Water temperature was maintained at
24 + 2°C. Duration of immobility was measured. The sucrose
preference test was used to test behavioral anhedonia. Briefly,
2 bottles of 1% sucrose solution were placed in each cage,
and 24 h later, one bottle was replaced with tap water
for 24 h. After adaptation, rats were deprived of water
and food for 24 h, followed by the sucrose preference test,
in which rats housed in individual cages had free access
to 2 bottles, one containing 200 ml of sucrose solution
(1% w/v) and the other 200 ml of water. At the end of
24 h, sucrose and water consumption was measured, and
the sucrose preference was calculated as the volume of 1%
sucrose solution consumed expressed as a percentage of the
total liquid intake.

Hormone Assays

Corticosterone levels in serum were measured using
a commercially available radioimmunoassay kit (Sino-
United Kingdom Institute of Biologic Technology, Beijing,
China) according to the manufacturer’s instructions. The
specificity of the kit was 100% for corticosterone, and it did not
cross react with progesterone, aldosterone, cortisol, testosterone,
cortisone, dehydroepiandrosterone (DHEA), DHEA-sulfate, or
pregnenolone. Intraassay variation was <7.5% and interassay
variation <9.5%.

Microarray Analysis

The transcriptional profiles of hippocampal tissues from the male
Dex offspring were characterized by Affymetrix v2 U133 plus
2 gene arrays using the One-Cycle Eukaryotic Target Labeling
Assay protocol (Affymetrix, Santa Clara, CA, United States).

Total RNA Extraction and Real-Time
Quantitative PCR

Total RNA of hippocampus of male offspring was extracted
using Trizol reagent (Thermo Fisher Scientific, Waltham,
MA, United States) following the manufacturer’s instructions.
Genomic contamination was removed by column treatment of
RNA samples with DNase for 20 min at 20°C, using the DNAeasy
cleanup protocol following the manufacturer’s instructions
(Qiagen, Germantown, MD, United States). RNA purity
and concentrations were assessed using spectrophotometric
analysis, and integrity was verified using gel electrophoresis.
Briefly, 2 ug RNA was reverse transcribed with oligo(dT)12-18
primer using the Moloney murine leukemia virus reverse
transcriptase (Promega, Madison, W1, United States). Real-time
PCR was performed using SYBR green (Hoffmann-La Roche,
Basel, Switzerland) incorporation with a CFX96 real-time
detection system (Bio-Rad, Hercules, CA, United States). The
reaction solution consisted of 2.0 pl diluted ¢cDNA product,
0.1 pM of each paired primer, 100 M deoxynucleotide
triphosphates, 1 U Taq DNA polymerase (Promega), and
10.0 pl PCR buffer. The primer sequences for uncoupling
protein 3 (UCP3), isocitrate dehydrogenase 2 (IDH2) and
solute carrier family 25 member 21(Slc25a21), were designed
based on cDNA sequences in GeneBank. The following primers
were used: UCP3 (accession number NM_013167): sense
5'- CAAAGGAACGGACCACTCCA-3' and anti-sense 5'-
CTCCAGTTCCCAGGCGTATC-3’, IDH2 (accession number
NM_001014161.1): sense 5'- AAGCCCATCACCATTGGCAG-3'
and anti-sense 5'- CCGAAATGGACTCGTCGGTG-3/, Slc25a21
(accession number NM_133614): sense5’ - AGGAAGACTTAGG
TATGAGTCAGAA-3' and anti-sense 5- TCACATTTTAAC
TCAGCACTCACAA-3, B-actin (accession number
NM_001101): sense 5'- TGTGTTGGCGTACAGGTCTTTG-3
and anti-sense 5- GGGAAATCGTGCGTGACATTAAG-3'.
The temperature range to detect the melting temperature of
the PCR product was set from 60 to 95°C. The housekeeping
gene B-actin was measured for each sample as an internal PCR
control for sample loading and normalization. The specificity
of the primers was verified by examining the melting curve
as well as by subsequent sequencing of the PCR products. To
determine the relative quantitation of genes expression for both
target and housekeeping gene, the comparative C; method with
arithmetic formulae was used (Livak and Schmittgen, 2001).
Subtracting the C; of the housekeeping gene from the C; of the
target gene yields the AC; in each group, which was entered
into the equation 27 22C! and calculated for the exponential
amplification of PCR. B-Actin was used for calculation of AC; in
presentation of results.

Western Blotting Analysis

Hippocampal tissues of male offspring were homogenized
in the presence of lysis buffer consisting of 60 mM Tris-
HCI, 2% sodium dodecyl sulfate (SDS), 10% sucrose, 2 mM
phenylmethylsulfonyl fluoride (Merck, Darmstadt, Germany),
1 mM sodium orthovanadate (Sigma-Aldrich) and 10 pg/ml
aprotinin (Bayer, Leverkusen, Germany). The lysates were
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quickly centrifuged at 4°C. The supernatant was collected and
protein concentration was assayed using a modified Bradford
assay. The samples were then diluted in sample buffer (250 mM
Tris-HCI, 4% SDS, 10% glycerol, 2% p-mercaptoethanol and
0.002% bromophenol blue) and boiled for 10 min. Protein
load was 30 pg per lane in 10% SDS-PAGE and subsequently
transferred to nitrocellulose membranes. The blots were blocked
with 5% skim milk powder in 0.1% Tris-buffered saline/Tween
20 at room temperature for 2 h, then incubated with antibodies
against UCP3 (ab3477, Abcam), IDH2 (ab131263, Abcam)
and Slc25a21(ab167033, Abcam) at a dilution 1:500 to 1:1000
overnight at 4°C. After 3 washes with Tris-buffered saline/Tween
20, the membrane was incubated with the secondary antibodies
of horseradish peroxidase-conjugated antibody for 1 h at
room temperature. Immunoreactive proteins were detected
and visualized using the enhanced chemiluminescence western
blot detection system (Santa Cruz Biotechnology). To control
sampling errors, the ratio of band intensities to P-tubulin or
GAPDH (Sigma-Aldrich) was obtained to quantify the relative
protein expression level.

Isolation of Mitochondria

Mitochondria of hippocampus were isolated using Mitochondria
Fractionation Kit (Beyotime) as previously described (Du et al,,
2016). Briefly, the hippocampus tissues were quickly removed
from adult male offspring and placed in chilled isolation media
(0.25 M sucrose, 10 mM Tris-HCI buffer, pH 7.4, 1 m MEDTA,
and 250 pg BSA/ml). The tissues were minced and washed with
the isolation medium, and 10% (w/v) homogenates were ready.
Nuclei and cell debris were sedimented by centrifugation at 600 g
for 10 min at 4°C and discarded. The supernatant was subjected
to centrifugation at 10,000 g for 10 min at 4°C. The resulting
mitochondrial pellets were suspended in the isolation medium.

Detection of Mitochondrial Superoxide

Production

MitoSOX (Molecular Probes, Invitrogen, Carlsbad, CA,
United States), a cell-permeable probe, can accumulate
specifically in mitochondria and become fluorescent after
oxidation by superoxide. MitoSOX was dissolved in DMSO
immediately before use, and then added into isolated
mitochondria at a final concentration of 5 pM (DMSO
diluted to less than 0.1%). After 30 min, the media were replaced
with 100 pl HEPES buffered saline (10 mM HEPES, pH 7.4,
150 mM NaCl, 5 mM KCI, 1 mM MgCl,, and 1.8 mM CaCl,);
then, red fluorescence was obtained at 485 nm excitation and
590 nm emission using a Synergy TM fluorescence plate reader
(Bio-Tek Instruments).

Assessment of Mitochondrial Membrane

Potential

Mitochondrial membrane potential was detected with
the fluorescent probe JC-1 (Sigma-Aldrich), which exists
predominantly in monomeric form in cells with depolarized
mitochondria and displays fluorescent green. Cells with polarized
mitochondria predominantly contain JC-1 in aggregate form and

show fluoresced red. Loading was done by incubating isolated
mitochondria with 2 wM JC-1 for 15 min. After staining, the
red fluorescent signals were excited at 530 nm and detected at
630 nm, and the green fluorescence was excited at 488 nm and
detected at 530 nm using a Synergy TM fluorescence plate reader.
The ratio of red and green fluorescence indicates mitochondrial
membrane depolarization.

Measurement of Mitochondrial ATP

Concentration

Isolated mitochondria were homogenized in a protein extraction
solution (Pierce). The supernatant after centrifugation at 10,000 g
for 10 min was subject to determination of ATP concentration,
using an ATP bioluminescence assay (Beyotime). Light emitted
from a luciferase-mediated reaction was measured by a tube
luminometer (Tecan).

Intracerebroventricular (ICV) Injection

Eighteen male offspring were randomly picked up from Dex
group and then randomly divided into 3 groups (n = 6 in
each group): vehicle and mitoTEMPO (0.02 and 0.2 pmol/kg).
They were anesthetized with 10% chloral hydrate (0.33 mg/kg,
ip.) and placed in a stereotaxic apparatus (Stoelting Co.,
Wood Dale, IL, United States). At first, stainless steel guide
cannulas were implanted in lateral ventricle using stereotactic
co-ordinates (AP = -0.8 mm, L = +1.5 mm, and DV = -
3.6 mm) (Stengel et al., 2011), and fixed to the skull with dental
cement and one metal screw. After one week recovery, the rats
were anesthetized continuously with 2.5% halothane, and then
mitoTEMPO (Sigma-Aldrich) at the dosage 0.02 or 0.2 pmol/kg
(5 LL) was injected into the left ventricle at the rate of 1 pL/min
by Hamilton syringe. Equal volume of saline was injected into
the left ventricle of the vehicle animals. The infusion needle was
left in place for an additional 5 min after each infusion and then
slowly withdrawn. This injection was taken once a day for 4 days.
Then, behavioral tests were performed on all of animals.

Electron Microscopy

Hippocampus specimens were immediately placed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, sectioned to
~1 mm?, and incubated in the same glutaraldehyde solution
for 12 h at room temperature. Samples were postfixed in 1%
osmium tetroxide for 1.5 h, then dehydrated in increasing
concentrations of alcohol, immersed in propylene oxide, and
embedded in Araldite 502 resin at 60°C. Ultrathin sections
were placed on grids and stained with uranyl acetate and
lead citrate. The ultrastructure of hippocampus was observed
under a transmission electron microscope (JEOL 1010; JEOL,
Akishima, Japan).

Statistics

Data were presented as mean £ SEM. All data were tested
for homogeneity of variance by the Bartlett test at first, and
then analyzed using one or two-way ANOVA followed by
Dunnett’s or LSD post hoc test, where appropriate. P < 0.05 was
considered significant.
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FIGURE 1 | Prenatal Dex exposure induces depression-like behavior and increases circulatory GC level in adult offspring. Pregnant rats were administered Dex at
0.1 mg/kg/d during GD14 to 21. Behavioral tests and determination of corticosterone concentration in blood were performed on male offspring rats at adult (9-week
old). Immobile time of FST (A); sucrose preference test (B); corticosterone level (C). Data are presented as means 4+ SEM (n = 10). **P < 0.01 vs. control. Con,

RESULTS

Prenatal Dex Exposure Induces
Depression-Like Behavior and Increases
Circulatory Corticosterone Level

As shown in Figures 1A,B, immobile time in the FST
was significantly increased whilst sucrose preference was
significantly reduced in male Dex offspring compared with
control offspring (P < 0.01).

It has been reported that increased hypothalamic-pituitary-
adrenal (HPA) activity contributes to depression-like behavior
induced by prenatal GC exposure (Shoener et al., 2006; Xu et al.,
2018). We therefore examined circulating corticosterone level in
offspring with prenatal Dex exposure. As shown in Figure 1C,
corticosterone level in circulation was significantly higher in Dex
offspring than that in control offspring (P < 0.01).

Prenatal Dex Exposure Leads to
Mitochondrial Dysfunction in

Hippocampus

The hippocampus is the key brain region responsible for affective
and behavioral functions and is sensitive to steroid hormones
(Miller and O’Callaghan, 2005; Snyder et al., 2011). To identify
the key genes in hippocampus that mediate depression-like
behavior, we performed microarray analysis to compare the
gene expression profiles in hippocampus of Dex offspring and
control offspring (Xu et al., 2018). Among the regulated genes,
UCP3, Slc25a21 and IDH?2 are the genes related to mitochondrial
function. Using Q-PCR, we confirmed that UCP3 expression was
significantly upregulated whilst Slc25a21 and IDH2 expression
was significantly downregulated in Dex offspring compared with
control offspring (P < 0.01, Figures 2A-C). Consistently, western
blotting analysis showed that the protein level of UCP3 was
significantly increased whilst the levels Slc25a21 and IDH2 were
significantly decreased in Dex offspring compared with control
offspring (P < 0.05, Figures 2D-F).

Next, we assessed the effect of prenatal Dex exposure on
mitochondrial function in the hippocampus. As shown in
Figures 3A-C, prenatal Dex exposure resulted in a significant
decrease in ATP production (P < 0.01 vs. control) and
mitochondrial membrane potential (P < 0.05 vs. control), as well

as a significant increase in mitochondrial superoxide production
(P < 0.01 vs. control).

The ultrastructure of mitochondria in hippocampus was then
determined by transmission electron microscopy. As shown in
Figure 3D, male Dex offspring showed mitochondrial damage,
including a decrease in cristae density or even disappearance,
vacuole formation by mitochondrial outer membrane extension,
and intermembrane space expansion (Figure 3D).

MitoTEMPO Administration Ameliorates
Depression-Like Behavior in Dex

Offspring

MitoTEMPO is a mitochondria-targeted antioxidant with
superoxide and alkyl radical scavenging properties (Hu and
Li, 2016). We then examined the effect of MitoTEMPO
administration on depression-like behavior in Dex offspring.
Adult Dex rats were received ICV injection of MitoTEMPO
(0.02 or 0.2 wmol/kg, 5 wL) for 4 days prior to behavioral tests.
As shown in Figures 4A,B, injection of MitoTEMPO at the
dosage of 0.02 pmol/kg had no significant effect on depression-
like behavior, while administration of 0.2 pmol/kg MitoTEMPO
significantly decreased depression-like behavior as evidenced by
increased sucrose preference and a decrease in immobile time in
FST compared to those with vehicle injection.

Given that increased corticosterone level in circulation
contributes to depression-like behavior, we examined the level
of corticosterone in response to MitoTEMPO administration.
As shown in Figure 4C, there was no significant difference
in corticosterone level among injection with 0.2 pmol/kg
MitoTEMPO and vehicle injection groups.

Treadmill Exercise Ameliorates
Depression-Like Behavior, Reduces
Circulatory Level of Corticosterone and
Improves Mitochondrial Function in Dex
Offspring

As mentioned, exercise could be an adjuvant treatment approach
for depression, we therefore applied treadmill exercise to 4-
week old Dex offspring in order to determine the impact of
exercise on depression-like behavior in early life. As shown
in Figures 5A,B, these rats with exercise training displayed
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FIGURE 2 | Effects of prenatal Dex exposure on hippocampal UCP3, Slc25a21 and IDH2 expression in adult offspring. Pregnant rats at GD 14 to 21 were
subcutaneously administered either 0.1 mg/kg/d Dex or vehicle (0.9% saline) once a day for 7 days. Hippocampal tissues were obtained from adult offspring rats
(9-week old). UCPS (A), Sic25a21 (B), and IDH2 (C) mRNA level was determined by Q-PCR. Protein level of UCP3 (D), Slc25a21 (E), and IDH2 (F) was determined
by western blot analysis. Representative protein bands are presented above corresponding histogram. Data are presented as means + SEM (n = 10/group).
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FIGURE 3 | Effects of prenatal Dex exposure on mitochondrial function and morphology in hippocampus of adult offspring. Pregnant rats at GD 14 to 21 were
subcutaneously administered either 0.1 mg/kg/d Dex or vehicle (0.9% saline) once a day for 7 days. Mitochondria were isolated from the hippocampus of adult
offspring rats (9-week old) for determination of ATP production (A), mitochondrial superoxide production (B), and membrane potential (C) as described in Section
“Materials and Methods”. Mitochondrial morphology (D) was determined by transmission electron microscopy. Data are presented as means + SEM (n = 10/group).
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improvement of depression-like behavior in adult. Sucrose
preference was significantly increased and the immobile time in
FST was significantly decreased in Dex offspring with exercise
training compared those in Dex offspring without exercise
training. In addition, circulatory level of corticosterone was lower
in Dex offspring with exercise than that in Dex offspring without
exercise (Figure 5C).

We then assessed the effect of treadmill exercise on
mitochondrial function and morphology in hippocampus.
As shown in Figures 6A-C, Dex offspring with treadmill
exercise showed a significant increase in ATP production and
mitochondrial membrane potential and a significant decrease
in mitochondrial superoxide production compared with those
without exercise (P < 0.01).
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FIGURE 4 | ICV administration of MitoTEMPO improves depression-like behavior and reduces circulatory corticosterone level in Dex offspring. Male Dex offspring
received ICV administration of MitoTEMPO (0.02 or 0.2 umol/kg, 5 nlL/day) for 4 days. Sucrose preference test (A), FST (B) and corticosterone concentration in
blood (C) were then determined. Data are presented as means + SEM (n = 6/group). **P < 0.01 vs. control.

FIGURE 5 | Effects of treadmill exercise on depression-like behaviors and circulatory corticosterone level in Dex offspring. Dex offspring at 4-week old received
4 weeks of treadmill exercise. Then, sucrose preference test (A) and FST (B), and corticosterone concentration in blood (C) were determined. Data are presented as
means + SEM (n = 6/group). **P < 0.01 vs. Dex. Dex, dexamethasone; CORT, corticosterone.
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FIGURE 6 | Effects of treadmill exercise on mitochondrial function and morphology in Dex offspring. Dex offspring at 4-week old received 4 weeks of treadmill
exercise. Then, mitochondria were isolated from hippocampus for the determination of ATP production (A), mitochondrial superoxide production (B), and membrane
potential (C) as described in Section “Materials and Methods”. Mitochondrial morphology (D) was determined by transmission electron microscopy. Data are
presented as means + SEM (n = 10/group). **P < 0.01 vs. Dex. Dex, dexamethasone.
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Electron microscopy analysis showed that mitochondrial
morphology in hippocampus was greatly improved in
Dex offspring with exercise compared with those without
exercise (Figure 6D).

DISCUSSION

In the present study, we confirmed that prenatal GCs exposure
induces depression-like behavior and increases HPA activity,

demonstrated that mitochondrial dysfunction in hippocampus
occurred in Dex offspring, and found that depression-like
behavior was ameliorated by administration of a mitochondria-
targeted antioxidant into the brain. Moreover, we also showed
that treadmill exercise intervention in early life can reverse the
above behavior outcome and mitochondrial alternations in brain.
Our data indicates that mitochondria dysfunction contributes to
Dex programming behavior and that exercise reversion of this
behavior outcome is associated with recovery of mitochondrial
function and morphology in the hippocampus.
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As mentioned previously, the hippocampus is the key
brain region in cognitive, affective and behavioral functions
and is a highly plastic structure that is sensitive to steroid
hormones (Miller and O’Callaghan, 2005; Snyder et al., 2011).
Our previous study has shown that prenatal Dex exposure
leads to significant changes in 149 genes in hippocampus
(Xu et al, 2018). We noted that several genes including
UCP3, IDH2 and Slc25a21 are the regulators of mitochondrial
function, glycolysis and oxidative stress. UCP3 belongs to a
family of mitochondrial transporter proteins that mediates
a regulated permeabilization of the mitochondrial inner
membrane to protons (Chakravarty et al, 2013; Giralt
and Villarroya, 2017). IDH2 is an NADP(+)-dependent
mitochondrial protein that regulates mitochondrial redox
status through its role in intermediary metabolism and energy
production (Han et al., 2017). Slc25a21 is a member of the
mitochondrial carrier subfamily of solute carrier protein
genes and functions as a gated pore, translocating ADP from
the mitochondrial matrix into the cytoplasm to maintain
the cytoplasmic phosphorylation potential for cell growth
(Gutierrez-Aguilar and Baines, 2013). Consistent with the
functional role of these factors, we found that hippocampal
mitochondria exhibited oxidative stress and impairment
of energy production as evidenced by an increase in ROS
production and a decrease in ATP production and reduced
mitochondrial membrane potential in Dex offspring. It is known
that increased ROS content would cause mitochondria damage
such as leading to swollen and reduction of cristae density
(Wang et al., 2012). Consistently, morphology of mitochondria
showed a dramatic reduction of cristae density and vacuole
formation by mitochondrial outer membrane extension and
intermembrane space expansion in Dex offspring. As UCP3
plays an important role in permeabilization of the mitochondrial
inner membrane to protons, the above morphological changes
are at least partly attributed to changed UCP3 expression
in Dex offspring.

Mitochondria are essential for the life of the cell as they
are well-known ATP producers. In the brain, mitochondria
are also crucial for the processes of neuroplasticity, including
neural differentiation, neurite outgrowth, neurotransmitter
release and dendritic remodeling (Mattson et al., 2008).
Given that depression development is associated with
abnormal neurogenesis and synaptic formation in some
brain regions (Pilar-Cuellar et al, 2014; Gulbins et al,
2015), increasing lines of evidence have indicated that
mitochondrial disturbances are involved in the development
and progress of depression (Gardner and Boles, 2011;
Marazziti et al., 2011). In animal models of depression
induced by chronic mild stress, the collapse of mitochondrial
membrane potential, inhibited mitochondrial respiration
rates and destroyed mitochondrial ultrastructure have
been reported (Gong et al., 2011). In the model of LPS-
induced depression, mitochondrial dysfunction is believed
to play a central role in the pathogenesis of depressive
behavior (Chen et al., 2017). Some studies have also shown
that prenatal stress resulted in mitochondrial malfunction,
which may play a role in depression (Chakravarty et al., 2013;

Glombik et al., 2016). In the present study, we have also
provided the evidence that mitochondria dysfunction
contributes  to  depression-like  behavior  caused by
prenatal Dex exposure.

There is now substantial evidence that exercise could
effectively ameliorate depressive symptoms (Chen et al,
2016; Null et al,, 2017; Morgan et al, 2018). Our previous
studies also showed that swimming exercise is beneficial to
depression-like behavior induced by prenatal Dex exposure
(Liu et al, 2013). The present study showed that treadmill
exercise can also improve depression-like behavior induced
by prenatal Dex exposure. Studies from Wen et al. (2014)
have indicated that anti-depressive actions of exercise may,
in part, be due to a reversal of mitochondrial dysfunction.
Moreover, a number of studies have shown that exercise could
improve mitochondrial function and increased anti-oxidant
enzymes in the nervous tissue. For instance, Dos Santos et al.
(2017) showed physical exercise during the developmental
period may protect against brain oxidative damage caused
by chronic stress exposure later in life. In the present study,
we showed that exercise ameliorates depression-like behavior
whilst improves mitochondrial function in Dex offspring,
indicating that improvement of mitochondrial function
contributes to exercise ameliorating the behavior programmed
by prenatal sGC exposure.

Many studies have demonstrated that prenatal sGC
exposure programs the HPA axis and subsequently leads
to increased HPA activity (Liu et al., 2013; van Bodegom
et al., 2017). It is known that increased HPA activity is one
of key factors responsible for development of depression
(Keller et al., 2017; Juruena et al., 2018). Here, we showed
that exercise also reduced circulatory level of corticosterone
in Dex offspring, which suggests that exercise improvement
of depression-like behavior is also associated with reversion
of higher HPA activity in Dex offspring. Of note, we found
that administration of the mitochondria-targeted antioxidant
MitoTEMPO could not reduce circulatory level of corticosterone
in Dex offspring, suggesting that mitochondria dysfunction
may not be involved in increased HPA activity caused
by prenatal Dex exposure. The mechanisms underlying
prenatal sGC programming HPA activity remain to be
further investigated.

In conclusion, we found that prenatal sGC exposure
results  in  depression-like  behavior, = accompanied
by alterations in mitochondrial function, and that
intervention with exercise improves both depression-
like behavior and mitochondrial dysfunction. Our
results suggest that exercise may recover mitochondrial
function, thereby ameliorating depression caused by
prenatal sGC exposure.
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Voluntary Wheel Running Reverses
Deficits in Social Behavior Induced
by Chronic Social Defeat Stress in
Mice: Involvement of the
Dopamine System

Jing Zhang, Zhi-xiong He, Li-min Wang, Wei Yuan, Lai-fu Li, Wen-juan Hou, Yang Yang,
Qian-gian Guo, Xue-ni Zhang, Wen-qi Cai, Shu-cheng An* and Fa-dao Tai*

Institute of Brain and Behavioral Sciences, College of Life Sciences, Shaanxi Normal University, Xi’an, China

Voluntary exercise has been reported to have a therapeutic effect on many psychiatric
disorders and social stress is known to impair social interaction. However, whether
voluntary exercise could reverse deficits in social behaviors induced by chronic social
defeat stress (CSDS) and the underlying mechanism remain unclear. The present study
shows CSDS impaired social preference and induced social interaction deficiency in
susceptible mice. Voluntary wheel running (VWR) reversed these effects. In addition,
CSDS decreased the levels of tyrosine hydroxylase in the ventral tegmental area and
the D2 receptor (D2R) in the nucleus accumbens (NAc) shell. These changes can
be recovered by VWR. Furthermore, the recovery effect of VWR on deficits in social
behaviors in CSDS mice was blocked by the microinjection of D2R antagonist raclopride
into the NAc shell. Thus, these results suggest that the mechanism underlying CSDS-
induced social interaction disorder might be caused by an alteration of the dopamine
system. VWR may be a novel means to treat CSDS-induced deficits in social behaviors
via modifying the dopamine system.

Keywords: voluntary wheel running, chronic social defeat stress, dopamine system, D2 receptors,
nucleus accumbens

INTRODUCTION

Social interaction disorders such as social avoidance and lack of desire for social interaction are
common symptoms of psychiatric disorders (Miyoshi and Morimura, 2010; Rosa et al., 2018). Social
interaction disorders can be induced by social stress such as bullying and workplace harassment
(Bonafons et al., 2009; Halabi et al., 2018). Chronic social defeat stress (CSDS) is widely used
for research on the social stress in animal models (Krishnan et al., 2007; Rosa et al., 2018). In
general, mice show a tendency to investigate novel same-sex conspecifics (Murugan et al., 2017).
Previous reports showed that CSDS can reduce the tendency to interact with other individuals
in susceptible mice, and symptoms include social avoidance and decreased social sniffing (Jin
et al., 2015; Huang et al., 2016). This effect can last at least 3 weeks after the last day of CSDS
(Krishnan et al., 2007; Razzoli et al., 2011). However, the mechanisms in the brain underlying the
changes induced by CSDS in these social behaviors are currently poorly understood. An improved
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understanding of these mechanisms is critical in finding novel
treatment options for these social interaction disorders.

Growing evidence shows that the dysfunction of mesolimbic
dopamine (DA) neurons negatively impacts behavioral responses
to social stress (Trainor, 2011). The mesolimbic DA pathway
is composed of several brain regions, including the ventral
tegmental area (VTA), the nucleus accumbens (NAc), and the
medial prefrontal cortex (mPFC). The VTA and its projections
to NAc allow an organism to identify and learn about outcomes
that are associated with stimuli, as well as to initiate appropriate
approaches or avoidance responses (Wise, 2004). CSDS decreases
social sniffing in susceptible mice in social interaction tests, which
might involve a dysfunction of the DA receptor (Jin et al., 2015;
Huang et al, 2016). In addition, injection of DA can rescue
such deficits in social interaction in Dcfl (dendritic cell factor
1, also known as TMEM59) mice, which are gene knockout
mice with social interaction disorder (Liu et al., 2017). Thus, we
hypothesize that CSDS-induced social interaction disorder might
involve alterations in the DA system.

The NAc is a major projection site of dopaminergic neurons,
which contain high levels of D1 and D2 dopamine receptors
(D1R and D2R). Recent findings show that D2R in the NAc core
increases only when exposed to social defeat stress in adolescent
rats; however, no significant D2R alteration was observed in
the same region in adolescent rats exposed to foot-shock stress
(Burke et al., 2011). A further report showed that chronic passive
exposure to aggression decreases D2R densities in the NAc shell
in rats (Suzuki et al, 2010). In addition, only a significant
decrease of DIR was observed in the prefrontal cortex (PFC) in
CSDS mice, while no significant difference of D2R was observed
(Huang et al., 2016). Another study reported that CSDS exerts
no significant effects on D1R and D2R expression in PFC in
CSDS mice (Jin et al., 2015). Thus, effects of CSDS on the levels
of DIR and D2R are region-specific and stress-type-dependent.
More studies are required to investigate the effects of CSDS on
levels of D1R and D2R in different brain regions.

Clinical studies showed that exercise has significant effects
in ameliorating psychiatric disorders, the efficacy of which
is as good as that of the drug sertraline, which is used to
treat psychiatric disorders. Moreover, exercise treatments have
lower recurrence rates of psychiatric disorders and side effects
than sertraline (Blumenthal et al., 2007; Hoffman et al., 2011).
Voluntary wheel running (VWR) is a type of voluntary exercise
that is regularly used in pre-clinical studies. VWR is a natural
exercise intervention (Mul, 2018), similar to human motivation
to exercise. A recent report showed that VWR reverses high
levels of defensive/submissive behaviors induced by a single social
defeat stress in Syrian hamsters (Kingston et al., 2018). Otsuka
et al. pointed out that voluntary running on a wheel for 2 h can
reduce the social avoidance behavior induced by CSDS (Otsuka
et al., 2015). However, whether brain monoamine levels are
altered by VWR remains unclear. The activation of DA receptors
was found to contribute to VWR (Correa et al., 2016; Zhu et al.,
2016). Thus, whether VWR can treat social interaction disorder
induced by CSDS remains largely unknown. Furthermore, it
remains unclear whether VWR ameliorates social interaction
disorder via alteration of the DA system.

Hence, this study first examined the effects of VWR on
CSDS-induced alterations of the social behavior and DA system
in mice. Second, this study investigated whether VWR can
reverse the CSDS-induced alteration of the DA system. Lastly,
this study explored whether DA receptors play an essential
role in the reversal of CSDS-induced alteration of social
interaction via VWR.

MATERIALS AND METHODS

Animals

Healthy male C57BL/6] mice (7-8 week) and retired breeding
mice of CD1 male mice (6 months) were purchased from the
Laboratory Animal Breeding and Research Center of The Fourth
Military Medical University and from Xi’an Jiaotong University
(Xi’an, China), respectively. Mice were fed in a controlled room
(Temperature: 22 £ 2°C, Humidity: 60 £ 5%, 12 h/12 h:
light/dark cycle, 06:30/18:30) with access to food and water
ad libitum. All procedures were approved by the Animal Care
and Use Committee of Shaanxi Normal University and were in
accordance with the Guide for the Care and Use of Laboratory
Animals of China.

CSDS Paradigm

After 7 days of acclimation, C57BL/6] mice were randomly
assigned to two groups: control group (NC, n = 12) and CSDS
group (SD, n = 38). Mice from the SD group underwent
a repeated social defeat stress paradigm (Figures 1A,B). The
resident-intruder social stress paradigm was applied as previously
reported with a slight modification (Golden et al.,, 2011). CD1
mice were selected on the basis of their attack latency (shorter
than 30 s on three consecutive screening tests) and were classified
as aggressive residents. The resident CD1 mouse remained solely
in its own home cage. A C57BL/6] mouse as an intruder was
exposed to a strange resident CD1 mouse. After 10 min of
confrontation, they were separated via holed clear perforated
acrylic glass (allowing the animals to see, hear, and smell each
other, but preventing physical contact). They were exposed to
chronic stress in the form of this threat for the next 24 h. In
case the CD1 severely attacked the C57BL/6], the defeat bout was
immediately interrupted by the experimenter (Figure 1B). After
24 h, the intruder mouse was exposed to another strange resident
CD1 mouse. The paradigm was consistently conducted between 2
pmand 5 pm for 10 days. Control group mice were pair-housed in
similar cages and took turns in different cages every day; however,
these were not treated to CSDS.

Social Avoidance Test

The social approach and avoidance behaviors of mice in the SD
group (n = 38) were observed 1 day after CSDS. Before the
tests, experimental mice were placed into the behavioral testing
room for at least 1 h. The social approach and avoidance test
consisted of a two-trial procedure under dimly lit conditions:
during the first 2.5 min of the test (target absent condition),
the experimental mouse was allowed to freely explore a square
shaped open filed arena (48 x 48 cm) containing a mesh cage
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defeat stress. (C) Voluntary wheel running was used in this study. (D) Scheme of the social approach and avoidance test. (E) Scheme of the three-chambered social

" &

(7 cm x 7 cm x 14 cm high) placed on one side of the interactive
arena. The experimental C57BL/6] mouse was then removed
from the testing arena for 1 min and placed into a separate
cage. In the second 2.5 min of the test (target present condition),
the experimental mouse was reintroduced into the arena, which
contained a novel CD1 mouse in a mesh cage. “Interaction Zone”
(16 x 28.8 cm) and “Corner Zone” (9.6 x 9.6 cm) were assigned
as previously reported with a slight modification (Golden et al.,
2011; Figure 1D). The duration was also recorded and scored
using an automated video tracking system (Shanghai Xinruan
Information Technology Co., Ltd., China). The interaction ratio
was calculated as (interaction time, target present)/(interaction
time, target absent) and normalized to 100. Susceptible and
unsusceptible mice were separated based on the interaction ratio:
mice with scores <100 were defined as “susceptible” and those
with scores >100 were defined as “unsusceptible” or resilient

(Chaudhury et al., 2013). Between sessions, the box was cleaned
with 70% ethanol and dried with paper towels. From the 38 mice
exposed to CSDS, 24 were susceptible and 14 were unsusceptible.
Susceptible animals were used for the following study.

Exercise Protocol

To test the effects of voluntary exercise on behavioral alteration
induced by CSDS, susceptible animals were separated into SD
group and SD + VWR group. Mice from the SD group were
CSDS mice that were exposed to a locked wheel for 21 days.
The mice from the SD + VWR group were CSDS mice that
were constantly exposed to VWR for 21 days (Figures 1A,C).
Control group mice were normally fed for 21 days. Exercise
training was performed using a wheel with a diameter of 160 mm,
corresponding to 0.5 m per revolution (Shanghai minlylab hi-
tech development, Shanghai, China).
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Behavioral Test

Three-Chambered Social Test

After 21 days of VWR, the experimental mice were moved to
the behavioral testing room for an adaptation of at least 1 h.
The social test apparatus consisted of a box with three chambers
(60 cm x 40 cm x 22 cm) under dimly lit conditions. First,
the mouse was placed into the middle chamber and allowed to
habituate for 10 min to three-chambers containing two empty
mesh cages (7 cm x 7 cm x 14 cm) in each side-chamber. For the
sociability test, an unfamiliar mouse (Stranger 1) was introduced
into one of the mesh cages in one of the side chambers, leaving an
empty mesh cage in the other side chamber. Then, the mouse was
allowed to freely explore all three chambers for 10 min. Next, for
the social preference test, a novel stranger mouse (Stranger 2) was
introduced into the mesh cage that was previously empty, and the
test mouse was again allowed to explore for 10 min (Figure 1E).
The duration of the investigation was also recorded and scored
using an automated video tracking system (Shanghai Xinruan
Information Technology Co., Ltd., Shanghai, China).

Social Interaction Test

Behaviors of mice from different groups were observed during the
social interaction test. The social interaction apparatus consisted
of an open opaque acrylic box (37 x 27.5 x 18 cm). Each test
mouse and an unfamiliar mouse of the same genetic background
with similar weight and age were carefully and individually placed
in the cage. They were separated via a paperboard to adapt to
the new surroundings for 15 min. Then, the paperboard was
removed and the following behaviors were recorded for 10 min
using a digital video camera (Figure 1F): aggression, climbing
(or mounting, crawling under or over), defensive (including
escaping and surrender), exploration, freeze, and grooming. The
total duration and frequency of these behaviors were scored
using ] Watch software! by a researcher who was blind to the
experimental design. All behavioral analyses have been described
previously (Jia et al., 2009; Zeng et al., 2010; Huang et al., 2016;
Wang et al., 2018).

Immunofluorescence

Mice from different groups (n = 6 for each group) were
anesthetized with pentobarbital sodium and transcardially
perfused with 0.1 M PBS buffer (pH 7.4) followed by 4%
paraformaldehyde. The brains were rapidly removed and
immersed in 4% paraformaldehyde for 5-7 days, following 20%
and 30% sucrose solution until saturated at 4°C. Afterward,
the brains were sectioned at 30 pm thickness on a freezing
microtome (CM1950, Leica, Germany) and used in the
following experiment.

These slices were dried for 10 min at room temperature, then
washed with 0.01 M PBS for 10 min, following incubation with
0.3% H,O; for 20 min, and washed for 3 x 5 min with 0.01 M
PBS. Next, sections were blocked in 5% BSA blocking solution
(containing 0.2% Triton X-100, Boster, China) for 30 min,
then preincubated for 60 min in blocking solution (normal
goat serum, AR0009, Boster Company, China). All incubations

Uhttp://www.jwatcher.ucla.edu/

were conducted in a dark humidifying box. After that, sections
were incubated overnight at 4°C. Tyrosine hydroxylase (TH)
immunofluorescence used purified rabbit polyclonal antibody of
TH (1:500, ab112, Abcam, United States) diluted in antibody
diluent (0.1 M PBS containing 60% bovine serum albumin).
On the second day, sections were washed 3 x 5 min, and
incubated in the goat anti-rabbit secondary antibody (SA1022,
Boster Company, China) for 60 min in a dark humidifying box.
All sections were visualized and images were captured with a
fluorescent microscope (FV-1000, Olympus, Japan). Then, TH-
immunoreactive (TH-ir) neurons in the VTA were bilaterally
measured using the Image-Pro Plus software (V6.0, Media
Cybernetics, United States).

Western Blot Analysis

The mice of different groups (n = 6 for each group) were
sacrificed with an overdose of sodium pentobarbital 24 h
after the behavioral tests. The mPFC, core and shell regions
of the NAc and VTA were bilaterally punched out using a
1.0 mm Harris Uni-Core micropuncher (Electron Microscopy
Sciences, Hatfield, PA, United States) according to the mice
brain atlases (Paxinos and Franklin, 2001). These regions
were then stored at —80°C until further processing. Brain
tissues were homogenized in ice-cold RIPA lysis buffer. Protein
concentrations were quantified with the BCA protein assay kit
(Thermo Fisher Scientific). Equal amounts of total protein were
separated via SDS-PAGE on 8-12% polyacrylamide gels and
transferred to a nitrocellulose membrane. The immunoblots were
incubated with primary antibodies overnight at 4°C followed
by incubation with the corresponding secondary antibodies
(1:10000, Zhong Shan Golden bridge Biotechnology, China)
at room temperature for 1 h. The blots were visualized
with ECL-plus reagent and the results were quantified with
a fully automatic chemiluminescence image analysis system
(Tanon2000). Quantification was conducted using the Image
Pro Plus software, and target protein data were normalized to
GAPDH band. The following primary antibodies were used:
DI1R (1:500, ab81296, abcam), D2R (1:1000, ab85367, abcam,
United States), TH (1:1000, ab112, abcam, United States), and
GAPDH (1:8000, NC020, Zhuangzhibio, China).

Stereotaxic Cannulation and

Microinjection

The additional C57BL/6] mice (SD + VWR group, n = 24)
received stereotaxic cannulation surgery following anesthesia
with pentobarbital sodium combined with a mixture of isoflurane
and oxygen under sterile conditions. 26-gauge stainless steel
guide cannulae (RWD, China) were implanted bilaterally, aimed
at the NAc shell (1.4 mm rostral, &= 0.5 mm bilateral, and
—4.5 mm ventral to the bregma). Finally, the cannulae were
affixed to the skull using dental cement. The D2R antagonist
raclopride (abcam, United States) was diluted in sterile saline
to obtain final concentrations of 5, 25, and 50 pg/pl. After
3 days of recovery, each mouse with normal activity (similar
to that of animals without surgery) received microinjection of
bilateral raclopride 1 png/0.2 pl (n = 6), 5 ng/0.2 ul (n = 6),
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and 10 png/0.2 pl (n = 6) or the same volume of saline (n = 6).
The volume of injection was 0.1 wl for each NAc shell. The
speed of injection was 0.1 pl/min and required about 1 min. The
injection cannula was left in position for an additional 1 min after
drug infusion. These doses were selected on the basis of previous
studies with a slight modification (van den Boss et al., 1988;
Miller and Lonstein, 2005; Benedetto et al., 2017; Steidl et al.,
2017). The three-chambered social test and social interaction test
were conducted within 30 min after microinjection. After the
behavioral tests were completed, all subjects were anesthetized,
and the brains were harvested. Then, the brains were cut into
30-pm sections on a cryostat to histologically verify the injection
sites. The experimental data of animals in which the cannula tips
were successfully located in the NAc shell were analyzed.

Statistical Analyses

According to one-sample Kolmogorov-Smirnov tests, all data
were normally distributed; therefore, parametric tests were
used for in statistical analyses. The results are presented as
mean £ SEM. Statistical analyses were performed using SPSS
version 20.0 (SPSS Institute, Chicago, IL, United States). A paired
sample f-test was used for analysis of data from sociality
and social preference tests. Multivariate analysis of variance
(ANOVA) was used to analyze the behavioral data of the social
interaction test. One-way ANOVA was employed to evaluate the
existence of differences among three or more groups. Once a
significant difference was detected, Tukey’s multiple comparisons
test was used to determine the significance between every two
groups. A p-value <0.05 was considered statistically significant.

RESULTS

VWR Improves CSDS-Induced Deficits in

Social Preference and Social Interaction
The three-chambered social test was used to investigate the effect
of VWR on the levels of sociability and social preference in CSDS-
induced mice. Paired-samples t-test showed that the mice from all
three groups spent more time investigating the chamber with the
strange mouse than the empty chamber, showing similar levels
of sociability (NC: ¢ (11) = 4.384, p < 0.01; SD: ¢ (11) = 2.724,
p < 0.05 SD + VWR: ¢ (11) = 6.938, p < 0.01) (Figure 2A).
However, when faced with the choice of either entering a familiar
chamber or a strange chamber, mice in the NC group and
SD 4+ VWR group spent less time investigating the chamber
with familiar mice than the chamber with strange mice (NC: ¢
(11) = —2.376, p < 0.05; SD + VWR: ¢ (11) = —4.707, p < 0.01).
However, there was no significant difference in the time spent by
mice of the SD group in chambers with familiar mice and strange
mice (t (11) = 0.157, p = 0.878), suggesting that VWR improved
CSDS-induced deficiency of social preference (Figure 2B).

The social interaction test was used to evaluate the effect
of VWR on social behaviors of CSDS mice. Multivariate
ANOVA showed that the total durations and frequency of
aggression (duration: F» 33 = 5.132, p < 0.05; frequency:
F 33 = 3.436, p < 0.05), climbing (duration: F, 33 = 5.351,
p < 0.05; frequency: F»33 = 4.595, p < 0.05), defensive

(duration: F 33 = 5.78, p < 0.01; frequency: F 33 = 5.768,
p < 0.01), exploration (duration: F; 33 = 6.424, p < 0.01;
frequency: F,33 = 4.69, p < 0.05), and freeze (duration:
F> 33 = 8.078, p < 0.01; frequency: F, 33 = 10.428, p < 0.01)
were significantly different between groups. CSDS significantly
decreased the duration of aggression (p < 0.05), climbing
(p < 0.05), and exploration behavior (p < 0.05), while
increasing the levels of defensive behavior (p < 0.01) and
freeze (p < 0.01) compared to NC groups. VWR significantly
reversed the effects of CSDS on aggression (p < 0.05), climbing
(p < 0.05), exploration behavior (p < 0.01), defensive behavior
(p < 0.05), and freeze (p < 0.01) compared to the SD group
(Figure 2C). CSDS significantly decreased the frequency of
climbing (p < 0.05) and exploration behavior (p < 0.05),
while increasing the levels of defensive behavior (p < 0.05)
and freeze (p < 0.01) compared to the NC group. VWR
significantly reversed the effects of CSDS climbing (p < 0.05),
exploration behavior (p < 0.05), defensive behavior (p < 0.05),
and freeze (p < 0.01) compared to SD groups (Figure 2D). This
result suggests that VWR improved CSDS-induced deficiency in
social interaction.

VWR Increases TH Levels in VTA of
CSDS Mice

Western blot analysis and immunofluorescence were used to
investigate the effect of VWR on TH levels in CSDS mice.
As shown in Figure 3, the expression of TH (F; 5 = 8.722,
p < 0.05) and the numbers of TH positive neurons
(F2,15 = 36.341, p < 0.01) in the VTA showed significant
differences between the three groups. The expression of TH
and the numbers of TH positive neurons in the VTA in
the SD groups were significantly lower than those in the
NC groups (expression of TH: p < 0.01, numbers of TH
positive neurons: p < 0.01), and significantly lower than
those in the SD + VWR groups (expression of TH: p < 0.05,
numbers of TH positive neurons: p < 0.01) (Figure 3). These
results indicate that TH in the VTA might be involved in
the reverse effects of VWR on deficits in CSDS-induced
social interaction.

VWR Increases Expressions of D2R in
NAc Shell of CSDS-Induced Mice

Western blot analysis was used to evaluate the effect of VWR on
expression levels of dopamine receptors in the mPFC and NAc of
CSDS mice. As shown in Figure 4, expression levels of DIR in
the mPFC (F2,15 = 1.884, p = 0.754), NAc core (F2,15 = 0.675,
p = 0.505), and NAc shell (F;,15 = 1.034, p = 0.561) were not
significantly different among the three groups. Expressions of
D2R in the mPFC (F; ;5 = 2.796, p = 0.083) and NAc core
(F2,15 = 0.61, p = 0.26) were not significantly different among
the three groups. However, D2R levels in the NAc shell of mice
in the SD group (p < 0.01) were significantly lower compared to
the NC group, and VWR up-regulated CSDS-induced decrease
in D2R expression in the NAc shell (p < 0.01) (Figure 4). These
results suggest that D2R in the NAc shell might be involved in
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FIGURE 2 | The effect of VWR on CSDS-induced alteration in sociability and social interaction. The sociability (A) and social preference (B) of mice were detected by
three-chambered social test. (A) *p < 0.05 and **p < 0.01, stranger 1 vs. empty. (B) *p < 0.05 and #p < 0.01, stranger 2 vs. familiar. The total durations (C) and
frequency (D) of social interaction behaviors were tested by social interaction test. n = 12. *p < 0.05 and **p < 0.01, vs. NC. *p < 0.05 and **p < 0.01, vs. SD.
NC, control group; SD, chronic social defeat stress; SD + VWR, SD + voluntary wheel running.

A B c
200
2.51 E i
=
% 2.0 < 150 N
- 2
49 B 15 g o
k-] g 1004 e ol
: 5 1.0 e =
NG A g " £
i 8 50
) g o0s §_ &
VIR S & & |

FIGURE 3 | The effect of VWR on CSDS-induced changes in TH levels in the VTA. (A) Location of the VTA. (B) The expression of TH in the VTA was measured by
western blot. (C,D) The numbers of TH positive neurons in the VTA was detected by immunofluorescence. Bar = 100 pm. n = 6. **p < 0.01, vs. NC. #p < 0.05, and
#p < 0.01, vs. SD. TH, tyrosine hydroxylase; NC, control group; SD, chronic social defeat stress; SD + VWR, SD + voluntary wheel running.
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FIGURE 4 | The effect of VWR on CSDS-induced changes in D1R and D2R levels in the mPFC and NAc. (A) Locations of the mPFC, NAc core and NAc shell. The
expressions of D1R in the mPFC (B), NAc core (C) and NAc shell (D) were measured by western blot. The expression levels of D2R in mPFC (E), NAc core (F) and
NAc shell (G) were measured by western blot. n = 6. **p < 0.01, vs. NC. #p < 0.01, vs. SD. D1R, dopamine D1 receptor; D2R, dopamine D2 receptor; NC, control
group; SD, chronic social defeat stress; SD + VWR, SD + voluntary wheel running.

the reversal of the effects of VWR on deficits in social interaction
induced by CSDS.

Raclopride Induced D2R Blockages in
the NAc Shell Induce Deficits in Social
Interaction in Mice of the SD + VWR
Group
To explore the involvement of D2R in the NAc shell on social
behaviors in mice of the SD + VWR group, raclopride (a
D2R specific antagonist) at dosages of 1, 5, and 10 g were
microinjected into the NAc of mice with SD + VWR via
stereotaxic apparatus (Figure 5A). Then, the three-chambered
social test and social interaction test were used to evaluate social
behaviors of mice after D2R blockage. In the three-chambered
social test, paired-samples t-test showed that mice spent more
time investigating the chamber with strange mice than the empty
chamber (saline: ¢ (5) = 4.161, p < 0.01, 1 pg: (¢ (5) = 4.356,
p <0.01),5 pg: (£ (5) =7.635, p < 0.01), and 10 pug ( (5) = 3.24,
p < 0.05), showing similar levels of sociability among all four
groups of mice (Figure 5B). However, when faced with the choice
of entering a familiar chamber or a strange chamber, only mice
microinjected with 10 pg of raclopride (t (5) = 5.795, p < 0.01)
showed a preference for familiar mice, while other groups showed
a significant preference for strange mice (saline: t (5) = —3.565,
p <0051 pg/ul: £ (5) = —2.913, p < 0.05 5 pug, t (5) = —2.767,
p < 0.05) (Figure 5C). These results suggest that D2R blockage
caused by 10 g of raclopride induced a social preference deficit
in mice with SD + VWR.

In the social interaction test, multivariate ANOVA showed
that the total duration of aggression (F30 = 3.159, p < 0.05),

defensive behavior (F3 9 8.234, p < 0.01), exploration
(F3,20 = 3.303, p < 0.05), and freeze (F3 20 = 3.435, p < 0.05) were
differed significantly among groups. No significant difference in
the total duration of climbing was found (Fs3 39 = 0.123, p = 0.946).
Tukey post hoc tests showed that the 10 pg group spent less
time engaging in aggression (p < 0.05), exploration (p < 0.05),
and grooming (p < 0.05), but spent more time engaging with
defensive behavior (p < 0.01) and freeze (p < 0.05) than the saline
group. Mice of the 10 png group spent more time engaging in
defensive behavior than mice of the 1 g group (p < 0.01) and
the 5 pg group (p < 0.01) (Figure 5D). Multivariate ANOVA
showed that the D2 receptors antagonists significantly changed
the frequency of aggression (F3 20 = 3.492, p < 0.05), defensive
behavior (F3 39 = 7.518, p < 0.01), and grooming (F3 20 = 3.402,
p < 0.05). Tukey Post hoc tests showed that mice of the 10 g
group exhibited a lower frequency of aggression (p < 0.05) and
a higher frequency of defensive behavior (p < 0.01) than the
saline group. Mice from the 10 pug group engaged in defensive
behavior more frequently than those of the 1 ug group (p < 0.01)
and the 5 pg group (p < 0.01). No significant differences were
found in the total frequency of climbing (F3 29 = 0.066, p = 0.978),
exploration (F3 39 = 0.593, p = 0.627), and freeze (F3 39 = 0.829,
p = 0.493) (Figure 5E). These data show that D2R blockage via
10 pg raclopride induced deficiency in social interaction in mice
with SD + VWR.

DISCUSSION

In this study, VWR reversed the impairment of social preference
and deficiency in social interaction induced by CSDS in
susceptible mice. In addition, the decreased levels of TH in the
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VTA and D2R in the NAc shell induced by CSDS were also up-
regulated by VWR. Furthermore, the recovery effect of VWR
in CSDS mice with regard to deficits in social interaction was
blocked by microinjection of the D2R antagonist raclopride into
the NAc shell. Thus, this study provides a novel method to
treat CSDS-induced social interaction disorder and verifies the
involvement of the dopamine system in this process.

VWR Reversed Impairment of Social
Preference and Deficiency in Social

Interaction Induced by CSDS

This study showed that CSDS impaired social preferences and
induced deficiency in social interaction. In the social preference
test, CSDS mice spent more time with familiar than novel mice.
These results are consistent with a previous report where defeated
mice exposed to aggressive CD1 mice did not display social
avoidance behavior toward a conspecific mouse (Desbonnet
et al, 2012). However, in this social preference test, CSDS
mice spent more time with familiar mice. In general, rodents
tend to investigate novel same-sex conspecifics (Murugan et al.,
2017). However, following exposure to social stress, rodents
choose familiar mice (Hammels et al., 2015). This is also in
agreement with previous studies where CSDS female mandarin
voles (Microtus mandarinus) showed avoidance behavior to
novel same-sex conspecifics (Wang et al., 2018). This suggests
that SD group mice had an increased amount of vigilance
when faced with novel mice and even displayed decreased

curiosity. In social interaction tests, the SD group showed
higher levels of defensive, freeze behavior, aggression, climbing,
and exploration compared to controls, which indicates a lack
of desire for social interaction. Disruption of natural social
behavior is a common symptom of neuropsychiatric disorder
(Miyoshi and Morimura, 2010). Previous studies showed that
CSDS could induce a deficiency in social interaction (Iniguez
et al., 2014; Yin et al., 2015). This result is also consistent with
previous reports indicating that CSDS induces social interaction
disorder in susceptible mice (Gray et al, 2015; Jin et al,
2015; Huang et al., 2016). Therefore, these findings support
the CSDS impaired social preference and induced deficiency in
social interaction.

Interestingly, VWR could reverse the impairment of social
preference and deficiency in social interaction induced by CSDS.
This is consistent with previous studies where exercise before or
in the process of CSDS can reverse social avoidance of defeated
mice (Otsuka et al., 2015; Mul et al., 2018). The time of VWR in
the present study is more similar to the treatment of psychiatric
disorders using antidepressants in human. This finding is
supported by several lines of evidence, reporting that physical
exercise can effectively relieve psychopathological disorders, and
the effect of exercise is similar to or more significant than that
of a psychological intervention and antidepressant treatment
(Blumenthal et al., 2007; Hoffman et al., 2011; Otsuka et al,,
2015; Kingston et al., 2018). These results suggest that voluntary
exercise is an effective way to treat social interaction disorders
induced by social stress.
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Effect of VWR on Levels of VTA TH in
CSDS Mice

Chronic social defeat stress also reduced the levels of TH in
the VTA. VWR reversed this alteration. The up-regulated levels
of TH might increase DA synthesis in the VTA, and increased
its release in dopaminergic neuron projection areas, such as
the NAc. VTA is the origin of dopaminergic neurons. Tyrosine
hydroxylase is a speed-limiting enzyme in dopamine synthesis
from tyrosine. Previous findings indicate that dopaminergic
neurons in the VTA and their projections to the NAc (but not
the mPFC) induced susceptibility to CSDS (Nestler and Carlezon,
2006; Chaudhury et al., 2013). A further report also showed that
dopaminergic neurons in the VTA project to the shell of the NAc
(Lammel et al., 2011). In addition, optogenetic phasic stimulation
of VTA DA neurons also induced a susceptible phenotype in
previously resilient TH-Cre mice that have been subjected to
CSDS (Chaudhury et al., 2013). The results of the present study
agree with these previous findings. Although these results show
that VWR reversed the decrease of both TH positive neurons
and TH expression in the VTA induced by CSDS, the reversing
effect of VWR on the decrease of TH positive neurons in the
VTA is more significant than the reversing effect on the decrease
of TH expression in the VTA. This discrepancy may be due
to methodological differences (immunofluorescence vs. Western
blot). The recovery effect of VWR on deficits in social interaction
of CSDS mice was related to the levels of TH in the VTA and their
projections areas.

Effect of VWR on Levels of NAc Shell

D2R in CSDS Mice

Western blot showed that CSDS decreased D2R protein
expression in the NAc shell. No significant difference in DIR
expression was observed between control and CSDS groups in
the mPFC, NAc core, and shell. These results are consistent
with a previous study where CSDS was reported to only alter
the dopaminergic projection from VTA to NAc, but had no
significant effects on projection from VTA to mPFC (Chaudhury
et al, 2013). An increasing number of studies showed that
the dysfunction of dopamine and its receptors is an important
cause of social defeat stress (Trainor, 2011; Huang et al., 2016).
Previous results showed that changes in D1R and D2R expression
induced by social stress are inconsistent. For example, D2R
density was reported to be elevated in the NAc after single
and repeated visible burrow system treatments (a chronic social
stress paradigm), but no change in DIR binding was observed
(Lucas et al., 2004). Eight weeks of social isolation did not
change the D2R expression in the NAc core or shell (Malone
et al,, 2008). No significant change was observed in adolescent
rats in the expression of D2R in the NAc after CSDS (Burke
et al, 2011). The results of this study are inconsistent with
these previous studies. Although caution needs to be applied in
the interpretation of these results, one possible explanation for
this inconsistency may be that the levels of the D2R fluctuation
depend on different stress. Another possible explanation is that
adolescent and adult animals may have different changes of DA
receptors in the brain after CSDS. However, the result of the

present study is supported by a previous study where chronic
passive exposure to aggression was reported to decrease D2R
densities in the cortical-accumbal regions (shell of the NAc and
cingulate and motor cortices) (Suzuki et al, 2010). Another
interesting finding is that 3 week of VWR in mice could increase
D2R levels in the NAc shell. Using the running wheel may be a
natural reward (Novak et al., 2012), and both genders displayed
a strong conditioned place preference associated with running
(Basso and Morrell, 2015). Young et al. pointed out that the
DA receptor in the NAc plays an important role in the motor
motivation underlying voluntary exercise (Park et al., 2016). The
results of the present study are inconsistent with a previous
report where the activation of dopamine D2/D3 receptors was
reported to contribute to the motivation for mice during VWR
training (Ebada et al., 2016). The strategy of direct control of
neural activity by using designer receptors exclusively activated
by designer drugs (DREADD) showed that manipulation of NAc
D2R neuron influences the running distance (Zhu et al., 2016).
A further possibility suggests that VWR or exercise training
increases daily food intake and this increased appetite may
possibly induce elevation of D2R expression in NAc. This is
possibly also associated with the observed reversal of VWR
effects in the present study since it has been reported that
increased food intake can also reduce social avoidance behavior
induced by mild chronic stress (Otsuka et al., 2015). The
results obtained in the present study agree with these previous
studies, showing that VWR increased the D2R expression in
the NAc shell. An increased running distance may improve
the therapeutic effect of voluntary exercise on social interaction
disorders. The effects of VWR on social interaction deficits
induced by CSDS may be initiated via the upregulation of D2R
in the NAc shell.

D2R Blockage in the NAc Shell Induces
Social Interaction Deficits in Mice With
SD+VWR

Consistent with the hypothesis of this study, the recovery
effect of VWR to CSDS mice on social interaction deficits was
blocked via microinjection of the D2R antagonist raclopride
into the NAc shell. The results that the VWR reverses CSDS-
induced social interaction deficit is consistent with effects
reported for antidepressants, which predominantly increase D2R
mRNA in the NAc shell (Ainsworth et al., 1998). In addition,
activation of D2R in the NAc also has an antidepressant effect
(Gershon et al., 2007). Increase of D2R expression in the
NAc of adult mice enhances motivation (Trifilieff et al., 2013).
However, mice exposed to CSDS displayed a lack of desire for
social interaction (Miyoshi and Morimura, 2010; Rosa et al.,
2018). Injection of a D2R agonist in the CSDS group might
improve deficits in social behavior. Therefore, it can be inferred
that impairments in social preference and deficiency in social
interaction could be reversed by voluntary exercise via activation
of D2R in the NAc shell.

Despite this clear result, this study has several limitations.
First, CSDS may affect the level of spontaneous running, and
therefore, a control group without CSDS should be included in
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future research. Second, DA agonist microinjection in the
SD group should be included in further investigations to
confirm whether exercising decreases CSDS-induced social
interaction disorder by increasing D2R in the NAc. Third,
although a number of studies reported that CSDS could
increase depression-like behaviors in rodents (Garcia-Garcia
et al, 2017; Fukumoto et al, 2018), future studies should
better test whether VWR could also reverse CSDS-induced
depression-like behaviors and whether the 5-HT system is
involved in this process.

CONCLUSION

In conclusion, this study showed that CSDS can impair social
preference and induce a deficiency in social interaction. These
effects could be reversed by VWR. Both the TH in the VTA
and D2R in the NAc shell may be involved in the processes
underlying the reversal of CSDS-induced social interaction
deficit mediated by voluntary exercise. This finding suggests
that voluntary exercise has positive efficacy in the treatment
of CSDS-induced social interaction disorder via alteration of
the levels of D2R in the NAc shell. This result indicates that
voluntary exercise can treat social interaction disorder induced
by CSDS, and its underlying mechanism may be the activation
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The critical regulatory role of leptin in the neuroendocrine system has been widely
reported. Significantly, leptin can improve learning and memory, affect hippocampal
synaptic plasticity, exert neuroprotective efficacy and reduce the risk of several
neuropsychiatric diseases. In terms of depression, leptin could modulate the levels of
neurotransmitters, neurotrophic factors and reverse the dysfunction in the hypothalamic-
pituitary-adrenal axis (HPA). At the same time, leptin affects neurological diseases during
the regulation of metabolic homeostasis. With regards to neurodegenerative diseases,
leptin can affect them via neuroprotection, mainly including Alzheimer’s disease and
Parkinson’s disease. This review will summarize the mechanisms of leptin signaling
within the neuroendocrine system with respect to these diseases and discuss the
therapeutic potential of leptin.

Keywords: leptin, neurodegeneration, mood disorders, depression, neuroprotection

INTRODUCTION

Leptin is an adipocyte-derived hormone which is encoded by the obese gene (Zhang et al,
1994). Receptors of leptin are expressed in many brain regions, such as the arcuate nucleus
of the hypothalamus, olfactory bulb, the dorsal raphe nucleus, hippocampus, the cortex and
the nucleus of the solitary tract (Tartaglia et al., 1995). Recently, growing experimental results
indicate that leptin also plays a significant regulatory role in the central nervous system (CNS)
and is associated with several pathological and physiological mechanisms of neurological diseases,
including neurodegenerative diseases and mood disorders (Lee et al., 2015; Kurosawa et al., 2016).
It was found that neurological diseases occurred alongside leptin level alterations, indicating
that leptin might be a critical modulator of these diseases and studying the specific relationship
is of significance. In this article, we mainly discuss the role of leptin in mood disorder and
neurodegenerative diseases and try to interpret the potential mechanisms.

THE ROLE OF LEPTIN IN DEPRESSION

Depression is one of the most prevalent mental illnesses, with high morbidity and suicide rates
(Milaneschi et al., 2017). Due to the serious side-effects and long onset time of traditional
antidepressants, recent investigations focus on neuropeptides’ antidepressant effects and potential
mechanisms, such as leptin and ghrelin (Kormos and Gaszner, 2013). Clinical studies investigating
the relationship of depression and leptin levels yielded inconsistent results. Lower leptin levels
were reported in depressive patients compared to controls in earlier studies. However, there
is also research demonstrating that patients with major depression disorder have higher leptin
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levels (Milaneschi et al, 2017). The confounding factors,
including age, gender, and medication history of depressive
patients, might impact periphery leptin levels (Ge et al., 2018).
Several animal studies demonstrated lower leptin levels in
rats with chronic unpredictable stress (Ozsoy et al., 2015).
Pharmacological studies have shown that intra-hippocampus
administration of leptin could exert an antidepressant-like effect,
while no positive efficacy has been detected when leptin was
injected into the hypothalamus (Finn et al., 2001; Lu et al., 2006).
Leptin can also increase the activation of neurons in hippocampal
limbic structures which contribute to a delayed long-lasting
antidepressant-like effect in force swim test (Kurosawa et al.,
2016). Deletion of leptin receptor (LepRb) is sufficient to
induce depression-like behavioral impairments, indicating that
leptin-lepRb signaling is involved in the molecular mechanism
of leptin’s antidepressant action (Guo et al., 2013). However,
the possible molecular and cellular mechanisms of leptin’s
antidepressant actions are still obscure.

LEPTIN’S ROLE IN
NEUROTRANSMISSION

Both basic and clinical investigations demonstrate that the brains
of patients with depression are characterized by disturbances
of the neurotransmitter system, including 5-hydroxytryptamine
(5-HT), dopamine (DA) and y-aminobutyric acid (GABA).
Traditional depression theories propose that a lack of 5-HT
leads to depression, and monoaminergic drugs can alleviate
behavior impairments (Aberg-Wistedt et al., 1998). It was
reported that leptin administration decreases the binding site
density of the selective 5-HT transporter inhibitor paroxetine
(Aberg-Wistedt et al., 1998; Charnay et al., 2000). The 5-HT
transporter mRNA levels are lower in leptin-deficient ob/ob
mice (Collin et al., 2000). These results suggest that leptin
can promote the 5-HT transporter functionally and enhance
the expression in protein levels. DA has the potential to
be an antidepressant drug (Jay et al., 2004). Double-labeling
fluorescence immunohistochemistry suggests that dopamine
neurons also express leptin receptors in the brain (Figlewicz
et al., 2003). Leptin can impact motivated behavior and reward-
seeking behavior via the midbrain DA pathway (Fulton et al.,
2006). In addition, the level of GABA in depressed patients
is lower than that in healthy subjects (Sanacora et al., 1999).
Antidepressants drugs can alleviate depressive phenotypes via
activation of the GABA transmission system (Garcia-Garcia et al.,
2009; Fuchs et al., 2017). As there is expression of LepRb on
GABAergic neurons, leptin potentially exerts regulatory effects
via the GABAergic system (Fuchs et al., 1984; Francis et al., 2004).

LEPTIN’S NEUROTROPHIC EFFECT

The current neurotrophic hypothesis of depression proposed that
a deficit of neurotrophic factors or disturbance of neurotrophic
factor signaling pathways is the primary cause of depression
(Gulyaeva, 2017). Brain-derived neurotrophic factor (BDNF) is
a member of the neurotrophin protein family and is involved in

the pathophysiological symptoms of depression (Novkovic et al.,
2015; Huang et al., 2017). BDNF could influence hippocampal
synaptic plasticity through down-regulating 5-HT3 receptors
(Hao et al., 2017).

Leptin was reported to increase the expression of BDNF
mRNA (Komori et al., 2006). Leptin can also activate BDNF-
expressing hypothalamic neurons through activating neural
circuits that stimulate dendritic BDNF synthesis (Liao et al,
2012). BDNF plays a key role in the CNS through binding its
receptor. Administration of leptin to the hindbrain significantly
increases the level of BDNF within the dorsal vagal complex
(Sahu et al.,, 2016; Kim et al., 2017).

Leptin can significantly improve cAMP-response element
binding protein (CREB) phosphorylation via the MAP
kinase/extracellular signal-regulated protein kinase (ERK1/2)
pathway (Dhar et al., 2014). ERK1/2 phosphorylation (pERK1/2)
can directly activate the protein signaling cascade to regulate a
series of cellular processes, such as nerve growth, survival and
neuroplasticity. Leptin can induce ERK1/2 phosphorylation in a
time-dependent manner (Kim et al., 2017; Ghasemi et al., 2018;
Han et al,, 2018). The increase in pERK1/2 can phosphorylate
CREB and alter its transcriptional activity, which is considered
a key event of cell survival and cognition (Liu et al., 2015) and
in the case of cocultured neurons and astrocytes, leptin exerts
an anti-apoptotic effect in astrocytes against glutamate toxicity
(Park et al., 2017).

The BDNF and phosphatidylinositol 3 kinase (PI3K)/protein
kinase B (AKT) pathways not only regulate the growth and
survival of neurons in the hippocampus, but also regulate
stress-induced depression and antidepressant response. Several
recent studies have found that the antidepressant effect of
antidepressants may be related to the PI3K-AKT-mammalian
target of rapamycin (mTOR) pathway. Treatment with leptin
activates the PI3K-AKT-mTOR pathway (Fazolini et al., 2015;
Gui et al,, 2018). BDNF increased outgrowth of hippocampal
neurites though PI3K pathway signaling (Park et al, 2013).
Administration of exogenous leptin to SD rats induced up-
regulation of Janus Kinase 2 (JAK2)-signal transducers, and
activators of transcription 3 (STAT3) signaling (Wu et al., 2017).
To summarize, the protein levels of pSTAT3, AKT, and ERK are
all up-regulated by leptin (Kim et al., 2017).

LEPTIN AND
HYPOTHALAMIC-PITUITARY-ADRENAL
AXIS

Elevation of hypothalamic-pituitary-adrenal axis (HPA) activity
is one of the most common neurobiological abnormalities in
patients with depression. Studies have shown that the most
important factor in the increase of hypothalamic-pituitary
activity is the excessive secretion of corticotropin-releasing
hormone (CRH) (Plotsky et al., 1998; Morris et al., 2012).
CRH induces pituitary adrenal corticotropic hormone (ACTH)
secretion; in turn, ACTH causes the adrenal cortex to secrete
glucocorticoids (GC). When the concentration of GC increases
(e.g., during stress), GC binds to the glucocorticoid receptor
(GR), causing negative feedback to inhibit CRH in the
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hypothalamus. Finally, the hyperactive HPA axis is restored to the
level at baseline (Juruena, 2014). However, hypersecretion of GC
constantly stimulates GR, leading to GR desensitization (Board
et al., 1957; Cowen, 2010).

Leptin leads to the down-regulation of CRH in the
paraventricular hypothalamic nucleus (PVH), and small doses
of leptin can also down-regulate CRH mRNA expression. This
function of leptin demonstrates that it is a regulator of the HPA
axis (Arvaniti et al., 2001). In a starvation model leptin is used to
change HPA axis activity. Leptin prevents the synthesis of CRH
in PVN and inhibits the activation of the CRH neurons (Huang
et al., 1998). Plasma leptin inhibits the expression of the ACTH
receptor (ACTH-R) (Su et al., 2012). Furthermore, an injection
of leptin to the sheep fetus inhibits the rise in ACTH and cortisol
concentration (Howe et al., 2002). Besides the known effects of
leptin on ACTH, ACTH can modulate leptin secretion in plasma.
Increased plasma ACTH concentrations cause a decrease in leptin
output (Spinedi and Gaillard, 1998).

LEPTIN AND METABOLIC
ABNORMALITIES IN NEUROLOGICAL
DISEASES

Metabolic homeostasis is a complicated regulation process that
implicates regulatory signals from both CNS and peripheral
systems (Procaccini et al., 2016). As leptin is an important
peripheral signal molecule, it is necessary to take metabolic
factors into account. Leptin resistance, manifesting as feedback
elevated peripheral levels, is defined as a hallmark of metabolic
disorders (Talton et al., 2016; Szkudelski et al., 2017; Wang et al,,
2018). Recent studies gave the explanation that leptin resistance
is caused by leptin signaling disruption, which implicates
LepRb deficiency, leptin transport dysfunction through the
blood-brain barrier (BBB) and intracellular leptin signaling
pathways defects (Wang et al, 2014). Obesity is the most
prevalent side-effect of present therapeutic drugs for neurological
diseases (Maayan and Correll, 2010). Long-lasting metabolic
abnormalities lead to leptin resistance and leptin signaling
disruption (Pan et al., 2014). In turn, epidemiological studies
showed that diabetes patients have an increased risk of depression
and Alzheimer’s disease (AD) compared to people without
diabetes (Anderson et al., 2001; Arvanitakis et al., 2004; Ernst
et al., 2013). These results suggest that neurological diseases,
especially mood disorders and metabolism abnormalities, might
share overlapping brain circuitries integrating homeostatic and
mood regulatory responses and genetic susceptibility factors. As
a neuroendocrine regulator of energy metabolism, circulating
leptin levels appear to change immediately, which is correlated
with central leptin signaling disruption.

Ottaway et al. (2015) found that obese animals retain their
sensitivity to endogenous leptin; however, that does not argue
against the presence of leptin resistance, based on the most
recent reports. For instance, there are increases in plasma leptin
concentrations during the initial stage of pregnancy, down-
regulation of hypothalamic long form of the leptin receptor
in the ventro- and dorso-medial nuclei during the second

half of gestation and suppressor of cytokine signaling-3 up-
regulation in the arcuate nucleus in late-pregnant ewes (Szczesna
et al, 2019). In studying age-related obesity, celastrol, a leptin
sensitizer, can induce weight loss in aged animals but not
in young controls (Chellappa et al, 2019). In addition, gene
expression of leptin receptor in the hypothalamus was found
significantly down-regulated in a high-fat diet group (Zhao et al,,
2018). These findings support the presence of a relative “leptin
resistance” despite partial activity of endogenous leptin signaling
in obese animals.

In addition, several experiments in vivo and in vitro confirmed
that leptin itself could exert neuroprotective and neurotrophic
actions via promoting BDNF signaling and reduction of neuronal
apoptotic and loss (Spina et al, 1992; Komori et al., 2006;
Novkovic et al, 2015). These might explain why leptin can
improve cognitive and behavior impairments. Contradictory
observations exist showing that fasting and calorie restriction,
contributing to a decreased leptin level, have an anti-depressant
effect (Alzoghaibi et al., 2014; Zhang et al., 2015). Since most
animal studies use a few hours of fasting as an experimental
process, leptin’s antidepressant action is a comparably long-term
process. It can be inferred that they may exert antidepressant
actions via different molecular ways, while the clear mechanisms
are still obscure. In conclusion, leptin might be a potential
combination therapeutic target but still not sensitive enough to
be a biomarker of neurological diseases at present.

LEPTIN’S NEUROPROTECTIVE EFFECT
IN NEURODEGENERATIVE DISEASE

Leptin and Alzheimer’s Disease
Alzheimer’s disease is one of the most common chronic
neurodegenerative diseases and mainly occurs in the elderly
(Mangialasche et al., 2010). Amyloid-f, neurofibrillary tangles,
synaptic loss and reactive gliosis are the major neuropathological
hallmarks of AD (Rockenstein et al., 1995; Alpar et al., 2006).
Previous studies demonstrated that neurotrophic and
neuroprotective effects have been induced by leptin in
Alzheimer’s patients (Pérez-Gonzdlez et al., 2011). Amyloid-f,
the main component of amyloid plaques, is highly expressed
in the brains of AD patients. It has been observed that the
amyloid-p level is decreased in both brain extracts and the
serum of transgenic mice after treatment with leptin (Xing
et al, 2015). Immunocytochemistry analysis also revealed a
decrease in amyloid-p levels in the hippocampus (Greco et al,,
2010; Xing et al., 2015). The phosphorylation of JAK2, STAT3
and the consequent activation of adenosine 5'-monophosphate
(AMP)-activated protein kinase (AMPK) are involved, whereas
it has also been found that primary neurons exhibit increased
amyloid-p levels following leptin antagonist treatment (Liu
et al., 2017). As showed in Table 1, several animal studies
reported leptin have significant regulatory role in AD and
depression. Leptin phosphorylates PI3K/AKT/mTOR to decrease
the expression of GM1 ganglioside in the detergent-resistant
membrane microdomains (DRMs) of the neuronal surface.
Subsequently, the decrease of GM1 ganglioside (GM1) inhibits
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TABLE 1 | Role of leptin in neurological diseases.

Disease References Model Role of leptin
AD Dudek and Bear, 1992; Mulkey and Long-term potentiation and Enhances NMDA receptor
Malenka, 1992 high-frequency stimulation in

hippocampal synapses

AD Dicou et al., 2001 Ibotenate increase cortical lesions and Activates its receptor and JAK2
white matter cysts

AD Yamamoto et al., 2014 GMT1 ganglioside in the Decreases GM1 and inhibits the
detergent-resistant membrane assembly of amyloid-B
microdomains (DRMs) of neuronal
surface

Depression Kurosawa et al., 2016 Forced swim test Increases the activation of neurons in

hippocampus limbic structures
Depression Park et al., 2017 Coculture neurons and astrocytes Exerts an anti-apoptotic effect in

astrocytes, acting against glutamate

the assembly of amyloid-p (Yamamoto et al., 2014). In addition,
outgrowth of neurites in primary neuronal cultures is influenced
by leptin. Leptin can rescue the neurite from amyloid-f toxicity
(Pérez-Gonzalez et al., 2014). Chronic leptin treatment is able
to recover the deficits caused by amyloid-p. Leptin rescues
deficits in spatial memory induced by amyloid-p and long-term
potentiation in vivo in the hippocampal late-phase. Chronic
intracerebroventricular injection of leptin alleviates spatial
memory impairment (Tong et al., 2015). Administration of leptin
also reverses amyloid-p-induced suppression of hippocampal
late-phase long-term potentiation in rats (Tong et al., 2015).

Leptin can affect hippocampus-dependent learning and
memory processes (Kiliaan et al., 2014). With regards to
long-term potentiation and high-frequency stimulation in
hippocampal synapses, synaptic activation of N-methyl-D-
aspartate (NMDA) receptors is important (Dudek and Bear,
1992; Mulkey and Malenka, 1992). Leptin affects hippocampal
synaptic plasticity by enhancing the expression of NMDA
receptors (Kiliaan et al., 2014). It has also been shown that
ABPP/PS1 double transgenic mice, a mouse model for AD,
display increased caspase-3 expression and a reduction in synapse
number, which can be reversed to the previous state by leptin
treatment (Pérez-Gonzalez et al., 2014). At the same time, leptin
can reduce cortical lesions and white matter cysts. Results from
in vitro experiments showed that leptin might act as a potential
neuroprotective factor. Activation of the leptin receptor and
consequent JAK2 are involved in this process (Dicou et al,
2001). In addition, leptin can stimulate neuronal proliferation.
It has been reported that chronic leptin administration increases
BrdU-positive cells in the dentate gyrus subgranular zone of the
hippocampus which indicates a neurogenesis-stimulated benefit
of leptin (Pérez-Gonzélez et al., 2011).

Microglial cells are classes of immune cells that modulate
homeostasis in the brain. In the brain of patients with
AD, the level of microglia clearance tends to be insufficient
(Bacskai et al., 2001; Napoli and Neumann, 2009). On the
other hand, some studies have suggested that phagocytosis
of microglia leads to the death of neurons. Lipoteichoic acid
and lipopolysaccharide (agonists of glial TLR2 and TLR4,
respectively) also activate microglia phagocytes, leading to

inflammatory neurodegeneration (Neher et al., 2011). It has been
shown that leptin deficiency or leptin antagonists inhibit the
development of microgliosis in the brain. Thus, leptin is involved
in the proliferation of microglia (Fernandez-Martos et al., 2012;
Gao et al., 2014; Chang et al., 2017). However, the association
of leptin’s effect on microglia and development of AD needs
further exploration.

Several animal studies have confirmed leptin’s effect on
AD, such as its neurotrophic and neuroprotective effects,
its decreasing amyloid-p level, its rescuing the neurites
from amyloid-Btoxicity, its influencing hippocampus-dependent
learning and memory processes and so on. However, some
results from human studies have shown that plasma leptin
level has no effect on cognitive ability. It has therefore been
suggested that plasma leptin is not an appropriate clinical
biomarker for AD at this stage (Oania and McEvoy, 2015;
Teunissen et al., 2015).

Leptin and Parkinson’s Disease

Parkinson’s disease, another common neurodegenerative disease,
is characterized by classical motor function deficits due to loss of
dopaminergic neurons in the substantia nigra and is induced by a
complicated interplay between genetic and environmental factors
(Kalia and Lang, 2015).

It was well-known that Parkinson’s disease (PD) was
mainly characterized by death of dopaminergic neurons
in substantia nigra and the accumulation of proteins into
Lewy bodies in the neurons (Cosgrove et al, 2015; Duda
et al, 2016). Studies of 6-hydroxydopamine (6-OHDA)-
induced PD animal models showed that leptin can reverse
behavioral abnormalities and reduced dopaminergic cell
death (Weng et al,, 2007). In the process of leptin-induced
neuroprotection, extracellular regulated pERK1/2 plays
a key role as a survival factor of dopaminergic neurons,
which caused subsequently a MEK-dependent increase
in CREB (Weng et al, 2007). Furthermore, another
downstream product of leptin is BDNE which can preserve
the survival of dopaminergic neurons via activation of the
ERK/CREB pathway (Spina et al., 1992). Though some human
studies showed that there’s no significant correlation of
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peripheral leptin levels and PD, it was found that circulating
leptin levels of unintended weight loss PD patients were lower
than those with stable weight (Evidente et al., 2001; Fiszer et al.,
2010). Different selection criteria for inclusion might explain the
contradictory conclusions.

Leptin can also preserve neuronal survival via increased
uncoupling protein-2 (UCP2) expression in neuronal cultures.
UCP2 could maintain the level of ATP and mitochondrial
membrane potential (MMP). At the same time, it preserves cell
survival against MPP+ toxicity, which has been widely used
in producing Parkinsonism models (Ho et al., 2010; Procaccini
et al, 2016). These results suggest that leptin might have
potential to be a therapeutic target. However, at this stage, the
research is relatively limited. More research will be needed to
address this issue.

The Therapeutic Potential of Leptin

In the context of increasing incidence of neurological diseases,
it is important to explore the pathogenesis of these diseases
and to find effective treatments. It has been shown that
leptin has an effect on the nervous system. Leptin could
modulate the levels of neurotransmitters, promote the 5-HT
transporter functionally and enhance the expression in protein
levels (Collin et al., 2000). Also, there is expression of LepRb
on GABAergic neurons and dopamine neurons in the brain
(Fuchs et al., 1984; Figlewicz et al., 2003; Francis et al., 2004).
Leptin can also increase the expression of BDNF mRNA,
activate BDNF-expressing neurons (Komori et al.,, 2006; Liao
et al., 2012), activate the PI3K-AKT-mTOR pathway to regulate
the growth of neurons and regulate stress-induced depression
and antidepressant response (Fazolini et al., 2015; Gui et al,
2018) while reversing the dysfunction in the HPA axis. These
functions of leptin reflect its potential to treat depression.
In neurodegenerative disease, leptin has neurotrophic and
neuroprotective effects (Pérez-Gonzalez et al., 2011), it affects
hippocampal synaptic plasticity and improves learning and
memory processes (Kiliaan et al., 2014).

However, some experiments from human studies have shown
that plasma leptin levels are not associated with these diseases.
Studies have shown that leptin levels are higher in depression
patients than in control groups (Milaneschi et al, 2017).
Moreover, leptin has no effect on human cognition and memory
ability (Oania and McEvoy, 2015; Teunissen et al, 2015).
Thus, despite the fact that leptin has the potential to be a
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The hippocampus is a region in which neurogenesis persists and retains substantial
plasticity throughout lifespan. Accumulating evidences indicate an important role
of androgens and androgenic signaling in the regulation of offspring hippocampal
neurogenesis and the survival of mature or immature neurons and gliocyte.
Hyperandrogenic disorders have been associated with depression and anxiety. Previous
studies have found that pregnant hyperandrogenism may increase the susceptibility of
the offspring to depression or anxiety and lead to abnormal hippocampal neurogenesis
in rats. In this study, pregnant rats were given subcutaneous injection of aromatase
inhibitor letrozole in order to establish a maternal hyperandrogenic environment for
the fetal rats. The lithium chloride (LICIl) was used as an intervention agent since a
previous study has shown that lithium chloride could promote neurogenesis in the
hippocampus. The results revealed that pregnant administration of letrozole resulted in
depressive- and anxious-like behaviors in the adolescent period. A remarkable decrease
in immature nerve cells marked by doublecortin and mature neurons co-expressed by
Brdu and NeuN in adult years were detected in the hippocampal dentate gyrus of
adolescent rats. Lithium chloride alleviated the effects on neurobehavioral and promoted
the differentiation and proliferation of neural progenitor cells, while a hyperandrogenic
intrauterine environment had no effects on astrocytes marked by GFAP in the dentate
gyrus. Furthermore, the Wnt/g-catenin signaling pathway related to normal development
of hippocampus was examined but there was no significant changes in Wnt signaling
pathway members. Our study provides evidence that exposure of androgen during
pregnancy leads to alterations in depressive, anxious and stereotypical behaviors
and these phenotypes are possibly associated with changes in neurogenesis in the
dentate gyrus.
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INTRODUCTION

In mammals, sex steroid hormones are synthesized in the
gonads: ovary for 178 estradiol (E2) and progesterone (P),
and in the Leydig cells of testes for testosterone (T) and have
effects on many tissues, including the gonads, the liver, and
the nervous system. Such steroids, either via de novo synthesis
from cholesterol or from local metabolism of steroid intermediate
produced in the periphery, can rapidly modulate neuronal
excitability and functions, control brain plasticity, and behavior.
The de novo steroid synthesis occurs in the brains of mammals,
called neurosteroids. Neurosteroidogenesis maintains an intense
neurogenic activity during adulthood in numerous regions, one
of key regions for neurobehavior is hippocampus.

The hippocampus is a region in which neurogenesis persists
(Eriksson et al., 1998; Spalding et al., 2013; Woodward et al,
2018) and retains substantial plasticity for the whole life
including in humans (Jessberger et al., 2007; Wainwright et al.,
2016; Hall et al., 2018). Much research has shown that the
compromised hippocampal neurogenesis is attributed to multiple
neuropsychiatric diseases, including depression (McKinnon
etal., 2009) and dementia (Henneman et al., 2009). Hippocampus
neurogenesis also has effect on cognition (Sweatt, 2004) and
mood regulation (Campbell and Macqueen, 2004), dysregulation
of which is particularly susceptible to depression (Liu et al,
2017). Therefore, the behavior change is often related to the
compromised neurogenesis.

Accumulating evidences indicate that androgens and
androgenic signaling modulate the hippocampal neurogenesis
(Galea et al.,, 2013). Androgens are the crucial gonadal hormones
in men, derived from cholesterol via progestins, including
testosterone and androstenedione, which may also be converted
to 17P-estradiol via aromatase. Previous evidences show that
exposure to androgens for a long time increase hippocampal
neurogenesis via modulating the survival of new neurons
(Nelson, 2011) within the dentate gyrus (DG), which have
been specifically contributed to the activation of the androgen
receptor (AR) in rodents, while estradiol has no significant
effect on them (Spritzer and Galea, 2007; Carrier and Kabbaj,
2012). A recent study shows that the AR is widely expressed
in the developing cortex and hippocampus in mice, and their
sexual dimorphism of expression indicates the sex-specific role
in behavior regulation (Tsai et al., 2015). Pregnancy and the
postpartum period are accompanied with a significant change
in steroid levels and peptide hormones, which are necessary
for offspring survival (Kinsley and Lambert, 2008). Studies
have shown that Wnt plays an important regulatory role in the
normal development of the cerebral cortex and hippocampus (Li
and Pleasure, 2005; Machon et al., 2007), and can promote the
self-renewal and differentiation of prostate cancer cells with stem
cell characteristics (Bisson and Prowse, 2009). Wnt signaling
in the early stage of neurogenesis plays a role in regulating

Abbreviations: AR, androgen receptor; BSA, bovine serum albumin; DCX,
doublecortin; DG, dentate gyrus; E2, estradiol; GSK-3p, glycogen synthase kinase
3p; LICI, lithium chloride; P, progesterone; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; T, testosterone; TBST, Tris-buffered saline
Tween-20.

the self-renewal and survival of neural progenitor cells and
inducing the differentiation of neural progenitor cells at later
stage. Interestingly, AR can form complexes with B-catenin, a
key effector protein of the Wnt/B-catenin signaling pathway, and
in prostate tumors B-catenin regulates activation of downstream
AR pathways (Lee et al., 2013). Therefore, the dysregulation
of androgen production could have a significant impact on
neurodevelopment in the offspring.

In this study, we investigated the effects of the prenatal
hyperandrogenic environment on neurobehavioral abnormality
and hippocampal neurogenesis in offspring. An aromatase
inhibitor was used to elevate testosterone since it has been
shown that pregnant treatment leads to elevated testosterone
level as well autism-like behavior in rat offspring (Xu et al,
2015). In addition, chronic lithium chloride (LICI), a widely
prescribed psychological drug, was given to investigate whether
it has an alleviating effect on neurobehavioral and neurogenic
abnormalities, providing an experimental and theoretical basis
for early clinical intervention.

MATERIALS AND METHODS

Animals

This study was carried out according to the recommendations
of the Experimental Animal Management and Ethics Committee
of West China Second University Hospital. The protocol was
approved by the Committee of West China Second University
Hospital. Adult Sprague-Dawley (SD, weighing 220-240 g) rats
were ordered from the Chengdu Dashuo Experimental Animals
Co., Ltd. The animals were housed at 24 + 1°C, in a 12 h
light/dark cycle (light on at 7:00 AM) with full food and water.
All animal experiments were performed in accordance with
the recommendation of The Guide for the Care and Use of
Laboratory Animals of Sichuan University. In order to have timed
mating, virgin female rats were individually mated overnight
with one or two adult males. Detection of the vaginal plug was
named as the day gestation day 0 (GO0). Pregnant female rats were
randomly assigned into four groups as described below.

Experimental Groups

The pregnant female rats were divided into four groups: control
group (CTL group, n = 6), high androgen exposure group (HA
group, n = 6), lithium chloride treatment group (LICI group,
n = 6), and high androgen exposure with lithium chloride
treatment group (HA-+LICL group, n = 6). Similarly, after
delivery, the offspring were grouped accordingly (CTL group,
n = 6, male 4, female 2; HA group, n = 4, male 2, female 2; LICI
group, n = 7, male 1, female 6; HA+LICI group, n = 4, male 3,
female 1). Letrozole (Novartis Pharma Stein AG, Switzerland) at
1 pg/ml was dissolved in 20% ethanol in sesame oil, in accordance
with the method established by Moradi-Azani et al. (2011).
Pregnant female rats in the HA group and HA+LICI group
received subcutaneous injection of letrozole at 1 pg/kg from GO
to G20, while CTL group and LICI group rats received only the
vehicle with the same volume at the same time. The LICI group
and HA+LICI group treated offspring were given intraperitoneal
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injection of lithium chloride (Sigma-Aldrich, United States)
2 mmol/kg at postnatal 9 days (from PND 1 to PND 9),
while the CTL group and HA group were given intraperitoneal
injection of saline solution of the same volume. At PND45-55
(adolescent rats), behavioral tests were examined as following
described. After neurobehavioral detection, Brdu (100 mg/kg)
was injected intraperitoneally once a day for three consecutive
days. At postnatal day 60 (PND60), immunofluorescence staining
and western blot were conducted.

Cesarean Section From Decapitated
Rats and Blood Sampling

All the rats’ brains were removed on G21 and blood serum
were collected for ELISA analysis. As described by Vaillancourt
et al. (1999), an incision is made through the midsection of the
abdomen after removed from the brain and pups were quickly
delivered from the isolated uterus. The whole operation was
conducted under warm conditions to maintain the pups’ body
temperature. After delivery, the pups were placed in standard
conditions and raised separately until the weaned females and
males on the postnatal day 21 (PND21).

Detection of Testosterone and Estradiol

All blood samples were centrifuged at 3000 rpm for 10 min.
ELISA Kit (MSK, Wuhan, China) was used to examine the
testosterone and estradiol concentrations in the serum samples
of the pregnant rats. The procedure was conducted according to
the manufacturer’s instructions. Briefly, the collected condition
medium was added to a well coated with testosterone/estradiol
polyclonal antibody and then immunosorbented by biotinylated
monoclonal anti-rat testosterone/estradiol antibody at 37°C for
2 h. The color development, catalyzed by horseradish peroxidase,
was terminated with 2.5 mol/l sulfuric acid, and the absorption
was measured at 450 nm. The protein concentration was
calculated by comparing the relative absorbance of the samples
with the standards. There was less than 10% cross-reactivity with
other steroid hormones, and the information was stated in the
manual of the company (MSK, Wuhan, China). The r-values of
standard curves were greater than 0.99 for both assays.

Neurobehavioral Detection
At PND45-55 (adolescent) behavioral tests were examined as
following described.

Forced Swimming Test

The depression status of rats was determined by the forced
swimming test device (20 cm in diameter, 40 cm in height).
Before the trial, the device was filled with water maintained at
25°C, the height of which meant that rats could not reach the
bottom or the upper edge of the cylinder to escape. The camera
recorded for 10 min including the time of immobility whenever
rats aborted all active behaviors and spent for strongly swimming.
After each experiment, the rats should be kept dry on a heater
before making their way back to cages. The device was cleaned
before next animal.

Elevated Plus Maze

The animals’ anxious-like behaviors were detected using the
elevated cross maze experimental device, which had two open
arms and two closed arms (two arms with 20 cm high walls
on both sides, a length of 50 cm). There was a connected
platform (10 x 10 cm) in the middle. The rats were placed on
the intermediate platform of the device, and the cameras were
used to record 10 min, including the time and times of their
entering the open arms.

Three-Chamber Sociability Test

The three-chamber device was used to test the social
communication ability of SD rats. The apparatus consisted
of three Plexiglas chambers (40 cm x 20 cm x 20 cm) with each
of the side chambers connected to the middle chamber by a
corridor (10 cm x 10 cm X 15 cm). One side of the compartment
was set up with unfamiliar rats of the same sex and age which had
no previous contact, while the other side was set up with a toy.
At the beginning of the test, the rat was placed into the middle
chamber and allowed the exploration of the three chambers for
5 min. Then a model rat, locked in a small cage, was placed
in one of the side chambers and a toy was placed in the other
side chamber. The testing rat was allowed to freely explore the
apparatus and interact with the model rat for 10 min. The activity
of rats in the set was recorded, and the time of communication
with unfamiliar rats and the object was counted. All behavioral
experiments were carried out during the dark period of the light
cycle under dim red illumination.

Self-Grooming Test

The open-field experiment device (60 x 60 cm) was used to
detect the rats’ repetitive or stereotypical self-combing behavior.
Before the test, the rats were placed in the device for 5 min, and
the rats were put into the device on the day of the experiment.
The activity of the rats was recorded for 15 min and their self-
grooming behaviors were counted. Before the next experimental
rat, 75% ethanol was used to clean the facility.

Immunofluorescence Staining

After neurobehavioral evaluation, Brdu (100 mg/kg) was injected
intraperitoneally once a day for three consecutive days. At
postnatal day 60 (PND60), rats were deeply anesthetized with
chloral hydrate. After anesthesia, rats were perfused pericardially
with saline and 4% paraformaldehyde buffer. Then, the removed
brain tissues were fixed in 4% paraformaldehyde for 48 h, next
dehydrated with 10, 20, and 30% sucrose consecutively for 24 h,
respectively. After treatment with sucrose solution, the tissues
were embedded in paraffin. 30 pm paraffinic cross sections were
prepared and examined, and each group were 10 brain slices
at the same level. All sections were permeabilized with 0.5%
Triton X-100, then blocked with 5% bovine serum albumin
(BSA) and incubated with anti-Brdu and NeuN antibody (1:1000;
Cell Signaling) mix diluents, anti-Brdu and GFAP (1:1000; Cell
Signaling) mix diluents or anti-doublecortin antibody (1:1000;
Cell Signaling) overnight at 4°C. Secondary antibodies (1:1000,
Thermo Fisher Scientific) were added for 1 h and then incubated
with 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) to

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 436


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Cheng et al.

Hyperandrogen Leads to Abnormal Neurodevelopment

label the nuclei, respectively at RT. Finally, confocal microscope
(Olympus) was used to acquire the images. At least six sections
were used for staining of each rat, and the sequential sections
were used in each condition.

Western Blotting

Hippocampus Collection

Approximately at postnatal day 60 (PND60), the rats’ brains
of each group were rapidly removed from the skull and
dissected brain tissue on ice. At least three rat tissues
were extracted in every group. The whole hippocampus
was quickly dissected and stored at —80°C for further
protein extraction.

Protein Extraction

The hippocampal tissue samples were weighed (30 mg) and
placed onto a filter cartridge. The tissue was then grounded
using the plastic rod for 1-2 min. 100 pl buffer A was added
to the filter and mixed well, placing the filter with cap open
on ice for 5 min. Next, the proteins of the nuclei, cytosol and
plasma membrane were extracted according to the instructions
of Minute™ Plasma Membrane Protein Isolation and Cell
Fractionation Kit (Beyotime Institute of Biotechnology). The
concentration of protein was detected by the BCA Protein Assay
Kit (Beyotime Institute of Biotechnology).

Western Blotting

The proteins were adjusted to the same concentration with RIPA
lysis buffer and added 5x sample loading buffer. 40 pg total
protein was separated on a 10% SDS-polyacrylamide gel (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, MA). After blocking in 5% BSA for 1 h
at RT, the membranes were incubated overnight at 4°C with
the following antibodies: anti-GAPDH (1:5000, Zen Bioscience,
China), anti-B-catenin (1:400, Abcam, United States), anti-GSK-
38 (1:500, Abcam, United States), anti-DVL2 (1:500, Bioss,
China), anti-TCF-4 (1:500, Bioss, China). B-catenin, GSK-3p,
DVL2, TCF-4 are the main members of Wnt/B-catenin signaling
pathway. On the next day, the membranes were washed by Tris-
buffered saline Tween-20 (TBST) (3 x 5 min), then incubated
with anti-mouse or rabbit secondary antibodies for 1 h at
RT. Protein bands on the membrane were detected using an
chemiluminescence detection system (Millipore Corporation,
United States), following the manufacturer’s instructions. The
relative densities of each band were measured using Image]
(Schneider et al., 2012). All the antibodies were either validated
by other studies or by ourselves in a preliminary experiment.

Statistics

The results were analyzed by SPSS version 19.0 and GraphPad
Prism version 5.0. Data were presented as mean £ SEM and
comparisons among groups used one-way analysis of variance
(ANOVA). For all tests, it is considered as statistically significant
for a probability (p) value below 0.05 (two-tailed).

RESULTS

Serum Testosterone and Estradiol Levels

in Pregnant Rats

Serum samples from blood of the pregnant rats were collected
on G21 before the Cesarean sections. ELISA measurement
shows that serum testosterone levels of the pregnant rats were
higher in the HA and HA+LICL groups (mean + SEM:
283.65 £ 46.05 nmol/L, 199.04 £ 10.52 nmol/L, respectively), as
compared to the CTL group (113.36 £ 19.39 nmol/L, p < 0.05)
and LICL group (127.07 £ 13.74 nmol/L, p < 0.05). No significant
difference was found in serum estradiol levels between the four
groups (Figure 1).

Behavioral Detection of the Offspring

The behavior test was examined in the offspring, and the
results show that the time spent in struggling significantly
decreased in HA group (38.38 £ 9.36 s) compared to CTL group
(123.58 £30.39s, p < 0.01) (Figure 2A). No significant difference
was found in the time of latency to immobility between the four
groups (Figure 2B). Both the time and times for them to enter
the open arms were higher in the HA group as compared to the
CTL group (p < 0.05) (Figure 2C), and lower in the HA+LICL
group as compared to the HA group (Figure 2D). The time of
communication with unfamiliar rats and object had no significant
difference between the four groups (Figures 2E,F). The times
spent in grooming were less in the HA group as compared to the
CTL group (Figure 2G), and the times spent in standing were
lower in the HA+LICL group as compared to the HA group
(p < 0.05) (Figure 2H). The results show that HA treatment could
alter some parameters of behavior and lithium chloride could
rescue the phenotypes related to depression and anxiety.

The Neurogenesis of DG Area

The rat DG area Doublecortin (DCX) positive expression of
immature neurons in HA group (n = 6, 387 =+ 53) was
significantly decreased compared to CTL group (n = 6, 553 & 54,
p < 0.05), and after lithium chloride treatment, the number
of DCX positive cells increased significantly between HA and
HA+LICL group (n = 6, 618 £ 59, p < 0.05) (Figures 3A,B).
In the HA group (n = 6, 264 £ 20), both Brdu and NeuN
positive neurons in the DG region were more reduced than in
the CTL group (n = 6,526 £ 19, p < 0.05), whereas, after LICI
treatment, Brdu and NeuN positive cells increased in HA+LICL
group (n = 6,516 =+ 21, p < 0.05) (Figures 3C,D). There was no
significant difference in Brdu and GFAP positive neurons among
the four groups (p > 0.05) (Figures 3E,F).

Western Blotting of Wnt/g-Catenin
Signaling Pathway

The B-catenin protein was detected in the cytoplasm, TCF-4
detected in nucleus, and GSK-3p and DVL2 in the cell membrane.
The results show that there was no significant difference after
letrozole or LICI treatment (Figures 4A-F).
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FIGURE 1 | Higher levels of serum testosterone in pregnant rats after letrozole treatment. (A) Pregnant rats in the HA and HA+LICI groups (n = 6) had higher levels of
serum testosterone as compared to the CTL group (n = 6), (B) There was no significant difference in serum estradiol levels among the four
groups. *p < 0.05.

DISCUSSION

The current study shows that after exposure of the mother
to hyperandrogenic environment, the offspring presented more
depressive- and anxious-like behaviors. This is consistent with
previous studies in animal models (Meng et al., 2011; Hernandez
and Ferndndez-Guasti, 2018).

Many studies have already shown that chronic stress produces
decreased grooming activities (Yalcin et al., 2007), meanwhile
in chronic social crowding and isolation stress (Pan et al,
2006; Dronjak et al., 2007). In line with these observations,
our studies also indicate the reduced grooming behavior in
depression or anxiety condition in our model. Clinical researches
have suggested that testosterone administration may alleviate
the social anxiety symptoms (Terburg et al., 2016). Prenatal
intrauterine exposure to the hyperandrogenic environment of
female rats resulted in less time of adolescent offspring in
social interaction (Xu et al, 2015). In terms of the impact
of androgen on the neurogenesis, one previous study is also
controversial as it shows that androgens increase survival
of neurons in the dentate gyrus through AR dependent
mechanism in male rats (Hamson et al, 2013), while our
results indicate the opposite effects in the same region of
offspring. Furthermore, our results show that exposure to a
maternal hyperandrogenic environment, induced by letrozole,
may contribute to neurobehavioral abnormalities, and lithium
chloride could rescue the neurogenesis defects in our rat model.
It has been shown that the neurogenesis of the hippocampus
is compromised in post-mortem tissue of patients accompanied
with depression (Boldrini et al., 2012) and Alzheimer’s disease
(Crews et al, 2010), as well as in animal models (Mu
and Gage, 2011; Wainwright et al, 2011). Therefore, the
prenatal hyperandrogenic environment should be regarded as
an important etiological factor in neurodevelopmental diseases.
Furthermore, studies on patients of Polycystic Ovary Syndrome
and Congenital Adrenal Hyperplasia show that they are often
more likely to be accompanied with neurobehavior abnormalities

(Hamson etal., 2013). Therefore, the study in the current research
has broad clinical implications.

One of key findings from the current study is that
the reduction of neurogenesis caused by exposure to high
testosterone can be restored to a normal level with lithium
chloride, supporting an important role of lithium chloride effect
in different conditions of neurogenesis defects (Bianchi et al.,
2010; Kitamura et al., 2011; Qi et al,, 2017; Lewin et al.,, 2018;
Zhang et al,, 2018). Lithium chloride has been used as a mood
stabilizer for along time as a clinical treatment of bipolar disorder
with mania and depression and for prevention of their recurrence
(Manji et al., 2000). In animal models, lithium chloride has
therapeutic effects on neurodevelopmental diseases such as Down
syndrome (Bianchi et al., 2010) and neurodegenerative diseases
such as Alzheimer’s disease (AD) (De Ferrari et al., 2003), as
it has the function of protecting and nourishing nerves. It may
play a role in promoting the proliferation and differentiation of
neural progenitor cells, reducing the apoptosis of neurons and
up-regulating the level of neurotrophic factors (Chen et al., 2000;
Son et al,, 2003). Neurogenesis refers to the proliferation and
division of neural stem cells into differentiating progenitor cells,
which become mature neurons when migrating to functional
areas and establish synaptic connections with other neurons to
support neurogenesis (Vogel, 2013; Paridaen and Huttner, 2014).
Doublecortin (DCX) functions in the stabilizing microtubules
in early mitotic neurons as a marker of immature neurons
and is often used to evaluate immature neuronal morphology
(Bechstedt et al., 2014), which is expressed in the hippocampus
of rat from PO to P21 after the birth (Brown et al., 2003).
NeuN expressed in most mature neurons functions in RNA
splicing at the nucleus (Kim et al., 2009; Duan et al.,, 2016),
which is not expressed in certain neuronal populations such
as the cerebellar purkinje cells (Mullen et al., 1992). Previous
studies have confirmed that neuropsychiatric diseases are often
associated with neurological damage of different degrees (Ruksee
et al, 2014; Zhang et al., 2014). The current result shows that
maternal rats exposed to the hyperandrogenic environment were
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FIGURE 2 | Behavioral test of the offspring. (A) Time spent in struggling was significantly decreased after HA treatment (B) No significant difference was found on
the time of latency to immobility in treatment group. (C,D) Both the time and times of their entering the open arms were higher in the HA group as compared to the
CTL group and lower in the HA+LICI group as compared to the HA group. (E,F) The time of communication with unfamiliar rats and object showed no significant
difference following letrozole and lithium chloride treatment. (G) The stereotyped behavior of grooming were decreased, (H) and the standing behavior were not
improved after lithium chloride intervention. *p < 0.05, **p < 0.01.
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FIGURE 3 | The neurogenesis of DG area among different treatment groups. (A,B) The number of DCX positive neurons of the rat DG area was significantly
decreased in HA group as compared to CTL group, and after lithium chloride treatment the number of DCX positive neurons increased in HA+LICI group. (C,D) Brdu
and NeuN neurons in the DG region were reduced, while lithium chloride promoted the proliferation of NPCS in HA+LICI group. (E,F) No significant difference was

found in Brdu and GFAP neurons among the four groups. *p < 0.05.
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FIGURE 4 | The expression of Wnt/B-catenin signaling pathway proteins. (A-F) After letrozole exposure there was no significant difference of B-catenin, TCF-4,
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in LICI group and HA+LICI group.
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found to have a reduced number of immature nerve cells marked
by DCX and mature neurons co-expressed by Brdu and NeuN
during their adult years. Meanwhile, lithium chloride promoted
the proliferation and differentiation of neural progenitor cells.
The effects of lithium chloride on the neurogenesis support its
potential role in neurobehavior intervention.

Letrozole, an aromatase inhibitor was used to elevate
testosterone in the current study. Letrozole decreases estrogen
expression levels and accumulates androgen in the body (Haynes
etal.,2003). This is similar to the results of hyperandrogen, except
without any apparent effect on the level of estrogen (Xu et al.,
2015), although it contradicts previous research showing a lower
concentration after letrozole treatment (Rashid et al., 2015).

The exact pathway of how androgen exposure reduce
neurogenesis is not clear, as studies have reported that glycogen
synthase kinase 3 (GSK-3f) activation leads to neurogenic
damage (Chao et al.,, 2014; Trazzi et al., 2014). It has also been
shown that lithium chloride promoted the proliferation and
differentiation of neural progenitor cells through regulating Wnt
pathway. However, in the current study, we have detected Wnt
signaling molecules using Western blot and found no significant
change of Wnt signal molecules. Although the current result
did not find any significant change in Wnt molecules after the
treatment in the hippocampus, a subtle change in the Wnt
pathway, such as B-catenin phosphorylation, cannot be ruled out
since more sensitive methods are needed to clarify the issue. In
this regard, further experimental studies are needed to explore
the underlying mechanism of defective neurogenesis caused by
exposure to hyperandrogen during pregnancy and the alleviation
of lithium chloride intervention.

CONCLUSION

The present study demonstrated that pregnant administration of
letrozole resulted in depressive and anxious -like behaviors of
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Coronary artery disease (CAD) is a major cardiovascular disease responsible for high
morbidity and mortality worldwide. The major pathophysiological basis of CAD is
atherosclerosis in association with varieties of immunometabolic disorders that can
suppress oxytocin (OT) receptor (OTR) signaling in the cardiovascular system (CVS).
By contrast, OT not only maintains cardiovascular integrity but also has the potential
to suppress and even reverse atherosclerotic alterations and CAD. These protective
effects of OT are associated with its protection of the heart and blood vessels from
immunometabolic injuries and the resultant inflammation and apoptosis through both
peripheral and central approaches. As a result, OT can decelerate the progression
of atherosclerosis and facilitate the recovery of CVS from these injuries. At the
cellular level, the protective effect of OT on CVS involves a broad array of OTR
signaling events. These signals mainly belong to the reperfusion injury salvage kinase
pathway that is composed of phosphatidylinositol 3-kinase-Akt-endothelial nitric oxide
synthase cascades and extracellular signal-regulated protein kinase 1/2. Additionally,
AMP-activated protein kinase, Ca?*/calmodulin-dependent protein kinase signaling
and many others are also implicated in OTR signaling in the CVS protection. These
signaling events interact coordinately at many levels to suppress the production of
inflammatory cytokines and the activation of apoptotic pathways. A particular target of
these signaling events is endoplasmic reticulum (ER) stress and mitochondrial oxidative
stress that interact through mitochondria-associated ER membrane. In contrast to these
protective effects and machineries, rare but serious cardiovascular disturbances were
also reported in labor induction and animal studies including hypotension, reflexive
tachycardia, coronary spasm or thrombosis and allergy. Here, we review our current
understanding of the protective effect of OT against varieties of atherosclerotic etiologies
as well as the approaches and underlying mechanisms of these effects. Moreover,
potential cardiovascular disturbances following OT application are also discussed to
avoid unwanted effects in clinical trials of OT usages.

Keywords: atherosclerosis, coronary artery disease, etiology, oxytocin, signaling pathways
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INTRODUCTION

Cardiovascular disease (CVD) is responsible for both high
morbidity and mortality worldwide with coronary artery disease
(CAD) being the leading cause of death (45.1%) (Cassar et al.,
2009). In the United States, the prevalence of CVD comprising
chronic heart disease, heart failure, and hypertension in adults
(>20 years of age) was 121.5 million in 2016 and increases
with advancing age in both males and females (Benjamin et al.,
2019). The major pathological basis of CAD is atherosclerosis
that affects various components of the cardiovascular system
(CVS), particularly the coronary artery. Over the past decades,
identifying and reversing the pathogenesis of CAD and
preventing myocardial infarction (MI) remain a major challenge
for clinical management of CAD (Koton et al., 2014).

Oxytocin (OT), a nonapeptide synthesized in hypothalamic
magnocellular neuroendocrine cells in the supraoptic and
paraventricular nuclei (SON and PVN) (Yang et al, 2013;
Johnson and Young, 2017), has emerged as an efficient
cardioprotective agent in animal studies (Jankowski et al,
2016). However, due to the lack of deep knowledge of its
involvement in the pathogenesis of atherosclerosis, therapeutic
potential of OT in treating CAD is largely unexplored in
clinical studies. In this review, we summarize our current
understanding of the pathogenetic involvement of OT in
atherosclerosis, the cellular/molecular mechanisms underlying
OT suppression of atherosclerosis development and current
challenges in clinical trials of OT.

ATHEROSCLEROSIS AND
CARDIOPROTECTIVE EFFECT OF OT

Atherosclerosis can occur in the coronary artery, renal and
cerebral circulation, and peripheral and mesenteric vasculature,
largely due to metabolic disorders and immunological injuries
(Rahman and Woollard, 2017). CVDs are often accompanied
by disruption of OT/OT receptor (OTR) signaling. For instance,
particulate matter 2.5 exposure resulted in global adult cardiac
dysfunction (Tanwar et al., 2017) while reduced OTR mRNA
expression (lobst et al., 2019). Moreover, endoplasmic reticulum
(ER) stress, a common cause of cardiovascular disorders
(Wang S.C. et al, 2018), significantly reduced the levels of
OT mRNA (Morishita et al., 2011); in ischemia/reperfusion
(I/R) injury in C57B6 mice, OTR expression decreased in the
heart by 40% (Indrambarya et al., 2009). By contrast, OT can
exert cardiovascular protective function through suppressing
the development of atherosclerosis and repairing the injured
heart following myocardial infarction as shown in mice
(Plante et al., 2015).

Atherosclerosis and Its Etiology

Cardiovascular health is largely determined by mechanisms
of vascular endothelial defenses. This defense involves oxygen
utilization, tension on the wall and flow resistance, local
regulation of vascular tone and contractility, control of
inflammatory cell adhesion, and anti-thrombotic nature of the

endothelial surfaces. These factors together support normal
circulatory function and its adaptive response to adverse
environmental challenges, disturbance of which can predispose
to atherosclerosis (Kim et al., 2013; Lee et al., 2013). Factors
leading to atherosclerosis include consumption of high-fat and
cholesterol diet (Marir et al., 2013), dyslipidemia (Sanin et al.,
2017), diabetes (Lehrke and Marx, 2017), chronic inflammation
(Lee et al, 2018), genetic risk (Whayne]Jr., and Saha, 2019),
lack of exercise (Yang J. et al., 2017), hypertension (Hurtubise
et al,, 2016), social stress (Meng et al., 2019), smoking and other
unhealthy life-styles or environmental factors (Niemann et al.,
2017). As shown in a cohort study in Mexico, the coronary risk
factors observed were dyslipidemia (100%), hypertension (86%),
obesity/overweight (75%), metabolic syndrome (71%), smoking
(68%), and diabetes (58%) (Rettori et al., 2014). Moreover,
coronary artery spasm and embolism could be evoked by
emotional or physical stress due to increased sympathetic output
(Kc and Dick, 2010; Mori et al., 2012). Thus, immunometabolic
disorders and abnormal cerebral-cardiovascular communication
are the major etiology of CAD in association with atherosclerosis.

In general, the development of atherosclerosis begins with
the attachment and invasion of leukocytes to the endothelium
of the artery under the drive of oxidized lipoprotein particles
within the wall or injuries of epithelial cells. The ensuing
inflammation causes adhesion of platelets, leading to formation
of atheromatous plaques in the arterial tunica intima. This
process involves precipitation and oxidization of cholesterol
released from circulating low density lipoprotein, inflammation-
stimulated proliferation and migration of smooth muscle from
the tunica media into the intima, followed by the formation
of fibrous capsule and calcification of the arterial walls. As the
plaques grow, wall thickening and narrowing can affect any
arteries, particularly the coronary artery, resulting in a shortage
of blood and oxygen delivery to various tissues. Pieces of plaque
can also break off, and lead to MI, stroke, or heart failure if left
untreated (Crea and Libby, 2017).

In the pathogenesis of atherosclerosis, different etiologies
work through different mechanisms. For example, high blood
cholesterol and fat can deposit in the wall of arteries, which
reduces the flexibility of blood vessels, stimulates inflammation
and restricts, even blocks blood circulation to the heart and
other organs (Garrott et al,, 2017). Hypertension can damage
the endothelium of blood vessels in heart, increase shear and
tear forces on vessel walls that change cell osmotic stability
(Jiao et al., 2017) and fasten lipid deposition in arteries (Lawes
et al.,, 2008). Cigarette smoking can damage the endothelium
of arteries, stimulate inflammation (Hussien and Mousa, 2016),
increase blood pressure (BP) and cause cardiac hypertrophy
(Guasch and Gilsanz, 2016). People with diabetes have a much
higher incidence of CAD because of dyslipidemia and metabolic
disorders, particularly the formation of glycated proteins
that cause inflammation, stiffening arteries, trapping other
macromolecules, and disrupting enzyme activities, hormone
regulation, immune function and activities of dendritic cells
(Price and Knight, 2007). Furthermore, lack of social support
or mental stress is etiologically related to coronary artery lesion
through sympathetic-adrenomedullary influences on platelet
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function, heart rate, and BP in the initial endothelial injury,
and the hypothalamic-pituitary-adrenocortical (HPA) axis that is
involved in smooth muscle cell proliferation during progression
of vascular lesion (Dupont et al., 2014). With increase in age,
arteries become less elastic and are more susceptible to plaque
buildup (Rahman and Woollard, 2017; Sanin et al., 2017).
Correspondingly, prevention of CAD involves changing lifestyle
to limit the amount of fat and cholesterol intake and increase
their utilization through exercise. In the treatment, cholesterol-
lowering medication statins, antiplatelet and anticoagulants,
B-blockers, calcium channel blockers, diuretics, or angiotensin
converting enzyme inhibitors can be recommended. In some
cases, interventions may be necessary such as percutaneous
coronary intervention, bypass surgery, thrombolytic therapy,
angioplasty, and endarterectomy (Lee et al., 2013; Lindahl et al,,
2017). These measures could slow down injuries to the arteries
but with various side effects and complications. Thus, agents
targeting multiple aspects of atherosclerotic pathogenesis or CAD
but having minimal side-effects are especially critical, and OT is
one potential agent with such properties.

Cardiovascular Protective Effect of OT
Oxytocin has multiple cardiovascular protective functions, which
are achieved through both central and peripheral approaches
(Viero et al., 2010). OT terminals were found on large
intracerebral (Zimmerman et al., 1984) and other large blood
vessels (Jankowski et al., 2000) as well as neural structures
regulating cardiac activity (Yang et al., 2013). OTR was localized
in microvessels expressing CD31 marker and co-localized with
endothelial NO synthase (eNOS) (Jankowski et al,, 2010b).
OTR mRNA was found in the vena cava, pulmonary veins,
and pulmonary artery with lower levels in the aorta in the
rats (Jankowski et al., 2000; Wsol et al., 2016). Thus, OT may
modulate cardiac activity by activating OTRs on CVS.

OT and Ischemic Cardiomyopathy

Ischemic cardiomyopathy involves poor perfusion and
oxygenation to the myocardium, mainly due to CAD. OTR
signaling is closely associated with the development of CAD
and its complications. As previously reviewed (Li et al., 2017),
plasma OT levels or hypothalamic OT neuronal activities were
significantly increased at the early stage of sepsis, advanced
cancer patients, adjuvant arthritis and pancreatic injury, which in
turn changed the activity of immune system to initiate immune
defense, thereby playing the role of immune surveillance. In CVS,
OT plasma levels and the activity of the intracardiac OT system
significantly increased at 4 weeks after MI in the rats survived
from the coronary artery ligation (Ciosek and Drobnik, 2012);
post-infarction heart failure was associated with an increased
activity of the intracardiac OTergic system (Wsol et al., 2016).
Moreover, MI activates parvocellular OT neurons projecting
to the rostral ventral lateral medulla (Roy et al., 2018). Thus,
changes in the activity of the OT-secreting system in the brain
and the heart can be a biomarker of immune disturbance in
CVD while exerting the function of adaptive cardioprotection
(Jankowski et al., 2010a).

The cardioprotective effect of OT has been proven by
many experimental observations. OT administration significantly
inhibited myocardial injury in rats (Moghimian et al., 2012;
Polshekan et al., 2016); however, blocking OTRs with atosiban
increased infarct size and levels of creatine kinase MB isoenzyme
and lactate dehydrogenase (Moghimian et al., 2012; Houshmand
et al,, 2015). In rabbits with I/R of the left coronary artery,
OT pretreatment significantly decreased infarct size and yielded
antiarrhythmic effects including ventricular tachycardia and
fibrillation (Faghihi et al., 2012); however, atosiban abolished the
beneficial effects of this ischemic preconditioning of OT (Das
and Sarkar, 2012). Lastly, in the post-ischemia repair of a rabbit
model, post-infarction group treated with OT had reduced infarct
size and improved left ventricular function by enhancing anti-
fibrotic and angiogenic effects via activating OTRs (Kobayashi
et al,, 2009). Importantly, the cardioprotective effect of OT can
be achieved in doses of 8 x 1072 to 2 x 107 !'M as shown in
rat I/R heart (Anvari et al., 2012), a physiological level in the
plasma (Hirst et al., 1991), indicating that the protective role can
be physiological.

The protective effect of OT is first attributable to its negative
chronotropic and inotropic roles in cardiac activity following
the activation of cardiac OTR (Costa E Sousa et al., 2005) in
association with the release of protective atrial natriuretic peptide
(ANP) and nitric oxide (NO) (Houshmand et al., 2015) and
increase in parasympathetic output (Sun et al.,, 2015), decrease
in the activity of renin-angiotensin-aldosterone system (Nielsen
et al, 1997) and reduction of sympathetic outflow (Olszewski
et al,, 2010). In addition, OT also decreased cardiac preload and
afterload through its diuresis and natriuretic effect (Nielsen et al.,
1997). As a result, OT can reduce oxygen consumption while
increasing the cardiac output during I/R injury.

Vascular Protection
Oxytocin is synthesized and released in the heart and vasculature
that express OTRs, and is important in normal homeostatic
regulation of cardiac and vascular systems (Japundzic-Zigon,
2013). It is well-known that OT preconditioning increased
expression of genes associated with angiogenic, antiapoptotic,
and cardiac antiremodeling properties (Noiseux et al., 2012).
OT promoted angiogenic behaviors of human umbilical vein
endothelial cells through activating OTRs (Cattaneo et al., 2008)
by increasing hypoxia-inducible factor-la mRNA and protein
expression (Zhu et al., 2017). In rats of sinoaortic denervation,
intravenous application of OT induced an enhanced initial
pressor effect with much reduced reflex bradycardia and fall
in cardiac output. A larger and more prolonged delayed fall
in mean arterial pressure was apparent with both OT and its
specific agonist [Thr4,Gly7]OT (Busnelli et al., 2013) although
supraphysiological doses of OT caused transient pressor reaction
by activating vasopressin (VP) receptors (Petty et al., 1985).
Moreover, OT could antagonize the pressor effect of VP through
reflexively activating cholinergic neurons (Mukaddam-Daher
et al., 2001). These effects allow OT to reduce the pre- and
after-load of CVS.

The protective effect of OT is closely associated with
its suppression of immunological disorders. In rat heart,
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angiogenic and antiapototic effects of OT were mediated
by upregulating vascular endothelial growth factor (VEGF)
and prosurvival B-cell lymphoma-2 protein (Kobayashi et al.,
2009), with decreasing apoptosis caused by neutrophils (Al-
Amran and Shahkolahi, 2013). Moreover, incubation of cells
at physiological levels of OT significantly decreased basal
and stimulated NADPH-dependent superoxide activity in
vascular cells, monocytes, and macrophages that express OTR
protein and mRNA. OT can decrease NADPH-dependent
superoxide production and pro-inflammatory cytokine release
from vascular endothelial cells and macrophages, and thus,
inhibit inflammation and atherosclerotic lesion development
(Wang P. et al, 2015). In Watanabe Heritable Hyperlipidemic
rabbit, a model of dyslipidemia and atherosclerosis, chronic OT-
treatment significantly reduced plasma C-reactive protein levels,
atherosclerosis formation in the thoracic aorta and cytokine
gene expression in visceral adipose tissues; however, body
weight, serum lipids, plasma/urinary measures of oxidative stress,
plasma cortisol, or urinary catecholamines did not change (Szeto
et al., 2013). Thus, attenuating vascular oxidative stress and
inflammation are important mechanisms for OT to antagonize
the pathogenesis of atherosclerosis.

Cardioprotection in Post-menopausal Women
Coronary artery disease is generally considered the pathology
of aging and gender with strong correlation with the activity of
OT neurons. Between age 45 to 65, approximately 10% women
developed CAD, while the incidence increased to 33% after age
65 (Benjamin et al,, 2019). Correspondingly, heart disease was
the leading cause of death for women in the United States,
killing 289,758 women in 2013 (Xu et al., 2016). CAD-associated
hypertension increased dramatically in women after menopause
due to reduction in ovarian hormone in older women (McLeod
et al, 2010), which could impair baroreflex and autonomic
balance by negatively impacting OTergic drive and OT levels in
pre-autonomic neurons in rats (De Melo et al., 2016). Declines
in OT and OTRs were related to aging-associated acceleration
of inflammation and oxidative injuries in the CVS, particularly
after menopause (Light et al., 2005). Consistently, plasma OT
level experienced a threefold decline in aged mice compared with
young, and this decline was accompanied by similar decrease in
levels of OTRs in muscle stem cells (Elabd et al., 2014). Exogenous
estrogen application was found to increase OT secretion in both
rodents (Quinones-Jenab et al., 1997) and women (Chiodera
et al.,, 1991), and increase in OTR mRNA expression in mouse
brain (Quinones-Jenab et al., 1997) as well as intracardiac OTR
signaling (Jankowski et al., 2010b). The pro-synthetic function
of estrogen in OT expression may also explain the lower CAD
prevalence among women before menopause. Hence, OT has
special potential in treating female patients with CAD.

MECHANISMS UNDERLYING THE
PROTECTIVE EFFECTS OF OT

Oxytocin exerts much protective functions on the CVS through
suppressing atherosclerosis-evoking factors and reducing the

injury following MI. These protective effects of OT are based on
its direct CVS effects and its modulation of the regulatory system
of CVS activity (Figure 1).

Peripheral Effect

In response to environmetal challenges, OT in the hypothalamus
can be released into the blood stream in various amounts and
patterns (Hatton and Wang, 2008; Hou et al., 2016) and modulate
activities of the heart and blood vessels by activating OTRs
along with intracardiac OT (Wsol et al, 2016). OT has both
chronotropic and inotropic effects on cardiac activity, which can
protect the heart from I/R-induced myocardial injury by reducing
oxygen consumption. OT also regulates lipid metabolism, and
exerts the effect of anti-diabetes, anti-inflammation, and anti-
apoptosis while promotes angiogenesis and regeneration of
cardiomyocytes as further stated below.

Regulation of Lipid Metabolism

Among many factors contributing to atherosclerosis, disorders
in the regulation of lipid metabolism and obesity are major
etiologies (Schinzari et al, 2017) and thus the target of
cardioprotective effect of OT. As reported that hyperlipidemia
disrupted OTR signaling (Padol et al., 2017), that serum OT
levels were decreased in obese group (Qian et al., 2014), and
that mice with OT- or OTR-deficiency developed late-onset
obesity (Takayanagi et al., 2008) which was associated with type
2 diabetes and CAD (Amri and Pisani, 2016). Consistently,
blood OT concentration was inversely correlated to serum
triglyceride, low-density lipoprotein and total cholesterol levels
(Qian et al.,, 2014). It was also found that cholesterol levels in
rats displayed a tendency to fall in response to subcutaneous
injection of OT (Suva et al., 1980); chronic systemic treatment
with OT largely reproduced the effects of central administration
of OT by reducing weight gain in obese rodents; chronic
subcutaneous or intranasal OT treatment was sufficient to
elicit body weight loss in obese subjects (Blevins and Baskin,
2015). Thus, increasing OTR signaling is an important step in
prevention of atherosclerosis and OT has therapeutic potential
in reducing obesity, atherosclerosis, and the incidence of CAD
through regulating lipid metabolism.

Anti-diabetic Effects
Population with diabetes mellitus has high prevalence of CAD,
peripheral vascular disease and heart failure (Lehrke and Marx,
2017). In type 2 diabetes mellitus, serum OT levels were
decreased (Qian et al., 2014). Similarly, in a mouse model
of type 2 diabetes mellitus, there was a significant down-
regulation of OT, OTRs, ANP, and eNOS gene expressions in
the heart, and chronic OT treatment prevented the development
of diabetic cardiomyopathy in these animals (Plante et al,
2015). Consistently, OT administered to fasted male subjects via
intranasal approach attenuated the peak excursion of plasma
glucose (Klement et al, 2017). These findings support that
disruption of OTR signaling is closely related to the occurrence
of diabetes mellitus.

Further studies revealed that the anti-diabetic effect of OT
is closely related to its regulation of glucose metabolism. OT
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FIGURE 1 | Approaches mediating cardiovascular protective effect of OT. There are three pathways affecting cardiovascular activity. Neuronal activation of SON and
PVN can counteract stress, hypertension, and brain-heart syndrome. Release of OT from MNCs and CMs inhibits atherosclerotic injuries of heart and artery by
inhibiting immunological injuries and metabolic disorders through immune protection, paracrine function, and CM regeneration. Finally, activation of OT in pPVN
regulates autonomic and vasomotor center activity, leading to inhibition of cardiac arrhythmia, ischemia-reperfusion injury, oxygen demand, and vasoconstriction.
Ach, acetylcholine; CM, cardiomyocyte; MNCs, magnocellular neuroendocrine cells; OT, oxytocin; OTR, oxytocin receptor; pPVN, parvocellular division of the PVN;

PVN, paraventricular nucleus; SON, supraoptic nucleus.

could promote glucose metabolism in cultured cardiomyocytes
from newborn and adult rats (Florian et al, 2010), in
myocardial cells during hypoxia and other physiological
stressors (Shioi et al., 2000) and in mesenchymal stem cells
(Noiseux et al., 2012). These findings are consistent with the
report that OT stimulated glucose oxidation in myometrial tissue
(Okabe et al., 1985) and glucose oxidation and lipogenesis in
rat epididymal adipocytes (Goren et al., 1986). This effect was
mediated through tricarboxylic acid cycle (Okabe et al., 1985) in
an extracellular Ca?>*-dependent manner (Bonne et al., 1978).
On the other hand, OT contributes to metabolic control of
glucose by directly improving pancreatic functions. In mice,
OTR signaling reduced the death of pancreatic B-cells in islets
exposed to cytotoxic stresses, which was diminished in islets
isolated from OTR knockout mice (Watanabe et al., 2016). In
fasted male subjects, OT was also found to augment the early
increases in insulin and C-peptide concentrations in response
to glucose challenge due to a pronounced increase in B-cell
sensitivity (Klement et al., 2017). These facts indicate that OT
exerts anti-diabetic effect by regulating glucose metabolism and
protecting pancreatic B-cells in islets, thereby rendering the
OT system a potential target of anti-diabetic treatment and
prevention of CAD.

Anti-inflammation

One of the critical factors involved in the development of
CAD is chronic inflammation in association with oxidative
stress and the release of pro-inflammatory cytokines (Mullenix
et al., 2005). Early atherosclerosis formation is based on
leukocyte accumulation and atheroma-activating cells, such as
macrophages, dendritic cells, and T- and B-lymphocytes. Pro-
inflammatory cytokines enhance leukocyte adhesion molecule
expression, leading to leukocyte penetration into the endothelial
layer and accumulation in intima. Other molecules, such as
interleukin-6, that affect lipid metabolism (Yudkin, 2003) are
associated with increased level of C-reactive protein production,
which changes inversely to serum OT levels (Qian et al,
2014). OT was also identified as an agent that suppresses the
production of inflammatory cytokines (Wang, 2016), including
smooth muscle and vascular endothelial cells (Szeto et al., 2013).
Moreover, OT could down-regulate neutrophil chemotactic
molecules and myocardial neutrophil infiltration, and prevent
myocardial injury by reducing inflammatory reaction and
reactive oxygen species (ROS) produced by neutrophils (Al-
Amran and Shahkolahi, 2013). Thus, along with the general
immunological regulatory functions (Wang P. et al., 2015; Wang,
2016), OT could be a potentially preventative agent in those at
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high-risk for atherosclerosis development and further limit the
progression in those with existing disease.

Regeneration of Cardiomyocytes

In MI, an initial ischemic event can lead to either reversible or
irreversible myocardial injury based on the duration and size
of ischemia, and subsequent damages by reperfusion. Prolonged
ischemia caused dysfunction in ATPase-dependent ion transport,
cellular swelling and rupture, intracellular ion dysregulation and
cellular apoptosis; reperfusion caused transient elevation in levels
of ROS and inflammatory neutrophils, leading to exacerbation
of initial ischemic event; following an ischemic attack, up to 1-
billion cardiac cells died but humans had a limited ability to
regenerate myocardial cells and injured cells were often replaced
by fibrotic scars, leading to conduction abnormalities and heart
failure (Rahman and Woollard, 2017; Sanin et al., 2017). For this
reason, regeneration of cardiomyocytes is extremely important in
long-term prognosis.

Along with the anti-inflammatory and anti-apoptotic effects
of OT on the CVS (Kobayashi et al., 2009; Noiseux et al.,
2012; Al-Amran and Shahkolahi, 2013), OTR signaling can exert
cardioprotective function by promoting regeneration of injured
cardiomyocytes. OT stimulated in situ differentiation of cardiac
stem cells into functionally matured cardiomyocytes by replacing
lost cells from ischemic events. When OT-treated mesenchymal
stem cells were co-cultured with I/R rat cardiomyocytes,
there were decreased cardiac fibrosis, macrophage infiltration,
restoration of connexin 43, and increased overall cardiac ejection
fraction (Kim et al., 2012). OT preconditioning was also known
to increase expression of genes involved in angiogenesis, anti-
apoptosis, and anti-cardiac remodeling, such as HSP 27, HSP 32,
and VEGF (Gutkowska et al., 2009). Thus, OT treatment can
evoke mesenchymal stem cell differentiation to replace the lost
cardiac cells, which endows OT the potential of reversing injuries
from atherosclerotic CVD.

Effects of Intracardiac OT via ANP

In rat heart (Wsol et al, 2016), the right atrium has the
highest OT concentration (~2.128 ng/mg protein) (Jankowski
et al., 1998), comparable with OT content in the hypothalamus
wherein different regions have OT concentrations varying from
>0.1~228 ng/mg protein (Gainer, 2011). Thus, when OT is
released from the atrium, dramatic changes in the cardiac activity
can be elicited through paracrine functions, in which ANP
serves as cardioprotective mediators of OT in the heart. Upon
activation of OTRs, intracellular Ca?* mobilization occurred in
the right atrium, which caused ANP release from cardiomyocytes
(Gutkowska et al., 2014) whereas, application of OT antagonist
blocked basal ANP release (Paquin et al., 2002) and caused
a significant decline in ejection fraction and increased cardiac
fibrosis (Jankowski et al., 2010D).

Similarly, OTR signaling also increased NO production
(Polshekan et al., 2019) that exerted cardiovascular protective
effect (Jackson et al., 2017). This action is likely mediated by
ANP (Menaouar et al., 2014). Moreover, OT-evoked release of
ANP into the blood during expansion of blood volume could
also reduce BP through its diuresis and natriuresis effects (Soares

et al.,, 1999). The natriuretic effect helps to remove excess volume
and thus reduces BP. These features allow OT to modulate
cardiovascular activity through changing ANP secretion.

Central Effect

Cardiovascular activity is under intense regulation of the
central nervous system. CVDs can be caused by disorders
in the cardiovascular regulation involving disrupting normal
neuroendocrine, autonomic, and behavioral responses. By
antagonizing these responses, OT can counteract the deleterious
effects of stress, hypertension, unhealthy life-style, and brain-
heart syndrome on the CVS.

Neural Regulation of Cardiovascular Activity
Vasomotor center(s) in the brainstem are the key structure in
neural regulation of cardiovascular activity and are also the
target of OT protection of cardiovascular activity. In response
to physiological challenges, OT in the hypothalamus can change
vasotone through autonomic nerves and in turn modulate
cardiovascular activity.

The pumping effectiveness of the heart and contractility
of blood vessels are primarily regulated by the autonomic
nervous system including excitatory sympathetic and inhibitory
parasympathetic nerves. As evidenced in trained rats, there were
an increased gain of baroreflex control of heart rate, markedly
elevated OT mRNA expression and OT peptide density in
PVN neurons, which were blocked with sinoaortic denervation
(Cavalleri et al., 2011). OT neurons and their terminals are
present in both intra- and extra-hypothalamic sites (Hou et al.,
2016), through which OT can change the activity of the neural
centers controlling CVS at different levels. The descending
fibers from hypothalamic OT cells were found to innervate the
locus coeruleus and dorsal vagal complex in the brainstem of
the rat (Swanson and Hartman, 1980; Llewellyn-Smith et al.,
2012). Through them, OT increased parasympathetic cardiac
control and decreased sympathetic cardiac control by activating
brainstem vagal neurons (Olszewski et al., 2010), resulting in the
slowing down of the heart rate (Higa et al., 2002).

It is worth noting that acute MI could activate microglial
P2X7R in the PVN that mediates sympatho-excitatory responses
and the production of proinflammatory cytokines in rats. In
addition, pro-inflammatory cytokines subsequently increased OT
release (Du et al., 2015), thereby limiting the damaging effect of
sympathetic outflows (Nielsen et al., 1997; Roy et al., 2018).

OT and Hypertension

Hypertension was one of the most significant risk factors for
atherosclerosis and the development of CVD, and responsible for
54% of all strokes and 47% of ischemic cardiomyopathy (Lawes
etal., 2008). In a cohort study on patients without baseline CVD,
about 63% of those with baseline hypertension developed CVD
while only 46% in those with normal baseline BP developed CVD
(Rapsomaniki et al., 2014).

Oxytocin is deeply involved in body defense against
hypertension. As reported, intrauterine growth restriction,
caused by excessive glucocorticoid exposure to the fetus,
produced hypertension later in life due to damages to
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OTR signaling (Vargas-Martinez et al,, 2017). In hypertensive
rats, a decreased expression of OT mRNA and protein
was found in hypothalamus. This is consistent with an
earlier finding that when OT was injected subcutaneously
or intracerebroventricularly for 5 day, BP decreased in rats
(Petersson and Uvnas-Moberg, 2008). Moreover, centrally
released OT was also found to reduce the cardiovascular
responses in BP and heart rate to the acute stressor significantly,
which were reversed by OTR antagonist applied through brain
ventricular system (Wsol et al., 2009).

The central anti-hypertensive effect of OT is mediated by
PVN-brainstem-autonomic nervous system. It has been known
for long that OT could reduce overall sympathetic activation of
vessel contraction (Olszewski et al., 2010), and selectively dilate
blood vessels that were innervated by parasympathetic nerves
(Nielsen et al., 1997). Chronic activation of OT neurons restored
the release of OT from PVN fibers in the dorsal motor nucleus
of the vagus, and prevented the hypertension that occurred with
3 weeks of chronic intermittent hypoxia-hypercapnia exposure
(Jameson et al., 2016). Thus, promoting OTergic drive from PVN
to brainstem could improve autonomic control of the circulation
to maintain stability of the BP.

Lastly, disorder of the immune system in the pathogenesis
of hypertension has been firmly established by a large number
of investigations (Rodriguez-Iturbe et al, 2017); hence, OT
could also reduce hypertension through its immune homeostatic
functions (Wang P. et al., 2015; Wang, 2016). Thus, OT can exert
anti-hypertensive effects through multiple approaches.

Cardiovascular Protection Through

Anti-stress Effects

Both positive and negative social stimuli can modify
the activity of HPA axis and thus, affect body recovery
from acute illnesses including stress, wounds, stroke, and
cardiovascular complications (Dupont et al, 2014). OT
can exert cardiovascular protection through its anti-stress
effects. It has been demonstrated that Watanabe Heritable
Hyperlipidemic rabbits exposed to a consistent, stable social
experience in association with higher blood OT levels exhibited
more affiliative social behavior and less aortic atherosclerosis
(Szeto et al., 2013). Social stress promoted the progression of
atherosclerosis in these rabbits in association with increased
urinary norepinephrine, plasma cortisol and splenic weight as
well as less affiliative behavior and more stressful physiological
and tissue responses (Noller et al, 2013). In human being,
OT was positively associated with diminished stress among
securely attached participants and had an attenuating effect on
perceived stress due to adverse life events in old age (Emeny
et al., 2015). Moreover, in adult mice grouped into isolated or
paired environment, social pairing enhanced hypothalamic OT
gene expression and that was associated with smaller infarct
size, and reduced neuroinflammation and oxidative stress
following stroke. In contrast, administration of OT to socially
isolated mice reproduced the neuroprotection conferred by
social housing, and this effect was associated with the suppressive
action of OT on microglia, a source of brain inflammatory
cytokines (Karelina et al., 2011). By acting on many brain sites,

OT could reduce stress-elicited neuroendocrine, autonomic,
and behavioral responses (Li et al., 2017) wherein OT reduced
stress-associated release of epinephrine (Wronska et al,
2017), which can reduce cardiac consumption of oxygen
and thus endow OT the ability to oppose the injury from
stress on the CVS.

Suppression of Smoking and Alcohol Craving

Healthy behaviors including moderate alcohol consumption,
smoking abstinence, lack of abdominal adiposity, decreased
sedentarism, and adherence to Alternate Mediterranean Dietary
Index that is characterized by high intakes of fruit, vegetables,
fish, and whole grains, moderate amounts of alcohol and dairy
products, and low amounts of red or processed meats and sweets,
could significantly reduce the presence of coronary artery calcium
and plaques in femoral and carotid arteries; adoption of multiple
healthy lifestyle behaviors early in life could be a key strategy in
tackling the onset of atherosclerosis and reducing the burden of
CVD (Dennis and Gerstman, 2014). However, cigarette smoking
and alcoholism remain significant problems among population
that is at high-risk for atherogenesis.

In a well-characterized, multi-ethnic United States cohort,
it has been found that coronary artery calcium was predictive
of atherosclerotic CVD in 6.7% of all smokers and in 14.2%
of lung cancer screening eligible smokers (Kenkel et al., 2014).
Cigarette smoking decreased OT secretion while worsening CAD
(Vardavas and Panagiotakos, 2009). Smoking in men inhibited
OT release by the mediation of endogenous opioids (Seckl et al.,
1988) and GABA (Chiodera et al, 1993). In contrast, nasal
application of OT significantly reduced levels of cue-induced
smoking craving that often led to smoking relapse (Miller et al.,
2016). In addition, OT could decrease withdrawal signs in rats
and somatic component of the nicotine withdrawal syndrome
(Manbeck et al., 2014). Thus, OT is helpful in reducing these
detrimental behaviors.

Similar to the effect on smoking, OT can also inhibit craving
for alcohol. The primary metabolite of alcohol, acetaldehyde,
stimulated vascular smooth muscle cell Notch signaling and
muscle growth, and mediated the ultimate effects of drinking
on CVD (Patrick and Ames, 2014). Animal studies support
OT as a potential treatment in reducing alcohol consumption.
For example, intraperitoneal application of OT (3.0 mg/kg)
significantly reduced alcohol (15%) consumption in the first-
hour after treatment (Stevenson et al., 2017). Moreover, acute
intracerebroventricular infusion of OT attenuated voluntary
alcohol self-administration (20%) in male rats. Furthermore,
intracerebroventricular application of OT completely blocked
alcohol-induced dopamine release within the nucleus accumbens
(Peters et al., 2017) that is a well-known nucleus of rewarding.
Mechanistically, OT was considered to act by inhibiting the
effects of the corticotropin-releasing factor on GABAergic
interneurons in the amygdala and PVN, which suppressed
the mechanisms of relapse and craving by reducing anxiety,
stress vulnerability, and social withdrawal in abstinent alcohol-
dependent patients (Fachrmann et al., 2018). By improving these
life-styles, OT may also help to suppress the development of
atherosclerotic CVD.
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Protection From Brain-Heart Syndrome

Brain-heart syndrome is reversible acute heart diseases caused
by acute encephalopathy involving the regulatory centers of the
CVS. Many autonomic brain regions, including insula cortex,
amygdala complex, anterior cingulate cortex, ventral medial
prefrontal cortex, hypothalamus, and pineal gland are involved in
the regulation of cardiovascular activity. At the cellular level, the
disturbance of autonomic regulation resulted in catecholamine
excitotoxicity, oxidative stress, and free radical myocardium
injury (Gotovina et al., 2018). The damage of these structures
leads to arrhythmia in previously intact myocardium, systolic and
diastolic dysfunction, and ischemic changes. Although it does not
cause CAD directly, it often occurs on the basis of atherosclerosis
and worsens the CAD.

In association with the stress-relieving effect, OT could
also alleviate brain-heart syndrome through its neuroprotective
functions. As reported that in a rat model of transient
middle cerebral artery occlusion, OT significantly reduced the
infarct volume of the cerebral cortex and striatum (Reed
et al, 2019). Moreover, intracerebroventricular infusion of
OT and centrally released OT induced a preconditioning
effect in I/R rat heart via brain receptors (Moghimian et al.,
2013). Thus, while OT system dysfunction serves as one
common mechanism underlying metabolic syndrome and
psychotic disorders (Quintana et al., 2017), brain OT can exert
cardiovascular protective effect by suppressing the brain-heart
syndrome in cerebrovascular accidents.

SIGNALING PATHWAYS MEDIATING THE
CARDIOVASCULAR PROTECTIVE
EFFECT OF OT

Oxytocin is known to exert its biological functions through
both  OTR and VP receptors (Song and Albers, 2017).
Although supraphysiological doses of OT could also activate
VP receptors, OTR is the mediator of OT effects in terms of
cardiovascular protection (Wsol et al, 2014). Understanding
of the signaling pathway through OTR signaling is crucial in
understanding of its cardiovascular protection and identifying
novel targets of treatment.

OTR and G Proteins

Oxytocin receptors are typical class I G protein-coupled receptors
(GPCRs). The binding of OT to OTRs activates its primary
downstream effector Gq protein via RVSSVKL segment in
the COOH-terminal region of the third intracellular domain
of OTR (Zhong et al., 2007); however, Gi/o family members
can also mediate the cardioprotective effects of OT directly
as stated below.

In general, the effect of OTR activation is mediated by
phospholipase C (PLC)-f downstream to the o-subunit of
both Gq and Gi/o proteins (Busnelli et al., 2013; Jurek and
Neumann, 2018). In the early stage of cardiac injury, the
activity of PLC-B1b was elevated selectively, which caused de-
phosphorylation of phospholamban and depletion of the Ca?™
stores in the sarcoplasmic reticulum (SR), leading to cytosolic

Ca%*" oscillation, mitochondrial Ca?*overload, and oxidative
stress (Abdallah et al., 2011). Thus, it is not likely for OTR to
activate PLC-P1 signaling to exert the cardioprotective function.
Instead, PLC-B3 could be a mediator of OTR signaling (Yue and
Sanborn, 2001). The differential effects of downstream signals to
OTR are in agreement with the findings that biological effects
of OT depended on OTR localization in caveolin-1 enriched
domains (Rimoldi et al., 2003) and that angiotensin and OT
respectively caused injury and protective effects by activating
different signaling pathways downstream to their corresponding
Gq proteins (Natochin et al., 2018).

The activation of OTRs can also protect cardiomyocytes
through GPy subunits of OTR-coupled G proteins and the
crosstalk between this GPCR and receptor tyrosine kinase
signaling pathways, which has been identified in myometrial
cells (Zhong et al., 2003) and HEK293 cells (Rimoldi et al.,
2003) wherein GPy subunits could increase phosphorylation
of extracellular signal-regulated protein kinase (ERK) 1/2, the
critical component of cardioprotective reperfusion injury salvage
kinase (RISK) pathway (Polshekan et al., 2016). The RISK
pathway involves phosphatidylinositol 3-kinase (PI3K)-protein
kinase B (Akt)-eNOS cascades and ERK 1/2. In addition, AMP-
activated protein kinase (AMPK), Ca?*/calmodulin-dependent
protein kinase (CaMK) signaling and others are also implicated,
disruption of which has been implicated in immunometabolic
dysregulation-associated pathogenesis of cardiac arrhythmias
as recently reviewed (Wang S.C. et al, 2018). The activation
of OTR-Gq and Gi/o proteins could regulate these and other
signaling pathways to suppress immunometabolic dysregulation-
associated CAD.

Between the signaling events downstream to a-subunit and
GPy subunits of OTR-coupled G proteins, there is also crosstalk.
Indeed, the activation of PLC could be generated by the Py
complexes released by Gai of the OTR/Gi coupled receptor and
by transactivating tyrosine kinase receptor EGFR via MAPK
cascade (Rimoldi et al., 2003).

It is important to note that there are rapid and extensive
internalization and desensitization of the OTR upon agonist
exposure, which is determined by several signaling molecules
in a cascade. For example, stable OTR/beta-arrestin2 interaction
played an important role in determining the rate of recycling
of human OTRs; OTRs were localized in vesicles containing
Rab5 and Rab4 small GTPases, the markers for direct receptor
recycling without decomposition (Conti et al., 2009). In human
embryonic kidney cells, OTR internalization was unaffected
by inhibitors of protein kinase C (PKC) or CaMK-II but
was significantly reduced after transfection with dominant-
negative mutant cDNAs of GPCR kinase (GRK)2, B-arrestin
2, dynamin, and Eps15 (a component of clathrin-coated pits)
(Patel and Radeos, 2018); GRK-evoked OTR phosphorylation
was a prerequisite for B-arrestin-mediated internalization and
OTR desensitization (Wang C. et al., 2018). In uterus, knockdown
of GRK6 largely prevented OT-induced OTR desensitization; in
contrast, selective depletion of GRKs 2, 3, or 5 was without effect
(Denson et al.,, 2018; Liu et al., 2018). This signaling feature
highlights a potentially beneficial effect of using intermittent OT
application pattern in treating CVDs, the power of which has
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been well-discussed about studies on the milk-letdown reflex
(Hatton and Wang, 2008; Hou et al., 2016).

PI3K/Akt Cascades

Disruption of PI3K/Akt cascade is a major pathological
event for CAD occurrence, which has been observed in
smoking interference of the cardioprotective signaling by post-
conditioning (Guasch and Gilsanz, 2016) and many other
etiologies as recently reviewed (Wang S.C. et al,, 2018). The
protective effect of this pathway is supported by the findings of
myocardial protection through hydrogen sulfate (H,S) (Jin et al.,
2017), isoflurane-induced myocardial post-conditioning under
acute hyperglycemia (Raphael et al., 2015), the protection of the
heart against I/R injury by limb remote ischemia preconditioning
through the opioid system (Zhang et al., 2017), post-reperfusion
administration of granulocyte colony-stimulating factor (Sumi
et al., 2010) and others (Zhou et al., 2015; Zafirovic et al., 2017).
The protective effect of this pathway is likely associated with its
critical roles in cellular proliferation, migration, and protection
against apoptotic and cytotoxic effects due to hypoxia (Wang S.C.
et al., 2018). Consistently, PI3K/Akt cascade is also implicated
in the cardioprotective effect of OT. For example, activating
PI3K/Akt signaling was responsible for the post-conditioning
and the anti-apoptotic effect of OT (Gonzalez-Reyes et al., 2015)
whereas, PI3K/Akt inhibitors and OTR blocker atosiban blocked
the protective effect in rats (Polshekan et al., 2016).

Oxytocin activation of PI3K/Akt signaling could be achieved
through a crosstalk between Gq protein and epidermal growth
factor receptor (Zhong et al., 2003) that is an upstream signal
of PI3K/Akt as demonstrated in the action of protease-activated
receptor 2 (Wang and DeFea, 2006; Wang et al., 2010). In OTR
signaling, PI3K/Akt signaling-mediated protection is achieved
through eNOS that subsequently activates mitochondrial ATP-
dependent potassium (mKATP) channels (Das and Sarkar, 2012)
to reduce mitochondrial oxidative stress (MOS) as discussed in
previous review in detail (Wang S.C. et al., 2018).

Between NO and mKATP channels, the involvement of
NO-soluble guanylyl cyclase has been found in OT-evoked
differentiation of porcine bone marrow stem cells into
cardiomyocytes and cell proliferation (Ybarra etal., 2011). In cells
treated with OT, activated Akt and eNOS were translocated into
the nuclear and perinuclear area to protect heart from I/R injury,
which was abrogated by inhibition of OTR signaling, PI3K,
c¢GMP-dependent protein kinase as well as soluble guanylate
cyclase (Gonzalez-Reyes et al, 2015). Downstream to the
eNOS-cGMP-dependent protein kinase is the mKATP channels,
inhibition of which is a pivotal mechanism in immunometabolic
disorder-evoked CVDs (Wang S.C. et al., 2018). In addition,
cyclic AMP response element-binding protein (CREB) signaling
could also be a mediator of PI3K/Akt signaling, which has been
shown in the nervous system (Da Silva et al., 2013).

ERK 1/2 Pathway

Following the activation of OTRs, the release of GBy subunits
from OTR-associated Gq protein can activate ERK 1/2 as shown
in myometrial cells (Zhong et al., 2003) and in OT neurons
(Wang and Hatton, 2007a,b). As a major component of the RISK

pathway, ERK 1/2 signaling is also implicated in OT-mediated
cardiovascular protection. For example, the cardioprotective
effect of OT post-conditioning on isolated ischemic rat heart
depended on the activation of ERK1/2 signaling (Gonzalez-Reyes
et al., 2015) since that was blocked by ERK1/2 inhibitors and
atosiban (Polshekan et al., 2016).

Studies further revealed that the protective effect of ERK1/2
signaling is mediated through CREB signaling. Reduced
expression of genes regulated by the transcription factor CREB
is linked to atrial fibrillation susceptibility in patients, which has
been verified in transgenic mouse model recently (Seidl et al,
2017). CREB is responsible for the expression of potassium
channel Kv1.5 that was impaired in diet-induced obese in mice
(Huang et al., 2013). Thus, this signaling cascade is critical
in pathophysiology of atrial fibrillation, ventricular ectopy,
insulin secretion, hypoxic pulmonary vasoconstriction and
sudden cardiac death. Moreover, CREB is also associated with
peroxisome proliferator-activated receptor signaling known to
regulate lipid metabolism and insulin sensitivity, integrity of
sarcomeres and mitochondria, and the deposition of collagen
and glycogen in the heart (Seidl et al., 2017). In addition, GRK2
may participate in OT regulation of CVS activity although the
expression level of GRK2 was dependent on the tissues and
their functional status (Montgomery et al., 2018). Importantly,
high fat-diet caused marked intracellular lipid accumulation
and significantly increased cardiac GRK2 levels in mice, which
promoted obesity-induced cardiac remodeling and steatosis.
In contrast, low GRK2 protein levels were able to keep the
PKA/CREB pathway active and prevented a high fat diet-induced
down-regulation of key fatty acid metabolism modulators
such as peroxisome proliferator-activated receptor gamma
co-activators, thus preserving the expression of cardioprotective
proteins such as mitochondrial fusion markers mitofusin
(Marir et al., 2013).

Mitofusin was known as an inhibitor of mitochondrial
membrane depolarization and ROS production by acting on
the mitochondria-associated ER membrane (MAM) to inhibit
mitochondrial Ca?T overloading, a function opposite to glycogen
synthase kinase-3p (GSK-3f) (Jankowski et al., 2010b). Thus,
by activating CREB signaling, OT-activated ERK 1/2 can
suppress ER stress response (Watanabe et al., 2016) and the
associated MOS (Wang S.C. et al., 2018), thereby exerting
cardiovascular protective effects. Interestingly, the protective
effect of CREB signaling might not work in low potassium diet
since elevated autophagy and CREB signaling were found to
promote calcification of arteries from low potassium diet-fed
mice as well as aortic arteries exposed to low potassium ex vivo
(Brown et al., 2013).

CaMK Signaling

Another important signaling molecule in OT protective effect
is CaMK-II. CaMK 1I is important for Ca** homeostasis of
cardiomyocytes. In infarcted heart, cardiac SR Ca®" uptake
and release activities were depressed significantly due to a
decrease in SR CaMK-II phosphorylation of the SR proteins,
ryanodine receptor, Ca>™ pump ATPase/ER Ca’t ATPase, and
phospholamban (Araujo et al., 2013), leading to ER stress and
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MOS. Thus, CaMK could be an important mediator of the
cardiovascular protection of OT.

Following the activation of OTRs, mobilization of Gaq or
GBy caused intracellular Ca>* release and subsequent activation
of CaMK-II (Yue and Sanborn, 2001), likely mediated by PLC-
B3 signaling pathway. The intracellular Ca>* could also come
from other sources. For instance, L-type Ca?* channels, TP3-
RyR-gated, and store-operated Ca>* channels including transient
receptor potential channel pathways played significant roles in
OT-induced contractions of myometrium of buffaloes (Borrow
et al., 2018). CaMK-II can further phosphorylate PLC-B3 but
not PLC-B1 (Yue and Sanborn, 2001) that was a known as a
deteriorating signal in heart (Abdallah et al., 2011). The activation
of CaMK-II was associated with OT-elicited activation of AMPK
(Lee et al., 2008), release of ANP (Gutkowska et al., 2014) and NO
(Lee et al., 2008; Menaouar et al., 2014), and they are all known to
play important roles in OT protection of CVS.

It has been demonstrated that OT could antagonize
endothelin-1  or angiotensin II-evoked cardiomyocyte
hypertrophy though ANP and NO release in the developing rat
heart, which was mediated by CaMK-II and AMPK pathways and
by normalization of the reduced Akt phosphorylation (Menaouar
et al., 2014). Moreover, CaMK II was involved in NO-elicited
relaxation of endothelium-intact rat aortic rings as a result of
Ca%*-dependent activation of eNOS in cultured porcine aortic
endothelial cells (Alizadeh and Mirzabeglo, 2013). Thus, CaMK
signaling is an important approach for OT protection of arteries.

AMPK Pathway

In parallel with the RISK pathway, AMPK signaling pathway
is also involved in OT function in anti-inflammation and
promotion of metabolic homeostasis (Mancini et al., 2017)
through multiple approaches. As reported that OT stimulated
and activated AMPK in C2C12 myoblast cells in a time/dose-
dependent manner. This process also depends on the activation
of CaMK since it was blocked by inhibition of either CaMK
or AMPK (Lee et al, 2008). In db/db mice, OT treatment
normalized cardiac structure and function, cardiac OTRs, ANP,
and AMPK while reducing body fat accumulation, fasting
blood glucose levels and improving glucose tolerance and
insulin sensitivity (Plante et al., 2015). Moreover, AMPK could
inhibit HMG-CoA reductase to reduce cholesterol synthesis and
inflammation (Vilahur et al., 2014). Thus, inhibition of multiple
pro-inflammatory signaling pathways and metabolic disorders by
AMPK should be an important mechanism of the cardiovascular
protective functions by OT.

Other Signals

Oxytocin protection of the CVS was associated with its activation
of PKC (Faghihi et al, 2012), likely PKC-¢ signaling in
the mitochondria. In cardioprotection, PKC-¢, a downstream
effector of PLC-f and NO generated by eNOS, increased the
stability of gap junctions and suppressed ventricular fibrillation
by antioxidant-increased connexin-43 in rats (Bacova et al,
2017; Lee et al., 2017). In contrast, activation of PKC-a, a
downstream event of PLC-B1b that is a heart-specific signaling,
led to cardiac injury by increasing inducible NOS (iNOS)

expression, concomitant to enhanced apoptotic cell percentage,
and molecular interaction between apoptotic protease activating
factor-1 and cytochrome C (Qiu et al., 2012). These findings
indicate that PLC-B1b-PKC-a-iNOS signaling pathway activates
mitochondrial apoptotic pathways while PKC-¢ is protective.
In contrast to the effect of OT, norepinephrine, angiotensin
II, and endothelin 1 and phorbol ester could activate and
translocate protein kinase D1 to the Z-disks in rat cardiomyocytes
in a PKC-e-dependent manner, which process was essential
to induce hypertrophic responses (Iwata et al., 2005). Thus,
protein kinase D1 and PKC-¢ interaction may also induce cardiac
hypertrophy. Moreover, ERK1/2 activation by metabotropic
glutamate receptor 1 induced melanoma development and was
also PKC-e-dependent, but cAMP and PKA-independent. Thus,
the proliferating effect of PKC-¢ downstream to OTRs either
functions during regeneration of injured cardiomyocytes or is
linked to different signaling events from those that are used
by the GPCRs of “stress hormones.” Nevertheless, experimental
evidence remains to be collected.

In parallel with NO, H,S is also a well-known cardioprotective
gaseous signal (Raphael et al., 2015; Jin et al., 2017). H,S is mainly
converted from cysteine catalyzed by cystathionine-y-lyase (CSE)
that was present in OTR-expressing supraoptic neurons (Coletti
etal., 2019) and could be activated by CaMK, PI3K and NO. H,S
could also suppress inflammation by activating KATP channel,
PI3K, and pERK1/2 signaling (You et al., 2017). Importantly,
CSE can regulate OTR expression in tissue- and function-
dependent manner. In isolated human uterine smooth muscle
cells, CSE had negative correlation with the expression of OTR
in pregnant myometrial tissues (You et al., 2017). By contrast,
myocardial injury evoked by contusion of the thorax in mice
was found to reduce myocardial OTR expression, and that was
aggravated in CSE(—/—) mice; exogenous H,S administration
restored myocardial OTR protein expression to wild-type levels
(Merz et al., 2018). This study suggests that cardiac CSE can
exert cardioprotective function by activating RISK pathway and
up-regulating cardiac OTR expression.

In addition, OT-evoked protection was also related
to increases in VEGEF B-cell lymphoma 2 and matrix
metalloproteinase-1 (Kobayashi et al., 2009) along with
aforementioned signals that opened mKATP channels (Alizadeh
et al,, 2010). Among them, serum levels of VEGF had negative
association with atrial fibrillation episode duration (Peller et al.,
2017) and exerted antifibrotic and angiogenic effects, which were
associated with the activation of matrix metalloproteinase-1 and
eNOS (Kobayashi et al., 2009).

Signaling Network

In cardiovascular protection, different signaling pathways
function interactively and coordinately to suppress
immunometabolic disorders. For instance, exercise in mice
reduced infarct size by 60% while increasing phosphorylation of
Akt, ERK1/2, and AMPK; however, the level of corresponding
phosphatases PTEN, MKP-3, and PP2C were decreased in both
wild-type and obese mice (Danalache et al., 2014). Moreover,
different signaling pathways have close interactions as shown
in the following studies. In vascular endothelial cells in mice
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(Chen et al., 2009) and human umbilical vein endothelial cells
(Huangetal., 2017), AMPK served as an upstream enzyme of the
Akt-NO pathway. These signals are known to activate mKATP
channels via activation of eNOS-NO-protein kinase G pathway
and CREB, thereby protecting the CVS from the damaging effect
of ER stress and MOS as previously discussed (Wang S.C. et al.,
2018). Another example is that H,S-evoked activation of ERK 1/2
PI3K depended on mKATP channel activation (You et al., 2017).

Together with other evidence, such as the mediation of statin
protection by the phosphorylated Akt, GSK-3f (inhibition), and
CREB and the functions of OT at other tissues (Klein et al.,
2014; Watanabe et al., 2016), we propose the presence of an OTR
signaling network that protects the CVS from atherosclerotic
injury and CAD (Figure 2).

PROTECTION BY ALLEVIATING ER
STRESS AND MOS

Coronary atherosclerosis and CAD are largely caused by
immunometabolic disorders and the resultant ER stress
and MOS (Wang S.C. et al, 2018). In agreement with
the common machinery of immunometabolic regulation,
the cardioprotective effect of OT is also dependent on
its suppression of immunometabolic disorders involving
“ER-mitochondrial syncytium.”

Reducing ER Stress

The ER is an essential organelle for protein synthesis, folding,
translocation, calcium homoeostasis, and lipid biosynthesis.
Stimuli that disrupt ER homoeostasis and functions can cause
the accumulation of misfolded and unfolded proteins that disrupt
ER membrane structure and functions. As an adaptive strategy
to restore ER homoeostasis, an unfolded protein response (UPR)
occurs following ER stress through activating transcriptional and
translational pathways. Maladapted ER stress could worsen ER
functions, trigger inflammatory reaction and damage membrane
structure, leading to cell dysfunction and apoptosis (Wang
et al, 2017). In the CVS, ER stress causes the development
and progression of various CVDs. Suppression of ER stress has
been shown to promote angiogenesis (Pohl et al., 2018), reduce
cardiomyocyte apoptosis, improve heart function in diabetic rats
(Rabow et al., 2018) and decrease cell death in ER stress models
of cultured neonatal rat cardiomyocytes and in acute MI in
mice (Ding et al., 2019). In OT-elicited cardiovascular protection,
suppression of ER stress is also an important mechanism.

It has been reported that OT in the colostrum attenuated
the impact of inflammation on postnatal gut villi and enhanced
autophagy to protect against amino acid insufficiency-induced
ER stress during the interval between birth and the first feeding
(Klein et al., 2017). OT reduced ER stress by reducing the
burden of protein synthesis and processes in the ER through
rapamycin complex 1 (mTORCI1) signaling that was up-regulated
in CVDs (Yano et al, 2016). In gut cells, OT was found to
downregulate anabolic effects induced by fresh growth medium
catalyzed by mTORCI through regulation of PI3K/Akt/mTORCI1
pathway, which has been identified in mice with malignant

arrhythmias, heart failure, and premature death (Cao et al,
2013). Consistently, through activating inositol requiring enzyme
(IRE), OT increased the UPR and a chaperone protein,
immunoglobulin binding protein while decreased translation
initiation factors (Klein et al., 2017). Through this chaperone
approach, OT could inhibit lipopolysaccharide-evoked ER stress
(Klein et al, 2017). Mechanistic studies revealed that the
enhancement of IREla (IREla)/X box-binding protein-1 (XBP1)
activity in turn increased ER-associated degradation-mediated
clearance of misfolded proteins and autophagy (Ding et al.,
2019). Another line of evidence showed that following the
activation of OTRs, IREla activation was mediated by OT-
elicited VEGF release, which together with sliced XBP1 could
carry out the protective functions of OT in a PI3K/Akt/GSK-
3p/B-catenin/E2F2-dependent manner (Pohl et al., 2018). Thus,
OT can reduce translation of proteins, increase their export and
clearance of misfolded proteins during ER stress and thus protect
cardiomyocytes from injuries of immunometabolic stress.

Inhibition of the MOS

The mKATP channel is a key carrier in the cardioprotective effect
of OT and a downstream signal in the RISK pathway (Raphael
etal., 2015; Jin et al,, 2017; You et al,, 2017) and AMPK signaling
(Chen et al., 2009; Huang et al., 2017). In OT-stimulated cells,
activated Akt accumulated intracellularly close to mitochondria
in mesenchymal stem cells that have therapeutic potential in I/R
heart, and allowed NO-dependent activation of protein kinase G
to open mKATP channels (Faghihi et al., 2012). Moreover, OT
could activate mKATP channels in the heart of anesthetized rats
that were subject to I/R injury and thus significantly decreased
infarct size, creatine kinase-MB isoenzyme plasma level, severity
and incidence of ventricular arrhythmia. These effects were
blocked by atosiban (Alizadeh et al., 2010). These findings are
consistent with the cardioprotective effect of activating mKATP
channels under other conditions (Das and Sarkar, 2012).

What needs to be note is that the protective effect of OT
in mitochondria is achieved in an “oxidative preconditioning”
manner. In a simulated I/R experiment using heart-derived
H9c2 cells, OT was shown to trigger a short-lived burst in ROS
production but reduced I/R-evoked remarkable ROS production
(Gonzalez-Reyes et al., 2015). This “oxidative preconditioning”
blocks I/R-evoked MOS, thereby exerting the protective effect.
By suppressing the MOS, OT also restores tricarboxylic acid cycle
and normal ATP production that are critical in cardiac protection
(Wang S.C. et al,, 2018).

OT Suppression of Ca2* Overload
Through SR/ER-Mitochondrial Network

It is of interest to note that ER stress and MOS do not occur
independently in CAD-associated immunometabolic disorders.
The two organelles are interconnected through MAM in the
heart, which was responsible for Ca?* signaling between ER
and mitochondria following the activation of inositol 1,4,5-
trisphosphate receptor (IP3R) (Wu et al., 2017), thereby forming
an ER-mitochondrial channel.
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FIGURE 2 | Signaling pathway mediating cardiovascular protection of OT. Activation of OTR-Gq and Gi/o proteins can directly increase Gga subunit and GBy
subunit signaling. These signals can cross-activate EGFR while activating their downstream signaling molecules, resulting in the activation of CaMK-AMPK, PKC-¢,
PIBK/Akt-eNOS, H,S, and ERK1/2-CREB signaling cascades. These signaling cascades lead to the activation of a variety of cardioprotective functions including
electrical stability, metabolic arrangement, inhibition of inflammation or oxidative stress, and others. AF, atrial fibrillation; Akt, protein kinase B; AMPK, AMP-activated
protein kinase; Ang, angiotensin; CaMK, Ca?*/calmodulin-dependent protein kinase; CREB, cyclic AMP response element-binding protein; CSE,
cystathionine-y-lyase; Cx-43, connexin-43; EGFR, epidermal growth factor receptor; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; ERK1/2,
extracellular signal-regulated protein kinase 1/2; ET-1, endothelin-1; GRK, G protein-coupled receptor kinase; HMG-CoA reductase,
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; HPV, hypoxic pulmonary vasoconstriction; HoS, hydrogen sulfate; Kv1.5, voltage-gated potassium channel
Kv1.5; MFN-2, mitofusin-2; mKATP C, mitochondrial ATP-dependent potassium channels; MOS, mitochondrial oxidative stress; PI3K, phosphatidylinositol
3-kinases; PKC, protein kinase C; PKG, protein kinase G; PLC-B3, phospholipase C-B3; PPAR, peroxisome proliferator-activated receptor; SR, sarcoplasmic
reticulum; TCA cycle, tricarboxylic acid cycle; VSM, vascular smooth muscle; VE, ventricular ectopy. Other annotations refer to Figure 1.

This Ca’' signaling in the heart is regulated by GSK-
3 protein in the ER. Dephosphorylation/activation of GSK-
3B occurs following the activation of JNK which could
be induced by advanced glycation end-products in diverse
pathological settings including diabetes, inflammation and acute
I/R injury in the heart (Wang S.C. et al, 2018). During
I/R, increased GSK-3P activity leads to enhanced transfer of
Ca’* from ER to mitochondria by interacting with the TP3R
Ca’t channeling complex in MAM, leading to cytosolic and
mitochondrial Ca?* overload and the resultant cell death.
Inhibition of GSK-3p reduced both IP3R phosphorylation
and ER Ca’?" release, which consequently diminished both
cytosolic and mitochondrial Ca?*concentrations as well as
mitochondrial sensitivity to apoptosis (Gomez et al., 2016).
Activation of the mKATP channels reversely induced inhibitory
phosphorylation of GSK-3B and suppressed substantial ROS
production, lactate dehydrogenase release and apoptosis after
antimycin washout (Sunaga et al., 2014). Another key molecule
regulating the interaction between mitochondria and ER is
mitofusin-2. Mitofusin-2 has been identified to suppress the
interaction between the ER and mitochondrial apoptotic pathway

(Guan et al, 2016; Yang F. et al, 2017), a function opposite
to GSK-f.

In addition to the ER, SR is also an important source of
mitochondrial Ca?* overload in myocardiac pathogenesis. Ca®*
transient from SR could also contribute to the MOS. For example,
fructose-rich diet induced decrease in SR-mitochondrial distance,
SR Ca’T leak, and Ca?™ transit between the two organelles,
which resulted in mitochondrial membrane depolarization and
oxidative stress, thereby activating the apoptotic pathway and
diabetic heart injury (Federico et al., 2017).

Oxytocin could protect the heart by blocking the activity
of malfunctioned ER-mitochondrial syncytium through the
following approaches. (1) OT can increase cardiac expression of
connexin 43 (Gassanov et al., 2008; Kim et al., 2012), which was
known to inhibit GSK-3p signaling in cardiomyocytes (Ishikawa
et al,, 2012). (2) OT can activate PI3K/Akt pathway (Gonzalez-
Reyes et al,, 2015) that is known to exert antiapoptosis in
association with upregulation of mitofusin 2 (Zhang et al., 2014).
(3) By activating AMPK, OT can decrease the Ca?* oscillation
through increasing mitofusin 2 expression (Wang F. et al,
2015) and suppressing GSK-3f by activation of insulin receptor
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(Chopra et al., 2012) that was known to increase mitofusin 2
and decrease GSK-3p (Litwiniuk et al.,, 2016). This possibility
is supported by the fact that OT stimulated PKC activity in
adipocyte plasma membranes, an effect similar to that of insulin
(Egan et al,, 1990); however, direct evidence remains to be
collected. Figure 3 presents a working model of OT suppression
of the malfunctioned ER-mitochondrial communication.

LIMITATION FOR THERAPEUTIC USE
OF OT

Oxytocin was generally considered a safe agent in clinical usage
(Alfirevic et al,, 2016). A daily treatment with 40 IU intranasal
OT for 4 months did not impact on OT and VP plasma levels
nor on cardiovascular, body fluids and food intake parameters
in healthy humans (Busnelli et al.,, 2015). Similarly, intranasal
OT strengthened the bonding between male resident and its
female partner in rats without changing cardiovascular activity
(Calcagnolietal., 2015). Moreover, OT has the beneficial effects of
insulin, antioxidants, and corticosteroids but not their side effects
(Hou et al,, 2016). Thus, its clinical trial is tempting.

It is important to note that some animal studies administer
supraphysiological levels of OT (e.g., micromolar concentrations
rather than picomolar levels) and at that dosage, OT has affinity
for VP receptors and VP-like effect, such as pressor effect of OT
at its initial actions (Petty et al., 1985). Moreover, cardiovascular
side effects and allergy to OT have been found in gynecological
practice although quite rare. Thus, it is necessary to address
these negative sides in clinical trials of OT in prevention and
treatment of the CVD.

Exogenous OT Application

Since chronic CVDs are associated with declines in OT/OTR
signaling, restoring OTR signaling with OT becomes a natural
selection. To simulate physiological and natural labor, pulsatile
application of intravenous OT was commonly used (Saccone
et al, 2017). Pulsatile application was associated with lower
total dose of OT and less incidence of tachy-systole; however,
cardiovascular disturbances like hypotension and reflexive
tachycardia were sometimes observed when 5~10 IU OT was
given as a rapid intravenous bolus (Lin et al,, 2007; Saccone
et al, 2017). In pregnant women with MI, coronary spasm or
thrombosis could occur in response to the intravenous bolus
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FIGURE 3 | Working model of OT suppression of the malfunctioned ER-mitochondrial communication. OTR activation can inhibit inflammation, ER stress, restore
UPR and chaperone functions, reduce the production of cholesterol and VLDL, inhibit ER-mitochondrial Ca?* oscillation and overload through MAM, precondition
MQOS, restore TCA cycle, and suppress inflammatory and apoptotic pathways, leading to regeneration and repair of injured cardiomyocytes. These processes are
signaling through activating AMPK, pERK1/2, PI3K/Akt, VEGF, and CX43 while inhibiting mTORC1, HMG-CoA reductase, GSK-38, and calcium oscillation. As a
result, lipotoxicity and formation of atherosclerosis are inhibited. GSK-38, glycogen synthase kinase-38; IRE1a, inositol-requiring enzyme 1a; pERK1/2, extracellular
signal-regulated protein kinase 1/2; MAM, mitochondria-associated ER membrane; ROS, reactive oxygen species; mTORC1, rapamycin complex 1; UPR, unfolded
protein response; VEGF, vascular endothelial growth factor; VLDL, low-density lipoproteins; XBP1, X box-binding protein-1. Other annotations refer to Figure 2.
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of OT. By contrast, there were only modest cardiovascular
disturbances during slow infusion (Svanstrom et al., 2008). This
fact highlights the necessity to reconsider the optimal drug, dose,
and administration route in clinical trials of OT.

It is known that the beneficial effect of OT on cardioprotection
is correlated with the basal levels of endogenous OT (Hirst et al.,
1991). OT administration to individuals with a low pretreatment
OT levels could be beneficial whereas, individuals with an
elevated basal OT levels would be prone to adverse effects, which
has been shown in swine (Jacquenod et al., 2015). It is likely that
during parturition the basal OT levels are already very high, a
bolus injection of OT in large amount may reversely decrease
OTR signaling by reducing OTR protein expression (Authier
et al., 2010). Moreover, high doses of OT also activated VP
receptors (Wang and Hatton, 2006), thereby evoking MI (Ying
et al,, 2015). These facts highlight the necessity to assay the basal
levels of blood OT in the induction of labor, particularly in those
with CAD, and use drugs like prostaglandins (Mahomed et al.,
2018) and misoprostol (Pimentel et al., 2018) to replace OT in
those who have higher basal OT levels.

In using exogenous OT to treat CAD, pre-existing
neuroendocrine conditions of the patients should also be
considered. It has been observed that chronic application of OT
and angiotensin-II together increased mean arterial pressure, and
caused left ventricular hypertrophy and renal damage in male
rats (Phie et al., 2015). It is likely that prolonged administration
of OT in CAD patients with elevated basal angiotensin-II
levels accelerated angiotensin-II-induced hypertension and
renal damage (Gu et al, 2016). Since elevated basal levels
of angiotensin-II is common among patients with CAD
complications (Schuh et al., 2017), alternative approaches of OT
application should be considered.

In addition, anaphylaxis to OT was occasionally observed
in delivering women with latex allergy and bronchial asthma
(Liccardi et al., 2013). Thus, special attention in exogenous OT
application should be paid to patients who have the history
of latex allergy as well as history of hypotension, reflexive
tachycardia, and high angiotensin levels in delivering women.

Intranasal OT Delivery
Circulating OT could modulate cardiovascular activity directly
(Alfirevic et al., 2016); however, intravenous application of OT
is inaccessible to the brain sites that are involved in neural
regulation of CVS activity. Thus, intranasal OT application had
been tested in heart rate variability-an index of autonomic cardiac
control (Quintana et al., 2013). Although intranasally-applied OT
usually does not evoke significant change in plasma OT levels
(Leng and Ludwig, 2016), it could exert antiarrhythmic effect in
human being as reported (Jain et al., 2017; Sack et al., 2017).
Intranasal administration of OT could regulate brain activities
including hypothalamic sites (Delorme and Garabedian, 2018)
without side effects of peripheral exposure (Busnelli et al., 2015;
Calcagnoli et al.,, 2015). Intranasal delivery of OT had been
considered in relieving brain-associated etiologies of CAD, such
as obesity, Alzheimer’s disease, depression, anxiety, seizure, and
stroke (Chapman et al., 2013). In CAD patients, intranasal
OT also exerted the protective effect (Zhangetal., 2013) by

suppressing the activity of HPA axis and adrenaline secretion
(Yee et al,, 2016) and reducing sympathetic output (Tracy et al.,
2018). However, intranasal OT may act on multiple brain sites
though different nose-brain routes (Veening and Olivier, 2013)
that may impose additional complications, such as co-activation
of VP neurons, thereby compromising the protective effect of
OT (Bartekova et al., 2015). In addition, responsive activation
of parvocellular OT neurons during MI could drive cardiac
sympathetic nerve activation as observed in rats (Roy et al,
2018), which could worsen the decompensated heart functions.
Although it remains to study if intranasal OT application could
activate this sympathetic pathway, caution should be taken in
using this approach to deliver OT in acute phase of MIL. As a
whole, how to let OT activate the descending vagal pathway
to minimize cardiac injury remains a puzzle in exploring the
therapeutic potential of intranasal OT.

SUMMARY

In varieties of etiologies of atherosclerosis and the resultant
CAD, deficits in OTR signaling are an important one. Although
the presence of some rare side effects and optimal approaches
of OT application remain to be clarified, the perspective to
reduce the morbidity and mortality of atherosclerosis and CAD
by targeting OTR signaling is highly desirable, which can at
least avoid the compromising effect of VP receptor signaling
while efficiently blocking the key pathological link in CAD
development. To exert the therapeutic potential of OT, questions
remain to be answered include but not limit to understandings of
the signaling processes from OTR activation to its downstream
signals, including CaMK, AMPK, PI3K/Akt, pERK 1/2, PKC-
e, NO and H,S, and the details of inter-organelle Ca?*transfer
and its regulation, and so on. With careful monitoring of
both the positive and negative effects of OT, particularly in
delivering women (Weissman et al., 2017), future clinical trials of
OT therapies would contribute significantly to the translational
study in curbing the development of atherosclerosis and the
CAD complications.
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The present study aimed to determine the spatial distribution patterns of
hyperphosphorylated tau-immunoreactive cells in subcortical nuclei of post-mortem
human brain with primary age-related tauopathy (PART). Subcortical tauopathy has
important pathological and clinical implications. Expression of tau was examined in
different subcortical regions of definite PART cases with a Braak neurofibrillary tangle
stage >0 and <IV, and with a Thal phase 0 (no beta-amyloid present). Post-mortem
brain tissue of PART was studied using immunohistochemistry and subsequent semi-
quantitative assessment with Braak NFT stage -matched pre-Alzheimer’s disease (AD)
and AD cases as a control. Expression of tau was frequently found in subcortical nuclei
including the substantia nigra, inferior colliculus, locus coeruleus, medulla oblongata
in the brainstem, the caudate, putamen, nucleus globus pallidus in the striatum, the
hypothalamus, thalamus, subthalamus in the diencephalon, and the cervical spinal
cord in both PART and AD, but not in the dentate nucleus of the cerebellum.
A positive correlation was found between the Braak NFT stage and the tau distribution
(qualitative)/tau density (quantitative) in PART and AD. Brainstem nuclei were commonly
involved in early PART with NFT Braak stage l/Il, there was no preference among
the substantia nigra, inferior colliculus, locus caeruleus and medulla oblongata. The
prevalence and severity of tau pathology in subcortical nuclei of PART and AD
were positively correlated with NFT Braak stage, suggesting that these nuclei were
increasingly involved as PART and AD progressed. Subcortical nuclei were likely the
sites initially affected by aging associated tau pathology, especially the brainstem nuclei
including the substantia nigra, inferior colliculus, locus caeruleus and medulla oblongata.

Keywords: primary age-related tauopathy, subcortical nuclei, Alzheimer’s disease, neurofibrillary tangle,
brainstem, brain bank

INTRODUCTION

The stepwise progression of tau pathology in Alzheimer’s disease (AD) is reflected by NFT Braak
stages and this pathology is generally assumed to begin from the trans-entorhinal region (Braak
et al., 2006). However, it has been shown that some subcortical nuclei are involved early, even
at NFT Braak stage I or 0 (Braak et al., 2011; Attems et al., 2012b; Stratmann et al., 2016).
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Specifically, it has been shown recently that tau pathology is
frequently seen in locus caeruleus (LC), suggesting that AD-
associated tau pathology may begin from LC rather than from the
trans-entorhinal region (Braak and Del Tredici, 2011; Braak et al.,
2011). It is noted that LC was recently considered as the pretangle
stage b before Braak stage I (Braak et al., 2011; Braak and Del
Tredici, 2015), whereas the subcortical nuclei are in general
not considered in the basic scheme of Braak staging. In fact, a
number of other subcortical nuclei were reported to be involved
in AD, including the hypothalamus, thalamus, and the substantia
nigra (SN) (Mattila et al., 2002; Arendt et al., 2015; Theofilas
et al.,, 2015). The studies have shown that these nuclei were
involved early in the progression of the disease and the lesions
had important clinical consequences (Riib et al., 2017). Further
studies are thus needed to determine how early and consistently
these nuclei are affected (Braak and Del Tredici, 2012).

Primary age-related tauopathy (PART) is characterized
neuropathologically by the presence of AD-type neurofibrillary
changes without, or with few A plaques. Definite PART has
recently been defined by the absence of AP plaques (Crary
et al., 2014). Whether PART is a subtype of early AD, or an
individual aging related change, is still controversial (Duyckaerts
et al., 2015; Jellinger et al., 2015). Due to the absence of AP
plaques, PART shows a pure tauopathy. This is helpful for
seeking the starting point of NFT “seeding” and the NFT
progression mechanism (Crary, 2016). Subcortical tauopathy has
been described in AD in the medulla oblongata (MO), SN,
LC, and some other subcortical nuclei (Arendt et al., 2015).
Tauopathy was also reported in the aging brain (Wharton et al.,
2016), but this phenomenon has not been comprehensively
described in PART. To address this issue, we examined tau
pathology in the subcortical nuclei of definite PART cases that
met the pathological criteria, Braak NFT stage-matched pre-
AD, and AD cases. We found that tauopathy was frequently
observed in the subcortical nuclei of PART, pre-AD, and AD,
including SN, colliculus inferior, LC, MO in the brainstem;
the caudatum, putamen, globus pallidus (GP) in the striatum;
the hypothalamus, thalamus, subthalamus in the diencephalon.
The severity (distribution and density) of tau pathology in
these subcortical nuclei was significantly correlated with Braak
stages and tauopathy in nuclei of the brainstem, striatum
and diencephalon has important pathological and clinical
consequences (Theofilas et al., 2015).

MATERIALS AND METHODS

Materials

Two independent groups, including 16 neuropathologically
confirmed definite PART brains, 7 AD (Braak NFT stage >V
and CERAD plaque density C) and 5 pre-AD (Braak NFT
stage @/IV and CERAD plaque density C) brains were selected
for this study. All cases were obtained from the China Brain
Bank, Zhejiang University School of Medicine. Subcortical
nuclei were checked in five major brain areas: SN, colliculus
inferior/pons (CIP), locus caeruleus/pons (LCP), and MO in
the brainstem; the caudatum, putamen, and globus pallidus in

the basal gangalia; the hypothalamus, thalamus, subthalamus in
the diencephalon; the cerebellum (dentate nuclei) and cervical
spinal cord (SCC).

The study included 16 PART cases: their age was
78.5 £ 9.17 years in the range of 60-98 years; 12 were male
and 4 were female; their average brain weight was 1240 £ 70.71 g.
7 neuropathologically confirmed definite Pre-AD cases: their age
was 80.9 + 6.67 years in the range of 69-90 years; 2 were male
and 5 were female; their average brain weight was 1152 £ 73.05 g.
5 neuropathologically confirmed definite AD cases: their age was
86.8 £ 6.94 years in the range of 79-99 years; 3 were male and 2
were female; their average brain weight was 1235 + 136.73 g.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed,
paraffin-embedded tissue from all autopsy cases. Small
blocks of brain were dissected at autopsy and fixed in 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4)
for 2 days. Following cryoprotection in 15% sucrose in 0.01 M
phosphate-buffered saline (PBS, pH 7.4), blocks were cut at
3 pwm thickness using a microtome. Free floating sections were
incubated with 3% H,O; for 10 min to eliminate endogenous
peroxidase activity in the tissue. Prior to immunostaining,
sections underwent microwave antigen retrieval for 15 min in
the citrate buffer (pH 6.0). After washing with PBS containing
0.3% Triton X-100 (Tx-PBS) for 30 min, sections were blocked
with 10% normal goat serum, and then incubated with
the primary antibody (anti-hyperphosphorylated-tau, ATS:
Mouse monoclonal, 1:200, Thermo Fisher Scientific, Rockford,
United States; anti-amyloid B protein: Mouse monoclonal,
1:200, Sigma-Aldrich, St. Louis, United States) for 24 h
in a cold room. Following treatment with the appropriate
secondary antibody (anti-mouse), labeling was detected using
the avidin-biotinylated HRP complex (ABC) system (Vector
Laboratories, Burlingame, CA). The peroxidase reaction was
carried out using a developer solution containing 0.4 mg/ml
DAB and 0.0006% hydrogen peroxide in TBS. For negative
control, the primary antibodies were omitted and all other
steps carried out as described above. After the staining
procedures, sections were mounted onto gelatin coated slides
and dehydrated before being coverslipped with the DPX
mounting medium.

The severity of tau pathology was semi-quantitatively scored
based on a four-point grading scale (—/0, none; +/1, mild;
+-+/2, moderate; ++4+4-/3, severe). Of note, all cases initially were
checked using the routine protocol for the Braak stage system.

Data Analysis

The hyperphosphorylated-tau  immunochemistry  results
were analyzed using the semi-quantitative tau score index
(severity) and the qualitative tau score index (distribution). The
quantitative tau score index was evaluated using a four-point
grading scale, and the qualitative tau score index is evaluated
using a two-point grading scale (negative, 0; positive, 1). For
inter-group comparison of means, the Kruskal-Wallis H test was
used. Statistical comparison between variables was performed
using the Mann-Whitney test.
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TABLE 1 | Subcortical nuclei tau distribution in PART.

PART Age Sex Striatum Diencephalon Brainstem CcD SCcC
Ca Pu Pa HT T ST SN CIP LCP MO
60 M - - - - - - - - - — - +
74 F - - - - - - - - - - - -
76 M - - - - - - + + + - - +
80 M - - - - + + + - ++ - - +
84 M - - - - - - - - - + - -
91 M + + + - - - + + - - - -
Il 70 M + - - - - - + + + - - +
83 M + - - - + - - + - + - N
65 M - - - - - - + + - - -
1 80 F - - ++ + + ++ + N + - +
81 F - - + + - + + + + - +
83 F - + + + + - + ++ + + - -
% 74 M - + + + + + + + + - -
78 M + - + + - + + + - + - N
79 M - + + ++ - - - + + - - N
98 M + + + ++ + + + + + + - +

NFT, neurofibrillary tangle; Ca, caudate; Pu, putamen; Pa, globus pallidus; HT, hypothalamus; Th, thalamus; ST, subthalamus; SN, substantia nigra; CIF colliculus
inferior/pons; LCPR, locus caeruleus/pons; MO, medulla oblongata; CD, cerebellum/dentate nuclei; SCC, cervical spinal cord. —, None, +/1, mild; ++/2, moderate;

+++/3, severe. N not examined.

RESULTS

We investigated both the prevalence and severity of subcortical
tau pathology in PART brains and compared them with those
of pre-AD and AD brains. The present study correlated tau
pathology in the subcortical nuclei with their Braak stages.

Tau Pathology in Subcortical Nuclei in

PART (Table 1)

Among 16 PART cases, 15 cases (15/16) had tau-positive
pathology in the subcortical regions. The region affected most
frequently by tau pathology in the PART cohort was the
brainstem including CIP (12 out of the 16 cases), SN (10/16), MO
(9/16), and LCP (8/16); followed by the diencephalon including
the thalamus (7/16), subthalamus (7/16), and hypothalamus
(4/16); and the striatum including the caudatum (5/16), putamen
(5/16), globus pallidus (6/16) (Figure 1). The SCC showed ATS8
immunoreactivity (AT8-ir) in 7 out of the 16 cases (7/16). None
of the cerebellum showed tau pathology (0/16).

The same regions were assessed using NFT Braak staging. In
PART with Braak stage I, subcortical tauopathy was present in
the brainstem (SN 3/6, CIP 2/6, LCP 2/6, MO 1/6), basal ganglia
(caudatum 1/6, putamen 1/6, globus pallidus 1/6), thalamus 1/6,
subthalamus 1/6 and SCC 3/6. PART cases with NFT Braak stage
III/TV showed more AT8-ir in the brainstem (SN 6/7, CIP 7/7,
LCP 5/7, MO 6/7), followed by the diencephalon (hypothalamus
7/7, thalamus 5/7, subthalamus 3/7), and the striatum (caudatum
2/7, putamen 4/7, globus pallidus 5/7). SCC showed AT8-ir in 3
out of 7 cases (3/7). Notably, the hypothalamus was consistently
affected at Braak stage III /IV, but not at Braak stage I/II. None of
the cerebellum showed tauopathy in PART cases.

In terms of tau distribution sites, the low grade (Braak stage
I/II) PART showed AT8-ir in fewer subcortical sites (within 0-5
brain nuclei) than in the high grade (Braak stage III /IV) PART
cases (between 5 and 11 nuclei). There was a statistical difference
in the means of NFT distribution sites between PART with Braak
NEFT stage I/II and PART with Braak NFT stage @/IV (p < 0.01)
(Figure 3A). The total tau IHC scores (four-point grading scale)
were low in all subcortical nuclei of PART, below 1 at Braak stage
I/11, and 1-2 at Braak stage III/IV. The tau score means of PART
with Braak NFT stage III/IV cases were significantly higher than
those of PART with Braak NFT stage I/II (P < 0.01) (Figure 3D).

Tau Pathology in Subcortical Brain Sites
in Pre-AD and AD (Table 2)

In all AD individuals, nearly all of the subcortical nuclei showed
a marked to severe AT8-ir tau pathology (Figure 2). Compared
with PART, the subcortical regions were frequently affected
by tau pathology in pre-AD and AD cases. Tauopathy was
frequently observed in the striatum (caudatum 10/12, putamen
10/12, globus pallidus 10/12), diencephalon (thalamus 8/12,
subthalamus 5/12, hypothalamus 11/12), and brainstem (SN
8/12, CIP 9/12, LCP 11/12, MO 7/12). In pre-AD cases, fewer
brain sites showed HP-tau immunoreactivity (i.e., within 2-8
sites) than in AD (10-11 sites). A significant difference was
found in the number of sites affected between pre-AD and AD
(p < 0.01), between PART with Braak NFT stage I/II and pre-
AD/AD (p < 0.05), and between PART with Braak NFT stage
II/IV and AD (p < 0.05). There was no significant difference
in the number of sites affected between pre-AD and PART with
Braak NFT stage III/IV (P > 0.05) (Figure 3A).

In terms of tau density, similar to late PART with Braak stage
III/IV, Pre-AD cases showed minimal ATS8-ir with a total tau
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FIGURE 1 | Subcortical nuclei tau distribution in PART. Tau pathology in the subcortical nuclei in PART cases: hypothalamus (A), thalamus (B), subthalamus (C) in
the diencephalon; caudatum (F), putamen (D), globus pallidus (E) in the striatum; substantia nigra (1), colliculus inferior/pons (H), locus caeruleus/pons (G), medulla
oblongata (J) in the brainstem. All images are of the same magnification x 100. scale bars, 100 wm.
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TABLE 2 | Subcortical nuclei tau distribution in AD and pre-AD.

AD NFT Age Sex SP Striatum Diencephalon Brainstem CcD SCC
(Braak) (CERAD)
Ca Pu Pa HT T ST SN CIP LCP MO

i 69 F C - - - + - - - - + - - -
79 F c + + + + + + - ++ + - - -
90 M c + + + + - - - - + + - -

v 78 F c - - + - - - - +++ ++ - - -
81 F c + + - ++ - - + + - - - -
83 M c + + + + + + + + - -
86 F c + + ++ ++ ++ - + ++ + ++ - ++

% 85 M c ++ ++ ++ ++ ++ + + - - +++
99 F c + + + +++ + - + + ++ + - +

Vi 79 M c ++ o+ ++ +++ 4+ ++ ++ ++ ++ ++ - +
86 F c ++  ++ + +++ +++ ++ ++ ++ - N
85 M c + + + + ++ + ++ ++ ++ + - +

AD, Braak NFT stage >IV and CERAD SP density = C; Pre-AD, Braak NFT stage lll/IV and CERAD SP density = C or B. SR Senile plaque; NFT,

neurofibrillary

tangle; Ca, caudate; Pu, putamen; Pa, globus pallidus; HT, hypothalamus; Th, thalamus, ST, subthalamus; SN, substantia nigra; CIR, colliculus inferior/pons; LCR, locus
caeruleus/pons; MO, medulla oblongata,; CD, cerebellum/dentate nuclei; SCC, cervical spinal cord. —, None; +/1, mild; ++4/2, moderate; +++/3, severe. N not examined.

score of 1-2 in subcortical nuclei, whereas nearly all AD cases
showed a higher tau score of 2-3 in the majority of subcortical
nuclei. A statistical difference in the means of tau scores was
observed between pre-AD and AD (p < 0.01), between PART
with Braak NFT stage I/II and pre-AD/AD (p < 0.01), between
PART with Braak NFT stage III/TV and AD (p < 0.01). There
was no statistical difference in the means of tau scores between

pre-AD and PART with Braak NFT stage III/IV (Figure 3D).
Similarly, total tau scores increased with the increasing NFT
Braak stages in SCC, scoring 1 in pre-AD and 3 in AD. No AT8-ir
was seen in the cerebellum of either AD or pre-AD cases.

The tauopathy distribution scores of the striatum,
diencephalon and brainstem showed no significant difference
between AD and pre-AD cases (P > 0.05). In PART, especially
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FIGURE 2 | Subcortical nuclei tau distribution in AD. Tau pathology in the subcortical nuclei in AD cases: hypothalamus (A), thalamus (B), subthalamus (C) in the
diencephalon; caudate (D), putamen (E), globus pallidum (F) in the striatum; substantia nigra (1), colliculus inferia/pons (H), locus ceruleus/pons (G), medulla
oblongata (J) in the brainstem. All images are the same magnification x 100. scale bars, 100 pm.
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FIGURE 3 | Correlation of Braak NFT stages with tau scores in PART and pre-AD/AD. (A) The qualitative tau score means (tau distribution pathology) in PART and
AD/pre-AD. There was a statistical difference in NFT distribution score means between PART with Braak NFT stage I/Il, PART with Braak NFT stage &/IV, pre-AD,
and AD (p < 0.01). (B) The qualitative tau score means (tau distribution pathology) in the striatum, diencephalon, and brainstem in PART and AD/pre-AD. (C) The
qualitative tau score means (tau distribution pathology) in SN, CIP, LCP, and MO in PART and AD/pre-AD. (D) The quantitative tau score means (tau density
pathology) in PART and AD/pre-AD. There was a statistical difference in the tau score means between PART with Braak NFT stage I/Il and PART with Braak NFT
stage @/IV cases (p < 0.01) as well as pre-AD/AD (p < 0.01). (E) The quantitative tau score means (tau density pathology) in the striatum, diencephalon, and
brainstem in PART and AD/pre-AD. (F) The quantitative tau score means (tau density pathology) in SN, CIP, LCP, and MO in PART and AD/pre-AD.

in the early Braak stage I/II, many brainstem nuclei showed in PART with Braak stage I/II (Figure 3E). There was no
tauopathy (Figure 3B) with a moderate to high severity score. significant difference in the distribution (Figure 3C) and severity
Because of the limitated number of cases, a statistical difference  (Figure 3F) scores between brainstem nuclei including SN,
was only found between the brainstem and the diencephalon CIP, LC, and MO.
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DISCUSSION

Recent studies indicated that tau pathology in AD did not initially
manifest in the cerebral cortex but in selected subcortical nuclei,
including the thalamus, striatum and brainstem, in particular LC
(Elobeid et al., 2012). Structural brain imaging studies also found
changes in subcortical regions in early stage AD (Tentolouris-
Piperas etal., 2017). For example, the thalamus and striatum were
found to be atrophied in symptomatic patients, with an altered
caudate volume implicated in early stage AD (Leh et al.,, 2016).
Without AB deposition, PART represents a pure tau pathology
at the early stage of neurodegeneration and is a good model of
studying the mechanism for NFT Braak staging. In a previous
study (Attems et al., 2012a), we addressed the question whether
degeneration of subcortical nuclei occurred early during the
progression of PART. In the present study, we systematically
assessed the subcortical nuclei in PART and per-AD/AD patients
ranging from preclinical stages to severe dementia. In the five
brain regions we checked, tau became detectable in the brainstem,
diencephalon, striatum, and spinal cord in PART and pre-AD, but
not in the cerebellum. Tauopathy was more pronounced in these
regions in more advanced AD with higher NFT Braak stages.

Primary Age-Related Tauopathy in the

Brainstem

It was reported that brainstem nuclei were affected by early
AD before the supratentorial regions, including the LC, SN
and the nucleus basalis of Meynert (NbM). Some normal aging
subjects without NFTs (Braak 0) in LC showed NFTs in the
dorsal raphe nucleus (DR) (Grinberg et al., 2011). In the present
study, LC showed tau pathology in early PART with NFT Braak
stage I, other brainstem nuclei including SN, CIP and MO
also showed tau pathology at the same time. In some PART

cases with NFT Braak stage I, a few brainstem nuclei, such
as the MO (Table 1/ case 5), SN, and CIP (Table 1/case 6),
but not LC, showed tau pathology. So at least, when LC was
involved, some other brainstem nuclei have already manifested
tauopathy in early PART with NFT Braak stage 1. Compared
with the striatum and the diencephalon, brainstem nuclei were
the most commonly affected region at the early stage of PART
with NFT Braak stage I/II, which supports that tauopathy may
begin from the brainstem (Simic et al., 2009; Lee et al., 2015;
Riib et al, 2016b). In pre-AD and AD brains, tau pathology
was severe and evenly distributed in these nuclei without a clear
preference (Figures 3B,E).

Primary Age-Related Tauopathy in

Striatum and Diencephalon

In our study cohort, tauopathy was also positive in the other
subcortical nuclei including the caudate nucleus, putamen,
globus pallidus in the striatum, the thalamus and subthalamus
in the diencephalon in early PART with NFT Braak stage I.
Early tauopathy is not confined to a single subcortical nucleus.
The possibility that neurodegeneration occurs independently
at a number of sites in parallel cannot be ruled out (Riib
et al., 2016a). Moreover, more subcortical nuclei were positive
for tau in PART with higher Braak stages like III/IV. Tau
pathology (both distribution and density) in the diencephalon
and striatum showed a nearly identical pattern as that shown in
the brainstem. In the hypothalamus, thalamus, and subthalamus,
tau pathology (density and distribution) was negative or mild
in early PART (NFT Braak stage I/II), moderate in late PART
(NFT Braak stage III/IV) and pre-AD (NFT Braak stage
III/IV), and severe in AD brains. Nuclei in the striatum
(caudatum, putamen, globus pallidus) showed a similar pattern.
We propose, therefore, that the subcortical nuclei should be
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considered in the basic scheme of Braak NFT staging in the future
as others suggested (Paskavitz et al., 1995; Mattila et al., 2002;
Pievani et al., 2013; Kawakami et al., 2014).

Primary Age-Related Tauopathy in the
Spinal Cord and the Cerebellum

To date, there are few studies having examined deposition of
abnormally phosphorylated tau in the spinal cord of normal
aging subjects or AD patients. A study showed that the cervical
cord segments were affected in 96% AD vs. in 27% non-
demented individuals (Dugger et al, 2013). We found that
SCC was frequently positive for tau pathology (11/12, 92% in
AD vs. 7/16, 44% in PART) in both AD and PART brains,
and was even positive in early PART with Braak stage I. No
tauopathy was observed in the cerebellum/dentate nuclei in our
PART and AD brains.

Subcortical Tauopathy Has Important

Clinical Implications

In the present study, tauopathy was observed in subcortical
nuclei of PART brains. Based on the tau score (both qualitative
and quantitative scores), brainstem was the most frequently
affected region by tauopathy, followed by the diencephalon,
striatum and SCC in PART (Figures 4A-C). Among these
brainstem nuclei, there was no evident prevalence tendency
observed (Figures 4D-F). The presence of tau pathology in
subcortical nuclei has important implications for both the
pathogenesis and clinical manifestations of PART and AD. As
tau immunoreactivity is present in the subcortical regions of
PART as well as pre-AD subjects, it could explain some clinical
symptoms prior to typical dementia symptoms manifest (Besser
et al,, 2017; Josephs et al., 2017). The density (tau score) of AT8-
ir cells increased in all regions investigated as the NFT Braak
stage increased in AD, which could explain symptoms frequently
found in AD. But this has not been correlated with tau pathology
in the subcortical nuclei such as SN or LC in PART (Giaccone,
2015). Tau pathology in the brainstem is severe in AD, which
may explain clinical symptoms due to serotonergic deficit found
in AD, and a variety of less well-understood symptoms of AD
patients. For example, parkinsonian extrapyramidal motor signs,
depression, hallucinations, dysfunctions of the sleep/wake cycle,
etc. (Attems et al., 2007).

Although there are some reports about the subcortical
tauopathy in AD, the extent of the subcortical tauopathy in aging
and AD has been underestimated (Janocko et al., 2012; Lemche,
2018). To our knowledge, this is the first systemic report on
the occurrence of tau accumulation in the subcortical regions
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in PART. Our findings showed that tau pathology began from
the subcortical nuclei in PART as early as NFT Braak stage L
The distribution and density of tau pathology in the subcortical
nuclei significantly increased as the NFT Braak stage increased in
both PART and AD. These observations indicate that subcortical
nuclei are inflicted by neurofibrillary changes as early as the trans-
entorhinal cortex in both PART and AD. Study of tau pathology
in the subcortical nuclei improves our understanding about the
evolution of clinical manifestations of AD and provides a simple
and early structural indicator of PART and AD development.
Prevalence of abnormal tau accumulation in the subcortical
regions in PART and AD may support the hypothesis that
abnormal tau aggregation propagates via neural circuits. PART
will be an optimal disease model for testing hypotheses related to
tau propagation in the brain.
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Patients with Parkinson’s disease (PD) have a high prevalence of glucose metabolism
abnormalities. However, the mechanism underlying these symptoms remains unclear.
The hypothalamic-pituitary-adrenal (HPA) axis is the major neuroendocrine axis that
regulates homeostasis in mammals, including glucose metabolism. Corticotrophin
releasing hormone (CRH), which is synthesized in the paraventricular nucleus (PVN) of
the hypothalamus, plays an important role in the regulation of blood glucose levels via
the HPA axis. Our previous studies have reported that PVN neurons express numerous
dopamine receptors (DRs) and accept direct projections from the substantia nigra (SN).
We hypothesize that damage to dopaminergic neurons in the SN might influence the
blood glucose level through the HPA system. Rats with bilateral SN lesions induced by
6-hydroxydopamine (6-OHDA) (referred to as 6-OHDA rats) were used to investigate
alterations in the levels of blood glucose, CRH, and factors related to the HPA axis
and to explore possible mechanisms. Blood glucose levels were detected at different
time points after the glucose solution was intraperitoneally administered. CRH and
DRs in the PVN were evaluated by immunofluorescence and western blot analysis.
Adrenocorticotropic hormone (ACTH) in the pituitary and plasma corticosterone (CORT)
was evaluated by radioimmunoassay (RIA). The results showed that 6-OHDA rats
exhibited significantly decreased tyrosine hydroxylase (TH) in the SN and decreased
glucose tolerance at 6 weeks, but not at 4 weeks. In the PVN, dopamine receptor 2 (D2)
was expressed on CRH-positive neurons, and D2-positive neurons were surrounded by
TH-positive fibers. Additionally, the expression of CRH was upregulated, whereas the
expression of D2 and TH were downregulated in 6-OHDA rats compared with control
rats. In D2 knock-out mice, the significantly enhanced expression of CRH and reduced
expression of D2 were detected in the PVN. Furthermore, RIA revealed increased ACTH
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in the pituitary and elevated CORT in the blood. In summary, the present study suggests
that the dopaminergic neurons in the SN are involved in the regulation of body glucose
metabolism through CRH neurons that express D2 in the hypothalamic PVN. SN lesions
decrease glucose tolerance mainly by downregulating D2 and upregulating CRH in the
PVN through the HPA neuroendocrine system.

Keywords: glucose metabolism, Parkinson’s disease, dopamine receptor, corticotrophin releasing hormone,

hypothalamic-pituitary-adrenal axis

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by the progressive loss of dopaminergic
neurons in the substantia nigra (SN), which manifests both motor
and non-motor symptoms (NMS) (Stern et al., 2012). While
the classic motor features are due to the loss of nigrostriatal
dopaminergic cells, the spectrum of NMS reflects a more complex
etiology, including neuroendocrine and metabolic abnormalities
(De Pablo-Fernandez et al., 2017). People realize that NMS play
a tremendously important role in the management and even the
diagnosis of the disorder (Pfeiffer, 2016). Here, we focused on the
high prevalence of glucose metabolism abnormalities observed in
patients with PD, which have been extensively studied (Lipman
et al, 1974; Dunn et al, 2014; De Pablo-Fernandez et al,
2017; Biosa et al, 2018). It is important to elucidate the
mechanism of impaired glucose metabolism in patients with PD
for controlling and delaying the onset and progression of disease-
related complications in the early stage of the disease. However,
the underlying pathogenesis remains unclear.

The hypothalamic-pituitary-adrenal (HPA) axis is the
major neuroendocrine axis that regulates homeostasis in
mammals, including glucose metabolism (Si et al, 2015).
Corticotrophin releasing hormone (CRH), which is synthesized
in the paraventricular nucleus (PVN) of the hypothalamus, plays
an important role in regulating blood glucose via the HPA axis
(Lu et al,, 2018). CRH is released into the hypophyseal portal
capillaries in the median eminence and stimulates the secretion
of adrenocorticotropic hormone (ACTH) in the pituitary gland.
Then, ACTH arrives at the adrenal cortex through the systemic
blood circulation and promotes the synthesis and secretion of
glucocorticoid hormones, cortisol or corticosterone (CORT), in
the adrenal cortex, participating in the regulation of blood sugar
(Spencer and Deak, 2017).

Reduced PVN function has been reported in patients with PD
(Mann and Yates, 1983; Jellinger, 1991). Our previous studies
have shown that the PVN receives a direct projection from
the SN by neural tracing technology (Wang et al., 2014), and
a large number of dopamine receptors 1 and 2 (D1 and D2)
are distributed throughout the PVN (Ran et al, 2019). We
hypothesized that the CRH-positive neurons in the PVN express
dopamine receptors (DRs) and that dopamine from the SN could
influence the synthesis and secretion of CRH via DRs in the PVN,
which in turn regulate the blood glucose level via the HPA system.

The present study aimed to explore the relationship between
PD and glucose metabolism and its underlying mechanism by
using a classic animal model established with the neurotoxin

6-hydroxydopamine (6-OHDA), which cannot cross the blood-
brain barrier and therefore requires direct administration on
the SN (Jackson-Lewis et al., 2012). Our findings provide direct
evidence that the loss of dopamine in the SN leads to decreased
glucose tolerance, which is correlated with the altered HPA
neuroendocrine system.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Laboratory Animal Services Center
of Capital Medical University, Beijing, China) that ranged in
weight from 210 to 230 g (7~8 weeks) were used. All animals
were housed in animal care facilities at 22 £ 1°C on a 12:12 h
light-dark cycle. Food and water were provided ad libitum.

Global D2 knock-out mice were generated and purchased
from the Institute of Laboratory Animals Science, the Chinese
Academy of Medical Sciences & Peking Union Medical College.
Sex- and age-matched wild-type littermates were used as
controls. All male mice used had a C57BL/6 background, were
8 weeks of age and were housed under the same environmental
conditions as the rats.

Every procedure was approved by the Animal Care and Use
Committee of Capital Medical University and was conducted
according to the established guidelines of the National Institutes
of Health (NTH, United States).

6-OHDA Animal Models

The animal model of PD was made by bilaterally microinjecting
the SN with 6-OHDA (Sigma, United States) (referred to as
6-OHDA rats) as previously reported (Zheng et al., 2011).
Briefly, all animals were anesthetized with an intraperitoneal
(i.p.) injection of chloral hydrate (0.4 g/kg) and placed on a
stereotaxic instrument. Two holes were drilled into the skull
(coordinates: anterior-posterior (AP), —5.6 mm; medial-lateral
(ML), =& 2.0 mm; dorsal-ventral (DV), —7.5 mm), and 6-OHDA
(4 pg in pl of 0.9% saline containing 0.05% ascorbic acid)
was bilaterally injected with a 10-pl Hamilton syringe. Control
groups were injected with saline containing 0.2% ascorbic acid.
Subsequent experiments were performed 4 and 6 weeks after
6-OHDA administration.

ipGTT

At 4 and 6 weeks, the intraperitoneal glucose tolerance test
(ipGTT) was performed in fasted (8 h) rats at approximately
16:00. The tips of the tails of the rats were cut (less than
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1 mm) for blood collection. The first drop was discarded,
and the second drop was used for the determination of blood
glucose (time 0) using a glucometer (Accu-Chek Performa;
Roche Diagnostics, GmbH, Mannheim, Germany). Immediately
afterward, a 20% glucose solution prewarmed at 37°C (2 g/kg)
was intraperitoneally injected, and blood samples were collected
at 15, 30, 60, and 120 min for blood glucose measurements as
previously described (Oh et al., 2013).

Tissue Preparation

For brain sections, the animals were perfused through the
left ventricle according to the previous method (Zhou et al.,
2014). The brains were then quickly removed and kept in 4%
paraformaldehyde for 24 h after fixation. After dehydration with
15 and 30% sucrose in 0.01 M PBS (pH 7.4), coronal frozen
sections including the SN and PVN were cut to a thickness of
20 pm with a cryostat (Leica CM1950, Switzerland). The brain
sections were air-dried overnight at room temperature and stored
at —80°C.

For western blot analysis and radioimmunoassay, samples of
the SN, hypothalamus, pituitary gland and adrenal gland were
collected on ice and immediately frozen in liquid nitrogen. The
tissues were stored at —80°C until further testing.

IF and IHC Staining

For immunofluorescence (IF), as described in our previous report
(Zhou et al,, 2014). Briefly, after retrieving antigens by heating to
95°C-100°C in a beaker containing citrate buffer (0.01 M, pH
6.0) for 15 min, the sections were incubated with 10% normal
goat serum for 1 h at room temperature. Then, the sections were
incubated with primary antibodies (Table 1) at 4°C overnight,
and subsequently incubated with secondary antibodies (Table 2)
for 1 h at room temperature. Photomicrographs were obtained
using a confocal microscope (Olympus, FV1000).

For immunohistochemistry (IHC), in contrast with IF, the
slices were quenched in endogenous peroxidase using 0.3% H,0;
before antigen retrieval. After incubation with primary antibody
(Table 1) at 4°C overnight, immunostaining was performed
using a PV-9002 Polymer Detection System (ZSGB-Bio, China)
with diaminobenzidine according to the manufacturer’s protocol.

TABLE 1 | First antibodies used in this study.

Antigen Antibody Dilution Source/catalog no.

IHC/IF  Western blot

™ Mouse monoclonal  1:5000 1:10000 Sigma/T1299

D1 Rabbit polyclonal 1:100 1:500 Alomone/ADR-001

D2 Rabbit polyclonal 1:100 1:500 Alomone/ADR-002

D2 Mouse monoclonal  1:100 1:500 Santa Cruz/sc-5303

CRH Rabbit polyclonal 1:100 1:500 Cloud-clone
corp/PAA853HU01

GAPDH  Rabbit polyclonal N/A 1:5000 Sigma/G9545

TH, tyrosine hydroxylase; D1, dopamine 1 receptor; D2, dopamine 2 receptor;
CRH, corticotrophin releasing hormone.

The sections were photographed with a light microscope
(Nikon E80i, Japan).

Western Blot Analysis

The frozen brain tissues were homogenized in 300 pl of cold
lysis buffer supplemented with protease inhibitors for protein
extraction. Proteins (100 pg) were separated by 10% SDS-PAGE
and transferred to a nitrocellulose membrane. After blocking with
5% skim milk in PBS for 1 h, the membranes were incubated
with primary antibodies (Table 1) overnight at 4°C. Then,
the membranes were incubated with the appropriate secondary
antibodies (Table 2) for 1 h at room temperature. After the
final wash, the membrane was scanned and quantified with
an Odyssey Infrared Image system (LI-COR, United States).
The integrated intensity of the bands was analyzed by Odyssey
software (version 3.0).

Radioimmunoassay

Under anesthesia, blood samples were collected into cold EDTA
tubes from the heart and centrifuged at 3000 rpm (4°C) for
10 min to isolate the plasma. The supernatant was transferred to
new Eppendorf tubes and stored at —80°C. Then, homogenates
of hypothalamus, pituitary gland and adrenal gland samples were
also centrifuged to obtain the supernatant. ACTH and CORT
levels in the blood samples and brain tissue homogenates were
detected by Beijing Furunruize Biotechnology Co., Ltd.

Statistical Analysis

The results are presented as the mean + SEM from at
least three experiments. Statistical analyses were performed
using the unpaired Student’s ¢ test (GraphPad Software 5.0,
La Jolla, CA, United States). Differences were considered
significant at p < 0.05.

RESULTS

SN Lesions and Attenuated Glucose
Tolerance in 6-OHDA-Induced Rats

As a rate-limiting enzyme in catecholamine synthesis, tyrosine
hydroxylase (TH) is normally used as a marker for intrinsic
catecholaminergic neurons (Zheng and Travagli, 2007). The
majority of TH-immunoreactive (TH-IR) neurons in the SN are
dopaminergic; thus, TH-IR neurons were observed to indirectly

TABLE 2 | Secondary antibodies used in this study.

Antigen Conjugation  Dilution Source/Catalog no.
anti-mouse IgG (IHC) HRP HRP  ZSGB-Bio/PV-9002
Goat anti-mouse IgG (IF) Alexa Fluor 488  1:1000  Invitrogen/A11017
Goat anti-mouse IgG (IF) Alexa Fluor 594 1:1000  Invitrogen/A11020
Donkey anti-rabbit IgG (IF)  Alexa Fluor 488  1:1000  Invitrogen/A21206
Donkey anti-rabbit IgG (IF) ~ Alexa Fluor 594  1:1000  Invitrogen/A21207
Goat anti-rabbit IgG (WB) IRDye800 1:10000 Rockland/611-132-122
Sheep anti-mouse IgG (WB) IRDye800 1:10000 Rocklane/610-632-002

Frontiers in Neuroscience | www.frontiersin.org

July 2019 | Volume 13 | Article 751


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Zhou et al.

HPA Axis in 6-OHDA Rats

A

Control 6-OHDA
TH TH
[od D
0.84
= n
2 0.6
Control 6-OHDA <
o
O 2 0.4
TH 56 KD =
'é 0.24
GAPDH o0 &
0.04

Control 6-OHDA

FIGURE 1 | SN lesions and attenuated glucose tolerance in 6-OHDA-induced rats. (A) (Control group) and (B) (6-OHDA group): Representative images of TH-IR
neurons in the SN, Scale bar, 500 pm; (C) Representative western blot of TH in the SN of control and 6-OHDA rats. (D) Summary histogram of C, *p < 0.05,
**p < 0.01, and ***p < 0.001 (n = 6). (E,F) Blood glucose values during the ipGTT on the 4th and 6th weeks, respectively, (n = 10).

E
gm 0.0 -5~ Control
g 0.0 - 6-0HDA
E
& 0.02
[=]
o
=]
= 0.01
s 4 weeks
2 00047
0 15 30 45 60 75 90 105120
Time (min)
F
0.04 == Control
-+~ 6-0HDA

o
=
<«

=3
o
-

6 weeks

Blood glucose (mmolillkg)
g

UQDDI T L} L) L) L] L) L) 1
0 15 30 45 60 75 90 105120
Time (min)

detect the dopaminergic neurons in the SN. Six weeks after
injecting 6-OHDA into the SN, IHC analysis showed that the
field number of TH-IR neurons in the SN was significantly
reduced in 6-OHDA rats (Figure 1B) compared with control
rats (Figure 1A). Western blot analysis showed that the protein
level of TH in the SN was markedly decreased in 6-OHDA rats
compared with control rats, from 0.70 £+ 0.02 to 0.18 £ 0.04
(n=6,p <0.001, Figures 1C,D).

To verify whether the loss of dopaminergic neurons in the SN
caused by 6-OHDA may be associated with glucose homeostasis
disturbances; blood sugar analysis was performed to identify the
possible alterations associated with dopamine loss. Considering
that glucose intolerance may reflect an elevation in blood glucose,
glucose tolerance was assessed on the 4th and 6th weeks of the
experiment. At 30 min after i.p. injecting a glucose solution,
the blood glucose level of the rats treated with 6-OHDA was
significantly increased compared with that of the control rats
at the 6th week (n = 10, p < 0.01, Figure 1F), which revealed
attenuated glucose tolerance in the 6-OHDA rats. The blood
glucose values at 30 min were 0.02 £ 0.00 (mmol/L/kg) in
the control group and 0.03 + 0.00 (mmol/L/kg) in the 6-
OHDA group after normalization to body weight. However, this
difference between the two groups was not observed at the 4th
week (Figure 1E).

Decreased Expression of D2 and TH in
the PVN of 6-OHDA-Induced Rats

To evaluate the effect of the degeneration of dopaminergic
neurons in the SN on the DRs in the PVN and their
relationship with dopaminergic fibers, double IF and western

blot were used. Both TH-IR neurons and nerve fibers were
observed in the PVN (Figures 2Ab,Bb). D1-IR and D2-IR
neurons were also detected in the PVN (Figures 2Aa,Ba),
which was consistent with our previous study (Ran et al,
2019). Double labeling experiments showed that TH-IR neurons
were also D1/D2-IR (Figures 2Ac,d,Bc,d), while the D1/D2-IR
neurons were surrounded by the majority of the TH-IR fibers
(Figures 2Ad,d’,Bd,d’) in the PVN. However, nearly all the
TH-IR neurons were lost in the 6-OHDA rats, and only TH-
IR fibers were left (Figures 2Ab,b’,c,c’,Bb,b’,c,c’). In addition,
after the destruction of dopamine in the SN, the expression
of D2 also significantly decreased (Figures 2Ba,a’), whereas
there was no change in D1 expression (Figures 2Aa,a’). The
western blot results were consistent with the IF results, which
further confirmed the reality of the expression of TH and
D1/D2 (Figures 2C,D).

Increased Expression of CRH, ACTH,
and CORT in the HPA System of 6-OHDA

Rats

The CRH-related HPA axis in the rat consists of CRH in the
PVN, ACTH in the pituitary gland and glucocorticoids (mainly
CORT) in the adrenal gland, which are eventually released
into the blood. To investigate the role of the HPA axis in the
decreased glucose tolerance of 6-OHDA rats, hypothalamus,
pituitary gland, and blood samples were collected to perform
histological and immunological tests. As illustrated in Figure 3A,
compared with control rats, the 6-OHDA rats had enhanced
expression of CRH in the PVN (Figure 3A), and this result was
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further confirmed by western blot analysis (Figures 3B,C). To
further confirm the correlation of D2 expression with CRH in
the PVN, we employed D2 knock-out mice. We found that the
CRH expression in the PVN was significantly increased in the D2
knock-out mice compared with the control mice (Figures 3D,E).
Moreover, morphological analysis also revealed the coexpression
of CRH and D2 in the PVN (Figure 3Ad). As expected, the
contents of ACTH in the pituitary gland and CORT in the blood
were significantly increased by radioimmunoassay (Table 3).

DISCUSSION

In the present study, we demonstrated that the central
administration of 6-OHDA attenuated glucose tolerance
and activated the HPA system, as evidenced by the upregulated
expression of CRH in the PVN, the increased content of
ACTH in the pituitary gland and the increased content
of CORT in the blood in the 6-OHDA group compared
with the control group. In addition, we showed that D2
was expressed on CRH-IR neurons and that when the
SN was destroyed, D2 expression was downregulated.

Furthermore, the D2 knock-out mice had significantly
upregulated CRH in the PVN.

The dysregulation of glucose metabolism can occur early
in the course of sporadic PD (Dunn et al, 2014). Several
studies have suggested that type 2 diabetes mellitus (T2DM)
is a risk factor for the development of PD (Hu et al,
2007; Pagano et al, 2018). An association between a gene
involved in glucose metabolism control and PD was found in
genetic microarray studies (Zheng et al., 2010). In addition,
a high prevalence of T2DM was also reported in patients
with PD (Pressley et al, 2003). The present study showed
decreased glucose tolerance after the central destruction of
SN dopaminergic neurons by 6-OHDA, which was consistent
with the aforementioned studies and provided animal-based
experimental evidence that the central dopaminergic system
could influence glucose metabolism. However, the underlying
pathophysiological mechanisms remain unclear.

Parkinson’s disease is known to damage several brain
areas and may affect the regions involved in metabolic
control, such as the hypothalamus (Dayan et al, 2018) and
especially the PVN (Mann and Yates, 1983; Jellinger, 1991).
We previously reported that SN dopaminergic neurons directly
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TABLE 3 | Hormone contents in blood and brain tissues of rats (mean + SD,

n=06).

Group Pituitary gland Blood
ACTH (pg.ml—1) CORT (ng.ml~ 1)

Control 2768.91 + 290.57 82.07 + 121

6-OHDA 3363.76 + 316.56* 124.61 £ 19.1*

ACTH, adrenocorticotropic hormone; CORT, corticosterone; *p < 0.05.

project to the PVN by the neural tracing method (Wang
et al., 2014). Recently, we further confirmed the expression
and distribution of DRs in the PVN (Ran et al, 2019). In
the present study, the coexpression of D2 and CRH in the

same neurons and the surrounding TH-IR fibers provide the
morphological basis for our speculation that the SN in the
midbrain could regulate the function of CRH-IR neurons in
the PVN of the hypothalamus via DRs. D1 and D2 are
the representative subtypes of the DR family that are G
protein-coupled receptors. D1 activates adenylyl cyclase and
upregulates the intracellular cAMP signaling pathway, whereas
D2 inhibits the adenylyl cyclase and downregulates cAMP
levels (Baldessarini and Tarazi, 1996). In the present study,
after the central destruction of SN dopamine by 6-OHDA,
downregulated D2 was observed in the PVN and D1 was not
altered, which indicates that the inhibition of CRH-IR neurons
by the D2 signaling pathway was attenuated. In other words, the
synthesis of CRH in the PVN was upregulated when D2 was
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downregulated, which was further confirmed in D2 knock-out
mice. The altered expression of D2 and CRH in the PVN provides
clues for exploring HPA axis-based glucose metabolism in PD.

The HPA neuroendocrine system consists of three populations
of cells, and each population of cells secretes specialized
hormones. The neurons in the PVN secrete CRH (Hauger et al.,
2003), the endocrine cells (corticotrophs) in the anterior pituitary
secrete ACTH (Allen and Sharma, 2019), and the endocrine
cells primarily in the zona fasciculata of the adrenal cortex
secrete the glucocorticoid hormones cortisol and/or CORT.
CORT is secreted into the systemic circulation and affects the cells
throughout the body (Spencer and Deak, 2017). Glucocorticoid
hormones can increase the synthesis of hepatic glycogen, reduce
the utilization and decomposition of glycogen in tissues, and
elevate blood sugar (Si et al., 2015). In the present study, we
observed increased CRH expression in the PVN, elevated ACTH
in the pituitary and increased CORT content in the blood in
6-OHDA rats. The increased CORT level in the 6-OHDA rat
is possibly due to the altered HPA axis activity because of the
enhanced CRH expression in the PVN and increased ACTH
content in pituitary (Spencer and Deak, 2017). This hypothesis
means that the dopamine in the SN could regulate the function
of the HPA axis via DRs in the PVN through the SN-PVN
dopaminergic nerve pathway.

The interaction between neurodegeneration and metabolic
disorders is complex and is influenced by many factors, which
in turn make it difficult to define causal factor(s) (Yang et al,
2017; Biosa et al., 2018; De Pablo-Fernandez et al., 2018).
In the present study, it seemed that the decreased glucose
tolerance was due to the loss of dopaminergic neurons in the
SN, which suggests that neurodegeneration occurred first and
then influenced metabolism. Patients with PD have glucose
intolerance (Lipman et al., 1974). Elevated plasma cortisol is
strongly associated with glucose intolerant (Reynolds et al,
2001). It is well established that cortisol excess causes insulin
resistance in man (Conn and Fajans, 1956; Rooney et al., 1993),
which in turn impairs the ability of insulin to suppress glucose
production and glucose utilization resulted from glucocorticoid
excess (Munck, 1971). It has been reported that cortisol-induced
insulin resistance is due to a decrease in both hepatic and
extrahepatic sensitivity to insulin which can be explained on the
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Aim: The conflicting evidence as to whether a real association exists between cortisol
levels and depression lends support to adopting a Mendelian randomization approach
to investigate whether cortisol levels have a causal effect with depression.

Methods: Single nucleotide polymorphisms (SNPs) associated with serum morning
plasma cortisol level and salivary cortisol level from CORNET consortium (12,597
participants) were proposed as instrumental variables. The primary outcome was
depression, and the secondary outcomes were neuroticism and cognitive performance.
Summary-level statistics were extracted from the Social Science Genetic Association
Consortium including the United Kingdom Biobank cohort (105,739 subjects). Multiple
analysis methods (inverse-variance weighted method, max likelihood method, weighted
median estimator, model-based estimation, heterogeneity-penalized method, and
MR-Egger regression) were applied to test the stability of the summary causal estimate.

Results: Weighted median analysis estimated that the effect of serum morning cortisol
on depression score was 0.027 per standard deviation increase of cortisol (95% Cl,
0.000-0.054; p = 0.043). Other sensitivity analysis suggested similar results suggesting
the result was robust. No evidence of pleiotropy (MR-Egger intercept, —0.002; p = 0.739)
was observed. The effect of serum cortisol on neuroticism was 0.030 (95% Cl,
0.008-0.052; p = 0.006) by weighted median estimator. None of the methods observed
the effect of serum cortisol level on cognitive function. As for the effect of salivary cortisol
level, no method obtained a p-value lower than 0.05 in any of the outcomes.

Conclusion: Mendelian randomization analysis provided evidence that a genetic
predisposition to higher serum morning cortisol level was associated with increased
depression score.

Keywords: Cushing’s syndrome, depression, neuroendocrinology, single nucleotide polymorphisms, cortisol

INTRODUCTION

One of the most common psychiatric diseases in Cushing’s syndrome is major depression with
the prevalence of 50-81% (1). Some studies have reported an improvement in neuropsychiatric
disorders after the resolution of hypercortisolism, suggesting the causal effect of cortisol on
depression (2).

Morning serum cortisol and salivary cortisol levels are two diagnostic tools for Cushing’s
syndrome. Studies about the causaleffect of cortisol levels on depression varied among studies. The
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positive association between cortisol measures with overall
depressive symptoms was observed in the TRAILS cohort (3).

Midnight salivary cortisol was associated with self-reported
depression in patients with type 1 diabetes (4). Caparros-
Gonzalez et al. (5) used hair cortisol level as a positive predictor
for postpartum depression. On the contrary, several studies
observed a negative association of cortisol levels and depression.
Lower cortisol awakening response correlated with subclinical
depression in young subjects (6). Rhebergen et al. (7) found a
blunted cortisol awakening response in older people with the
depressive disorder. Low salivary cortisol concentration is a
risk factor of depression recurrence in another 2-year follow-up
study (8).

Neuroticism and cognitive performance are two other
neuropsychiatric assessment in patients with Cushing’s
syndrome. Increased prevalence of neuroticism was observed
in patients with Cushing’s disease but without knowing the
effect size (9, 10). Studies on cognitive performance in chronic
exposure of cortisol were controversial with both positive and
negative results (11, 12).

Mendelian randomization is an analytic method that involves
finding genetic proxies for a target exposure and then
testing the association with the outcome (13) (Figure 1). This
approach avoids some of the limitations of observational
studies (free from measured or unmeasured confounding)
and is not affected by the disease, thereby avoiding reverse
causation bias (14). On the other hand, summary-level
data of large genome-wide association studies (GWAS) are
increasingly available and allow the use of combinations
of single nucleotide polymorphisms (SNPs) in Mendelian
randomization analyses.

The conflicting evidence of whether a real association
exists between cortisol levels and depression and if so, the
magnitude of that association lends support to adopting a
Mendelian randomization approach. We hypothesized that
cortisol levels have a causal effect on depression as well
as neuroticism and cognitive performance. We conducted a
Mendelian randomization study, using summary-level data from
publicly available GWAS to investigate the causal relationship
of cortisol levels with depression as well as neuroticism and
cognitive performance.

METHODS

Study Design and Data Sources

The mendelian randomization approach used in this study
builds on three assumptions (13, 15) (Figure1). First, the
genetic variants [instrumental variables: single nucleotide
polymorphisms (SNPs)] are predictive of the exposure (cortisol
levels); second, the genetic variants are only associated with
the outcome (neuropsychiatric functions) through the variants-
exposure-outcome pathway; third, the variants do not share
common causes with the outcomes. This study involved analysis
of publicly available, summary-level data; specific ethical review
and informed consent were obtained in all of the original studies.
Ethical approval of this study was not required due to not
involving human subjects.

Instrumental Variables

CORNET consortium was a genome-wide association study
(GWAS) for genetic association with serum morning cortisol
and salivary cortisol levels (16, 17). The GWAS was conducted
in 12,597 individuals of European ancestry (established in a
cohort of 749 £ 5.7 years old with 45.4% of male and
validated in a cohort of 60.9 &+ 5.7 years old with 77.7% of
male). Eighteen SNPs associated with serum morning cortisol
level at the genome-wide significance level (p < 5.0 x
107%) in the discovery cohorts (Supplement Table 1). Effect
alleles in these SNPs associated with at least 0.07 standard
deviation (SD) increase of serum morning cortisol level in

the log scale.

Though no SNPs associated with salivary cortisol levels at
the genome-wide significance level were identified, we still
extracted two SNPs at the significance level of p < 5.0 x 1077
(Supplement Table 2). Effect alleles in these two SNPs were
associated with at least 0.12 SD increase of salivary cortisol level
in the log scale.

Outcomes

The primary outcome was depression. We extracted summary-
level statistics for the associations of the cortisol-associated SNPs
from the study conducted by Okbay et al. (18) in 105,739 subjects.
The population came from UK Biobank (UKB) cohorts. The
outcome used a continuous measure by combining responses to
two questions. The first question was: “Over the past 2 weeks,
how often have you felt down, depressed or hopeless?” The
second question was: “Over the past 2 weeks, how often have
you had little interest or pleasure in doing things?” Answers were
categorized into: (1) “Not at all,” (2) “Several days,” (3) “More
than half the days,” and (4) “Nearly every day.”

The secondary outcomes were neuroticism and cognitive
performance. We extracted summary-level statistics of
neuroticism from a population of 168,105 subjects with the
population coming from the Genetics of Personality Consortium
(GPC) and UKB data (18). The outcome used in UKB cohort
was summing response of a 12-item version of the Eysenck
Personality Inventory (mean: 4.16, SD: 3.23). The outcome used
in GPC was harmonized different neuroticism batteries. The
summary-level statistics of cognitive performance were obtained
from a recently published study (19) using the respondent’s score
on a test of verbal cognition.

Sensitivity Analyses

We used multiple analysis methods (inverse-variance weighted
method, max likelihood method, weighted median estimator,
model-based estimation, and heterogeneity-penalized method)
to test the stability of the summary causal estimate. We used MR-
Egger regression to test pleiotropy. In the absence of statistical
evidence for horizontal pleiotropy (the intercept from MR-Egger
not differed from zero), we used the conventional Mendelian
randomization analyses as they retain greater power (20). We
further examined the stability of the summary causal estimate by
excluding SNPs with high linkage disequilibrium with each other
from the instrumental variables.
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Statistical Analysis

The SD for cortisol in the GWAS cohorts was around 200 nmol/L,
with a SD of 1 for depression symptom score. Assuming that
the lowest observational causal effect is 0.003 depression score
increase per 1 nmol/L cortisol increase based on observational
studies (21, 22), and also assuming that the genetic instrument
explains only 1% of variation in cortisol level (16, 17), the
calculated power of this Mendelian randomization study in
100,000 subjects was 35% (23). If we assume that the causal effect
is 0.01 depression score increase per 1 nmol/L cortisol increase,
the calculated power will be 100%.

SNPs were matched across the data sources by assigning
them to the same effect allele. The association of each SNP with
primary or secondary outcomes was weighted by its association
with cortisol levels. The effect of cortisol levels on primary
or secondary outcomes was scaled per SD increase. Statistical
tests for the Mendelian randomization analyses were considered
significant at p = 0.05. All analyses were conducted in R
version 3.2.5.

RESULTS

In the UKB cohort (British population-based cohort focused on
individuals in the age range 40-69) for depression, the average
score of the first question was 1.29 & 0.61, the average score of
the second question was 1.27 4 0.60. The combination of those
two questions achieved an average score of 2.56 £ 1.09 (18).

In the inverse-variance weighted analysis, the effect of serum
morning cortisol on depression score was 0.014 per SD increase
of cortisol (95% CI, —0.002-0.030; p = 0.081) (Figure 2). Max
likelihood method obtained almost the same estimation and
confidence interval. Weighted median estimated the effect to be
0.027 (95% CI, 0.000-0.054; p = 0.043). Model-based estimation
also obtained almost the same estimation and confidence interval
with weighted median estimator. The effect was 0.014 (95%
CI, —0.001-0.029) using the heterogeneity-penalized method.
The association between serum cortisol levels and depression
score was consistent in MR-Egger regression, although with a
wider confidence interval (0.042, [95% CI, —0.125-0.209]). There

was no evidence of pleiotropy (MR-Egger intercept, —0.002;
p = 0.739, Figure 3). No heterogeneity was observed between
the estimates from different methods (> = 0%, p = 0.76
for heterogeneity).

Inverse-variance weighted and max likelihood estimation
obtained null results (0.011, [95% CI, —0.011-0.032, p = 0.322]
and 0.012, [95% CI, —0.011-0.034, p = 0.563], respectively)
regarding the effect of serum cortisol on neuroticism (Figure 2).
The effect using weighted median estimator, model-based
estimation and heterogeneity-penalized method were 0.030 (95%
CIL, 0.008-0.052, p = 0.006), 0.042 (95% CI, 0.011-0.073,
p = 0.008) and 0.028 (95% CI, 0.002-0.047), respectively. None
of the method observed effect of serum cortisol level on cognitive
function, p-values ranged from 0.277 to 0.674 (Figure 2).

As for the effect of salivary cortisol level, no method obtained
a p-value lower than 0.05 in any of the outcomes (Figure 4).

In the sensitivity analysis excluding SNPs with high linkage
disequilibrium with each other, which provided 8 SNPs in
the remaining instrumental variables, the effect of serum
morning cortisol level on depression score using weighted
median estimator was 0.026 (95% CI, —0.002-0.055, p = 0.072,
Supplement Figure 1).

DISCUSSION

To reveal the causal effects of cortisol levels on the depression, we
conducted this Mendelian randomization analysis using public
available summary-level data in Caucasian subjects. We observed
positive associations of serum morning cortisol with self-report
depression score and neuroticism score.

Among three assumptions of Mendelian randomization, using
serum cortisol associated SNPs as instrumental variables in
this study probably meet the first assumption. Effect alleles
in each SNP were associated with at least 0.07 SD increase
of cortisol level. Proposed salivary cortisol associated SNPs
as instrumental variables may violate this assumption due to
failing the genome-wide significant level. This may explain that
no causal effect was observed between salivary cortisol and
the outcomes.
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The second Mendelian randomization assumption may be
violated when instrumental variables display associations with
the outcome through pathways that are distinct to the one
from exposure through to outcome (15). Though the second
assumption was not verifiable, we adopted several approaches
to minimize the originated bias. We evaluated each cortisol-
associated SNP for pleiotropic associations with potential known
confounders, including body mass index and diabetes. None
of these SNPs had pleiotropic associations at the Bonferroni-
corrected significance threshold [(p < 0.05)/18 SNPs = 0.003,
Supplement Table 3]. We used MR-Egger regression as one of

the sensitivity tests, which provided a valid test of pleiotropy
(no evidence of pleiotropy) and a valid test of the causal null
hypothesis. The slope of MR-Egger regression (0.042, Figure 4)
provided a consistent estimate of the true causal effect (20).

The third mendelian randomization assumption may also
be violated when instrumental variables and outcomes share
common causes (15). This may be the case in population
stratification and linkage disequilibrium. We restricted the study
in the frame of the European population, which minimized
the risk of population stratification. We also searched SNPs in
the same linkage disequilibrium block but not included in the
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instrumental variables (261 SNPs). No association of those SNPs
with the outcomes (Supplement Table 4) was observed at the
Bonferroni-corrected significance level [(p < 0.05)/261 SNPs
= 0.0002]. In the sensitivity analysis, we removed SNPs with
high association with each other. The point estimations almost
unchanged, though the confidence intervals of most methods
included the null hypothesis, which was caused by decreased
number of instrumental variables.

SNPs associated with serum cortisol level and saliva cortisol
level were established and validated in two different cohorts with
different ages and different gender proportion, which suggests
age and gender do not influence the association between SNPs
and cortisol levels. On the other hand, UKB is a relatively younger
cohort comparing to the two discovering cohorts, but we argue
that even though age is associated with the outcomes, there is no
evidence that age would be associated with the SNPs.

We used five different statistical methods to estimate the
causal effect because either method had its own advantage.
Inverse-variance weighted method is biased when one genetic
variant is an invalid instrument variable (24). Weighted median
gives consistent estimation when 50% of the genetic variants is
valid (24). Maximum likelihood method has been encouraged
especially in weak instruments due to the unbiased estimation
(25). The model base estimation and heterogeneity-penalized
method presented less bias and lower type-I error rates than
other methods under the null (26, 27). MR-Egger method is
consistent even when 100% of genetic variants are invalid but
has wider confidence interval than inverse-variance weighted or
median-based methods (24).

In patients with Cushing’s syndrome, morning serum
cortisol level may increase by 10 standard deviations in
certain patients, which may result in the depression score
increase by approximately 0.2 (roughly half day of depression
according to the question and answer in the phenotype).
The finding from this study supports results from several

observational studies showing a positive association of serum
cortisol levels with risk of depression (3-5). Different scales
used in the outcome among studies increase the difficulty of
comparison. Findings from observational studies further show
that recovery of hypercortisolemia is associated with recovery
of depression (1, 28). The positive association between serum
cortisol and neuroticism also supports previous observational
studies (9, 10, 29-31).

This was the first study to investigate the causal relation
of cortisol levels with depression using a very large sample
and a method that may allow for unbiased estimates. The
results in this study were robust with multiple sensitivity
analysis indicating that confounding is unlikely to explain the
observed association.

This study has some limitations. First, although we used
several approaches in an attempt to rule out pleiotropy, it
was still possible that the association of SNPs and depression
were through other pathways. A shared genetic basis between
SNPs and depression cannot be ruled out either. Second,
outcomes derived from self-report answers. Although the
continuous outcomes were more likely to increase power
than binomial diagnostic data in this study, their clinical
use has not been validated. The DSM diagnosis can be
used for depression in future studies. Third, only two SNPs
were associated with salivary cortisol levels in the original
GWAS which made the analysis not robust on the effect
of salivary cortisol levels. Besides, neither individual-level
SNP data nor a replication data set with a similarly large
number of depression cohort were not available. Fourth, this
analysis was restricted to individuals of European ancestry, thus
hindering the generalizability in the whole population. The
results were derived from only statistical analyses and thus,
they have to be presented with more cautions. Future studies
may investigate cortisol level and genotyping from subjects
with depression from the UKB cohorts to see if the genetic
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variants confirm the association of the cortisol exposure with
the disease.

CONCLUSIONS

Mendelian randomization analysis provided evidence that a
genetic predisposition to higher serum morning cortisol level was
associated with increased depression score.
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Our aim was to investigate whether human insulin (HI) or insulin glargine treatment could
promote the proliferation of thyroid cells and determine the association between type 2
diabetes and thyroid disease. Rats were treated with different doses of HI and insulin
glargine. Plasma glucose and the phosphorylation levels of the insulin receptor (IR),
insulin-like growth factor 1 receptor (IGF-1R), protein kinase B (Akt), and extracellular
signal-regulated kinase 1/2 (ERK1/2) were measured. A total of 105 rats were randomly
assigned to three groups as follows: control group, HI group, and glargine group. Both
drugs promoted the phosphorylation of IR, Akt, and ERK1/2 in a dose-dependent
manner (o < 0.05), and the effect of glargine persisted for longer period. Treatment with
ultra-therapeutic doses of HI or glargine (o < 0.05) increased the expression of Ki-67 in
thyroid cells. The results demonstrated that therapeutic doses of glargine have a longer-
lasting hypoglycemic control than HI. Based on the results, HI or glargine did not stimulate
thyroid cell proliferation at therapeutic doses, but high doses did.

Keywords: insulin, glargine, thyroid disease, proliferation, insulin receptor

INTRODUCTION

Over the past few decades, it has emerged that diabetes increases the risk of many types of cancer,
including thyroid cancer, colon cancer, pancreatic cancer, breast cancer, bladder cancer, and non-
Hodgkin lymphoma (1). Among these cancers, thyroid cancer is the most common in diabetic
patients. From a 5-years longitudinal study of over 200,000 men and women, it was concluded that
diabetes increases the risk of thyroid cancer by 25%, and that the rate of thyroid cancer in women
with diabetes is on the rise (2). An endocrine research institute in Copernicus University (Poland)
found that patients with type 1 diabetes or type 2 diabetes have a larger thyroid volume than healthy
patients, and that the incidence of thyroid diseases (such as thyroid nodules or thyroid tumors) is
significantly higher in type 2 diabetes mellitus patients compared to the general population (3).
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A study conducted at the American Veterans’ Affairs Medical
Center suggested that diabetes has a profound impact on the
risk of developing thyroid nodules and cancer. Currently, five
hypotheses have been proposed to explain the increased risk of
thyroid nodules and tumors in diabetic patients. The hypotheses
suggest that increased risk of thyroid disease could result
from: (1) elevated levels of insulin, insulin resistance, insulin
injections, or the use of sulfonylurea drugs; (2) increased BMI;
(3) increased thyroid-stimulating hormone levels; (4) chronically
elevated blood sugar and triglyceride levels; or (5) vitamin D
deficiency (1). Among these hypotheses, previous research has
focused on the role of high insulin levels. Diabetic patients
have elevated levels of insulin, either due to the injection of
exogenous drugs (insulin and its analogs), or as a secondary
consequence of resistance to endogenous insulin. Moreover,
it should be noted that exogenous drugs play an important
role in the late stages of the disease. In the treatment of
type 1 and type 2 diabetes, insulin analogs have shown high
efficacy and easy application than human insulin (4). However,
in vitro experiments (5, 6) show that protamine zinc insulin
promotes proliferation of breast cancer and bladder cancer
cells by increasing phosphorylation of the insulin receptor (IR)
and insulin-like growth factor 1 receptor (IGF-1R), also by
activating downstream phosphatidylinositol 3-kinase/mitogen-
activated protein kinase (PI3K/MAPK) signaling pathways. In
2009, the Diabetologia published four epidemiological studies
on diabetic patients and emphasized the potential link between
glargine treatment and increased risk of cancer. This concept has
caused tremendous controversy in academia regarding the safety
of glargine to patients (7-10).

Endogenous human insulin and glargine can bind to IR, and
high doses of insulin can also cross-react with IGF-1R. This
results in the activation of the PI3K/MAPK signal pathway, which
leads to increased metabolism, cell proliferation, and inhibition
of apoptosis (11).

Activation of IGF-1R promotes mitosis and reduces apoptosis
of tumor cells. These changes are prerequisites to tumor
formation. IGF-1R is highly expressed in many cancers, and
this is linked to tumor development, invasion, and metastasis.
Glargine increases the affinity of endogenous insulin for IGF-
IR and enhances its effects on mitosis by 6- to 8-folds (12).
Glargine also increases the phosphorylation and activation of
known regulators of the insulin-signaling pathway that promote
cell proliferation, such as protein kinase B (Akt) and ERK1/2 (13).
In this study, we examined the effect of therapeutic doses and
supra-pharmacological doses of human insulin (HI) and glargine
on the phosphorylation levels of IR, Akt, and ERK1/2 in rats.
We also detected the pro-proliferation marker Ki-67 to explore
whether HI and glargine promote thyroid cell proliferation.

MATERIALS AND METHODS

Animals

Six to eight-weeks-old pathogen-free Wistar female rats (Slac
Laboratory Animal LLC, Shanghai, China) were housed in
temperature-controlled environments and fed with standard
chow ad libitum. All experimental protocols involving animals

were conducted in accordance with the guidelines approved
by the ethics committee for the use of experimental animals
in Zhejiang Chinese Medical University. Blood glucose
measurements were performed by collecting blood from tail
veins. After blood glucose testing, the thyroid tissues were
immediately collected.

Dosage Groups and Injection of Drugs

Rats were randomly assigned to one of three treatment groups
after weighing: control group, HI group, or glargine group
(n = 35 animals per group). Each treatment group was sub-
divided into seven sub-groups, according to the time points; 0,
15, 30, 45, 60, 90, and 120 min (n = 5-10 per sub-group). Refer
to Emily Jane Gallagher for a description of the grouping method
(14). The HI and glargine groups were divided into five groups
based in doses: control, 1, 12.5, 50, and 200 U/kg dose (n = 5-
10). Two weeks before testing, all animals are acclimated to the
feeding, injection and fasting protocol for 2h before injection,
but the water was injected in lieu of drug. Injectable drugs were
prepared immediately before administration. HI (Novonordisk,
Beijing, China) was diluted with saline, while glargine (Sanofi,
Beijing, China) was diluted with PBS (pH = 4). Drugs were
diluted in 100 pl 0.9% saline or PBS according to the following
formula: weight (kg) of rat x experimental dose (1, 12.5, 50, or
200 U/kg) x 10 pl (glargine or human insulin) = mass of drug.

Protein Extraction

Thyroid tissue from each group was weighed to about 20 g, and
then treated with 200 pl working fluid (adding 1:100 protease
inhibitor and phosphatase inhibitors to RIPA buffer inhibitor).
The tissue was cut using ophthalmic scissors and homogenized
with a tissue homogenizer on ice at 1,500 r/min. After mixing for
30 min, tissue homogenates were centrifuged at 12,000 r/min for
15 min at 4°C. The supernatant was collected.

Western Blot

The protein samples were separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
blotted onto polyvinylidene fluoride membranes (Millipore,
USA). All specific antibodies were purchased from Cell Signaling
Technology. After blocking in Tris buffered saline and Tween 20
(TBST) containing 5% non-fat dried milk for 2 h, the membranes
were incubated with specific antibodies in the following order:
IR (1:800, CST 3025), pIGF-1R (1:800, CST, 2969), IGF-1R
(1:800, CST, 3027), pErk1/2 (1:1000, CST, 4370), pAkt (1:1000,
CST, 4060), Akt (1:1000, CST, 9272), B-actin antibodies (1:1000,
BOSTER, BM0627). After 3 washes, the blots were incubated
with horseradish-peroxidase-conjugated secondary antibodies
at room temperature for 2h, and visualized with ECL Plus
chemiluminescence reagent kit (Beyotime, Shanghai, China)
by being exposed to an autoradiographic film (BIO-RAD,
ChemiDoc XRS System, USA). Protein expression levels were
quantified using Quantity One software.

Immunoprecipitation
Samples were incubated with magnetic beads under rotation
for 2h at 4°C, after which they were washed with ice-cold
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RIPA buffer. Antigens were eluted using loading buffer, and
then boiled at 96°C for 5min. The supernatant was collected
after centrifugation.

Immunohistochemistry

Antigen retrieval was performed with high temperature and
high pressure using citrate buffer (0.01M, pH 6.0). Harris
hematoxylin was used to stain the nuclei, and ethanol was used
for dehydration. The horseradish peroxidase (HRP)-positive
cells appeared yellow, with brown granules in the cytoplasm
and cell membrane. Image-Pro Plus 6.0 software was used to
select a region that acted as a uniform standard to evaluate the
positive photos.

Statistical Analysis
Data were analyzed using one-way ANOVA, as appropriate.
All statistics and data analysis were performed using SPSS21.0
software. Data are presented as the mean £ SD, and P < 0.05
were considered significant.

RESULTS

Glargine Displays a More Prolonged
Hypoglycemic Effect Than HI

Wistar rats were fasted for 2h before treatment. Blood sugar
levels after three treatments were comparable to the levels
prior to drug treatment: 5.92 % 0.25, 5.85, and 5.97 £ 0.23
mmol/L (Figure 1). Subcutaneous injection of 1 U/kg of HI and
glargine decreased blood glucose levels rapidly. In HI group,
blood glucose levels reached a minimum of 2.90 &= 0.16 mmol/L
at 45min post-injection. Blood glucose in the glargine group
reached a minimum level 45min later than HI group, and
was as low as 3.18 & 0.17 mmol/L at 90 min post-injection.
Blood glucose levels in drug treatment groups rebounded after
reaching minimum, and the rebound was faster in HI-treated
group compared to the glargine group. However, the area under
the curve was lower in glargine group compared to the HI
group, indicating that glargine produced a more prolonged
hypoglycemic effect than HI. At 60 min post-injection, the blood
sugar levels in both drug groups were almost similar (3.20 £
0.21 mmol/L compared with 3.37 £ 0.09 mmol/L), therefore
this time-point was used to directly compare the hypoglycemic
effects of the two drugs. In comparison, blood sugar levels
in the control group (injected with 0.9% normal saline at the
same volume) ranged between 5.92 £ 0.25 and 5.50 £ 0.68
mmol/L. Changes in blood sugar in the experimental groups
were significantly different at each time point compared with the
control group (p < 0.05). The difference between HI and glargine
group was significantly different at 15min and 45 min time-
points (p < 0.01). During the experiment, rats displayed normal
levels of activity and no rats died after drug or saline injection.

Low Doses of Glargine Causes Lower IR
Phosphorylation Level and Longer Effect
Than Hl in Thyroid Tissue

Wistar rats were fasted for 2h, and then were injected with
1 U/kg of HI or glargine. Previous studies by Hansen et al.

(11) and Tennagels et al. (13) indicate that this dose of insulin
does not induce phosphorylation of IGF-1R in rat mammary
gland or adipose tissue. Therefore, we did not immunoprecipitate
IR/IGF-1R, but directly probed for pIR by western blot.

The phosphorylation level of IR in thyroid cells was slightly
altered after treatment. In HI group, phosphorylation level
peaked at 2.26 + 0.57-fold change at 15 min, compared to the
level of onset, and then decreased rapidly. Phosphorylation levels
were close to the limit of detection at 60 min post-injection
(Figure 2). Phosphorylation of IR after glargine treatment peaked
within 15-45min post-injection, and then decreased to 40%
of the maximum 120 min after injection. The phosphorylation
level of IR in thyroid cells was 1.5 times higher than that
of glargine, but the peak phosphorylation level was achieved
at the same time-point. Similarly, glargine produced a longer-
lasting effect on IR phosphorylation compared to HI. HI and
glargine had significantly different effects on IR phosphorylation
at 15, 60, 90, and 120 min time-points, with glargine group
displaying a 2- to 3.1-fold higher IR phosphorylation level
after 60 min than HI.

Akt and ERK1/2 Phosphorylation Are
Slightly Higher but Last Longer After

Glargine Treatment Compared to HI

Rats were fasted for 2h, after which they were injected
with 1 U/kg of HI or glargine. The phosphorylation level
of Akt was measured within 120min. Fifteen min after
injection of HI, phosphorylation of Akt reached a peak
level, then fell to 19% of the maximum (Figures 3A,B). In
glargine group, the peak phosphorylation of Akt reached
at 30min post-injection (15min later than the HI group),
then dropped to 18% of the peak value within 120 min.
The results showed that glargine acted on thyroid cells,
and that peak pAkt levels were 1.5 times higher after
glargine treatment compared to HI treatment. At each time-
point, HI and glargine groups were significantly different
(*p < 0.05, *p < 0.01, *™p < 0.001). After 30 min, Akt
phosphorylation levels were 1.2-2.3 higher in glargine group than
in HI group.

The rats were fasted for 2h, then injected with 1 U/kg
of HI or glargine, and the phosphorylation levels of ERK1/2
were measured. At 15 min post-injection of HI, phosphorylation
of ERK1/2 reached a maximum value of 6.39 + 1.97-fold
(which was similar to Akt), then fell and stabilized at lower
levels after 30 min, and eventually dropped to 4.63 & 0.78-folds
(Figures 3A,C) after 120 min. The phosphorylation of ERK1/2
peaked at 30 min after glargine injection (15min later than HI
treatment). Thereafter, the levels of pERK1/2 fell slowly, and
dropped to 50% of the peak value at 120 min post-injection.
These results indicate that glargine acted on thyroid cells,
and that the increase in ERK1/2 phosphorylation caused by
glargine was 1.43 times higher than that of HI treatment.
At 45, 60, and 120 min post-injection, the effects of HI and
glargine treatments were significantly different (*p < 0.05, **p <
0.01). At 30 min post-injection, ERK1/2 phosphorylation levels
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FIGURE 1 | Blood sugar levels of 8- to 10-weeks-old female Wistar rats 120 min after injection with either 0.9% saline (blank group, diamond), 1 U/kg HI (square), or 1
U/kg glargine (triangles) (n = 10 rats per group; compared with HI group, P <0.05).
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FIGURE 2 | WB images of pIR in rat thyroid cells within the first 120 min after injection of 1 U/kg HI and glargine. Plot of changes of pIR in rat thyroid cells in the first
120 min after injection with 1 U/kg HI (square) or glargine (triangle) as calculated from western blot results (n = 5-6; *P < 0.05, **P < 0.01, compared with HI group).

were about 7.6-6.2 times higher in glargine group than in
HI group.

High Doses of HI Primarily Affect IR
Phosphorylation, Whereas High Doses of
Glargine Primarily Affect IGF-1R

Phosphorylation

After 2 h of fasting, Wistar rats were injected with 1, 12.5, 50, or
200 U/kg of HI or glargine. At 60 min after injection, the average
blood sugar level was 1.8 mmol/L, and there were no obvious
hypoglycemic effects, with all rats surviving.

At each dose, the effects of HI or glargine treatments were
significantly different from the control group (***p < 0.001)
in terms of IR and IGF-1R phosphorylation. In addition,
there was a dose-dependent effect of both insulin treatments
on the phosphorylation level of IGF-1RB/IRB (Figures 4A,B).
HI and glargine treatments were significantly different at the
same dosage level (p™* < 0.001). At each dose, protein
phosphorylation was higher in glargine group than in HI
group (1.42-, 1.6-, 1.83-, and 2.28-fold higher for 1, 12.5,

50, and 200 U/kg groups, respectively). Increasing doses of
insulin did not have any saturating effect on IGF-1RB/IRB
receptors’ phosphorylation; even at the highest dose of 200 U/kg,
phosphorylation was significantly higher than the other doses,
especially in glargine group.

To determine pIGF-1R and pIR cross-reaction, rats were
fasted and injected with drugs as described above. Thyroid
tissues were collected for each dose. We then used a co-
immunoprecipitation approach to calculate the change in IR and
IGF-1R phosphorylation.

The IR phosphorylation levels measured at each dose are
shown in Figures 4C,D. The phosphorylation levels of IR
were significantly different in HI group compared to the
control group at each dosage (**p < 0.01, ***p < 0.001).
Rats injected with high doses of glargine (50 and 200 U/kg)
had a significantly higher phosphorylation compared to the
control group (*p < 0.05, **p < 0.01). IR phosphorylation
level increased with the drug dose. At the same doses, there
were significant differences between HI and glargine groups (*p
< 0.05, ¥p < 0.01, **p < 0.001). The phosphorylation level
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of IR was remarkably (1.71- to 2.3-fold) higher in HI group
compared to glargine group at doses above 12.5 U/kg. These
findings demonstrate that HI acts on the insulin receptor in
thyroid tissue.

According to WB analysis, high doses of glargine caused
higher increases in IGF-1RB/IRB phosphorylation than HI.
No obvious dose-dependent changes in the phosphorylation
level of IR were found in the precipitation analysis. Next, we
measured the dose-dependent effects of the drugs on IGF-1R
phosphorylation (Figures 4E,F). The IGF-1R phosphorylation
levels were significantly different in HI and glargine groups
relative to blank control at each dose (*P < 0.05, **P <
0.01, **P < 0.001). The phosphorylation levels of IGF-1R
increased with insulin treatment dose, with the exception
of the highest HI dose, which reduced the phosphorylation
level relative to lower doses. At the same dose, HI and
glargine produced significantly different effects on IGF-1R
phosphorylation (P < 0.001). At lower doses (1 and 12.5
U/kg) HI produced a higher phosphorylation than glargine. At
higher doses (50 and 200 U/kg) glargine caused higher IGF-1R
phosphorylation than HI (~1.48- and 1.92-fold higher) or blank
control (7.02- to 7.12-fold higher). We conclude that high doses
of glargine increase the phosphorylation of insulin receptors
in thyroid tissue.

Insulin Treatment Has Dose-Dependent
Effects on Akt and ERK1/2
Phosphorylation, With Glargine Having
Slightly Stronger Effects Relative to

HI Group
Having detected changes in the phosphorylation of IR and
IGF-1R, we explored changes in phosphorylation of the
downstream signaling proteins Akt and ERK1/2. As shown
in Figure 5A, the phosphorylation of Akt and ERK1/2 was
significantly different at all doses from the control group
(*p < 0.05, p < 0.01, *™p < 0.001), and the effects
followed a dose-dependent pattern. However, it is interesting
to note that Akt phosphorylation was similar after treatment
with 200 U/kg dose and 50 U/kg dose of HI (2.80 =+
0.10 and 0.10 £ 0.12), indicating the saturation of Akt
phosphorylation. At 12.5 and 200 U/kg doses, pAkt levels
were higher after glargine treatment compared to HI treatment
[1.37 times higher (p < 0.05) and 1.29 times higher (**p <
0.001), respectively]. At the highest dosage (200 U/kg), Akt
phosphorylation was 3.8 times higher in glargine than in the
control group.

In general, pERK increased with the dose of insulin
treatment (Figure 5). ERK1/2 phosphorylation levels in each
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thyroid cells 60 min after injection of different doses of HI and glargine. Histogram showing changes in IR beta phosphorylation in rat thyroid cell 60 min after injection
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insulin treatment group was significantly higher than in the
blank group (**p < 0.05, **p < 0.01, **p < 0.001). At
all dosages, glargine caused significantly larger increases in
pERK than HI (**p < 0.001). From lowest to highest dose,
glargine treatment increased pERK by 1.95-, 2.39-, 1.34-, and
1.22-fold more than HI.

Changes in Cell Proliferation and
Proliferation-Related Signaling Pathways
in Thyroid Cells After HI or Glargine
Treatment

To explore the effect of high doses of HI and glargine on
thyroid cell proliferation, we divided female Wistar rats into

HI and glargine treatment groups, and tested the effect of four
different doses of the drugs (1, 12.5, 50 and 200 U/kg) 4 weeks

after injection (n = 10 animals per dose). The highest dose
(200 U/kg) had lethal effects; and 40% of rats in this group
died. We performed an immunohistochemical examination of
Ki-67, Akt, and ERK1/2 in thyroid tissue at 4 weeks after
treatment. The results are shown in Figure 6. Round or oval
follicles of varying sizes were observed in thyroid cells. Cells
were considered positive for Ki-67, Akt, or ERK1/2 if the nucleus
appeared brown and cells were yellow and granular. Figure 6A
shows that HI and glargine caused a dose-dependent increase
in the number of Ki-67 positive cells. The nuclei showing dark
staining (positive-cells) were counted and percentage of the
total cell population expressing proteins (Ki-67, p-Akt, ERK1/2)
was calculated as index (mean density). We found that, in
addition to the 1 U/kg dose, intermediate and high doses
caused similar increases in Ki-67 as presented in Figure 7A,
and the increases were significantly different from the blank
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FIGURE 5 | (A) WB of pAkt, pERK1/2 in rats 60 min after injection with different doses of glargine and HI; (B) Histogram showing changes in Akt phosphorylation in
rat thyroid cells 60 min after injection with 1-200 U/kg (gray) and the HI glargine (black), based on WB assays (n = 5-6; compared to blank group, “P < 0.05, “*P <
0.01, **P < 0.001; compared to HI group, #P < 0.05, #HH#P < 0.001); (C) Histogram showing ERK1/2 phosphorylation in rat thyroid cells 60 min after injection of
1-200 U/kg HI (gray) and glargine (black), based on WB assays (n = 5-8; compared to blank group, *P < 0.05, *P < 0.01, ***P < 0.001; compared to HI group, #p

group. At the highest doses, HI caused higher increases in Ki-67
expression than glargine.

Akt and ERK1/2 Phosphorylation Are
Slightly Higher but Last Longer After

Glargine Treatment Compared to HI

The immunohistochemical labeling of pAkt showed that there
were more pAkt-positive thyroid cells in insulin-treated rats
compared to rats treated with blank control. The 12.5 U/kg dose
of HI group displayed many cells with brown-yellow granules,
whereas 1 or 200 U/kg doses of glargine also increased expression,
but not in a dose-dependent manner. As shown in Figure 7B,
there were no significant differences between any dose of HI
and blank control. In contrast, glargine increased pAkt at 1 and
200 U/kg doses to about 3.8 times the level of the blank group.
Glargine increased the number of pAkt positive cells more than
HI at 1, 12.5, and 200 U/kg doses.

Immunohistochemical labeling of pERK revealed that
the insulin treatments produced similar effects; and there
were remarkably more positive cells in insulin-treated
rats than in the blank group. The 150 U/kg dose of HI
group displayed a high number of cells with brown-
yellow granules, and there were no differences between
various doses of glargine. No dose-dependent trend was
observed after HI or glargine administration. As shown in
Figure 7C, the differences between the two drug groups
and the control group were statistically significant, with

higher pERK in the two drug groups, but with no significant
dose-dependent trend. Glargine induced higher pERK levels
than HI group.

DISCUSSION

Subcutaneous injection of insulin can maintain glucose
utilization at a rate of 1 mg/kg/min for 20h, both in healthy
subjects and in patients with diabetes mellitus. In contrast,
glargine absorption is slower and more prolonged compared to
human insulin, with no obvious peak (15-17). Several studies
have confirmed that (18) when human insulin is absorbed, it
primarily binds to the insulin receptor (IR), resulting in IR
activation and phosphorylation. Phosphorylation of IR induces
random phosphorylation of amino acid residues and activation of
downstream signaling targets of IR, including the docking of IRS-
1 and IRS-2, activation of signal transduction cascades, which
culminates in the regulation of glucose intake and metabolism
in skeletal muscle and adipose tissue. Other signaling pathways
affected include phosphatidyl inositol kinase (PI3k)/Akt and
MAPK. The primary signal transduction mechanism is through
activation of PI3K/Akt. At high concentration, insulin can bind
to IGF-1R, causing phosphorylation and activation. In general,
IGF-1R is activated by IGFs under physiological conditions, and
is widely expressed throughout the body. Phosphorylation of
IGF-IR results in strong activation of the Ras/Raf/MAPK signal
pathways. Gallagher et al. (14) investigated the effects of HI
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FIGURE 6 | (A) Immunolabeling of Ki-67 in thyroid gland cells of rats injected with HI and glargine for 4 weeks; (B) Immunolabeling of pAkt in thyroid cells of rat
injected with different doses of glargine and HI for 4 weeks; (C) Immunolabeling of pERK1/2 in thyroid gland cells of rats injected with varying doses of HI and glargine

and glargine on transgenic mouse models of breast cancer, and
found different levels of phosphorylation of IR, IGF-1R, Akt,
and ERK1/2. Tennagel et al. (13) found that HI and glargine
caused IR, IGF-1R, and Akt phosphorylation in skeletal muscle,
fat, liver, and cardiac muscle in male Wistar rats. However, this
study mentioned above did not test the effects on ERK1/2, and
changes in signaling pathways compared to mammary gland
epithelial cells. Our experimental results show that when HI
or glargine acts on thyroid cells, it causes similar changes to
those observed in mammary epithelial cells. The biological effect
of insulin on target cells depends on its local concentration,
the target cell properties, and IR/IGF-1R expression. The
similarities observed between thyroid cells and mammary glands
may be due to the small number of IR and IGF-IR in these
cells, or similar local drug concentrations in these tissues. In

addition, the phosphorylation of IR, IGF-1R, Akt, and ERK1/2
in thyroid cells mirrors the curves of hypoglycemic effect of
HI and glargine.

In vitro experiments showed that glargine can activate IR,
and that the downstream signaling pathway is similar to that
of human insulin. However, amino acids in the B chain of
glargine have been substituted, altering its molecular structure,
which accounts for the long-lasting hypoglycemic effect of
glargine and increases its affinity for IGF-1R (19, 20). Multiple
in vitro experiments show that glargine can promote the
proliferation of fat cells and breast cells by phosphorylating
IGF-1R (21-23). Using immunohistochemistry and qRT-PCR,
Liu et al. (24) found that IGF-1 and IGF-1R are up-regulated
in thyroid tissues of patients with follicular adenoma, thyroid
nodules, papillary thyroid carcinoma, and follicular thyroid
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FIGURE 7 | (A) Histogram showing Ki-67-positive thyroid cells of rats injected with 1-200 U/kg HI (gray) and glargine (black) for 4 weeks (n = 6-10, compared to
blank group, *P < 0.05, *P < 0.01, **P < 0.001; compared to HI group, #P < 0.05, ##P < 0.01, ###P < 0.001); (B) Histogram showing pAkt-positive thyroid
cells in rats injected with 1-200 U/kg HI (gray) and glargine (black) for 4 weeks (n = 6-10, compared to blank group, *P < 0.05, **P < 0.01, **P < 0.001; compared
to HI group, #P < 0.05, ##P < 0.01, ###P < 0.001); (C) Quantification of pERK-positive thyroid cells in rats injected with 1-200 U/kg HI (gray) and glargine (black)
for 4 (n = 6-10, compared to blank group, *P < 0.05, **P < 0.01, **P < 0.001; compared to HI group, #P < 0.05, ##pP < 0.01, ###pP < 0.001).

cancer relative to healthy controls. Compared to patients IGF-1 plays an important role in the formation and
with thyroid disease, papillary thyroid carcinoma patients had ~ development of thyroid nodules, including thyroid cancer and
the highest expression level of IGF 1 and IGF-1R protein  thyroid adenoma. As the human insulin analog, insulin B10
and mRNA. aspart (AspB10) is named after its histidine substituted for
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aspartic acid in the No. 10 B chain. Insulin B10 aspart has
higher affinity for IR and IGF-1R than human insulin, and the
duration of binding to IR is longer. In addition, insulin B10 aspart
has stronger proliferation-promoting effects on mammalian cells
than human insulin. In 1992, Drejer (25) tested the effects of
AspB10 on female Sprague Dawley rats. Rats were injected with
12.5, 50, or 200 U/kg doses of AspB10, while controls received
either saline or 200 U/kg of insulin injections. After 52 weeks,
AspB10 caused dose-dependent increases in the incidence of
breast cancer, while the control group had no observable increase
in breast cancer. After 48 weeks, 44% of rats treated with 200 U/kg
of AspB10 had benign breast tumors and 23% had malignant
tumors. This study led to the withdrawal of insulin B10 aspart
prescription. Although the mechanism by which insulin B10
aspart increases the risk of breast cancer is not clear, many studies
(21-23) have proposed that this may be due to the high affinity
of insulin B10 aspart for IGF-1R. Thus, researchers speculate
that similar insulin analogs that show high affinity for IGF-1R
in vitro may have pro-proliferative and cancer-causing effects.
In this study, when female Wistar rats were treated with 12.5
U/kg glargine for 4 weeks, we observed a significantly higher
number of Ki-67 positive thyroid cells compared to control rats.
The proportion of Ki-67-positive cells in thyroid cancer tissues
was 100%, and the proportion was 30% in benign thyroid lesions.
Therefore, our results suggest that treatment with high doses
of HI and glagine for 4 weeks causes thyroid cell proliferation.
According to the immunoprecipitation and WB analysis, the
proliferation-promoting effects of glargine may be associated
with activation of IGF-1R, which is consistent with findings
from previous in vitro experiments (21-24). In clinical practice,
a low dose of 1 U/kg is used. Although this dose of HI and
glargine induced higher phosphorylation of IR and IGF-1R
than the control after 60 min, it did not increase thyroid cell
proliferation (as measured by Ki-67-positive cell quantification)
after 4 weeks of treatment. Currently, no experiments have been
reported on whether extending the time of drug intervention
could promote cell proliferation, or whether low doses of HI
and glargine could increase the number of Ki-67-positive thyroid
cells after 52 weeks of treatment. In our study, we demonstrated
that both HI and insulin glargine affect the proliferation of
cells in a dose-dependent manner. However, in patients treated
with daily doses (0.2-0.4 IU/kg) of insulin glargine, the plasma
insulin concentrations remain between 50 and 200 pmol/L or
sometimes reach a slightly higher level ranging from 100 to
500 pmol/L (26, 27). The high dose of 200 IU/kg in our
study that resulted in high levels of cell proliferation is rather
supraphysiological. While therapeutic doses of HI and glargine
do not cause thyroid cell proliferation. The published RCT
ORIGIN explore effect of glargine insulin on cancer, showed
that insulin glargine have a neutral association with overall and
cancer-specific outcomes, including cancer-specific mortality.
The results also demonstrated that exposure to glucose-lowering
therapies, including metformin, and HbAlc level during the
study did not alter cancer risk (28).

It is worth noting, however, that high doses of HI
increase thyroid cell proliferation. In vitro experiments have
shown that HI can promote the proliferation of thyroid

follicular cells and human endometrial cells, and can increase
malignant transformation of human endometrial cells (29,
30). Research into the mechanism behind this has focused
on the effect of HI on IR. There are two subtypes of
IR (IR-A and IR-B), and the distribution and biological
effect of these subtypes are different (31). IR-A expression
is increased during thyroid cancer infiltration (32). Pandini
et al. (33) found that thyroid cancer tissues with low levels
of differentiated cells and high numbers of undifferentiated
cells have higher expression levels of IR-A. Therefore, at
the start of treatment with insulin and insulin analogs, high
number of IR-A are phosphorylated and activated, which may
play an important role in the process of cancer development
and progression. Pandini et al. (34) postulated that the
combination of increased insulin and IR-A activation can
increase the expression of the vascular Mrp/PRL gene and
cell proliferation protein to promote cell proliferation. A
study by Gallagher et al. (14) showed that HI promotes
the growth of mammary gland cells and breast tumor
proliferation via IR phosphorylation, rather than IGF-1R
phosphorylation. In this study, we focused on thyroid cells.
Analysis of Ki-67 expression by immunoprecipitation, WB,
and immunohistochemistry in thyroid cells produced similar
results. HI causes IR phosphorylation in thyroid cells in a
dose-dependent manner, which may be due to the increase in
thyroid cell proliferation at high doses of HI. There was no
significant effect of IGF-1R phosphorylation on thyroid cells
after high doses of HI. Therefore, it is not clear whether thyroid
cell proliferation is increased through IGF-1R phosphorylation
following HI treatment.

As mentioned above, HI and its analogs activate the PI3K/Akt
and MAPK signaling pathways. PI3K/Akt signaling increases
the number of cells by inhibiting cell apoptosis, which plays
a key role in modulating the effects of insulin and IGF-1 on
metabolism and mitosis (35). MAPK signaling is associated with
increased DNA synthesis and cell proliferation (18). In this study,
HI and glargine promoted Akt phosphorylation with increasing
doses and time after administration. pAkt levels were slightly
higher after HI treatment than glargine. Miiller et al. (36) studied
the effect of glargine and HI on rat thyroid cell lines FRTL-
5 and thyroid follicular cells, and found that the two drugs
enhanced the phosphorylation of PI3K/Akt. Our results are
in agreement with these findings. There is also evidence that
HI treatment increases cell proliferation via Akt activation in
bladder cancer cells, breast cancer cells, and rat fat tissue (6).
In our in vivo study on the effect of HI treatment for 4 weeks
on thyroid tissue revealed a significant increase in pERK1/2,
but no effect on pAkt level. Thus, Akt phosphorylation may
not be the primary signaling pathway that mediates thyroid
cell proliferation after HI administration, and pERK1/2 may
play a greater role, however further studies are needed to
clarify this hypothesis.

HI and glargine treatment produced a higher phosphorylation
of ERK1/2 than control control, with glargine having slightly
stronger effects compared to HI. According to insulin cell-
signaling pathways, this could be due to the higher affinity
between glargine and IGF-1R relative to IR (20), because
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ERK1/2 is the primary downstream effector of IGF-1R.
Previous studies also confirmed (37, 38) that ERK1/2
and MEK/ERK1/2 pathways are involved in cell survival,
proliferation, differentiation, and mitosis. Kandil et al. (39)
found that inhibition of MEK/ERK expression exerts cytotoxic
effects on thyroid cancer cells. Our study on pERK1/2 activation
after insulin administration may be pertinent to more than
the role of hypoglycemic drugs, but could also shed light
on mechanisms of increased thyroid cell proliferation. The
further experiments are needed to characterize the effects of
insulin and its analogs on thyroid cell proliferation in vivo and
in vitro. It also suggests that clinicians should consider the
possibility that insulin may stimulate thyroid cell proliferation
during the treatment of diabetes.

CONCLUSION

Our in vivo experiments show that therapeutic doses of glargine
have a longer-lasting hypoglycemic effect than HI, and promote
the phosphorylation of IR, Akt, and ERK1/2. High doses of
HI and glargine can promote thyroid cell proliferation, while
therapeutic doses of HI and glargine do not cause thyroid cell
proliferation. HI may be associated with IR phosphorylation,
while glargine may be associated with IGF-1 phosphorylation.
Both receptors can activate PI3K-Akt and MAPK signaling
pathways to promote proliferation.
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Background and Objectives: Irisin plays an important role in the metabolism and
homeostasis of energy balance, which is involved in cognitive impairment. This study
aimed to investigate the role of irisin in mild cognitive impairment (MCI) among Chinese
patients with type 2 diabetes mellitus (T2DM).

Methods: We recruited 133 Chinese patients with T2DM, and divided them according
to the Montreal Cognitive Assessment score. Demographic data were collected and the
level of irisin in the plasma was determined. In addition, the results of neuropsychological
testing were examined. The concentration of irisin in the plasma was measured using an
enzyme immunoassay.

Results: A total of 59 patients were diagnosed with MCl and 74 patients were
included as healthy-cognition controls. The level of irisin in the plasma (p = 0.043) and
homeostasis model of assessment for insulin resistance (p = 0.032) in diabetic patients
with MCI were higher than those observed in the healthy controls. A higher level of
irisin in the plasma was associated with impaired overall cognition, specifically executive
function. Linear regression analysis suggested that irisin (p = 0.017) and glycosylated
hemoglobin (p = 0.036) were independent factors of diabetic MCI.

Conclusions: The level of irisin in the plasma correlated with cognitive impairment in
T2DM patients, particularly with executive function. These results further suggest that,
in addition to poor glycemic control, a high level of irisin in the plasma portends early
cognitive deficits clinically in Chinese patients with T2DM.

Keywords: irisin, mild cognitive impairment, executive function, diabetes mellitus, insulin resistance
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Irisin and MCI in T2DM

INTRODUCTION

Individuals with type 2 diabetes mellitus (T2DM) exhibit a higher
prevalence of mild cognitive impairment (MCI) in comparison
with the general population (1). The risk of cognitive impairment
in DM patients is 1.2 to 1.5-fold higher than that reported in
non-DM individuals (2). Cognitive impairment is considered
one of the chronic complications of DM (3). Several potential
mechanisms promote the occurrence of cognitive impairment
in T2DM, including hyperglycemic toxicity, insulin resistance,
oxidative stress, accumulation of amyloid-beta peptide and tau
hyper-phosphorylation (4-9).

Irisin, a novel glycosylated polypeptide hormone, plays an
important role in the homeostasis and metabolism of energy
balance (10). It had been reported to lead to brown-fat-
like development by stimulating the expression of uncoupling
protein-1 and altering that of several molecules (11, 12). Irisin
induces the transformation of white adipose tissue into brown
adipose tissue. Consequently, the increased thermogenesis may
lead to weight loss and improve insulin sensitivity and glucose
tolerance in mice (13, 14). The increase of circulating irisin
is associated with endurance training induced reduction of
abdominal visceral fat in old and middle-aged people (15).
Many studies have found low level of irisin in individuals
with T2DM compared to that in non-diabetic individuals
(16-19). Continuous exposure to hyperglycemia and impaired
insulin signaling are major causes of Alzheimer’s disease (AD)
and related to cognitive impairment, especially learning and
memory loss (20, 21). Several studies reported that irisin may
regulate insulin resistance and glucose homeostasis (12, 22, 23),
potentially improving cognitive function. Furthermore, irisin
may promote neurogenesis (24) and protect against neuronal
damage caused by oxidative stress (25, 26). In addition, it was
shown that irisin regulates the production of brain-derived
neurotrophic factor (27, 28), which may enhance cognitive
function and reduce synaptic dysfunction in AD (29). These
findings suggest that irisin may improve cognitive function.

Therefore, the aim of this study was to investigate the
association between the level of irisin in the plasma and cognition
performance in patients with T2DM.

MATERIALS AND METHODS

Patients and Study Design

We recruited 133 patients (aged 45-75 years) who were admitted
to the Department of Endocrinology of the Affiliated Zhongda
Hospital of Southeast University (Nanjing, China) between
February 2015 and June 2017. The patients were diagnosed
with T2DM for >3 years according to the 1999 World Health
Organization criteria (30). The exclusion criteria were as follows:
(1) central nervous system diseases (i.e., recent stroke, head
trauma, epilepsy, Parkinson’s disease, depression, or other
psychological illnesses) that may cause MCI; (2) drug or alcohol
abuse or dependence; (3) other major illnesses, including cancer,
anemia, or thyroid dysfunction; and (4) use of potential or
known cognition-impairing drugs in the previous 3 months.
All patients were of Chinese Han ethnic origin and provided

written informed consent prior to their participation in the study.
The study was approved by the Research Ethics Committee
of the Affiliated Zhongda Hospital of Southeast University,
Nanjing, China.

Collection of Clinical Data

We collected the demographic and clinical characteristics of
the patients, including gender, age, educational level, contact
details, duration of T2DM, medical history (e.g., hypertension
and fatty liver), fasting blood glucose, fasting C-peptide (FCP),
glycosylated hemoglobin (HbAc), triglyceride, total cholesterol,
low-density lipoprotein, and high-density lipoprotein. We
obtained physical measurements (i.e., weight, height, blood
pressure, and waist and hip circumference) using a standard
balance beam scale. The body mass index (BMI) is defined as the
body weight (kg) divided by the square of the body height (m?).

Measurement of the Level of Irisin in the

Plasma

We collected blood samples in the morning after the patients
lying down for a night, and instructed the patients to avoid
intense physical activity the day before. The concentration of
irisin in the plasma was measured using an enzyme-linked
immunosorbent assay (ELISA) kit (Cusabio, Wuhan, China)
according to the instructions provided by the manufacturer. The
accuracy of this kit is comparable to that of EK-067-29 produced
by Phoenix Pharmaceuticals, USA (31).

Neuropsychological Testing

Neuropsychological testing, including the Montreal Cognitive
Assessment (MoCA), Mini Mental State Exam (MMSE), digit
span test (DST), verbal fluency test (VFT), clock drawing test,
logical memory test (LMT), auditory verbal learning test, and trail
making tests A and B (TMT-A and TMT-B) were performed to
assess the cognitive functions (i.e., memory, attention, executive
function, psychomotor speed, and visuospatial skills). Based on
the MoCA scoring system, 59 patients with MoCA scores <26
and the remaining 74 patients with MoCA scores >26 were
classified in the MCI group and normal cognition group (control
group), respectively. One point was added to the MoCA score for
patients with a number of education years <12 (32).

Statistical Analysis

Statistical analyses were performed using the SPSS Version
21.0 software (IBM Corp., Armonk, NY, USA). For continuous
variables, analysis of variance and Students f-test were used
to compare differences between groups at baseline. The chi-
squared (x2) test was employed for categorical variables.
Spearman’s correlation was used to examine the correlation
between neuropsychological test scores and the level of irisin in
the plasma. The relationship of cognitive performance with the
level of irisin in the plasma, as well as demographic and clinical
characteristics, was investigated using multiple linear regression
analysis. A p < 0.05 denoted statistical significance.
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RESULTS

Demographic and Clinical Characteristics

Table 1 lists the baseline characteristics and neuropsychological
test scores of the patients. There were no significant differences
found between the MCI and control groups in terms of age,
gender, educational level, prevalence of hypertension, duration
of T2DM, history of alcohol abuse or dependence, smoking
history, BMI, waist-to-hip ratio, fasting blood-glucose, 2-h
plasma glucose, FCP, HbA1C, total cholesterol, triglyceride,

low-density lipoprotein, high-density lipoprotein, apolipoprotein
Al, and apolipoprotein B (p > 0.05). The MCI group
demonstrated a significantly higher level of irisin in the plasma
and homeostasis model of assessment for insulin resistance
(HOMA-IR) than the control group (p < 0.05). Moreover,
significant differences between the two groups were also
observed in the neuropsychological test scores (p < 0.01). The
memory, attention, executive function, psychomotor speed, and
visuospatial skills in the MCI group were significantly lower
compared with those reported in the control group.

TABLE 1 | Demographic and clinical characteristics.

Characteristic MCI group (n = 59) Control group (n = 74) p-value
Age (y) 59.76 + 6.887 58.3 + 8.461 0.283
Male/Female, n (%) 31 (52.5)/28 (47.5) 46 (62.2)/28 (37.8) 0.264
Education level (y) 9(9-12) 11 (9-12) 0.506
Duration of diabetes(y) 11.288 + 5.7866 9.696 + 5.3857 0.104
Hypertension n (%) 37 (62.7) 43 (58.1) 0.256
Hypertension duration (y) 5(0-13) 4 (0-10) 0.508
Fatty liver n (%) 30 (50.8) 30 (40.5) 0.237
Smoking n (%) 20 (33.9) 28 (37.8) 0.640
Drinking n (%) 12 (20.3) 19 (25.7) 0.471
Systolic BP (mmHg) 135.25 + 18.502 136 £ 15.67 0.802
Diastolic BP (mmHg) 81.29 + 11.174 80.56 +9.77 0.665
FBG (mmol/L) 8.3578 + 2.71327 7.7147 £ 2.50359 0.159
2h-PG (mmol/L) 15.0769 + 3.57025 14.3576 + 3.8885 0.274
HbA1C (%) 9.7186 + 2.59698 8.9243 + 2.16414 0.057
FCP 1.2446 £ 0.75122 0.854 (0.4418-1.603) 0.141
HOMA-IR 0.4385 + 0.23212 0.2889 (0.15657-0.5094) 0.032
BMI (kg/m?) 25.12 4+ 3.409 24.84 + 3.045 0.903
WHR 0.9467 + 0.06122 0.9366 + 0.06408 0.355
TC (mmol/L) 4.7636 + 1.08117 4.5538 + 1.08846 0.372
TG (mmol/L) 1.81056 £ 1.14686 1.7174 £ 1.08957 0.625
LDL (mmol/L) 2.9275 + 0.82897 2.8178 £ 0.80722 0.443
HDL (mmol/L) 1.1827 + 0.33954 1.1749 £+ 0.25705 0.88
ApoA1 (g/L) 1.0878 + 0.26026 1.0732 + 0.24375 0.74
ApoB (mmol/L) 0.82 £+ 0.20130 0.8099 + 0.18437 0.763
LPa (mmol/L) 258.23 + 228.391 190.5 (108.75-310.75) 0.983
Irisin (ng/mL) 241.48 (145.208-564.815) 139.86 (82.845-500.413) 0.043
Cognition test levels

MoCA 23 (20-24) 27 (26-28) <0.001
VFT 14 (13-17) 16 (14-19) <0.001
LMT 6.32 + 4.22 10.09 + 4.457 <0.001
DST 10.46 + 2.054 12.03 + 1.828 <0.001
CDT 3(2-4) 4 (3-4) 0.01
TMT-A 66 (53-85) 53 (45-58) <0.001
TMT-B 196.44 + 88.644 139.59 + 48.465 <0.001
AVLT-immediate recall 15.78 £ 5.243 18.85 £ 3.788 <0.001
AVLT-delayed recall 5 (3-6) 6 (5-7) <0.001

Continuous variables were presented as mean + SD, while categorical variables were presented as n (%) or median (interquartile range). Student’s t-test was used to compare normally
distributed variables between two groups. The Mann-Whitney U-test was used for the comparison of asymmetrically distributed variables. MCI, mild cognitive impairment; FBG, fasting
blood-glucose; 2h-PG, 2-h plasma glucose; HbA1c, glycosylated hemoglobin; FCR, fasting C-peptide; HOMA-IR, homeostasis model of assessment for insulin resistance; BMI, body
mass index; WHR, waist-to-hip ratio; TG, triglyceride; TC, total cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein; ApoA1, apolipoprotein A1; ApoB, apolipoprotein
B; LPa, lipoprotein(a); MoCA, montreal cognitive assessment; VFT, verbal fluency test; LMT, logical memory test; DST, digit span test; CDT, clock drawing test; TMT-A, trail making

test-A; TMT-B, trail making test-B; AVLT, auditory verbal learning test; SD, standard deviation.
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Correlation of the Level of Irisin in the
Plasma With Baseline Data and Cognitive

Indicators

We subsequently explored the correlation of the level of irisin in
the plasma with clinical and the different neuropsychological test
scores in all patients using Spearman rank correlation analysis.
The level of plasma irisin was positively correlated with the BMI,
FCP, HOMA-IR, and TMT-A and TMT-B scores. Of note, it was
negatively correlated with the MoCA, MMSE, VFT, LMT, and
DST score in total (Table 2). The level of irisin was positively
associated with the FCP and the TMT-A score, whereas it was
negatively associated with the MoCA, MMSE, and VFT score
in the MCI group. In healthy-cognition controls, the level of
irisin was only positively correlated with the FCP and TMT-A

score. Considering the relationship between irisin and BMI, we
performed a hierarchical analysis. The level of irisin in the plasma
was only positively correlated with the TMT-A score in patients
with normal weight. In overweight patients, it was significantly
positively correlated with the BMI, FCP, duration of T2DM,
and TMT-A and TMT-B scores. In contrast, it was negatively
correlated with the MoCA, MMSE, VFT, LMT, DST, and auditory
verbal learning test-delayed scores (Table 2).

Correlation of the MoCA Score With

Baseline Characteristics in All Patients

The relationship between the MoCA score and baseline
characteristics was assessed through Spearman rank correlation
analysis. We found that the MoCA score correlated with sex,

TABLE 2 | Correlation of the level of irisin in the plasma with baseline data and cognitive indicators.

Total (n = 133) MCI group (n = 59)

Control group (n = 74) BMI < 24 (n = 51) BMI > 24 (n = 82)

r r r r r
BMI 0.217* 0.251 0.182 0.015 0.318"*
WHR 0.023 —0.031 0.039 -0.129 0.059
FCP 0.268"* 0.289* 0.237* 0.262 0.261*
HOMA-IR 0.217* 0.245 0.173 0.193 0.201
Duration of diabetes 0.165 0.104 0.167 0.055 0.224*
MoCA —0.236*" —0.326* -0.072 —0.169 -0.277*
MMSE —0.234* —0.305* —0.001 —0.267 —0.241*
VFT —0.248* —0.394** —0.092 —0.220 —0.258"
TMT-A 0.336"* 0.295* 0.269* 0.323* 0.359**
TMT-B 0.237** 0.246 0.142 0.193 0.263*
LMT —0.231** —0.245 -0.125 —0.099 —0.346™*
DST —0.262** —0.211 —0.204 -0.172 —0.334**
CoT -0.072 —0.051 -0.018 —0.153 —0.015
AVLT-immediate -0.107 —0.057 —0.046 —0.099 —0.109
AVLT-delayed —0.149 —0.240 0.008 —0.028 —0.237*

MCI, mild cognitive impairment; BMI, body mass index; WHR, waist-to-hip ratio; FCF, fasting C-peptide; HOMA-IR, homeostasis model of assessment for insulin resistance; MoCA,
montreal cognitive assessment; MMSE, mini mental state examination; VFT, verbal fluency test; TMT-A, trail making test-A; TMT-B, trail making test-B; LMT, logical memory test; DST,
digit span test; CDT, clock drawing test; AVLT, auditory verbal learning test. *p < 0.05 and **p < 0.01.

TABLE 3 | Correlation of the MoCA score and baseline characteristics.

Total (n = 133)

MCI group (n = 59) Control group (n = 74)

r p-value p-value r p-value
Sex -0.189 0.029 —0.373 0.004 —0.092 0.435
BMI -0.013 0.883 —0.344 0.008 0.175 0.136
WC —0.087 0.319 —0.298 0.022 0.208 0.075
Educational level 0.221 0.010 0.543 <0.001 0.162 0.167
Duration of diabetes -0.137 0.116 -0.115 0.424 -0.154 0.168
Irisin —0.236 0.006 —0.326 0.012 -0.072 0.540
HbA1c —-0.173 0.046 —0.146 0.271 0177 0.131
FCP —0.208 0.016 -0.158 0.231 —0.226 0.053
HOMA-IR —0.239 0.006 -0.194 0.141 —0.149 0.205

MCI, mild cognitive impairment; BMI, body mass index; WC, waist circumference; HbA1c, glycosylated hemoglobin; FCR, fasting C-peptide; HOMA-IR, homeostasis model of assessment

for insulin resistance.
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TABLE 4 | Multivariable linear regression analysis with the MoCA score as the
dependent variable.

B SE Sig. 95% CI
Irisin —0.002 0.001 0.017 —0.004-0
Educational level 0.334 0.118 0.004 0.110-0.559
HbA1c —0.261 0.123 0.036 —0.504 to —0.018

Independent variables entered included: sex, age, irisin, educational level, duration of
diabetes, HbA1C, FCR. WC, BMI, WHR, TG, TC, HDL, LDL, and HOMA-IR. MoCA,
montreal cognitive assessment; HbATc, glycosylated hemoglobin; T2DM, type 2 diabetes
mellitus; FCR, fasting C-peptide; WC, waist circumference; BMI, body mass index; WHR,
waist-to-hip ratio; TG, triglyceride; TC, total cholesterol; LDL, low-density lipoprotein;
HDL, high-density lipoprotein; HOMA-IR, homeostasis model of assessment for insulin
resistance; B, regression coefficients; SE, standard error; Cl, confidence interval.

irisin, educational level, HbAlc, FCP, and HOMA-IR (Table 3).
Subsequently, we formed a multiple linear regression model
to identify independent factors associated with MCI. Age, sex,
irisin, educational level, duration of T2DM, HbA1C, ECP,
waist circumference, BMI, waist-to-hip ratio, triglyceride, total
cholesterol, high-density lipoprotein, low-density lipoprotein,
and HOMA-IR were entered as independent variables in the
multiple step-wise linear regression analysis, with the MoCA
score as the dependent variable. The multivariable regression
analysis revealed that plasma irisin, educational level, and HbA1lc
were associated with MCI in T2DM patients (p < 0.05) (Table 4).
These three independent variables explained 17% of the variance.

DISCUSSION

The results of the present study demonstrated that the level
of irisin in the plasma of T2DM patients with MCI increased.
This level was negatively associated with the MoCA, MMSE,
VFT, LMT, and DST scores, whereas it was positively correlated
with the TMT-A and TMT-B scores. These findings indicated
worse overall cognitive, executive, and attention functions. The
multivariable regression analysis indicated that a high level
of plasma irisin and HbAlc may play important roles in the
development of MCI in T2DM patients.

This was the first study to investigate the correlation between
the level of irisin in the plasma and cognitive function in T2DM
patients. Correlations were found between irisin and the MoCA,
MMSE, VFT, LMT, DST, TMT-A, and TMT-B scores. Higher
levels of irisin indicated poorer cognitive function in the patients.
Additionally, we found that the BMI, FCP, and HOMA-IR were
positively correlated with irisin, suggesting that the increased
level of irisin in T2DM patients may be correlated with higher
BMI, FCP, and HOMA-IR values. Previous studies suggested that
the level of plasma irisin was increased in obese subjects (33—
35). Furthermore, several studies showed a significant association
between irisin and the HOMA-IR index (35-38), which reflects
insulin resistance. All aforementioned factors have been shown
to promote the development of cognitive impairment in T2DM
patients (39, 40). Thus, an increased level of irisin may be a
predictive factor of T2DM-associated cognitive impairment.

Based on these findings, the relationship between irisin and
cognitive function is contrary to that reported by Lourenco et al.
(41), which suggested that a lower level of irisin correlated with

cognitive impairment. Irisin was reduced in the hippocampi and
cerebrospinal fluid of AD patients compared with MCI patients
or cognitively normal individuals (41). However, the level of irisin
in the plasma was not significantly different in AD compared
with that measured in non-demented controls. Another study
suggested that irisin was positively associated with overall
cognition and memory (42). Moreover, rat models showed that
treatment with irisin reduced neurological deficits (25, 43) and
increased hippocampal synaptic plasticity (41). The difference
between our study and the others was the study population.
T2DM is often accompanied by metabolic dysfunction. Similar
to the increased level of insulin in insulin resistance (37, 44), the
level of irisin in the plasma increased in MCI patients. In the
present study, the positive association between the level of irisin
in the plasma and markers of insulin resistance in T2DM patients
may demonstrate an adaptive response to obesity through irisin
(18). Similarly, an increased level of irisin in MCI patients may be
the result of irisin resistance. This notion was supported by the
negative correlation between the level of irisin and MoCA score
in the MCI group rather than the control group. Considering the
positive correlation between irisin and the BMI, irisin is likely to
be involved in inflammatory and oxidative stress (45, 46).

In addition, in this study, the MoCA score was negatively
correlated with HbAlc and positively correlated with the
educational level. These findings were congruous with those
reported by previous studies. Chronic exposure to hyperglycemia
may damage cognitive function (47, 48). Higher education
and more thinking may delay the progression of dementia
(49, 50). Consequently, we encourage the elderly to participate
in more intellectual activities to delay the impairment of
cognitive function.

Several limitations of this study should be considered. Firstly,
it was a cross-sectional study with a small sample size, which
may limit the robustness of the results. Secondly, there were
concerns regarding the accuracy of the irisin antibody kits (51).
Further validation analyses using mass spectrometry are required
to address these concerns. Thirdly, most of the hospitalized
patients had uncontrolled diabetes, which lead to the selection
bias in the sample. Although we have carefully considered and
implemented the inclusion and exclusion criteria in order to
reduce bias, it still affected the results. Moreover, we only used
the MoCA for MCI diagnosis in our diabetic patients. Finally,
the study did not collect data regarding the intensity of daily
exercise, which may play an important role in the level of irisin
and MCL

CONCLUSION

In summary, this study showed that the MCI group had a
higher level of irisin vs. the control group. Additionally, a
higher level of irisin was associated with overall cognitive
impairment, especially poorer executive function. Furthermore,
irisin, HbAlc, and the educational level were identified as
independent variables of MCI in all individuals, suggesting
that low levels of irisin and HbAlc may be good predictors
of MCI in T2DM patients. Further evidence, especially
from longitudinal studies, is required to investigate

Frontiers in Endocrinology | www.frontiersin.org

September 2019 | Volume 10 | Article 634


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Lin et al.

Irisin and MCI in T2DM

the value of irisin as a predictive biomarker of MCI in
T2DM patients.
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Brief Mindfulness Meditation
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Ran Wu'2?t, Lin-Lin Liu™, Hong Zhu?, Wen-Jun Su’, Zhi-Yong Cao’, Shi-Yang Zhong’,
Xing-Hua Liu® and Chun-Lei Jiang™

" Laboratory of Stress Medicine, Faculty of Psychology and Mental Health, Second Military Medical University, Shanghai,
China, ? Counseling and Psychological Services Center, East China Normal University, Shanghai, China, ° Beijing Key
Laboratory of Behavior and Mental Health, School of Psychological and Cognitive Sciences, Peking University, Beijing, China

Mindfulness-based interventions have previously been shown to have positive effects
on psychological well-being. However, the time commitment, teacher shortage, and
high cost of classic mindfulness interventions may have hindered efforts to spread the
associated benefits to individuals in developing countries. Brief mindfulness meditation
(BMM) has recently received attention as a way to disseminate the benefits of
mindfulness-based interventions. Most existing BMM methods are adaptations of
the classic approach. Few studies have investigated the mechanisms underlying the
beneficial effects of BMM. We developed a 15-min BMM named JW2016, which is
based on the core concepts of mindfulness, Anapanasati (breath meditation of Buddhist
Vipassana), our practical experience, and the results of scientific reports on meditation.
We investigated the effects of this BMM on mood and emotion processing in an effort
to create an effective, convenient, safe, and standardized BMM method that could
benefit individuals with limited time or money to devote to meditation. Forty-six healthy
participants (aged 18-25 years) were randomly allocated to the BMM group (n = 23)
or the emotional regulation education (ERE) control group (n = 23). Forty-two of the
study participants cooperated fully in all measurements and interventions (one time daily
for seven consecutive days). Mood was measured with the Centre for Epidemiological
Studies—Depression scale (CES-D) and the State Anxiety Inventory (SAl). Emotion
processing was evaluated by assessing performance on an emaotion intensity task, an
emotional memory task, and an emotional dot-probe task. After intervention, the BMM
group, but not the ERE group, showed a significant decreases in emaotional intensity in
response to positive as well as negative emotional stimuli, response time for emotional
memory, and duration of attention bias toward negative emotional stimuli. Negative
effects on mood state were found in the ERE group but not in the BMM group. This
study demonstrated that BMM may improve aspects of emotion processing such as
emotion intensity, emotional memory, and emotional attention bias. JW2016 BMM may
be an effective, convenient, safe and standardized way to help practitioners remain
focused and peaceful without any negative effect on emaotion.

Keywords: brief mindfulness meditation, randomized controlled trial, anxiety, depression, stress, emotion
intensity, emotional memory, emotional attention bias
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INTRODUCTION

Mindfulness meditation is a form of self-regulatory exercise
for mind and body. The core concepts of mindfulness include
paying attention to the present moment and attaining a state
of consciousness in a non-judgmental/accepting manner (Bishop
et al., 2004; Lutz et al.,, 2008). Mindfulness meditation has its
roots in Vipassana (insight meditation, a Buddhist meditation
technique), which purports to affect mental events by engaging
a specific attentional set (Lutz et al., 2008). As a clinical
intervention, mindfulness meditation has been demonstrated
to produce beneficial effects on mental and physical states,
especially in terms of emotional improvement and recovery
from affect-related psychopathology (Kabatzinn et al, 1992;
Pinniger et al., 2012; Hoge et al., 2014; Khusid and Vythilingam,
2016). Mindfulness meditation has been proven to promote well-
being and emotional balance (Krygier et al., 2013; Goyal et al.,
2014), to decrease stress reactivity (Pace et al., 2009; Goyal
et al,, 2014), and to reduce negative feelings associated with
anxiety and depression (Lane et al., 2007; Hoge et al., 2014;
Khusid and Vythilingam, 2016).

Instead of attempting to change emotional experiences,
meditation practice trains the individual to notice and observe
emotions simply as they are and to accept emotional reactions as
they arise (Lutz et al., 2008). Previous studies have explored the
emotional benefits of meditation from numerous perspectives.
Several studies have demonstrated that meditation may help
to modulate emotional responses to negative stimuli (Erisman
and Roemer, 2011; Johns and Medicine, 2015). Evidence from
the field of cognitive neuroscience suggests that long-term
meditation practice decreases the reaction intensity of the
autonomic nervous system (Vasquez-Rosati et al., 2017) and
attenuates the neural responses to emotional stimuli (Sobolewski
et al, 2011; Taylor et al., 2011). Meditation training may
also increase cognitive flexibility (Wenksormaz, 2005; Zeidan
et al,, 2011) and produce positive effects on emotion-cognition
interactions. One study showed that an 8-week mindfulness-
based stress reduction (MBSR) course enhanced attentional
orientation and improved the ability to regulate emotion (Jha
et al.,, 2007). An 8-week mindfulness-based meditation course
reduced the attentional bias for pain-related threats in patients
with fibromyalgia (Vago and Nakamura, 2011). Few studies
have been conducted to examine the effects of meditation on
positive emotion, and studies published to date have yielded
conflicting findings. The results of previous studies showed
that, after meditation, positive affect in response to a positive
stimulus may increase (Erisman and Roemer, 2011), decrease
(Ren et al., 2012), or remain unchanged (Sobolewski et al., 2011;

Abbreviations: BMM, brief mindfulness meditation group; CAPS, Chinese
Affective Picture System; CES-D, Centre for Epidemiological Studies-Depression
Scale; DA, depressed affect; DHEAS, dehydroepiandrosterone sulfate. DSM,
diagnostic and statistical manual of mental disorders; ERE, emotional regulation
education group; HPA axis, hypothalamus-pituitary-adrenal axis; IAPS,
International Affective Picture Set; ICD, International Classification of Diseases;
IP, interpersonal problems; MBSR, mindfulness-based stress reduction; min,
minute; PA positive affect; SAI, State Anxiety Inventory; SC, somatic complaints;
STAI-Form Y, State-Trait Anxiety Inventory.

Taylor etal., 2011). The effects of meditation on emotion-
cognition interactions remain unclear.

Although mindfulness meditation training has proven to have
many positive effects, the beneficiary population is relatively
small because of the associated time commitment, teacher
shortage, and high cost. Recently, brief mindfulness meditation
(BMM) training has attracted increasing attention. One meta-
analysis reported that BMM was more effective than control
programs in decreasing negative affectivity (Schumer et al,
2018). However, the minimum amount of meditation training
sufficient to improve emotional reactivity remains unknown, as
does the mechanism underlying the positive effects reported in
the literature. Previous studies found that 5 days of meditation
(20 min daily) improved coordination of the body and mind
in practitioners (Tang et al., 2009). Four days of mindfulness
meditation training (20 min daily) decreased negative feelings
such as fatigue and anxiety and improved cognitive functions
such as visuospatial processing, working memory, and executive
functioning (Zeidan et al., 2010b). Three days of 20-min
mindfulness meditation sessions (1 h total) was more effective
than sham mindfulness or control treatment in decreasing
negative mood, depression, fatigue, confusion, and heart rate
(Zeidan et al., 2010c). Even a single 10-min mindfulness
intervention (Erisman and Roemer, 2011) or a 15-min focused-
breathing meditation (Arch and Craske, 2006) may immediately
decrease the intensity and negativity of emotional responses to
affectively valenced external stimuli. Individuals may therefore
benefit from very small doses of meditation training. However,
other studies have reported conflicting conclusions. For example,
researchers found that 7 days of meditation (30 min daily)
reduced anxiety-related symptoms in practitioners but did not
affect depression symptoms (Chen et al, 2013). 3 days of
meditation (25 min daily) reduced self-reported psychological
stress reactivity but increased salivary cortisol reactivity, as
assessed with the Trier Social Stress Test (Creswell et al., 2014).
Additional studies will be necessary to verify the specific effects
and mechanisms of BMM.

BMM is not restricted by time or place and has the advantages
of convenience and low cost. These characteristics suggest that
the technique could benefit individuals who do not have enough
time, money, or motivation to pursue other types of meditation
training. Existing BMM methods are typically adapted from
a more classical approach (e.g., Zeidan et al., 2010a; Collins
etal., 2017). BMM methods developed independently of classical
meditation practice are not common. Additional research will
be necessary to determine the optimal time and frequency
for the practice of BMM. Few studies have investigated the
specific mechanisms underlying the effects of BMM. In this
study, we developed a 15-min BMM based on the core concepts
of mindfulness and Anapanasati (breath meditation related
to Buddhist Vipassana), as interpreted in the context of our
practical experience and that reported in other scientific reports
on meditation. We performed a randomized controlled trial to
investigate the effects of this BMM on mood state (depression and
anxiety) and emotion processing (emotion intensity, emotional
memory, and emotional attention bias). We hypothesized that
BMM may be an effective, convenient, safe, and standardized
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approach to meditation that may improve mood and emotional
processing among practitioners.

MATERIALS AND METHODS

This was a randomized controlled trial that included two groups:
a BMM group (treatment group) and an emotional regulation
education (ERE) group (comparison group). Both programs
lasted for 1 week. Outcome measures were recorded at precise
time points before and after engagement in the program. The
entire experiment lasted for 3 weeks and consisted of three
sessions: pre-test, intervention, and post-test. The present study
was approved by the Committee on Ethics of Biomedicine
Research at Second Military Medical University and registered in
the Chinese Clinical Trial Registry (ChiCTR1800016081).

Participation and Recruitment

The participants were recruited through campus advertisements
during April and May 2017. We selected healthy people as
participants to assess the efficacy and safety of meditation because
there have been reports of the unwanted effects of meditation
on practitioners (Cebolla et al., 2017). The following inclusion
criteria were used: (1) 18-25 years of age; (2) undergraduate
or graduate student; (3) in good health, with no mental illness
according to established diagnostic criteria (DSM-IV-TR and
ICD-10 combined); (4) ability to understand Cantonese; (5)
willing to attend the BMM or ERE program.

The exclusion criteria were: (1) suffering from serious physical
or mental illness or conditions expected to severely limit
participation or adherence (e.g., pregnancy); (2) major life event
(e.g., bereavement) or significant fluctuation in mood within the
past month; (3) screening positive for major depression when
evaluated with a structured diagnostic interview; (4) history of
or interest in participation in a meditation program; (5) failure to
participate in all scheduled sessions.

After the interview with the principal investigator, 46 students
were recruited and randomly assigned to a treatment group
with a list of computer-generated random numbers. Forty-
two individuals completed all scheduled sessions: one dropped
out because of illness; the others dropped out because they
had an exam or class meeting and could not attend training.
Table 1 shows the baseline demographic characteristics, for
each intervention group and for the overall study population.
Informed consent was obtained from all study participants.

Measurements
Measurements included the participants demographic
information (age, sex, and education status), mood state

TABLE 1 | Baseline demographic characteristics by intervention group and total

sample.

Variable Total Sample BMM ERE
(n=43) (n=22) (n =20)

Age, mean (SD) 21.64 (2.14) 21.64(2.34) 21.65 (1.95)

Gender (Female), No. (%) 32 (76.2) 18 (81.8) 14 (70)

Education (undergraduate), No. (%) 22 (62.4) 11 (50) 11 (55)

(depression, anxiety) and emotion processing (emotion intensity,
emotional memory, and emotional attention bias). Mood state
and emotion processing were assessed before and after the
program. Emotion processing was assessed using before and after
testing, using different visual information each time.

Mood State

Depression

Depression was assessed using the CES-D, which investigated
how often the participants had experienced specific depressive
symptoms during the last week. Radloff (1977) originally
proposed that the 20 items were categorized into four
symptom groups: depressed affect (DA), somatic complaints
(SC), interpersonal problems (IP), and positive affect (PA). Items
were rated on a scale ranging from 1 (rarely or none of the
time) to 4 (most or all of the time) (Radloff, 1977). The CES-D
has been validated to be fit for Chinese adolescents and young
adults (Radloff, 1991; Yen et al., 2000; Li and Hicks, 2010).
However, in previous studies, Chinese students tended to have
higher CES-D scores than members of the general population
(Li and Hicks, 2010).

State anxiety

State anxiety (feelings of anxiety at a given moment) were
assessed with a 20-item subscale of the State-Trait Anxiety
Inventory (STAI-Form Y; Spielberger, 1983). Each item evaluated
by the SAI is scored on a scale ranging from 1 (absent) to 4
(intense). The Chinese version of this test has been validated as
a good psychometric index (Yan et al., 2014).

Emotion Processing

Emotion intensity

An emotion intensity task was used to assess emotional intensity
when participants were exposed to emotional stimuli (Ochsner
and Gross, 2005; Taylor et al., 2011). The emotion-eliciting
stimuli were selected from the International Affective Picture Set
(IAPS; Center for the Study of Emotion and Attention [CSEA-
NIMH], 1999). Pictures were selected to produce three distinct
picture sets: positive, neutral, and negative. Each set included
66 pictures (6 for practice, 60 for evaluation). All pictures were
randomly assigned to use in the pre- or post-test evaluation.
For each of the three sets of pictures, there was no significant
difference in pre- vs. post-test valence or arousal (Table 2). Each
trial included four steps. First, a point for fixation appeared on
the computer screen for 0.5 s. Second, a randomly selected image
appeared on the computer screen. Participants were instructed
to observe the image for 4 s and to try to remember it. Next,
the image disappeared, and a Likert scale appeared. Participants
were instructed to rate the strength of their emotional response
on a scale of 1-5 (weak to strong). After the participants had
rated their emotion intensity, the word “RELAX” appeared on the
screen for 4 s, after which the next image appeared (Figure 1A).

Emotional memory

After completing the emotion intensity task, participants were
immediately asked to finish the emotional memory task (Groch
et al, 2011). Recognition memory was assessed by asking
participants to assign the term “familiar” or “novel” to each
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TABLE 2 | Valence and arousal of the pictures in the pre-test and post-test in the
emotion intensity task [Mean (SD)).

Pre-test Post-test t-test (t)
Positive Valence 7.04 (0.46) 7.06 (0.59) -0.13
Arousal 5.74 (0.36) 5.78 (0.67) -0.25
Neutral Valence 5.11 (0.44) 5.13 (0.70) —-0.10
Arousal 4.57 (0.54) 4.59 (0.66) —0.11
Negative Valence 2.73 (0.64) 2.71 (0.73) 0.08
Arousal 5.42 (0.76) 5.41 (0.65) 0.05

of 66 previously presented targets and 66 matched distractors
(6 for practice, 60 for evaluation). The “novel” pictures were
selected from the IAPS, which includes equal numbers of
positive, neutral, and negative pictures. For all three sets of
pictures, there was no significant difference in valence or arousal
between pre- vs. post-test values, or between target vs. distractor
pictures (Table 3). The picture remained on the screen until
the participant had recorded his or her response (Figure 1B).
Participants were asked to respond as correctly and as rapidly
as possible. Accuracy and response time (correct responses only)
were computed and analyzed.

Emotional attention bias

The attentional dot-probe task was used to assess emotional
attention bias (Tsotsos et al., 1995). Three types of emotional
faces taken from the Chinese Affective Picture System (CAPS)
(Gong et al., 2011) were used for this task: 60 faces displaying
negative emotion and 60 faces displaying positive emotion. Each
face displaying a negative or positive emotion was paired with
a matched neutral face. Another 60 neutral-neutral face pairs
were used as filler. There were thus three types of face pairs:
sad-neutral, happy-neutral, and neutral-neutral (60 pictures
each). For each trial, a pair of faces (emotional-neutral) was
presented on the screen, with one face on the left and the other
face on the right. The emotional faces appeared in the right
or left position with equal frequency. After fixation had been
achieved, a given face pair was presented for 0.8 s, followed
immediately by presentation of a probe in one of the two
locations previously occupied by faces (Figure 1C). Participants
were required to indicate the orientation of the dot by pressing a
labeled key on the keyboard. The dot remained on the screen until
the participant had recorded a response. For the “congruent”
condition, the probe and the emotional face appeared in the
same position. For the “incongruent” condition, the probe and
the emotional face appeared in opposite positions. Attentional
bias reaction time scores were calculated for each participant
by subtracting the mean reaction time for congruent conditions
from the mean reaction time for incongruent conditions (correct
responses only).

Intervention and Control

The interventions were single-blind in design; participants did
not know the purpose of the experiment. A psychological
counselor who has 10 years of mindfulness training and emotion
education experience and knew the purpose of the experiment

delivered the formalized program curriculum to participants in
the two conditions. In order to reduce the potential bias, the
leader conducted the intervention via audio instructions only,
rather than providing one-on-one guidance.

Intervention: BMM

The BMM program used in this study was designed by a
facilitator with more than 10 years of experience and training in
meditation. This 15-min BMM (JW2016) was developed based
on the core concepts of mindfulness and Anapanasati (Buddhist
Vipassana breath meditation) (Chavan, 2007), in combination
with knowledge gained from our practical experience and from
scientific reports on meditation. We considered the validity
and operability and tried to find a balance among practice
time, frequency, and desired outcomes. Over 7 consecutive days,
22 participants attended training, in the same room and at
the same time every day. On the first day of the meditation
program, before meditation training, participants attended a
30-min lecture on mindfulness meditation theory. After that,
participants sat on their cattail hassocks and followed audio
instructions on how to practice the skills that would be tested.
The audio instructions comprised 1 min of guided preparation
and 15 min of mindfulness meditation training. Participants were
instructed to close their eyes, relax, and focus on the flow of
their breath. They were told to passively notice and acknowledge
the thoughts arising randomly and to simply let “them” go, by
bringing the attention back to the breath. As a manipulation
check after each meditation session, each participant was asked
“Did you feel that you were truly meditating?” Participants were
allowed to ask questions about the meditation training. They
were not asked to complete meditation homework or to practice
outside of the intervention setting.

Control: ERE

The 20 participants in the ERE group received emotional
education over the course of 1 week. On the first day, participants
attended a 30-min lecture on emotion education and the emotion
regulation theory proposed by Gross (1998). Participants were
taught to recognize and regulate their own emotions. Participants
then spent 15 min per day for 7 consecutive days promoting
emotional awareness and regulation. No homework was given.

Statistical Analysis

All statistical analyses were conducted with SPSS 21.0. Mood
state and emotion processing scores were analyzed with an
independent-sample t-test to test for between-group effects of
intervention training and with a dependent-sample ¢-test to test
for within-group effects (pre- vs. post-test). A significance level of
0.05 was used for all statistical tests.

RESULTS

Mood State

The CES-D and SAI scores obtained are presented in Table 4.
There was no significant effect of BMM training on mood state.
Analysis of the post-test data revealed CES-D subscale and total
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FIGURE 1 | A representative trial from the emotion intensity task (A), the emotional memory task (B), and the emotional dot-probe task (C).
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TABLE 3 | Valenceand arousal of the pictures in the pre-test and post-test in the emotional memory task [Mean (SD)].

Pre-test target Post-test target Pre-test distractor Post-test distractor ANOVA (pre-post), F ANOVA (tar-dis), F

Positive Valence 7.04 (0.46) 7.02 (0.42) 6.98 (0.47) 7.06 (0.59) 0.00 0.16
Arousal 5.74 (0.36) 7.06 (0.59) 7.02 (0.42) 6.98 (0.47) 0.03 0.22
Neutral Valence 5.11 (0.44) 5.78 (0.67) 5.75 (0.54) 5.66 (0.60) 0.01 0.05
Arousal 457 (0.54) 5.13 (0.70) 5.11 (0.44) 5.07 (0.61) 0.33 1.30
Negative Valence 2.73 (0.64) 4.59 (0.66) 4.67 (0.57) 4.81 (0.75) 0.06 0.03
Arousal 5.42 (0.76) 2.71 (0.73) 2.77 (0.61) 2.74 (0.68) 0.62 0.03

Column “ANOVA (pre-post)” for main effect of pre/post test; Column “ANOVA (tar-dis)” for main effect of target/distractor pictures.

TABLE 4 | Results of pre-and post-test outcomes of mood state in two groups using t-test.

Mean (SD) Mean change from t-test within Between-group Between-group t-test
pre-test (SD) group t, d t-test for mean change
BMM ERE BMM ERE BMM ERE t,d t,d
CES-D DA pre 6.77 (6.34) 5.70 (3.99) 0.81,0.25
post 5.77 (5.25) 13.40 (4.47) —1.00 (4.19) 7.76 (2.14) 1.12,0.19  —15.80***, —1.78 —5.16***, —1.59 —8.58***, —2.65
PE pre 7.32(2.92) 7.95 (1.96) —0.96, —0.30
post 8.05(2.89) 10.10 (3.08) 0.73 (2.37) 224 (2.49) —1.44,-0.25 —3.82** —0.79 —2.45%, —0.76 —2.04%, —0.63
SC pre 6.27 (3.60) 4.60 (2.04) 1.91, 0.59
post 5.41(3.53) 10.15(3.13) —0.86(3.17) 5.62 (2.13) 1.28,0.24  —11.47*** —1.90 —4.74*** —1.46 —7.84%** 242
IP pre 1.36(1.65) 0.75 (0.97) 1.57,0.49
post 1.18 (1.37) 2.95(1.32) -0.18(1.44) 2.19 (0.93) 0.59,0.12  —10.34***, —1.81 —4.23*** —1.31 —6.40***, —1.98
Total pre 21.73(8.10) 19.00 (4.90) 1.36, 0.42
post 20.41(7.84) 36.60 (7.40) —1.32(6.47) 17.81 (4.49) 0.96, 0.17 —17.49%*** —2.43 —7.09*** —-2.19 —11.21%** —-3.46
SAl SAl  pre 46.05(3.75) 47.20 (4.91) —0.84, —0.26
post 47.82(5.43) 44.55(11.43) 1.77(6.59) —2.57 (11.73) —1.49, -0.38 0.99, 0.30 1.22,0.38 1.56, 0.48

*0.01 <p < 0.05, *0.001 < p < 0.01, **p < 0.001.

scores that were significantly higher in the ERE group than in
the BMM group. These differences reflected an increase in post-
test CES-D scores in the ERE group (all p < 0.05) rather than
a decrease in post-test CES-D scores in the BMM group (all
p > 0.05). There was no significant difference in pre- vs. post-
test scores within groups and no significant difference in SAI
scores between groups. The results of a between-group ¢-test for
mean changes between pre- vs. post-test scores showed that mean
change in CES-D scores (four subscales and total scores) differed
significantly between the ERE group and the BMM group.
However, mean change in SAI was similar between groups.

Emotion Processing

The t-test was used to analyze the effects of BMM on emotion
processing (Table 5). The results show that BMM training was
effective in reducing emotional reaction intensity, in improving
performance on tasks related to emotional memory, and in
reducing attentional bias toward negative stimuli.

Emotion Intensity

The study groups did not differ at baseline in terms of
emotion intensity (all p > 0.05). Positive and negative emotion
intensity recognized by participants decreased significantly after
intervention in the BMM group (positive: ¢ = 2.70, p = 0.013,
d = 0.44; negative: t = 3.36, p = 0.003, d = 0.47). Negative emotion
intensity recognized by participants increased significantly after

intervention in the ERE group (¢t = —4.39, p < 0.001, d = —0.51).
After intervention, negative emotion intensity recognized by
participants was significantly higher in the ERE group than
in the BMM group (t = —2.21, p = 0.033, d = —0.68).
Significant group differences in mean pre- vs. post-test change
were observed for negative emotion intensity (¢ = —5.50,
p <0.001,d = —1.70).

Emotional Memory

Groups did not differ at baseline in terms of emotional memory
or accuracy or emotional memory response time (all p > 0.05).
There was no significant difference between pre- vs. post-
test values or between groups in terms of the accuracy of
emotional memory. However, response time was significantly
affected by participation in the BMM program. In the BMM
group, emotional memory response time was significantly faster
in post-test, compared with pre-test (positive: ¢ = 4.58, p < 0.001,
d = 0.86; neutral: t = 3.17, p = 0.005, d = 0.57; negative:
t =422, p < 0.001, d = 0.82). In the ERE group, post-
test values of negative emotional memory response time were
significantly decreased, compared with pre-test values (¢ = 3.33,
p = 0.004, d = 0.73). The between-group ¢-test revealed no
significant change.

Emotional Attention Bias
In the attentional dot-probe task, no between-group difference
in attentional bias was found for either pre-test or post-test
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TABLE 5 | Results of pre-and post-test outcomes of emotion processing in two groups using t-test.

Mean (SD) Mean change from t-test within Between- Between-group
pre-test (SD) group t, d group for t-test
t-test mean change
BMM ERE BMM ERE BMM ERE t,d t,d
Emotion Positive pre  3.08 (0.80) 2.85 (0.72) 1.01, 0.31
intensity
post 2.75(0.61) 2.76 (0.81) —-0.33(0.57) —0.08 (0.44) 2.70*,0.44 0.84,0.11 —0.04, —0.01 —1.55, —0.48
Neural pre  2.32 (0.66) 2.17 (0.51) 0.91,0.28
post  2.10 (0.50) 2.15(0.48) —-0.22 (0.64) —0.01(0.35) 1.62,0.37 0.17,0.03 -0.35, -0.11  —1.30, —0.40
Negative pre 3.88 (0.45) 3.72 (0.57) 1.08, 0.33
post  3.67 (0.44) 4.02 (0.57)  —0.21 (0.29) 0.29 (0.30) 3.36**,0.47 —4.39*** —0.51 —2.21*, —0.68 —5.50***, —1.70
Emotional Positive(R) pre 0.93 (0.05) 0.86 (0.19) 1.78, 0.53
memory
post  0.91 (0.05) 0.87 (0.20)  —0.02 (0.05) 0 (0.26) 190,049 -0.08,-0.02 -0.19,-0.06 —0.47,-0.15
Positive(T) pre 0.85 (0.08) 0.86 (0.11) 1.22,0.38
post  0.78 (0.09) 0.83 (0.12)  —0.07 (0.07) —0.083 (0.11) 4.58*** 0.86  1.05,0.22 -0.23, —0.07 —1.64, —0.51
NeuralR) pre  0.89 (0.08) 0.84 (0.18) 1.54,0.48
post  0.89 (0.06) 0.83 (0.17) 0(0.08) -0.01(0.23) -0.28,-0.07 0.17,0.05 -1.13, -0.35 0.25, 0.08
Neutral(T) pre  0.86 (0.08) 0.86 (0.12) 1.04, 0.32
post  0.80 (0.10) 0.82 (0.10) —0.05(0.07) —0.04 (0.12) 3.17**,0.57 1.58, 0.37 -1.62, —0.50 -0.31, -0.10
Negative(R) pre 0.93 (0.05) 0.86 (0.19) 1.64, 0.51
post  0.92 (0.04) 0.86 (0.20) —0.01(0.04) —0.01 (0.26) 1.17,0.22 0.09, 0.03 —0.54, —0.17 —0.08, —0.02
Negative(T) pre  0.88 (0.08) 0.91 (0.12) 1.38, 0.43
post  0.81 (0.09) 0.83 (0.09) —-0.07(0.08) —0.08 (0.10) 4.22*** 0.82 3.33**,0.73 —-0.97,-0.30 0.28, —0.09
Emotional Positive  pre —0.010 (0.016) 0 (0.018) -2.01, —0.62
attention bias
post —0.004 (0.016) —0.012 (0.025)  0.006 (0.024) —0.011 (0.025) —1.34, —0.39  2.07, 0.58 1.00, 0.31 2.41%,0.74
Negative pre 0.010 (0.016) 0.003 (0.025) 1.17,0.36
post —0.010 (0.014)  0.003 (0.024) —0.020 (0.024) —0.006 (0.025) 3.93***,1.32  1.15,0.27 -1.34, -0.41 —1.89, —0.58

*0.01 <p < 0.05, *0.001 < p < 0.01, **p < 0.001.

values (all p > 0.05). Significant treatment effects on attentional
bias toward negative emotion were observed in the BMM group
(t=3.93,p <0.001, d = 1.32). Before intervention, participants in
the BMM group showed attentional bias, characterized by longer
first-fixation duration when viewing negative facial expressions.
However, in the post-test evaluation, participants in the BMM
group did not show attentional bias toward negative emotion.
The between-group t-test for mean change revealed significant
differences between groups in attentional bias toward positive
emotion (t = 2.41, p = 0.021, d = 0.74). After intervention,
attentional bias toward positive emotion increased in the BMM
group but decreased in the ERE group. Neither group showed
attentional bias toward positive emotion.

DISCUSSION

This was a randomized controlled trial that aimed to compare
BMM with ERE in terms of the effects on mood state and
emotion processing. BMM significantly affected the intensity of
positive and negative emotions, emotional memory, and negative
emotional attention bias. Negative impact on mood state was
found in the ERE group, but not the BMM group. The present
study demonstrated that JW2016 BMM (15 min a day for 7
consecutive days) is effective in improving emotion processing.

Emotional intensity, emotional memory, and emotional
attention bias improved in the participants in the BMM group.
After intervention, emotional intensity toward negative stimuli
decreased in the BMM group compared with the ERE group,
which was consistent with the results of previous studies (Arch
and Craske, 2006; Erisman and Roemer, 2011; Johns and
Medicine, 2015). Emotional intensity toward positive stimuli also
decreased after BMM, compared with ERE training; however, this
trend was not significant. These results are consistent with those
reported by Ren, who found that meditation training could create
a peaceful state of mind, but inconsistent with those reported
by most previous studies on the topic. Most previous studies on
the topic have indicated that meditation practice has no effect
on positive emotional responses (Sobolewski et al., 2011; Taylor
et al, 2011). In the BMM group, emotional memory response
time significantly decreased under all emotion conditions. These
findings may indicate that memory improved after BMM.
However, in the ERE group, only negative emotional memory
response time decreased significantly. This results suggests that
ERE training strengthened memories of negative information. In
the attentional dot-probe task, a substantial change in negative
emotional attention bias was observed in the BMM group. This
finding is consistent with the results of previous studies (Garland
and Howard, 2013) and may indicate that participants reduced
attention to negative information after the intervention.

Frontiers in Neuroscience | www.frontiersin.org 201

October 2019 | Volume 13 | Article 1074


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Wu et al.

Effect of Brief Mindfulness Meditation

No significant change in symptoms related to depression and
state anxiety was observed in the BMM group after intervention.
There are several possible explanations for these findings. Firstly,
BMM may have a limited capacity to improve mood. BMM
does not utilize effective aspects of psychotherapy, such as the
therapeutic alliance, which are known to contribute to the
therapeutic effect (Leuchter et al., 2014). The therapeutic alliance
could be incorporated into BMM practice. Secondly, the duration
of intervention may not have been long enough. In previous
studies, emotional symptoms were alleviated after meditation
training 25-30 min per day over 3-5 days (Chen et al., 2013;
Creswell et al., 2014). If the daily practice time were to be
shortened, the number of days required for practice would
increase considerably (Berghoff et al., 2017). For example, stress
declined after 2 weeks’ participation in a 10-min daily meditation
training session, whereas the increase in self-compassion in
this group was significantly less than the increase observed in
the group that practiced meditation for 20 min daily (Berghoft
et al., 2017). Thirdly, the participants in this study were healthy
students without obvious symptoms of depression or anxiety.
Meditation training was more effective in improving mood state
in patients with affective disorders such as major depression and
anxiety (Goyal et al, 2014; Fan et al, 2015; Jain et al., 2015).
Ceiling effects may partly explain the limited improvement in
mood state among healthy people. More research is needed to
verify the hypothesis presented above.

In addition, we found that BMM training had no negative
effect on participants’ emotional processing or mood. BMM may
not only contribute to a peaceful state of mind but also improve
cognitive functions such as emotional memory and attention.
However, in the ERE group, depression and emotional intensity
in response to negative stimuli increased after intervention. These
results imply that ERE training could exacerbate the negative
emotional experiences of participants. Training may increase
emotional awareness and reflection. It may have been difficult
for participants to learn to adjust their emotions over such a
short period of time without one-on-one coaching. Educators
should therefore pay more attention to the mood status of
participants during ERE training and provide more emotional
guidance during the early stages of ERE.

The mechanism by which BMM improves emotional
processing may be complicated. From the neuroendocrine
perspective, one of the paths linking brief meditation to
emotional improvement may be the hypothalamus-pituitary-
adrenal (HPA) axis. Numerous studies have found that
meditation [a 4-day mindfulness meditation (Turakitwanakan
et al., 2013) or 48 hr of Integrated Amrita Meditation (Vandana
et al, 2011)] may decrease the stress response and levels of
cortisol (the end-product of the HPA axis). Emotional regulation
may predict the symptomatic stress response and the recovery
of salivary cortisol (Krkovic et al., 2018). In healthy individuals,
the adaptive emotion regulation strategy was associated with
greater cortisol recovery after exposure to a stressor (Lewis
et al, 2017). This finding suggests that adaptive emotional
regulation predicts improved HPA regulation. Our unpublished
research also verified that BMM may lower salivary cortisol
levels in college students with high suicide risk. In terms of

the neuroendocrine mechanism, meditation may improve
emotion processing by improving regulation of the HPA axis. In
addition, Carlson et al. (2004) found that 8-week MBSR could
increase plasma dehydroepian-drosterone sulfate (DHEAS),
which is the major secretary product of the human adrenal
and acts as a buffer against stress-related hormones. From a
neurobiological perspective, the findings presented above suggest
that meditation may influence the function and structure of the
brain. For example, participation in an 8-week MBSR course may
reduce the response of the right amygdala to emotional stimuli
(Desbordes et al., 2012) and increase the density of regional gray
matter in the brain (Holzel et al.,, 2011). Some neurochemical
studies have shown that long-term meditation may regulate the
neurotransmitters closely related to emotion processing, such as
dopamine (Jung et al., 2010) and serotonin (Solberg et al., 2004).
However, there is currently no evidence that briefer meditation
sessions have the same effects. More studies are needed to verify
whether brief meditation sessions achieve the same effect.

The present study has some limitations. Firstly, we failed to
include a blank control manipulation, such as a waiting list group.
Current evidence suggests that emotion processing is a relatively
stable condition that is unlikely to be improved naturalistically,
while mood state is more susceptible to interference (Etkin et al.,
2011; Rock et al., 2016). Secondly, the interventions were single-
blind in design; the same counselor delivered the curriculum to
participants in each of the two conditions, and knew the purpose
of the experiment. Though the leader conducted the intervention
via audio instructions without one-on-one guidance, it may
still be difficult to avoid unintentionally more enthusiastic or
thoughtful intervention in the BMM group. Thirdly, the 1-week
duration of the meditation program used for this study may
not have been sufficient to achieve the maximum improvement
possible. Future studies could prolong the training time and test
the effects of meditation at different time points. Fourthly, small
sample size was another drawback of this study. A post hoc power
analysis was conducted with G*Power 3.1. All statistical decisions
were made using an alpha level of 0.05. Based on the sample size
of this study, the power to demonstrate significant differences in
post-intervention emotion processing ranged from 0.74 to 0.99 in
both groups. Except for the powers of three indicators (positive
emotion intensity after BMM, 0.74; negative emotion intensity
after BMM, 0.87; neutral emotion memory, 0.89), the powers of
other indicators were >0.95. Fifthly, there were too few males
in the sample, which limited the power of the sex difference
and made the results more applicable to females. Last but not
the least, although this study discussed the mechanism of the
effect of BMM through inference, physiological indicators such
as hormones were not measured, which limited our exploration
of the mechanism underlying the effects of intervention.

CONCLUSION

This study demonstrated that JW2016 BMM (15 min a
day for 7 consecutive days) was able to improve emotion
processing including emotion intensity, emotional memory, and
emotional attention bias, without any negative effect on the
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emotions of healthy practitioners. This BMM method may be
applied to the emotional self-care of healthy people and/or
the emotional rehabilitation of patients with affective disorders.
It could be an effective, convenient, safe, and standardized
way to improve emotion processing and to remain focused
and peaceful. If JW2016 BMM could help healthy people to
improve their emotion processing, it may also benefit a broader
population. More empirical studies will be needed to verify the
effects of BMM. We will also work on popularizing BMM to
benefit more people.
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Background: The growth hormone (GH)/insulin-like growth factor-1 (IGF-1) axis plays
an important role in brain structure and maintenance of brain function. There is a close
correlation between serum GH and IGF1 levels and age-related cognitive function. The
effects of childhood-onset growth hormone deficiency (GHD)on brain morphology are
underestimated so far.

Methods: In this cross-sectional study, T1-weighted magnetic resonance imaging was
assessed in 17 adult males with childhood-onset GHD and 17 age and gender-matched
healthy controls. The cortical thickness was analyzed and compared between the two
groups of subjects. Effects of disease status and hormone levels on cortical thickness
were also evaluated.

Results: Although there was no difference in whole brain volume or gray matter
volume between the two groups, there was decreased cortical thickness in the
parahippocampal gyrus, posterior cingulate gyrus and occipital visual syncortex in the
adult growth hormone deficiency (AGHD) group, and increased cortical thickness in a
partial area of the frontal lobe, parietal lobe and occipital visual syncortex in AGHD group.
Cortical thickness of the posterior cingulum gyrus was prominently associated with FT3
serum levels only in control group after adjusting of IGF-1 levels.

Conclusion: These results suggest that young adult male patients with childhood-onset
GHD have alterations in cortical thickness in different brain lobes/regions.

Keywords: childhood-onset adult growth hormone deficiency, cortical thickness, structure MRI, growth hormone,
insulin-like growth factor 1
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INTRODUCTION

Adult growth hormone deficiency (AGHD) is a debilitating
condition that occurs due to insufficient secretion of GH from
the pituitary gland. AGHD is caused by hereditary defects of GH
synthesis and secretion or resulted from tumor, head injury, and
head radiation or pituitary surgery. Besides metabolic disorders,
osteoporosis, sarcopenia and decreased quality of life, impaired
cognitive function is one of the important characteristics of
AGHD (Molitch et al.,, 2011; Uzunova et al., 2015). AGHD can
be divided into childhood-onset and adulthood-onset, according
to the age of onset. Most cases of isolated growth hormone
deficiency (GHD) in childhood are idiopathic and transient,
while in patients with multiple pituitary hormone deficiency
(MPHD), GHD generally persists into adulthood (Berberoglu
etal., 2008; Yang et al., 2017).

Brain morphology and function could be influenced during
early stages of development in the uterus and can dynamically
change during adulthood (Buchanan et al., 1992). GH is a peptide
synthesized by the anterior pituitary that stimulates insulin-like
growth factor-1 (IGF-1) secretion from the liver. GH receptor
and IGF1 receptor have been localized in brain regions important
in cognitive functioning, including the hippocampus, amygdala
and parahippocampal areas (Adem et al., 1989). The GH/IGF1-
axis plays an essential role during early brain development
and persists in several brain regions with continuous renewal
and remodeling during adulthood (Wrigley et al,, 2017). In
neural stem cells, IGF-1 is a controlling switch for long-term
proliferation (Supeno et al., 2013). A higher serum IGF-1 level
is associated with better working memory and mental processing
speed in healthy subjects (Aleman et al., 1999). Morphologically,
higher serum IGF-1 levels are associated with significantly
increased cerebral blood flow in the left dorsolateral prefrontal
cortex and left premotor cortex (Arwert et al., 2005).

Despite the role of the GH/IGF-1 axis in normal brain
development and function, the effects of GHD on brain structure
are not fully understood thus far. It was reported that reduced
thalamic and globus pallidum volumes were related to deficits
in cognitive function and motor performance in children with
isolated GHD (Webb et al., 2012). In patients with MPHD,
GHD is usually permanent and recombinant human GH (rhGH)
replacement is usually stopped after completion of linear growth.
Higher incidence of mental disorders and increased prevalence
of cognitive dysfunction were reported in hypopituitary women
with GH deficiency (Biillow et al, 2002). There were also
several studies to evaluate the effects of GH replacement therapy
in cognitive function improvement in AGHD patients. But
interpretation of data is complicated by participants selection as
well as neuropsychological tests used in these studies (van Dam,
2005). Morphological variations in the brains of patients with
childhood-onset AGHD after cessation of rhGH treatment have
received little research attention to date.

Recently, voxel-based statistical analysis based on an ¥ F-FDG
PET study found that adult patients with GHD due to traumatic
brain injury had decreased cerebral glucose metabolism in
cortical areas involved in intellectual function, executive function
and working memory (Park et al., 2016). No direct assessment

of cortical thickness of AGHD patients has been reported so far.
Cortical thickness provides direct and reliable information about
the density, size and arrangement of cortical cells, thus yielding
insights into the regional integrity of the cerebral cortex. One of
the main challenges in evaluation of brain structure variations
in patients with AGHD is the lack of homogeneity in etiology,
course of disease and variation of hormone replacement therapy.
In this cross-sectional study, cortical thickness of adult males with
childhood-onset AGHD due to pituitary hypoplasia or pituitary
stalk interruption was compared to age- and gender-matched
healthy controls. The effects of disease status and hormone levels
on cortical thickness were also evaluated.

SUBJECTS AND METHODS

Participants

In this cross-sectional study, a total of 17 consecutive male
patients with childhood-onset AGHD were enrolled from
January 2011 to March 2013 in Peking Union Medical College
Hospital (Wilson, 1993). Inclusion criteria included: (1) all
patients fulfilled the diagnosis criteria of AGHD according to the
clinical guideline of the American Endocrine Society (Molitch
et al., 2011). Twelve patients underwent insulin tolerance test
and peak value of GH was lower than 3 ng/ml. The diagnosis
was confirmed in the other five patients with IGF-1 levels below
the age-adjusted normal range and deficiencies in three or more
pituitary axes at the same time., (2) linear growth was finished
and bone age >18 years, (3) rhGH had been stopped at least
one year after final height, (4) prednisone, L-thyroxine and
testosterone replacement therapy were sustained as needed at
least one year before enrollment, and (5) right handedness and
with no contraindication to MRIL. A total of 17 healthy age-
matched male subjects were enrolled as controls. All controls
were right-handed and education-matched. Medical history of
major neurological or psychiatric disorders was documented in
neither the AGHD group nor the control group. The study
protocol was approved by the Ethics Committees of Peking
Union Medical College Hospital. Written informed consent
was obtained from all subjects and all data were de-identified
before analysis.

Clinical Assessment

Main demographic data were obtained from medical charts.
Weight and height were measured in the early morning. Body
mass index (BMI) was calculated as weight (kg) divided by
height (m) squared. Questionnaires about education levels were
assessed. Blood samples were also obtained in early morning.
Serum levels of IGFI, free thyroxine (FT4) free triiodothyronine
(FT3), thyrotropin (TSH), total testosterone and fasting blood
glucose were tested in the department of the clinical laboratory
using standard protocols (Zhu et al., 2017).

MRI Image Acquisition

Imaging was performed on a 3 T MR scanner (General
Electric Medical Systems, GE sign VH/I Excite I 3.0 T).
Lying in supine position, participants fixed their heads using
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foam padding to avoid head movement. A scout for anterior
commissure-posterior alignment was done first, then sagittal
three-dimensional (3D) volumetric T1-weighted magnetization-
prepared rapid acquisition gradient echo (MPRAGE) images
were obtained (128 sagittal slices, repetition time (TR) = 2530 ms,
echo time (TE) = 3.39 ms, inversion time (TI) = 1100 ms, slice
thickness = 1.33 mm, field of view (FOV) = 256 x 256 mm?, voxel
size = 1.33 x 1.00 x 1.00 mm?).

Image Processing

Cortical thickness was extracted from the structural MR T1
images by using a routine pipeline of the CIVET software (version
1.1.9; Montreal Neurological Institute at McGill University,
Canada). A flowchart for cortical thickness assessment was
described previously (Liu et al., 2014). In brief, the original
images were linear registered to stereotaxic space using the
average NMI-ICBM152 model, for obtaining better segmentation
following (Collins et al., 1994). Then the non-uniformity artifacts
of images were corrected by the Non-parametric Non-uniform
intensity Normalization (N3) algorithm (Sled et al, 1998),
which was shown to be accurate and robust (Sled et al,
1998). By using an advanced neural classifier, the registered and
corrected images were then segmented into white matter (WM),
grey matter (GM), cerebrospinal fluid (CSF) and background
(Zijdenbos et al., 2002; Jussi et al., 2004). The inner and outer
GM surfaces were extracted from each hemisphere by using
the constrained Laplacian-based automated segmentation with
proximities (CLASP) algorithm (MacDonald et al., 2000; Kim
et al,, 2005). Specifically, the inner surface was reconstructed by
deforming a spherical polygon model to the WM/GM boundary
with a total of 81,924 vertices (40,962 of each hemisphere).
The outer surface was then initiated from the inner surface
and was expanded to the GM/CSF fluid boundary along the
Laplacian field generated from a skeletonized CSF fraction
image (Cherng-Min and Shu-Yen, 2001; Cherng-Min et al,
2002). Cortical thickness was defined as the Euclidean distance
between linked vertices on the inner and outer surfaces (Lerch
and Evans, 2005). For each subject, we visually evaluated
the results of segmentation and reconstruction using the
recommended method, and ensured that no error and failure
was appeared. Finally, a 20-mm 2-D smoothing was applied on
cortical thickness map for less noise and better sensitivity in
statistics analysis.

Statistical Analysis

Numerical data are expressed as the mean =+ standard
deviation, and t-tests were used to compare data between
two groups. A general linear model (GLM) was used for
thickness modeling at each surface vertex as a linear combination
of effects related to variables of interests and effects of
potential confounds (years of education, age and BMI). The
main effect of groups and the interaction between groups
and hormone levels were tested. As described previously, a
random field theory (RFT)-based method was used at the
cluster level for all cortical analysis in order to correct for
multiple comparisons. Cortical clusters with an FWE-corrected
p < 0.05 were considered significant. After the interaction

analyses, we performed the post hoc tests for the significant
clusters. We used the Pearson’s correlations (r) to quantify
the relationship between hormone levels and averaged cortical
thickness of clusters within each group. All statistical analyses
were carried out using the SurfStat toolbox' in MATLAB
(Yaojing et al., 2015).

RESULTS

Demographic, Clinical and Biochemical

Characteristics

Demographic and clinical characteristics are listed in
Table 1. Nine of AGHD patients (9/17) were born with
breech or foot presentation. MRI revealed pituitary
hypoplasia or pituitary stalk interruption in all these
patients. All patients had MPHD. All patients had MPHD
and sustained glucocorticoid and levothyroxine replacement
since childhood. Testosterone replacement was started at
18 years old and after completion of linear growth in all
patients. AGHD group had received 32.5 £+ 3.5 months of
replacement therapy with rhGH and stopped after completion
of linear growth.

There was no difference in chronological age (25.0 £ 3.6
vs. 24.0 £+ 3.9 years, p = 0.87) or school-education years
between AGHD group and the control group. The AGHD
group had a 9.5 cm lag in final height (163.5 £ 6.7 vs.
173.0 £ 5.1 cm, p < 0.001) and lower body weight (62.1 £ 10.3
vs. 71.5 &+ 8.2 kg, p = 0.006) compared with the control group.
BMI was similar between the two groups. AGHD group presented
with a significant decrease in IGF1 levels at the time of the study
(49.1 + 26.1 vs. 234.0 & 88.1 ng/ml, p < 0.001). With monthly
intramuscular injections of testosterone undecanoate, serum
levels of the AGHD group were similar to that of the control
group (p = 0.75). With daily replacement with levothyroxine,
serum levels of FT4 and FT3 in the AGHD group were in the
lower quartile of the normal range, but were significantly lower
than controls (p < 0.001).

Thttp://www.math.mcgill.ca/keith/surfstat/

TABLE 1 | General baseline data and distribution of all subjects.

AGHD group (n =17) Controls (n =17) p

Age (years) 25.0 £ 4.6 24.0 £ 3.9 0.87
Height (cm) 163.5 + 6.7 173.0+ 5.1 < 0.001
Weight (kg) 62.1+10.3 715 +82 0.006
BMI (kg/m?) 23.2+33 23.9+28 0.47
Education duration (years) 11.4+£32 121 £ 3.0 0.55
Fasting blood glucose (mmol/L) 5.0+ 0.5 51+04 0.65
IGF-1 (ng/ml) 49.1 4+ 26.1 234.0 £ 88.1 < 0.001
IGF-1 SDS —5.04 £+ 1.60 —0.35 +1.17 < 0.001
FT3 (pg/ml) 28+0.7 37+03 <0.001
FT4 (ng/dl) 09+04 1.0+ 0.2 < 0.001
TSH (ulU/ml) 14+£12 1.94+0.8 0.18
Testosterone (ng/dl) 462.9 + 161.3 478.0 £ 121.4 0.75
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TABLE 2 | Comparison of whole brain volume and gray matter between study
groups.

AGHD group (n =17) Control group (n =17) p

1526.54 + 134.38
697.69 £ 59.09

1464.61 + 141.60
661.08 + 59.09

0.20
0.08

Whole brain volume (mm3)
Gray matter volume (mm3)

Alterations of Brain Volumes

As shown in Table 2, there was no difference in whole brain
volume (p = 0.20) or gray matter volume (p = 0.08) between the
AGHD and control groups.

Alteration of Cortical Thickness in

Different Lobes and Regions

Compared with the control group, the AGHD group showed
decreased cortical thickness in the parahippocampal gyrus
(Brodmann’s area 27), posterior cingulate gyrus (Brodmann’s
area 29, 30) and occipital visual syncortex Brodmann’s area
17, 18, 19)(Figure 1A and Table 3). While in the partial area
of the frontal lobe (Brodmann’s area 9, 10, 11, 47), parietal
lobe (Brodmann’s area 7,39) and occipital visual syncortex
(Brodmann’s area 17, 18, 19), the AGHD group showed increased
cortical thickness (Figure 1B and Table 3). The significant
clusters are different and exclusive, although some of them belong
to same Brodmann’s region like Brodmann’s area 17, 18, 19. There
was no overlap between these parts.

Interaction Analysis

The associations between cortical thickness and serum IGF-1
levels were not significantly different between the two groups
after adjusting for serum levels of FT3. Meanwhile associations
between groups and serum FT3 levels and the effects on cortical
thickness was found in our data (F = 16.55, df = 1, 29,
p <0.001). Cortical thickness of the posterior cingulum gyrus was
prominently only associated with serum levels of FT3 in control
group after adjusting for IGF-1 levels (AGHD group, r = —0.28,
p = 0.27; control group, r = —0.66, p = 0.004; Figure 2).

DISCUSSION

This cross-sectional study focused on cortical thickness
alterations of young male patients with childhood-onset AGHD
after cessation of rhGH replacement therapy. Our results showed
that: (1) Compared to age-, gender- and education-matched
controls, the AGHD group had significantly decreased IGF1
levels. With routine replacement of levothyroxine, serum FT4
and FT3 levels in the AGHD group were in the lower quartile
of the normal range, but were significantly lower than for the
controls. (2) Although there was no difference in whole brain
volume or gray matter volume between the two groups, there
was a decreased cortical thickness in the parahippocampal gyrus,
posterior cingulate gyrus and occipital visual syncortex in the
AGHD group, as well as an increased cortical thickness in the
partial area of the frontal lobe, parietal lobe and occipital visual
syncortex. (3) Cortical thickness of the posterior cingulum gyrus

FIGURE 1 | Alterations in cortical thickness in young male patients with
childhood-onset adult growth hormone deficiency. Clusters with
FWE-corrected p < 0.05 are shown, and the color corresponds to the
p-value. Areas in blue represent decreased cortical thickness in AGHD
compared to controls, and yellow area represent increased thickness.

(A) Clusters of significantly reduced cortical thickness in the AGHD group
compared to controls. (B) Clusters of significantly increased cortical thickness
in the AGHD group compared to controls.

was prominently associated with serum levels of FT3 in the
control group after adjusting of IGF-1 levels, and the relationship
was not observed in AGHD group.

The GH/IGF-1 axis plays an important role in brain
development and maintenance of cognitive function (Annenkov,
2009). The GH receptor is prominently expressed in the
hypothalamus, hippocampus, putamen and choroid plexus
(Lai et al, 1993). Meanwhile, IGF-1 receptors are expressed
in cerebellum, prefrontal cortex, caudate nucleus, amygdala,
hippocampal and parahippocampal area (Bondy and Lee, 1993).
During adolescence, gene expression in hippocampal area was
reported to be regulated by IGF1 (Yan et al, 2011). In mice,

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1134


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Yang et al.

Cortical Thickness Variation in CO AGHD

TABLE 3 | Regional variation of cerebral cortex thickness in AGHD patients compared with normal control.

Cortex thickness: AGHD vs. control Brodmann’s areas Cluster size Peak x Peak y Peak z Peak T-value
AGHD > control 7,10, 11,19, 39 1225 -37 —-57 44 4.63

17, 18,19 731 45 —79 —18 5.13

9 191 —27 14 49 3.8

47 157 —46 44 —-16 4.59
AGHD < control 17,18, 19, 27, 29, 30 2720 21 -55 1 7.23

23 115 —21 —69 5 4.89

Cortical thickness (mm)
w w
o (-]

w
-

3.2
16 2.1 26 31 36 41 46

Serum free triiodothyronine {pg/mL)

® AGHD ® Control

FIGURE 2 | Effects of interaction between groups and serum FT3 levels on
cortical thickness. Red points, controls; blue points, AGHD patients.

the GH/IGF-1 axis plays a specific role in corticospinal tract
development, and corticospinal axon growth will be impaired as
the result of an interruption to IGF-1 signaling (Ozdinler and
Macklis, 2006). However, how the disease process impacts the
structural integrity of the brain in humans still needs further
investigation. In children with isolated GHD, it was reported
that there were decreased volumes in the right hippocampus,
right pallidum and left thalamus, compared to controls (Webb
et al.,, 2012). However, no previous studies have evaluated the
structural characteristics in patients with MPHD after cessation
of rhGH replacement therapy so far. In our study, all subjects had
childhood-onset MPDH and stopped rhGH replacement therapy
after completion of linear growth. Cortical thickness in the
parahippocampal gyrus, posterior cingulate gyrus and occipital
visual syncortex decreased, while cortical thickness in partial area
of the frontal lobe, parietal lobe, occipital visual syncortex and
angular gyrus increased in our AGHD subjects. The variations
of cortical thickness in the cingulate cortex and frontal lobe are
consistent with previous reports from young patients with GH
receptor deficiency (Nashiro et al., 2017), since IGF-1 signaling is
supposed to play an important role in brain regeneration in these
areas. However, variations of cortical thickness in the occipital
visual syncortex, angular gyrus and parahippocampal gyrus have
not been described in AGHD patients before, and functional
implications need to be further investigated.

Patients with AGHD were reported to have impaired cognitive
function (memory and attention) in several neuropsychological
studies, and there are several reports evaluating GH replacement
therapy in cognitive function improvement in AGHD patients
(Falleti et al., 2006). Several structures are known to play
important roles in cognitive function, including memory and
learning, and distribution of IGF-1 receptors reportedly interact
with the hippocampal cholinergic system and are involved in
cognitive development (Araujo et al., 1989; Bondy and Lee,
1993). In the elderly, higher concentrations of serum IGF-1
levels were associated with better performance on cognitive
function tests, which suggested that the GH/IGF-1 axis may affect
cognitive function throughout life (Al-Delaimy et al., 2009). In
our AGHD subjects, decreased cortical thickness was found in
parahippocampal gyrus, posterior cingulate gyrus and occipital
visual syncortex. The parahippocampal gyrus surrounds the
hippocampus and is part of the limbic system and plays an
important role in memory encoding and retrieval. It was reported
that parahippocampal cortical thickness was reduced in people at
ultra-high risk of psychosis (Tognin et al., 2014). The posterior
cingulate cortex is made up of an area around the midline of the
brain, communicates with various brain networks simultaneously
and is involved in diverse functions (Leech et al., 2012). Reduced
cortical thickness of the posterior cingulate was reported in
patients with improved migraines, and thus, it was hypothesized
to be related with chronic pain development (Amaral et al,
2018). The occipital visual syncortex is located in the occipital
lobe and is involved in visual information processing. Childhood
onset of blindness significantly affects the cortical thickness of
the primary visual cortex (Li et al., 2017). Cortical thickness
changes of the above three areas have not been evaluated in
GHD thus far. There are also some regions with increased
cortical thickness, some of which play different roles in cognition,
semantic processing and sensory afferents. The significance of
these alterations, and whether rhGH replacement has any effect
on them, needs further assessments.

At the same time, the associations between cortical thickness
and serum IGF-1 levels were not significantly different between
two groups after adjusting for serum levels of FT3. Meanwhile an
association between groups and serum FT3 levels and the effects
on cortical thickness was found in our data. Cortical thickness of
posterior cingulum gyrus was prominently associated with serum
levels of FT3 only in the control group after adjusting for IGF-1
levels. These results may suggest that the effects of the thyroid
hormone on cortical thickness in AGHD patients have been
lessened in the presence of GHD. The thyroid hormone plays an
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essential role in early stages of brain development (Cuevas et al,,
2005), and structures including the hippocampus, striatum and
cortex are reported to be abnormal in rats (Rami et al., 1986),
mice (Gil-Ibafez et al., 2013) and children (Clairman et al., 2015)
with hypothyroidism. Children with congenital hypothyroidism
showed cortical thinning or thickening in a few areas (Clairman
et al., 2015), which are different from all the changed areas
found in our study. The interaction between the GH and thyroid
hormone and its effects on the maintenance of cortical thickness
in different regions of the brain is not clear to date, and animal
models may provide further information for this interplay.

There are several limitations in this study. The first and most
important one is the limited number of subjects, however, there
was relatively good homogeneity in the etiology, age of onset,
duration of rhGH treatment and time course since cessation of
rhGH treatment, which provided a general uniform background
for morphology evaluation. Stable rules in interaction analysis
will be warranted with more samples in further investigation.
Another limitation is the cross-sectional nature of this study,
which does not provide a cause-effect rationale for GHD
and changes in cortical thickness. The third limitation is
cognitive tests had not been assessed in AGHD patients since
alterations of cortical thickness may be related to changed
cognitive function. Further prospective studies are needed to
shed new lights on the effects of GH replacement therapy on
brain structure changes and cognitive function improvement
in AGHD patients.

In summary, our findings indicate that young male patients
with childhood-onset AGHD who are no longer receiving GH
replacement have alterations in cortical thickness in different
brain lobes/regions. It will be important to expand on these
results in a larger sample size, ideally incorporating not only
structural, but also functional brain measures.
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Oxytocin (OXT) and its receptor (OXTR) are present in the gastrointestinal system and
are involved in gastrointestinal tumorigenesis. However, the effect of OXTR signaling
on the development of colorectal cancer (CRC) and its underlying mechanisms remain
unexplored. To address these issues, we first examined the expressions of OXT, OXTR,
and several cancer-associated proteins using colon “tissue chips” from a spectrum of
malignant progression of the colon, which included normal colon tissue, chronic colitis,
colorectal adenoma, and colorectal adenocarcinoma (CAC). The results showed that
the expressions of OXT and OXTR decreased gradually with the malignant progression
of the disease. Stimulation of CAC tissues with OXT increased OXTR expression while
down-regulated FAPa and CCL-2 protein expressions in a concentration- and time-
dependent manner. Moreover, cell invasion experiment showed that OXT treatment
reduced the invasion ability of colon cancer cells and blocking OXTR with atosiban
blocked OXT-reduced invasion ability of human colon cancer cell lines Ls174T and
SW480. The results indicate that OXT has the potential to inhibit CRC development
via down-regulating the immunosuppressive proteins FAPa and CCL-2. When the
OXTR signaling is weakened, colon tissues may transform to CRC. These findings also
highlight the possibility of applying OXT to inhibit CRC development directly.

Keywords: colorectal cancer, fibroblast activation protein-«, oxytocin, oxytocin receptor, metastasis

INTRODUCTION

Colorectal cancer (CRC), a cancer that affects the colon, rectum, or appendix, is the third most
common malignant disease in the world and the second most common cancer type in the
United States (EI-Shami et al., 2015), Europe, and Poland (Witold et al., 2018) in addition to being a
leading cause of cancer-related mortality. With the exception of the United States, the incidence of
CRC in most regions of the world is expected to increase continuously in the coming decades, due
to population growth and changes in the demographic structure (Tsoi et al., 2017). Importantly, the
trend toward a higher incidence of CRC primarily occurs among young adults (Austin et al., 2014),
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which may have a large impact on the working population
and thus have a negative impact on the development
of human society.

The pathogenesis of CRC involves the activation of
oncogenesis and the mutation of mismatch repair genes or
the inactivation of tumor suppressor genes, which further
activate the oncogenic signal transduction pathways to
promote proliferation, migration, invasion, and apoptosis
of cancer cells (Andres et al, 2018), such as p53 (Tiwari
et al,, 2018). In the CRC metastases, the fibroblast activation
protein-alpha (FAPa) plays a critical role. It has been reported
that in all CRC samples examined, FAPa was expressed
in cancer-associated fibroblasts, but not in normal colon,
hyperplastic polyps, or adenoma samples. CRC cells, but
not adenoma cells, can activate fibroblasts by inducing
FAPa expression in order to increase their migration and
invasion by releasing the transforming growth factor (TGF;
Hawinkels et al., 2014). Furthermore, in mouse CRC model,
cancer-associated fibroblasts with high FAPa expression
induce resistance to immune checkpoint blockade by up-
regulating C-C motif chemokine ligand 2 (CCL-2) secretion,
recruiting myeloid cells, and decreasing T-cell activity
(Chen et al., 2017). Therefore, clarifying the regulation of
FAPa expression in cancer-associated fibroblasts and its
associated cytokines probably provide an optional target for
suppressing CRC migration.

Oxytocin (OXT) is a neuropeptide produced in both the
central nervous system and peripheral tissues. OXT has been
implicated in preventing the emergence of certain tumors by
identifying, destroying, and eliminating mutant cells in a timely
manner, such as breast cancer, prostate cancer, trophoblast-
endothelial-derived tumor cells, and endometrial cancer cells
(Imanieh et al., 2014; Shin et al., 2016). In the gastrointestinal
(GI) tract, a lesser number of small bowel and pancreatic
neuroendocrine tumors (NETs) express OXT receptor (OXTR)
gene, which is significantly different from the adjacent normal
tissue (Carr et al.,, 2013). However, the absolute expression of
OXTR in the NETs varies greatly according to the types of
primary tumors and is close to the somatostatin receptor type
2 in the small bowel NETs but not in the pancreatic NETs
(Sherman et al., 2013). Moreover, OXT can both stimulate and
inhibit the growth of certain tumors, such as osteosarcoma
cells at different stages of cell differentiation (Petersson, 2008).
Thus, it remains a question about the expression of OXT
and OXTR in CRCs and the functions of OXTR signaling in
CRC development.

To address these issues, expressions of OXT and OXTR
were first identified in normal colon tissue, chronic colitis,
tubular adenoma, and colonic adenocarcinoma (CAC) of tissue
chips. Then, freshly excised normal colon and CAC tissues were
stimulated with OXT and expression of OXTR, FAPa, TGF-f,
and CCL-2 proteins were analyzed. Additionally, using Transwell
migration assay, we observed effects of OXT with and without
OXTR antagonist on the migration of colon cancer cells. The
results highlight for the first time that OXT may inhibit CAC
migration by inhibiting the expression of immune suppression-
associated proteins, FAPa and CCL-2.

MATERIALS AND METHODS

In the present study, human CRC tissue chips, CRC surgical
specimens, and colon cancer cell lines were used to study the
effect of OXTR signaling on CRC development. The study
protocols following the principles of the Declaration of Helsinki
were respectively approved by the Ethics Committees of the
China Medical University and the Harbin Medical University.
Written informed consent was obtained from all patients.

Tissue Collection

Tumor tissues and normal tissues adjacent to a tumor (or
precancerous tissues) were collected from CRC patients. The
patients were referred to either Shengjing Hospital of China
Medical University or Harbin Medical University Cancer
Hospital, who received conventional laparotomy between May
2016 and May 2017. The grading and staging of the CRC tumor
were performed by a pathologist based on the WHO diagnostic
criteria. None of the patients’ tissues received any chemotherapy
or other kinds of therapies. The CRC tissues from six patients
aged between 49 and 65 years (2 males and 4 females) were
pathologically identified as well-differentiated CAC and were
used to assess the association of OXTR signaling with CRC
development. All specimens were collected and made anonymous
according to ethical and legal standards.

Detection of Cancer-Associated Proteins
in the Spectrum of Human CAC Tissue
Chip

The human CAC tissue chips were purchased from Alenabio
(Xi’an, China), containing normal colon tissue, chronic colitis,
colonic tubular adenoma, and well-differentiated CAC. The
tissue chip was dewaxed using conventional methods and
then incubated with hydrogen peroxide for 15 min. The first
antibodies, including FAPa (1:300, Abcam), OXTR (1:300,
Abcam), OXT (1:200, Abcam), and CCL-2 (1:200, Bioss) were
added to the incubation overnight at 4°C. The corresponding
secondary antibodies (50 pl, 1:1000) were added to the reaction
that was incubated for 30 min at room temperature (21-
23°C). After coloration, the photographs of the images were
taken with an imaging system (Life Science), and the positive
immunohistochemical staining was represented with brown
stains visible under a light microscope.

OXT Treatment and Fluorescent
Immunohistochemistry of CRC-Related

Proteins in CAC Tissues

Freshly dissected CAC tissue and normal colon tissue (control)
were separately placed in a 5-ml centrifuge tube containing 4°C
of Tyrode’s solution and allowed to acclimate for 30 min at room
temperature. The tissue was cut into 1-mm square tissue pieces
in a glass dish, and the same number of tissue blocks was placed
in 12-well plates. In 2 ml of pre-heated 37°C Tyrode’s solution
containing 0.1 nM OXT, the tissue blocks were incubated for 0,
10, 30, and 120 min, respectively. In another set of study, the
tissue blocks were incubated for 30 min in the reaction containing
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OXT in 1 pM, 0.1 nM, and 10 nM in 2 ml of Tyrode’s solution,
and then placed in liquid nitrogen for later preparation of frozen
tissue sections. In the sectioning, tissues were embedded in OCT
at -20°C and cut into 2-pum-thick sections.

Fluorescent immunohistochemistry was performed as
previously described (You et al.,, 2011; Delorme and Garabedian,
2018). In brief, the cryosections of the control and CAC tissues
were incubated with the following primary antibodies: FAPa,
OXTR, CCL-2, and TGF-f (1:100), for 1 h after conventional
permeation and blocking non-specific binding. Then, the sections
were further processed with the corresponding secondary
antibodies. Sections were examined with a fluorescence
microscope (Nikon Eclipse FN1) through a CCD camera (Nikon
DS-Ri2). To avoid false-positive or -negative immunostaining
results, serial dilutions of the primary antibody, pre-absorbed
primary antibody staining, and no primary and no secondary
antibody controls were applied.

Invasion Ability of Human Colon Cancer
Cells

To study cell invasiveness, Transwell chambers (6.5 mm diameter,
8 wm pore size, Millipore) coated with Matrigel (BD Biosciences,
Bedford, MA, United States) were used. Human colon cancer cell
lines (Ls174T, ATCC, United States; SW480, Cell Bank, Chinese
Academy of Sciences) of 5 x 10°/ml in 170 ul of serum-free
medium were added to the upper chamber. The vehicle and
OXT (0.1 nM) with or without atosiban (0.1 wM) were added
to the upper chamber at 30 pl, respectively. Then, a medium
(PRMI 1640) containing 10% fetal bovine serum was added to
the lower chamber. Next, the cells could invade the Matrigel
for 48 h. The non-invading cells on the upper surface of the
membrane were removed with a cotton swab and the invading
cells were counted in microscopic fields for each membrane
under 40 x magnification.

Data Analysis

All data are expressed as mean =+ standard error of the
mean. Multiple comparisons were statistically analyzed using the
Mann-Whitney U-test or one-way analysis of variance, followed
by a Student-Newman-Keuls post hoc test. All statistical analyses
were performed using GraphPad Prism software version 5.0 and
P < 0.05 was considered statistically significant.

RESULTS

Expressions of OXT, OXTR, FAP«, and
CCL-2 in the CAC Chips

To reveal the regulation of OXTR signaling in the development
of CRC, expressions of OXT, OXTR, FAPa, and CCL-2 were first
examined in CAC chips. The results showed that the expressions
of OXT and OXTR were relatively high in normal tissue, and
the expressions in chronic colitis, tubular adenoma, and well-
differentiated CAC decreased gradually (Figure 1).

In contrast, the expressions of the cancer-associated proteins
FAPo and CCL-2 in the CACs were more pronounced than the
normal colon tissue. In the tissue with chronic colitis, CCL-2 but
not FAPa was also significantly high compared to the control
(Figure 2). These findings are consistent with other reports in
cancerous tissues (Henriksson et al., 2011; Chen et al., 2017).

Time- and Dose-Associated Effects of

OXT on the Expression of Different CRC
Molecules

Similar to the findings on the chips, OXT and OXTR were also
observed in patients’ colon tissues. In normal tissues adjacent
to the CAC, both the OXT and OXTR were observed in
the myenteric neural plexus and submucosal tissues. In the
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FIGURE 1 | Expressions of oxytocin (OXT) receptor (OXTR) and OXT in different colon tissues. (A) Exemplary staining of OXTR (Aa) in normal colon tissue (Normal),
chronic colitis (CC), colonic tubular adenoma (CTA), and well-differentiated adenocarcinoma of the colon (CAC) (a, from left to right) and their summaries in bar graph
(b), respectively. (B) Exemplary staining of OXT (a) in the tissues stated in Aa and the summary (b), respectively. Positive immunohistochemical staining is indicated by
brown spots. The unit of scale bars is wm. Comparisons between groups linked to the horizontal line(s) were performed by means of a one-way analysis of variance,
followed by a Student-Newman-Keuls test. *P < 0.05, **P < 0.01, and n = 20-30.

Frontiers in Neuroscience | www.frontiersin.org

214

December 2019 | Volume 13 | Article 1317


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Ma et al. Oxytocin and Colorectal Cancer

A a Normal CcC CTA CAC b

' B 50
w

= = 40
FAPa g

’ 2 30
- - r=3

o § 20

- - =10

— 10 0

= Normal CC CTA CAC
B a b
: Y i

. B Ty 127 R
x ' T 3 N f«} - E
cCL-2 s !l ,.“"_- o 1 2
: ; 2§
: ” PSRN VN
,-: r“‘""‘ X PP Y A ’ﬂ o e "v\n-' £

. 10 .‘ + 10 ” f 0 B L& '.1' 2 o

"Q._- J A . J_/-.f i b "}‘7 s e Al Vo= Normal CC CTA CAC

respectively. Kindly refer to Figure 1 for other annotations.

FIGURE 2 | Expressions of fibroblast activation protein-a (FAPa) and C-C motif chemokine ligand 2 (CCL-2) proteins in different colon tissues. (A) Exemplary staining
of FAPa in Normal, CC, CTA, and CAC and their summaries, respectively. (B) Exemplary staining of CCL-2 (a) in the tissues stated in Aa and the summary (b),
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FIGURE 3 | Time- and dose-associated effects of OXT on the expression of OXTR, FAP«, and CCL-2 in fresh human colon tissues of patients with colorectal cancer
(CRQ). (A,B) Time-associated effect and the dose-associated effect in exemplary fluorescent images (a) and the summaries in bar graphs (b) for FAPa (A) and
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CAC, OXT was mostly absent while the OXTR was weak
(Supplementary Figure 1).

The negative association between OXT/OXTR and FAPa
suggests the presence of a causal relationship between a decrease
in OXTR signaling and the development of CRC. Since the
biological effect of OXT possesses significant features of time and

dose dependence, as shown in OXT neurons (Wang and Hatton,
2006; Wang et al., 2006), we first examined the temporal effect of
OXT on the expression of OXTR, FAP«, and CCL-2. The results
showed that in normal tissues, OXT increased the expression
of OXTR at 10 and 30 min; this effect decreased significantly
after 120 min; FAPa and CCL-2 proteins decreased significantly
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after 10 min (Figure 3A). Furthermore, in response to increased
concentrations of OXT (1 pM, 0.1 nM, 10 nM), OXTR levels
increased significantly, but FAPa levels decreased significantly.
CCL-2 increased significantly with 0.1 nM OXT, but decreased
significantly with 10 nM (Figure 3B). This finding supports
presence of a physiological action of OXT in colon tissues.

In CAC, treatment with OXT for 10 min or 30 min
significantly increased the expression of OXTR but decreased
FAPa and CCL-2; OXT-increased expression of OXTR became
insignificant at 120 min when FAPa and CCL-2 did not show
further decrease (Figure 4A). This finding is consistent with the
general regulation of receptor internalization and decomposition
after prolonged hormonal stimulation.

Further analysis of the response of CAC-associated tissues to
different doses (1 pM, 0.1 nM, or 10 nM) of OXT stimulation
for 10 min revealed that OXT dose-dependently altered the
expression of OXTR, FAPa, and CCL-2 in CACs. As shown in
Figure 4B, compared to 1 pM OXT, 0.1 nM OXT markedly
reduced the expression of FAPa and CCL-2 while increasing
OXTR expression. A higher dose of OXT (10 nM) further reduced
FAPa and CCL-2, but its effect on OXTR expression did not
significantly differ from the effect of 1 pM OXT. These time- and
dose-dependent OXT effects are in agreement with OXT effects
in neural tissues (Wang and Hatton, 2006; Wang et al., 2006).

Noticeably, OXT did not significantly affect the expression of
TGF-B at different times and doses (Supplementary Figure 2).

Effects of OXT on the Invasion Ability of

Human Colon Cancer Cells

To establish a causal relationship between OXTR signaling
and CRC cell metastases, the study evaluated the role of
OXTR signaling in the invasion ability of human colon cancer
cells using the Matrigel invasion/Transwell migration assay,
with six duplicates in each group. As shown in Figure 5,
OXT (0.1 nM) significantly reduced the Transwell number of
colon cancer cell line, Ls174t (Figure 5A) and SW480 cells
(Figure 5B). By contrast, pretreatment with OXTR antagonist
atosiban (0.1 pwM) did not have a significant effect on
Transwell activity by itself; however, it did block the inhibitory
effects of OXT on this Transwell activity. This finding is in
line with the inhibitory effect of OXT on the expressions
of FAPa and CCL-2.

DISCUSSION

The present study found that OXT and OXTR not only are
present in colon tissues but also correlate with CAC migration.
Clearly, the expressions of OXT and OXTR in CAC tissues
were low, whereas activation of OXTR signaling reduced the
expression of FAPa and CCL-2. Importantly, blocking OXTR
activation inhibited OXT-induced reduction of colon cancer
cell migration in both types of colon cancer cell lines. These
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findings highlight the possibility of suppressing CRC metastases
by applying OXT directly.

General Anticancer Effect of OXT and Its
Approaches

Oxytocin is a neuropeptide composed of nine amino acids, which
is widely distributed throughout the body and plays an important
role in various bodily functions (Yang et al., 2013). In addition
to promoting breastfeeding and childbirth (Hatton and Wang,
2008), OXT can directly or indirectly inhibit tumorigenesis. For
example, chronic exposure to social stress is common in humans,
especially in nursing mothers (Murgatroyd et al., 2015) and can
increase the risk of inflammation-related CRC (Peters et al.,
2012; Antoni and Dhabhar, 2019). Intranasal application of OXT
reduces maternal depression to relieve social stress and pulsatile
pattern of OXT actions can directly suppress precancerous
lesions of the mammary glands. The later effect is associated
with suppression of oxidative stress-induced expressions of
phosphorylated extracellular signal-regulated protein kinase 1/2
and cyclooxygenase-2, as shown in rats (Liu et al., 2016).

This anticancer effect is also associated with the immune
regulatory functions of OXT. Intranasal OXT application to F1
rat dams was reported to increase serum interferon-y level in

F2 juvenile female offspring (Murgatroyd et al., 2016), which is
associated with apoptosis of small-cell lung cancer (Zhou et al.,
2006). It was also reported that peripheral use of OXT reduced
stress-induced visceral hypersensitivity and activation of enteric
glial reactivity (Xu et al., 2018), thereby increasing the defense
of GI tract to inflammatory challenges. In the present study, we
also found that OXT can reduce the expression of CCL-2, which
helps to restore immune checkpoint blockade and increase T-cell
activity to inhibit the development of CRCs (Chen et al., 2017).
Nevertheless, there is still a need to collect direct evidence of the
suppression effect of OXT from CRC in vivo; OXT can suppress
carcinogenesis at multiple levels including the colon tissue as
discussed below.

Protective Effects of OXT and OXTR
Signaling in Colon Tissue

In association with the body’s immune functions, OXT has
been recognized to maintain immune surveillance, defense,
and homeostasis through many approaches (Li et al., 2017).
The insufficient OXT and dysfunctions of OXTR signaling are
likely associated with varieties of immune lesions, including
carcinogenesis (Hou et al., 2016; Adamo et al., 2018). Our present
findings further support this view by presenting the reduced
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expressions of OXT and OXTR in CAC tissues and by the
suppressive effects of exogenous OXT on the expression of CRC
metastasis-associated proteins, FAPa and CCL-2.

Colon OXT-secreting cells can influence CRC development
through autocrine and paracrine functions. OXT and OXTR
are widely expressed in human GI tract (Monstein et al., 2004;
Ohlsson et al., 2006). They are mainly present in the nerve cell
bodies and in the nerve fibers of the myenteric and submucosal
ganglia (Ohlsson et al., 2006) in the jejunum, ileum, proximal
colon, and distal colon (Yu et al., 2011). In addition to enteric
neurons, the proximal colonic muscle strips (Wang et al., 2016)
and crypt-villus enterocytes (Klein et al., 2013; Welch et al., 2014)
also express OXTRs.

Unlike the inhibitory effect of the brain OXT on the feeding
and mobility of the GI tract (Sabatier et al., 2013), direct effect of
OXT on the GI tract is to increase its motility by causing smooth
muscle contraction, as shown in the stomach (Qin et al., 2009)
and the duodenum (Li et al., 2007). Thus, reduced OXT and
OXTR signaling in the colon tissues likely reduce the movement
of colon, which creates a favorable microenvironment for the
accumulation of inflammatory agents and carcinogens, thereby
facilitating CRC development.

Consistently, OXT can reduce necrotizing enterocolitis, a
GI inflammatory disease of unknown etiology (Gross Margolis
et al., 2017). In OXTR knockout mice, the intestinal villi and
crypts were shorter, intestinal permeability to macromolecules
was greater, and experimental colitis was more severe than
wild-type mice (Welch et al.,, 2014). In the present study, we
further identified that OXT-induced reduction of CCL-2 is also
a manifestation of the anti-inflammatory effect of OXT in the
GI system. Thus, the disruption of OXTR signaling in the
GI tract can impair the immune defense function of OXT to
carcinogenesis under the influence of oncogenic genetic and
environmental factors.

Inhibitory Effects of OXT on CRC

Migration

Oxytocin is involved in the inhibition of metastasis of many
types of cancers. For example, OXT inhibits metastatic ovarian
cancer by suppressing the matrix metallopeptidase-2 expression
and vascular endothelial growth factor (Ji et al, 2018). OXT
down-regulates the invasion of head and neck squamous cell
carcinoma cells by up-regulation of early growth response-1 and
the subsequent increase in p53, and phosphatase and tensin,
and p21 expression (Kim et al., 2017). The present Matrigel
invasion study also confirms that OXT significantly inhibits the
migration of colon cancer cells, which is mediated by OXTR.
They together strongly support the inhibitory role of OXTR
signaling in metastatic cancers, including CAC.

Migration involves many signaling pathways, such as integrin
avB6 (Peng et al, 2018), TGF-B (Tiwari et al, 2018), and
guanylate cyclase C (Rappaport and Waldman, 2018) as well
as FAPa and CCL-2. In the present study, we specifically
investigated the participation of FAPa and its associated
proteins. Clearly, FAPa is a target for OXT suppression of
CAC cell migration, since OXT treatment significantly reduced
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FIGURE 6 | Schematic diagram of the pathway for OXT inhibition of CRC
metastasis. FAPa activity is under the facilitatory influence of TGF-p and the
inhibitory influence of OXT; increased OXTR signaling can antagonize the
effect of TGF-p and cause the inhibition of CCL-2 action, thereby suppressing

FAPa-associated CRC cell migration/metastasis.

the expression of FAPa. Clearly, both CCL-2 and TGF-f are
the downstream signals of FAPa (Henriksson et al, 2011;
Meulendijks et al., 2016; Chen et al., 2017; Mohr et al., 2017),
and OXT decreased CCL-2 expression but not TGF-B. Thus,
the major downstream signal of OXTR-FAPa signaling is CCL-
2 but not TGF-B. However, TGF-B could function as an
upstream signal of the FAPa to influence CRC development
independently. Noticeably, OXT suppression of CRC migration
through the FAPa-CCL-2 signaling is dominant over the
migration-promoting effect of TGF-p signaling as proved by
our migration study. This finding is consistent with the anti-
inflammatory effect of OXT and its possible function in curbing
the migration of CAC cells, as previously studied (Wang, 2016).
Thus, our study highlights the therapeutic value of suppression of
CRC migration, at least for CAC.

CONCLUSION

Colorectal cancer development is associated with the reduction
of OXTR signaling since OXT can suppress FAPa and CCL-
2 expressions and their associated CAC migration via OXTR
(Figure 6). Since OXT is a safe agent in clinical application and
that the CRC is readily accessible than other GI cancers, it is
possible to suppress CRC metastasis by direct application of OXT.

It is worth noting that our observations are limited to a well-
differentiated CAC, and we cannot rule out the possibility of
different expression patterns of OXT and OXTRs, as well as
their role in other types of human CRC. In addition, prior to
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conducting clinical trials of OXT treatment for CRCs, further
observation of the anti-metastatic effects of OXT is required,
particularly by in vivo approaches.
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Estrogens exert extensive influences on the nervous system besides their well-known
roles in regulation of reproduction and metabolism. Estrogens act via the nuclear
receptor ERa and ERB to regulate gene transcription (classical genomic effects). In
addition, estrogens are also known to cause rapid non-genomic effects on neuronal
functions including inducing fast changes in cytosolic calcium level and rapidly
desensitizing the p type opioid receptor (MOR). The receptors responsible for the rapid
actions of estrogens remain uncertain, but recent evidence points to the G protein-
coupled estrogen receptor (GPER), which has been shown to be expressed widely
in the nervous system. In the current study, we test the hypothesis that activation
of GPER may mediate rapid calcium signaling, which may promote phosphorylation
of MOR through the calcium-dependent protein kinases in neuronal cells. By gPCR
and immunocytochemistry, we found that the human neuroblastoma SH-SY5Y cells
endogenously express GPER and MOR. Activation of GPER by 178-estradiol (E2)
and G-1 (GPER selective agonist) evoked a rapid calcium rise in a concentration-
dependent manner, which was due to store release rather than calcium entry. The GPER
antagonist G15, the PLC inhibitor U73122 and the IP3 receptor inhibitor 2-APB each
virtually abolished the calcium responses to E2 or G-1. Activation of GPER stimulated
translocation of PKC isoforms (a and ¢) to the plasma membrane, which led to MOR
phosphorylation. Additionally, E2 and G-1 stimulated c-Fos expression in SH-SY5Y cells
in a PLC/IP3-dependent manner. In conclusion, the present study has revealed a novel
GPER-mediated estrogenic signaling in neuroblastoma cells in which activation of GPER

Frontiers in Neuroscience | www.frontiersin.org 221

December 2019 | Volume 13 | Article 1351


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.01351
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.01351
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.01351&domain=pdf&date_stamp=2019-12-17
https://www.frontiersin.org/articles/10.3389/fnins.2019.01351/full
http://loop.frontiersin.org/people/734413/overview
http://loop.frontiersin.org/people/864417/overview
http://loop.frontiersin.org/people/740048/overview
http://loop.frontiersin.org/people/864467/overview
http://loop.frontiersin.org/people/864272/overview
http://loop.frontiersin.org/people/864447/overview
http://loop.frontiersin.org/people/864264/overview
http://loop.frontiersin.org/people/864281/overview
http://loop.frontiersin.org/people/864301/overview
http://loop.frontiersin.org/people/19137/overview
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Ding et al.

GPER-Mediated Calcium Signaling and MOR Phosphorylation

is followed by rapid calcium mobilization, PKC activation and MOR phosphorylation.
GPER-mediated rapid calcium signal may also be transmitted to the nucleus to impact
on gene transcription. Such signaling cascade may play important roles in the regulation
of opioid signaling in the brain.

Keywords: estrogens, G protein-coupled estrogen receptor, calcium mobilization, i opioid receptor, protein

kinase C, protein phosphorylation

INTRODUCTION

Estrogens exert an extraordinarily wide spectrum of actions in
the human body. Besides the well-known roles in regulation of
reproduction and metabolism, estrogens also exert multifaceted
influences on neuronal development and neuronal functions
(Jensen and Desombre, 1973). Traditionally, estrogens are
known to act by interacting with two nuclear receptors, ERa and
ERB, which function as ligand-activated transcription factors
to regulate gene transcription (Jensen and Desombre, 1973;
Kuiper et al., 1996; Mosselman et al., 1996; Paech et al., 1997). In
addition to this slow genomic mode of actions which typically
develop with latencies ranging from an hour to several days,
estrogens also directly alter neuronal electrical activity in various
brain regions within seconds to minutes, which may underlie
the fast effects of estrogens on brain functions such as female
reproductive behavior, memory and cognition, neuroprotection
and pain (Woolley, 1999; Kelly and Ronnekleiv, 2009;
Ogawa et al., 2018).

Although the existence of the non-genomic estrogenic actions
is now widely accepted, the mechanisms (the receptors and the
signaling cascades) that mediate such effects remain uncertain
and much debated. A number of candidate receptors have been
proposed, including the classical ERa that may alternatively be
bound to the plasma membrane, several ERa variants (ERa-52,
ERa-46, and ERa-36), membrane-associated ER-X, the Gog-
coupled mERs and more recently the G protein-coupled estrogen
receptor (GPER, also known as GPR30) (Rainville et al., 2015).

G protein-coupled estrogen receptor reportedly is enriched
in discrete regions of the nervous system, including the
hypothalamus, the hippocampus, the cerebral cortex, the dorsal
horn of spinal cord and the primary afferent neurons, therefore is
ideally positioned to mediate the rapid non-genomic estrogenic
actions on reproductive behavior, memory and cognition and
pain (Shughrue et al., 1997, 2000; Brailoiu et al., 2007; Kuhn et al.,
2008; Dun et al., 2009; Hazell et al., 2009; Takanami et al., 2010; Lu
etal., 2013). Indeed, numerous recent studies underscore the role
of GPER in mediating the rapid estrogenic effects in the nervous
system. For examples, intracerebroventricular infusion of the
GPER agonist G-1 rapidly facilitates the female sexual behavior
in estradiol-primed rats (Long et al., 2014, 2017). Activation of
GPER in the dorsal hippocampus enhances social and object
recognition and memory in the rat within 40 min (Paletta et al,,
2018). In spinal cord slice in vitro, G-1 directly depolarizes
superficial dorsal horn neurons; in vivo, intrathecal application
of G-1 results in pain-related behaviors characterized by caudally
directed scratching, biting and licking (Deliu et al., 2012).

Concerning the signaling cascades of the non-genomic
effects, it occurs that estrogens may mediate rapid calcium
signaling in neuronal and non-neuronal cells by modulating
Ca’* influx or inducing store Ca®* release (Picotto et al.,
1999; Rubio-Gayosso et al., 2000; Huang and Jan, 2001; Chen
et al., 2002; Kuo et al, 2010; Petrovic et al., 2011). Thus,
17B—estradiol (E2) induces rapid Ca>* influx in hippocampal
neurons through activation of L-type Ca** channels, which
probably mediates estrogen-induced neuroprotection (Wu et al.,
2005, 2011; Zhao et al., 2005). E2 was also found to induce rapid
Ca?* release from intracellular Ca?T stores in hypothalamic
astrocytes and in embryonic midbrain dopaminergic neurons
(Beyer and Raab, 1998; Kuo et al, 2010). In most cases,
the receptor(s) responsible for the rapid Ca?T rise was not
clear, but recent evidence indicate that GPER may mediate
estrogen-induced Ca?" signaling. Revankar et al. (2005)
expressed GPER as a fusion protein with green fluorescent
protein (GFP) in COS7 cell (monkey kidney fibroblast) and
found that activation of GPER resulted in intracellular Ca?*
mobilization and synthesis of phosphatidylinositol 3,4,5-
trisphosphate in the nucleus. Incidentally, GPER is enriched
in the hypothalamic-pituitary axis and the hippocampal
formation (Paletta et al., 2018), where E2 has been reported
to elicit cytosolic Ca?™ changes. Nevertheless, whether
GPER mediates rapid Ca®t signaling in neuronal cells is
still uncertain.

Intracellular Ca® ™" as a second messenger may activate protein
kinases such as PKC and PKA to phosphorylate downstream
effector proteins, which plays fundamental roles in neuronal
signaling. Interestingly, E2 was found to rapidly attenuate
the ability of mu-opioids to hyperpolarize hypothalamic
neurons by uncoupling the p-opioid receptors (MOR) from
activating G protein-regulated inward rectifying potassium
(GIRK) channels (Lagrange et al., 1997). Similarly, E2 uncouples
other Gi/o-GPCRs, sepcifically GABAg and opioid receptor-
like (ORL)-1, from activating GIRK channels and the effect
was dependent upon activation of PLC, PKA, and PKC (Conde
et al,, 2016). Therefore, estrogens appear to mediate a Ca’*-
dependent phosphorylation and desensitization of Gi/o-coupled
GPCRs through activating PKC and PKA. Whether GPER can
initiate such non-genomic estrogenic signaling cascades remains
to be determined.

The current study aims to test the hypothesis that GPER
may mediate rapid Ca?* signaling and subsequent Ca?*-
dependent phosphorylation of MOR through activation of PKC
in the human neuroblastoma SH-SY5Y cell line. Indeed, we
found that SH-SY5Y cells endogenously express GPER and
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MOR and activation of GPER rapidly stimulates PLC/IP3-
dependent store Ca?t release with subsequent PKC activation
and MOR phosphorylation.

MATERIALS AND METHODS

Chemicals

G protein-coupled estrogen receptor agonist G-1 and GPER
antagonist G-15 were purchased from Cayman Chemical
Company (Ann Arbor, MI, United States). The pan-PKC
inhibitor Ro 31-8820 was bought from ApexBio Technology
Company (Houston, TX, United States). 17B-estradiol (E2) and
other reagents were purchased from Sigma-Aldrich (St. Louis,
MO, United States) unless otherwise mentioned.

Cell Culture

The human neuroblastoma cell line, SH-SY5Y, was purchased
from the Cell Repository of Chinese Academy of Sciences
(Shanghai, China). The murine neuroblastoma Neuro-2a (N2A)
cells (a wild type line and N2A cells stably expressing
human influenza virus HA, YPYDVPDYA, epitope-tagged
MOR) were provided by Dr. Yu Qiu (Shanghai Jiao Tong
University School of Medicine). Cells were cultured in Dulbecco
Modified Eagle Medium (DMEM), supplemented with 10%
(v/v) fetal bovine serum (FBS), 100 units/ml penicillin,
100 pg/ml streptomycin, 0.11 g/L sodium pyruvate and 2 mM
glutamine. 250 pg/ml G418 was added into the medium for
Neuro-2a cell line stably expressing human MOR (N2AMT).
Cells were incubated at 37°C in a humidified atmosphere
containing 5% CO,.

Western Blot Analysis

Cells cultured to 80% confluence were collected and placed
in RIPA buffer containing protease inhibitors and phosphatase
inhibitors to extract total proteins. Protein concentration was
determined by BCA assay (Pierce, Rackford, IL, United States).
We used the Biotin-Avidin-System to extract plasma membrane
proteins. Briefly, SH-SY5Y cells were washed in phosphate-
buffered saline (PBS) and subsequently incubated with Sulfo-
NHS-LC-biotin (250 pg/ml in PBS) for 30 min and then with
10 mM glycine counteracted superfluous biotin for 20 min
at 4°C. After extraction of total protein, NeutrAvidin Agarose
Beads (Thermo Scientific, CN, United States) were added to
the whole-cell lysates and incubated on rotating mixer for
3 h at 4°C. The mixture was centrifuged at 10,000 g for
30 min at 4°C. Subsequently, the beads were washed for
five times and the plasma membrane proteins were eluted
and denatured by 2 x SDS-PAGE sample loading buffer
at 100°C for 5 min. 25 pg of total proteins or 30 pl
sample loading buffer containing plasma membrane proteins
were electrophoresed on 4-8% Tris-glycine ready gels (Bio-
rad, Hercules, CA, United States). The separated proteins
were transferred from the gel to the surface of nitrocellulose
membranes (Bio-rad). The membranes were blocked with 5%
fat-free dry milk or 5% BSA (for detection of phosphorylated
MOR, PKCa, Nat-K*t-ATPase) in Tris-buffered saline (TBS)

containing 0.1% Tween-20 for 2 h. Subsequently, the membranes
were incubated with primary antibodies for 18 h at 4°C:
rabbit GPER (1:1000, Abcam, Cat# ab39742, RRID:AB_1141090),
rabbit anti-pMOR (1:1000, Cell Signaling Technology, Cat#
3451, RRID:AB_331619), rabbit anti-MOR (1:500, Novus, Cat#
NBP1-31180, RRID:AB_2251717), rabbit anti-PKCa (1:1000,
Cell Signaling Technology, Cat# 2056, RRID:AB_2284227),
mouse anti-PKCe (1:1000, BD Biosciences, Cat# 610085,
RRID:AB_397492), rabbit anti-Nat-KT-ATPase (1:3000, Abcam,
Cat# ab76020, RRID:AB_1310695) and mouse anti-B-actin
(1:2000, Bioworld Technology, BS6007M). Bound primary
antibodies were detected with HRP-conjugated anti-rabbit
(1:3000, Bio-Rad, Cat# 170-6515, RRID:AB_11125142) or anti-
mouse (1:3000, Bio-Rad, Cat# 170-6516, RRID:AB_11125547)
secondary antibody. Immunoreactive bands were visualized
using enhanced chemiluminescence (Thermo, Indianapolis, IN,
United States), and digital imaging was captured with an Image
Quant LAS 4000 mini (GE Healthcare, Life Science). The density
of specific bands was analyzed using NIH Image] software and
was normalized against the loading controls (B-actin, GAPDH or
Nat-KT-ATPase).

Immunofluorescence Staining

SH-SY5Y cells were seeded on glass coverslips and cultured for
24 h and fixed with 4% paraformaldehyde for 15 min. After
washing with PBS, the cells were first incubated with 50 mM
PBS containing 10% normal goat serum and 0.5% TritonX-100
at room temperature for 2 h to block non-specific binding and
this was followed by incubation with rabbit anti-GPER (1:500,
Abcam, Cat# ab39742, RRID:AB_1141090) or rabbit anti-MOR
(1:500, Novus, Cat# NBP1-31180, RRID:AB_2251717) at 4°C
overnight. The cells were rinsed with PBS for four times and
were then incubated with goat anti-rabbit Alexa fluor 568 (1:1000;
Molecular Probes-Invitrogen, Cat# A-11077, RRID:AB_141874)
or 488 (1:1000; Molecular Probes-Invitrogen, Cat# R37116,
RRID:AB_2556544) secondary antibody at room temperature
for 1.5 h. GPER or MOR were counter-stained with a nuclear
marker DAPI (1: 1000, Thermo Fisher Scientific, Cat# PA5-
62248, RRID:AB_2645277) at room temperature for 10 min.
The coverslips were mounted on glass slides and the cells were
viewed under the fluorescent microscope (Leica DM2500, Leica
Microsystems Limited).

Real-Time Reverse
Transcription-Polymerase Chain

Reaction (RT-PCR)

Total RNA of SH-SY5Y and Neuro-2a cells was extracted
with Trizol (Invitrogen, Shanghai, China) according to the
manufacturer’s instructions and reversely transcribed into cDNA
using oligo-dT primers. Real-time quantitative PCR was then
performed using SYBR Green (Qiagen, Shanghai, China) as the
reporter dye. All cDNA samples were analyzed in duplicate. The
relative level of target mRNA was calculated by the method of
2=2 A Ctyith GAPDH as the loading control. The primer sets
for real-time PCR are as follows:
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GPER (human): Forward 5-TCACGGGCCACATTG
TCAACCTC-3" and Reverse 5-GCTGAACCTCACATC
CGACTGCTC-3;

GAPDH (human): Forward 5-GGAGCGAGATCCC
TCCAAAAT-3" and Reverse 5'-GGCTGTTGTCATACTTC

TCATGG-3;
GPER (mouse): Forward 5-CCTCTGCTACTCCCT
CATCG-3' and Reverse 5-ACTATGTGGCCTGTC
AAGGG-3;

Forward 5-TGTCTTCACCACCAT
5'-CGGCCATCACGCCAC

GAPDH (mouse):
GGAGA-3' and Reverse
AGCTT-3'.

Calcium Imaging

Cells were incubated with 1 pM Fluo-4-AM (Molecular
Probes-Invitrogen) and 0.01% pluronic (Sigma-Aldrich) in the
extracellular solution (NaCl 136 mM, KCI 5.4 mM, MgCl, 1 mM,
CaCl, 1.8 mM, HEPES 10 mM, Glucose 10 mM, and NaH,POy4
0.33 mM, pH7.4, osmotic pressure 300 mOsm/L, MgCl, replaced
CaCl, for calcium free solution) at 25°C for 1 h. The cells
were continuously superfused with the extracellular solution and
imaged using an inverted microscope (Leca DMI4000B). Drugs
(or vehicle control) were applied through a micro-perfusion
tube positioned to the vicinity of the cells in the field of view.
Fluorescent signal was excited at 510 nm and acquired at 580 nm,
and taken every 3 s through a CCD camera. The signal was
monitored online and analyzed offline, using Leica AF6000
software (Leica). The fluorescent traces were calculated as:

. E-F
% change in fluorescence :TO x 100

(FO: the baseline fluorescence of cells before treatments, F: the
fluorescence of cells with drugs treatments).

Statistical Analysis

Data are expressed as mean £ SEM. Statistical analysis was
performed using GraphPad Prism 6 (GraphPad Software Inc.,
United States). Differences between two groups were analyzed
by unpaired or paired t-test (two-tailed). Multiple comparisons
were made by one-way analysis of variance (ANOVA) with
Tukey’s post hoc testing. Differences were considered statistically
significant when a P value was less than 0.05.

RESULTS

SH-SY5Y Cells Endogenously Express
GPER and MOR

G protein-coupled estrogen receptor mRNA expression in SH-
SY5Y, wild type N2A and N2A cell line stably expressing
human MOR (N2AMT) was analyzed through RT-PCR. GPER
mRNA appeared to be more abundant in SH-SY5Y cells than
in N2A and N2AMT cells (Figure 1A). Immunofluorescent
staining confirmed SH-SY5Y cells endogenously express GPER
and MOR (Figure 1B). GPER immunostaining was located at

peri-nuclear sites. Western blot analysis detected GPER in total
but not in cytoplasmic membrane protein samples (Figure 1C).
Therefore, the endogenously expressed GPER in SH-SY5Y cells
was located on certain peri-nuclear organelles, but not on the
cytoplasmic membrane.

GPER Mediates Rapid Intracellular

Calcium Rise in SH-SYSY Cells

To test the hypothesis that activation of GPER mediates rapid
Ca’* signaling, SH-SY5Y and the Neuro-2a cells were exposed
to either 17B-estradiol (E2) or G-1, the latter being a GPER
selective agonist that does not bind ERa or ERB (Bologa et al.,
2006). Brief exposure (30 s) of SH-SY5Y cells to increasing
concentration of E2 or G-1 (0.01-10 wM) both produced fast
and concentration-dependent increases in cytosolic Ca?™ levels
(Figures 1D-F). Acetylcholine (ACh) was a positive control.
Consistent with the intracellular localization of GPER in this
cell line, the cell impermeable BSA-conjugated E2 (E2-BSA,
1 wM) was not effective (Figure 1J). In addition, the GPER
selective antagonist G15 (Dennis et al., 2009) (3 M) almost
completely blocked the Ca®* responses to E2 and G-1 (G15 + E2:
24.43 £ 3.10% vs. E2: 207.0 & 20.70%, P < 0.001, n = 78 cells;
G15 + G-1: 18.59 £ 2.79% vs. G-1: 201.0 &£ 19.74%, P < 0.001,
n = 56 cells, Figures 1G-I). In contrast to the SH-SY5Y cells,
Neuro-2a cells did not respond to E2 or G-1 (1 uM) with a Ca?*
rise, consistent with the low GPER mRNA expression in this cell
line (Figure 1K). It was noticed that Neuro-2a cells responded
to ATP (100 wM) with a rapid Ca?* rise but not to ACh. These
results support the hypothesis that activation of GPER by E2 may
mediate rapid Ca®* signaling in neuroblastoma cells.

GPER-Mediated Calcium Rise in
SH-SY5Y Cells Is Due to Store Calcium

Release

We next investigated whether GPER-mediated Ca™ rise is
due to Ca’" influx or store Ca?" release. In the Ca’T-free
extracellular solution, E2 (I wM) and G-1(1 wM) both still
elicited rapid increases in cytosolic Ca?* with similar magnitudes
as seen in the regular Ca?*-containing solution (Figures 2A-C)
(E2 Ca’**t-free: 154.1 £ 11.77%, n = 55 cells vs. E2 Ca®"-
containing: 174.5 £ 20.09%, n = 60 cells, P > 0.05; G-1 Ca**-
free: 149.8 + 8.40%, n = 55 cells vs. G-1 Ca’T-containing:
176.5 £ 14.34%, n = 62 cells, P > 0.05, Figure 2G), suggesting that
the GPER agonists evoked store Ca?™ release rather than Ca?™
influx. In support, the broad-spectrum voltage-dependent Ca?*
channel blocker CdCl, (200 wM) failed to block the increase
in [Ca?*]; elicited by E2 or G-1 (Figures 2D,E) (E2 + CdCl,:
56.24 £ 9.51% vs. E2: 53.38 &+ 10.40%, n = 41 cells, P > 0.05;
G-1 + CdClp: 114.25 + 14.50% vs. G-1: 93.66 £ 16.06%,
n = 28 cells, P > 0.05, Figure 2H), whereas depletion of store
Ca%* with thapsigargin (1 M, 5 min) virtually prevented E2
or G-1 from inducing a Ca?™ rise (Figure 2F). Furthermore,
treatment of SH-SY5Y cells with the PLC inhibitor U73122
(3 wM) completely blocked the rapid Ca>* rise in response to E2
or G-1 (Figures 2A,B, 3A-C). Analogously, E2 or G-1-induced
Ca?t rise was abolished in the presence of 2-APB (3 M), an
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FIGURE 1 | G protein-coupled estrogen receptor mediates calcium rise in SH-SY5Y cells. (A) RT-PCR analysis shows relatively higher expression of GPER mRNA in
SH-SY5Y cells than in Neuro-2a (N2A) cells. N2AMT is a line of Neuro-2a stably expressing human . type opioid receptor (h(MOR). (B) Immunofluorescent staining
for GPER and MOR in SH-SY5Y cells. GPER immunofluorescence is located at certain perinuclear organelle. (C) Western blot detection of GPER in cytoplasmic
membrane fraction vs. total protein. Whereas GPER immunoreactivity is abundant in the total protein samples, it could not be detected within the cytoplasmic
membrane protein sample. (D-J) Fluo-4-based imaging of cytosolic [Ca2*] transients in response to GPER agonists 17-p estradiol (E2) and G-1. Note E2 and G-1
both caused concentration-dependent rapid Ca?* rise, which was prevented by GPER antagonist G15. The membrane impermeable BSA-conjugated E2 was
unable to evoke a rapid Ca?* rise. (K) Neither E2 nor G-1 was able to cause a Ca?™ rise in N2A cells. The example traces (D,E,G,H,J,K) are the average
percentage change in fluorescence of 7-26 cells in one visual field. Values in bar graphs (F,I) are averaged peak percentage changes of 32~78 cells from three to
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IP3R inhibitor (Figures 3D,E) (E2 + 2-APB: 7.12 £ 1.30% vs.
E2: 231.5 & 16.41%, n = 48 cells, P < 0.001; G-1 + 2-APB:
22.01 £ 2.73% vs. G-1: 148.9 £ 7.82%, n = 48 cells, P < 0.001,
Figure 3F). Therefore, activation of GPER may elicit PLC/IP3-
mediated store Ca2t release.

GPER Activation Stimulates PKC

Isoforms

Intracellular Ca?* as an important second messenger
may activate the Ca?T-dependent protein kinases (PKCs)
characterized by translocation of cytosolic PKCs to the plasma
membrane. Previous reports have implicated PKCa and PKCe
in regulation of pain and p-opioid signaling (Bailey et al,
2009; Zheng et al., 2011; Illing et al., 2014). Hence we focused
on these two PKC isoforms to test whether GPER-mediated
Ca’" signaling may stimulate PKCs. We took advantage of the
biotin-avidin method to extract plasma membrane proteins

and to detect the possible translocation/activation of PKCa
and PKCe following GPER activation in SH-SY5Y cells. As a
positive control, cells treated with the PKC agonist PMA (1 pM)
for 5 min manifested pronounced translocation of PKCa and
PKCe to the plasma membrane (Figures 4A,B,G,H). In a similar
manner, a 5 min treatment of the cells with E2 or G-1 (1 pM)
significantly increased membrane translocation of PKCo and
PKCe (Figures 4C-EI-L).

GPER Activation Facilitates MOR
Phosphorylation in PKC-Dependent

Manner

In the hypothalamus, estrogens may rapidly desensitize MOR
probably by activating PLC, PKA, and PKCs and uncouple MOR
from activating GIRK channels (Kelly et al., 1999). We therefore
investigated whether activation of GPER may promote MOR
phosphorylation in SH-SY5Y cells. As a positive control, cells
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were treated with the PKC agonist PMA (1 pM) for 30 min,
which resulted in an increase of phosphorylated MOR (pMOR)
level compared with the vehicle group (Figure 5). Similarly, cells
exposed to E2 or G-1 (1 wM) also had significantly higher levels
of pMOR, which was prevented by co-administration of pan-
PKC inhibitor Ro 31-8820 (3 uM, which inhibits PKCa, PKCBI,
PKCBII, PKCy, and PKCe) (Figure 5). Therefore, activation
of GPER may promote MOR phosphorylation in a PKC-
dependent manner.

GPER-Mediated Rapid Calcium Signaling

Elicits Indirect Genomic Effects

Previous studies indicate that the rapid non-genomic estrogenic
signaling via second messengers (such as cAMP or Ca’") is
also transmitted to the nucleus to affect gene transcription and
protein synthesis, leading to an indirect (not via the classic
nuclear receptor ER o/f) genomic effect (Guo et al., 2002). To
investigate whether GPER-mediated rapid Ca?" signaling may

elicit such indirect genomic effects, we exposed SH-SY5Y cells
with E2 or G-1 and detected c-Fos, which is an immediate
early gene that responds to extracellular signals. Cells were
treated with E2 (1 pM) or G-1 (1 uM) for 15, 30, and 60 min,
respectively. Whole lysate western blot showed that both E2
and G-1 caused time-dependent increases in c-Fos protein
expression (Figures 6A-C). Moreover, the E2 or G-1-induced
c-Fos expression was almost completely negated in the presence
of the GPER antagonists G15, the IP3R inhibitor 2-APB, or the
PLC inhibitor U73122 (Figures 6D-F). These results indicate
that GPER-mediated rapid PLC/IP3-dependent Ca’™ signaling
may be transmitted to the nucleus to regulate gene transcription
and protein synthesis.

DISCUSSION

Estrogens, primarily 17f3-estradiol (E2), are known to exert major
influences on the nervous system with slow genomic and rapid
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FIGURE 4 | E2 and G-1 promoted translocation of PKC isoforms to the plasma membrane. (A,B,G,H) Cells treated with the pan-PKC agonist PMA (1 M) for 5 min
had significantly higher PKCa and PKCe in the plasma membrane protein samples, compared with vehicle-treated cells. (C,D,l,J) Cells treated with E2 (1 wM) for
5 min had increased PKCa and PKCe in the plasma membrane protein samples as compared with cells treated with vehicle. (E,F,K,L) Cells treated with G-1 (1 wM)
for 5 min had increased PKCa and PKCe in the plasma membrane protein samples as compared with cells treated with vehicle. After detected PKCa bands (C,E),
the nitrocellulose membrane was stripped and re-blocked by 5% fat-free dry milk in TBST, followed by incubation with PKCe primary antibody, then PKCe bands was
detected (1,K). So the loading controls are the same. Membrane PKCa or PKCe is a relative value with Nat-K*-ATPase as the internal reference for plasma
membrane protein; total PKCa or PKCs is the relative value with GAPDH as the internal reference for total protein. **P < 0.01, ***P < 0.001, unpaired t-test,
averaged data from three to four independent experiments.

non-genomic effects. Whilst it is clear that two nuclear receptors,
ERa and ERB, mediate the slow genomic effects, the receptor(s)
responsible for the rapid non-genomic effects in the nervous
system remain uncertain. The current study demonstrates that
the human neuroblastoma SH-SY5Y cells endogenously express
G protein-coupled estrogen receptor (GPER) and activation of
GPER may induce a rapid increase in cytosolic Ca?*, which is
due to PLC/IP3-dependent store Ca®* release and is followed by
PKC activation and MOR phosphorylation. Furthermore, GPER-
mediated Ca?" signaling may also be transmitted to the nucleus
to induce c-Fos expression. To the best of our knowledge, this is
for the first time that GPER is shown to mediate calcium release

and PKC-dependent phosphorylation of MOR in neuroblastoma
cells. Our findings strongly support GPER as a mediator of the
rapid non-genomic estrogenic effects in the nervous system.
Ca’* as a ubiquitous intracellular messenger regulates diverse
neuronal functions. Ca?* may bind to synaptotagmin to
trigger synaptic vesicle release (Emptage et al., 2001). Ca?™
also binds to calmodulin (CaM) to form CaM-Ca?* complex,
activating Ca®*/CaM-dependent protein kinases (CAMKs)
or the Ca?t/CaM-dependent serine/threonine phosphatase
calcineurin, which plays an important role in the regulation
of synaptic plasticity (Yakel, 1997; Wayman et al., 2008;
Kim et al, 2016; Sugawara et al, 2017). Ca?* activates the
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FIGURE 5 | E2 and G-1 stimulate phosphorylation of MOR in a
PKC-dependent manner. (A,B) SH-SY5Y cells treated with PMA (1 wM), E2
(1 wM), or G-1 (1 wM) for 30 min showed increased level of phosphorylated
MOR (pMOR) as compared with the vehicle group. In the presence of the
pan-PKC inhibitor (Ro 31-8820, Ro, 3 wM), E2 and G-1 failed to increase
PMOR expression. (C) The averaged pMOR level (relative to B-actin) in cells
with different treatments. After detection of pMOR (A,B), the nitrocellulose
membrane was stripped and re-blocked by 5% fat-free dry milk in TBST,
followed by incubation with MOR primary antibody, then MOR band was
detected. **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey’s post hoc
test, averaged data from three to four independent experiments.

Ca’*-dependent protein kinase (PKC) system to promote
phosphorylation of various GPCRs and ion channels, thereby
regulating neuronal excitability, synaptic transmission and
plasticity (Ritter et al., 2012; Fukuchi et al., 2015b; Li et al., 2017;
Rajagopal et al., 2017; Summers et al., 2019).

Previous studies indicate that estrogens may induce
rapid changes in cytosolic Ca’t in hippocampal neurons,
hypothalamic astrocytes and embryonic midbrain dopaminergic
neurons (Brailoiu et al., 2007; Noel et al., 2009; Kuo et al., 2010).
Furthermore, E2 was found to rapidly desensitize pw-opioid
receptor (MOR) in hypothalamic neurons in PLC, PKA, and
PKC-dependent manners, suggesting that Ca?* signaling

probably underlies estrogenic suppression of MOR function
(Lagrange et al., 1997; Conde et al., 2016). MOR is best known
for the regulation of pain and analgesia, but also plays important
roles in regulation of reproductive behaviors, neuroprotection
and cognition (Long et al., 2014; Jacobson et al., 2018; Liu et al,,
2018; Vaidya et al., 2018). Therefore, it is of great interest to
understand the identity of the receptor(s) which may mediate
estrogenic suppression of MOR signaling.

The primary goal of this study is to test whether GPER
can initiate rapid Ca?* signaling and PKC-dependent
phosphorylation of MOR in neuronal cells. To this end, we
set to search for a neuronal cell line co-expressing GPER and
MOR. qPCR showed that GPER mRNA appears to be relatively
more abundant in the human neuroblastoma SH-SY5Y cells than
in the murine Neuro-2a cells. Our immunofluorescent staining
shows presence of GPER immunoreactivity at peri-nuclear sites
and western blot assay could detect GPER immunoreactivity in
whole-cell protein extract but not in membrane protein extract.
Therefore, GPER is located intracellularly, in line with other
reports indicating GPER being localized to the endoplasmic
reticulum or the Golgi apparatus (Filardo and Thomas, 2005;
Cheng et al, 2011). We found that GPER agonists E2/G-1
induced a rapid increase in intracellular calcium in SH-SY5Y
cells but not in Neuro-2a cells. Currently, the reason for the lack
of calcium response in Neuro-2a cells can only be speculated.
One possibility is that GPER protein expression may be low in
Neuro-2a cells, as suggested by the relative lower GPER mRNA
than in SH-SY5Y cells. The other possibility is that GPER might
be coupled to a different signaling cascade in this cell line. Due to
the uncertain specificity of commercial GPER antibodies (in our
hands, most GPER antibodies do not work very well with mouse
samples), we have not been able to determine GPER protein
expression in the murine-derived Neuro-2a cells. In this respect,
it would be useful to test whether Neuro-2a cells transfected with
GPER gene may respond to E2/G-1 with a calcium rise.

SH-SY5Y cells probably express ERa, ERB, Goq-mER as well
GPER (Barbati et al., 2012; Mateos et al., 2012; Nakaso et al., 2014;
Gray et al,, 2016; Shen et al., 2016; Cheng et al., 2017). However,
the following lines of evidence from this study indicate that
activation of GPER but not the classical ERs or ER variants may
initiate rapid Ca?* signaling: (1) SH-SY5Y but not Neuro-2a cells
responded to E2 and the GPER selective agonist G-1 with rapid
rises in cytosolic Ca®* in concentration-dependent manners,
consistent with the relative abundance of GPER mRNA in this
cell line; (2) Either E2 or G-1-induced Ca®™ rise was blocked by
the GPER antagonist G15; (3) The membrane impermeable E2-
BSA failed to cause a significant Ca>* response, consistent with
the intracellular localization of GPER in SH-SY5Y cells.

E2 has been shown to induce rapid Ca®* influx through
activation of L-type calcium channels (Wu et al., 2005, 2011;
Zhao et al., 2005) or rapid store Ca® release in some neuronal
cells (Beyer and Raab, 1998; Kuo et al., 2010). We found that
GPER-mediated Ca>™ rise in SH-SY5Y cells was due to store
release rather than Ca®™ entry since either E2 or G-1 still induced
rapid increases in cytosolic Ca>* in the extracellular Ca®"-free
condition and in the presence of cadmium, a broad-spectrum
voltage-dependent Ca?>* channel blocker. Depletion of the Ca?*
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store with thapsigargin prevented E2 or G-1 from inducing
a change in intracellular Ca?T level. Furthermore, the IP3
receptor inhibitor 2-APB and the PLC inhibitor U73122 virtually
abolished either E2 or G-1-induced Ca?* response, confirming
activation of GPER induces store Ca’* release through PLC
and IP3 pathway.

Previously, Grassi et al. (2015) reported that estrogen receptor
modulator raloxifene may down-regulate vasopressin mRNA
in SH-SY5Y cells. By using G-1, G-15 and a PKC inhibitor,
authors concluded that the raloxifene effect was mediated
by GPER and PKC. In the present study, we were able
to confirm that GPER-initiated Ca?" signaling may activate
PKCs and consequently promote phosphorylation of MOR.
PKCa, PKCe, and PKCy promote the phosphorylation of
Serine 363, Threonine 370, and Serine 375 at C-terminal
of MOR, which has been implicated in the development of
pain and morphine tolerance (Zeitz et al., 2001; Hua et al,
2002; Bjornstrom and Sjoberg, 2005; Newton et al., 2007;
Smith et al.,, 2007; Doll et al., 2011; Bowman et al., 2015).

We found that activation of GPER in SH-SY5Y cells promoted
membrane translocation of PKCa and PKCe and elevated
the expression of phosphorylated-MOR (pMOR), which was
negated by the PKC inhibitor Ro 31-8820. These data reveal
a novel estrogenic signaling cascade mediated by GPER which
ultimately leads to phosphorylation and desensitization of
MOR. This signaling mechanism may be relevant to the well-
documented gender dymorphisms of pain, morphine analgesia,
neuroprotection and cognition as well as the regulation of
reproductive behaviors.

Previous studies indicate that the rapid non-genomic
estrogenic signaling may also alter gene transcription (Guo
et al., 2002; Bjornstrom and Sjoberg, 2005). In a prostate cancer
cell (PC-3) line, G-1 may inhibit prostate cancer cell (PC-
3) growth, which was mediated through GPER, followed by
activation of c-jun/c-fos (Chan et al,, 2010). On the other hand,
an increase in cytosolic Ca?* may stimulate c-Fos expression,
accounting for the neuronal activity-dependent immediate early
gene expression and long lasting changes of neural functions
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(Fukuchi et al., 2015a). Hence we tested whether GPER-mediated
Ca’*t rise may stimulate c-Fos expression. Indeed either E2
or G-1 stimulated c-Fos expression within 30 min, which was
prevented in the presence of the GPER antagonist G15, the IP3R
blocker 2APB or the PLC inhibitor U73122. Therefore, GPER-
mediated rapid Ca?™ signaling may also be transmitted to the
nucleus leading to the indirect (i.e., not via the nuclear recetpor,
ERa or ERB) genomic effects.

In the present work, we did not attempt to identify the G
protein subtype coupled to GPER. Nevertheless, the profile of the
E2/G-1-induced calcium and PKC responses was reminiscent of
the Gq-mER-mediated effects previously reported by Qiu et al.
(2003) in hypothalamic proopiomelanocortin (POMC) neurons.
They showed that E2 rapidly attenuated the potency of GABAg
agonist to activate the GIRK current in POMC neurons and
the signaling cascade involved Gag-mediated PLC activation
upstream of PKCS, PKA and changes in gene transcription.
The effects were mimicked by BSA-conjugated E2 and a non-
steroidal compound STX that does not bind ERa or ER, leading
to the proposal of a Gq-coupled membrane-associated estrogen
(STX) receptor (Gg-mER). Although intracellular calcium was
not measured in that study, it is conceivable that activation of Gq-
mER may also signal through IP3-mediated store calcium release
and activation of calcium-dependent PKC isoforms, similarly to
the GPER-mediated signaling shown in the current study. The
molecular identity of Gg-mER is still unknown. It would be
interesting to examine whether Gg-mER and GPER are related
or separate mechanisms for rapid estrogenic signaling.

CONCLUSION

The present study revealed a novel GPER-mediated estrogenic
signaling cascade in neuroblastoma cells. Estrogens may activate
the intracellularly located GPER to trigger rapid PLC/IP3-
dependent store Ca?t release, which in turn activates PKC
isoforms to phosphorylate the |1 opioid receptor. The rapid Ca®*
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