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Editorial on the Research Topic
Women in neuroscience

The “Matilda effect” is an expression coined in 1993 by Margaret Rossiter, a
prominent science historian, to describe the faint recognition of the contribution of
women to the scientific enterprise. The expression derived from the realization that just
like the work of Matilda Gage, a suffragist who also wrote about women in science, the
discoveries and inventions of many women scientists had been forgotten over the course
of history. Indeed, women’s contributions to science have been often misappropriated,
forgotten or, in some cases, even actively removed from the records. This resulted in a
misplaced historic assumption that women lack the intellectual ability and interest for
scientific disciplines, and left younger generations of women with very few role models
to look up to. Over the past few years, the awareness of this lack of recognition has
increased and, despite encountering some resistance, active efforts have been made to
make science a more inclusive enterprise. Neuroscience is a multidisciplinary field that
encompasses all scientific disciplines including biology, psychology, cognitive sciences,
physics, engineering, and mathematics. While women to this day represent a minority of
neuroscience faculty, they contribute to all aspects of the field. The goal of the Women
in neuroscience Research Topic is to oppose the “Matilda effect” by bringing together
excellent research by women, or in collaboration with women. The Research Topic brings
together 33 articles in which the first or last author are women. The formats include
mini-reviews and reviews of the exceptional work done by past and present women
neuroscientists, an opinion article, perspectives and specific Research Topic reviews
highlighting scholarship and innovative frameworks, and original research articles that
push the field forward.
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Maffei et al.

Malerba describes the inspiration of working with Dr.
Levi-Montalcini by focusing on the last years of research
of one of the few women Nobel Laureates. Heiden et al.,
Yevoo and Maffei, Gonzalez Osorio et al.,, and Quattrocolo
et al. highlight some of the excellent and impactful work by
female researchers in neuroscience and medicine with the goal
of emphasizing their scientific discoveries and providing role
models for future scientists.

On the technological side, the work of women scientists
demonstrates creativity and long-term vision. Le Bars et al.
propose an innovative Brain Computer Interface (BCI)
paradigm inspired by the ideomotor principle, while Shim
et al. present a Machine Learning (ML) method to classify
which
current neurophysiological-based approaches to diagnose

electroencephalographic  oscillations, outperforms
Post Traumatic Stress Disorder (PTSD). By exploiting
fNIRS (functional near-infrared spectroscopy), Zhang M.
et al. compared hemodynamic responses to low vs. high
Informational Masking speech. Focusing on the human-
machine teaming, Hopko and Mehta discuss the neural
correlates of trust in automation and Douibi et al. envisage the
(not so far) large-scale deployment of BCIs in the Industry 4.0,
widening their possible applications in education, entertainment
and aviation.

Numerous groups also investigated sex differences and
the role of sex hormones in brain functions and behavior.
Zhao et al. used a post-menopausal mouse model to verify
the hypothesis that mitochondrial damage may contribute
to cognitive impairment associated with estrogen deficiency,
while Zhang S. et al. conducted a cross-sectional study in
early menopausal women to evaluate estradiol-related structural
changes in the brain. As suggested by De Filippi et al., Lima et al.,
Zanolie et al., Qin et al.,, and Palamarchuk and Vaillancourt,
ovarian hormones and menstrual cycle modulate whole-
brain turbulent dynamics, contribute to the sex differences
in the reserpine-induced progressive animal model of PD,
and modulate neural activity and pathways related to stressor
detection and coping. Dai et al. reports clinical manifestations of
variants of the DDX3X gene, which is associated with intellectual
disability mostly in females (and only rarely in males).

Several papers contribute to advancing our understanding
of schizophrenia. Rootes-Murdy, Zendehrough et al. and Jensen
et al. discuss MRI data analysis methods to describe the
structural and cognitive differences of schizophrenia patients
and healthy controls. Rootes-Murdy, Goldsmith et al. provide an
overview of neural changes and clinical presentations associated
with delusions, a hallmark of certain psychotic disorders and
neurodegenerative diseases. Liu et al. explore if metabolites
of phospolipids may be used as biomarkers for therapeutic
response in schizophrenia patients, while Bermperidis et al.

Frontiersin Integrative Neuroscience
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use the human transcriptome to more generally differentiate
between neuropsychiatric and neurological disorders as human
embryonic stem cells become neurons. Cognitive functions in
conditions of nutrient deprivation, high stress (associated to
maternal post-partum and childhood bullying victimization),
neurodegenerative disorders or Small Vessel Disease were
addressed by Zhang Q. et al., Palamarchuk and Vaillancourt,
Vandenbroucke et al., Gronewold and Engels, Liao et al., and
Qin et al. Moreover, Shi et al. demonstrated that berberine
treatment significantly restored cognitive impairment in sepsis
mice, while Metaxas focused on the molecular interactions
characterizing the pathogenesis of Alzheimer’s Disease in a C.
elegans model.

Finally, Saveko et al. and Nosikova et al. report on how
motor function may be affected by extreme conditions, such
as dry immersion and altered gravity situations in long term
space missions, while Putman et al. investigated the effects of
Galvanic vestibular stimulation in functional mobility tasks,
to be potentially exploited by as astronauts, firefighters, high
performance athletes, and soldiers.

The breadth and quality of the papers in this Research
Topic provides important ground for future research and will
hopefully serve as an inspiration for young neuroscientists. The
Research Topic recognizes the breadth of scientific ideas and
findings within the field, and given the cross-disciplinary nature
of neuroscience, puts on record women’s contribution to the
scientific effort at large.
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Gestational Folic Acid Administration
Alleviated Maternal Postpartum
Emotional and Cognitive Dysfunction
in Mice

Qianyu Zhang'", Qianwen Huang'?, Li Yao ', Wenjuan Liu’, Jianxing Ruan’, Yingqi Nong’,
Ye Chen’, Lin Fan', Jinyan Wei', Songlu Wang’, Li Sun’, Hao Li', Yan Zhang?, Xiqgian Zhang "*
and Fenghua Liu™

"Department of Reproductive Health and Infertility, Guangdong Women and Children Hospital, Guangzhou, China, *Medical
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Gestational folic acid (FA) supplementation has been widely recognized for its benefits in
preventing offspring defects, but its effect on postpartum females has not yet been
adequately assessed. The occurrence of emotional and cognitive dysfunction is common
in postpartum women, and its treatment remains limited. Considering the promising results
of FA in various psychiatric disorders both in human and redents, we tested the effect of
gestational FA administration on postpartum psychiatric behavioral phenotypes and the
implicated brain-related mechanisms in a murine model. FA was administered orally in both
the hormone-stimulated-pregnancy (HSP) model and pregnant mice at doses of 1 and
5mg/kg. Postpartum behavioral results showed that the disorders of cognitive
performance, depressive, and anxiety-related behaviors were all alleviated in the
5mg/kg FA group. However, the general development of their offspring remained
unaffected. Immunofluorescence and immunoblot results revealed that FA
pretreatment significantly activated the maternal hippocampal BDNF-related pathway.
Morphological studies have confirmed that FA promotes hippocampal neurogenesis.
Moreover, synaptic plasticity and synaptic transmission are enhanced. All of these
hippocampal changes play critical roles in rescuing neuronal function and behaviors.
Thus, our data suggest that gestational FA administration has a therapeutic effect that
improves cognition and reduces depression and anxiety in a murine postpartum model.
This may be developed as a preventive and adjuvant therapeutic option for
pregnant women.
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INTRODUCTION

Women who undergo pregnancy and childbirth experience dramatic hormonal fluctuations, which
contribute to the occurrence of mental symptoms, including cognitive and emotional dysfunction, as
are widely observed in postpartum women. Postpartum mental symptoms include postpartum
cognitive dysfunction (PCD), postpartum depression (PPD), and postpartum anxiety (PPA), which
have turned into a serious epidemiological concern in the field of maternity care. Pregnant women
have significantly poorer cognitive abilities (Henry and Sherwin, 2012). Simultaneously, women are
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twice as likely to develop depression, with comorbid generalized
anxiety disorder; most episodes begin postpartum (Wisner et al.,
2013). The incidence and prevalence of unique symptoms
occurring after birth range from 8 to 26%, and multiple
symptoms are often found concurrently (Fairbrother et al,
2016; Meena et al., 2016; Shorey et al., 2018. However, these
symptoms in postpartum women are often overlooked, leading to
lower diagnosis rates and even lower treatment rates. These
symptoms not only affect the quality of life of postpartum
women, but also mother-infant interactions and spousal
relationships, which in turn affect child-rearing behaviors and
healthy development of infants. The conventional treatment for
these symptoms often abides by conventional drug treatment
protocols. Even if clinically effective, these still might be rejected
by pregnant women considering potential risks to the baby
(Noble, 2005). Therefore, therapies that can serve as
complementary or alternative treatments must be developed.

The hippocampus plays a central role in the processing of
emotional and cognitive behaviors (Korotkova et al, 2018).
Unlike general major depression disorder and cognitive
impairment, with pathogenic mechanisms associated with
psychosocial ~stress or neurological injury, postpartum
symptoms are often speculated to be caused by hormonal
fluctuations (Becker et al., 2016; Brown and Schaffir, 2019). A
growing number of studies have shown that hippocampus-related
mechanisms are implicated in the pathogenesis of postpartum
emotional and cognitive dysfunction (Pawluski and Galea, 2007;
Baka et al., 2017). Anatomical hippocampal neurogenesis and
synaptic plasticity functional dysregulation have been shown to
mediate the presentation of certain types of cognitive or affective
dysfunction behaviors (Brummelte and Galea, 2016; Workman
et al,, 2012). Thus, discovery of novel therapies targeting these
potential candidates targets is urgent and beneficial for these
treatment.

The transition to motherhood not only involves hormones,
but also the metabolic adaptations of various nutrients that
modify behavioral states. Folic acid (FA), an essential B
vitamin, is involved in regulating fetal development during
pregnancy, and is required at an even higher dose during
pregnancy (Chitayat et al., 2016). A consensus regarding the
prevention of neural tube defects and other folic acid-sensitive
congenital malformations has been internationally suggested.
Moreover, existing clinical studies have shown that FA
supplementation during pregnancy is correlated with a lower
risk of postpartum mental symptoms (Yan et al,, 2017). In fact,
FA has shown favorable therapeutic effects in multiple
experimental and clinical mental symptom models (Fava and
Mischoulon, 2009; Shrestha and Singh, 2013; Budni et al., 2013;
Lv et al,, 2019). Based on this wide range of therapeutic effects of
FA, considering that postpartum mental symptoms almost share
the same symptoms as the previously mentioned mental illnesses,
characterized by like lower cognitive performance, depression,
hopelessness, and anxiety, FA offers promise in terms of its
clinical benefits, and may represent a cure of PCD, PPD, and
PAD. In this study, we sought to assess this potential.

The etiopathogenesis of emotional and cognitive dysfunction
within the postpartum period and has been well established in
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mice (Zhang et al, 2016). In the first part of this study, a
hormone-stimulated pregnancy (HSP) “pseudo-gestational”
model was established to mimic the effects of hormones on
pregnancy in mice, and the effect of FA administration on
related behavioral phenotypes was monitored. In addition,
these observations were conducted in naturally pregnant
female mice. The effect of the gestational administration of FA
on offspring generation was also monitored. This observation
may shed light on potential postpartum-related maternal mental
symptom prevention and treatment strategies.

MATERIALS AND METHODS

Animals

Ten to twelve-week-old male/female C57BL/6 mice (purchased
from Beijing Vitong Lihua Co., Ltd.) were raised in an SPF
environment at a temperature of 22-24°C and relative
humidity of 55-65%. All animals had free access to food and
drinking water and were reared according to a 12/12 light-dark
cycle. All experimental animal procedures strictly followed the
guidelines of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23,
revised 1996) and were authorized by the Ethics Committee of
Guangdong Women and Children Hospital. All efforts were
made to minimize animal suffering. After the animals were
accommodated to environmental condition, then the
experimental procedures started on 15-16-weeks-old animals.
In behaviral tests, the animal behavior tests were monitored using
Ethovision 7.0 software (Noldus, Wageningen, Netherlands).

Modeling and Folic Acid Administration

In this study, we utilized two postpartum models: the hormone-
induced pseudo-pregnancy (HSP) model and the natural delivery
postpartum model. The HSP model referred to the modeling
method adopted in mice (Zhang et al, 2016; Zhu and Tang,
2020), and animals with bilateral oophorectomy (OVX) were
treated with hormones. Briefly, oophorectomy was performed
under isoflurane anesthesia in female mice, whereas the control
group (Con) underwent a sham operation, except for the
oophorectomy. Estrogen (E2) and progesterone (P4) were
dissolved in corn oil and subcutaneously injected into OVX
mice 9days after recovery. E2 was administered for 22
consecutive days (20 pug/kg for the first 15 days and 400 pg/kg
for the subsequent 7 days), whereas a P4 (32 mg/kg) injection was
administered in the first 15 days. Mice in the Con group were
injected with a corn oil solvent. Relevant tests were performed
within 7 days of E2 withdrawal. In the model of natural
pregnancy, mice were caged at a male:female ratio of 1:2, and
the appearance of vaginal suppositories was considered the first
day of gestation (GO0). Pregnant mice and their offspring from
postnatal day (PD) were carefully handled and recorded. The
body weights of the pregnant mice in each group were measured
at G7, G15, and G18. The gestational length, litter size and sex
ratio of the offspring, and litter weights during development were
recorded until P21. Folic acid was purchased from Sigma
Chemical Co. (St. Louis, MO, United States) and dissolved in
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distilled water. In this study, two doses of folic acid (1 and
5mg/kg, gavage) were selected as supplements in addition to
normal food In the HSP model, folic acid
supplementation was administered daily, along with E2, until
E2 was discontinued. In the model of natural pregnancy, folic acid
supplementation began with the onset of vaginal suppositories
until birth.

sources.

Morris Water Maze Test

The MWM was adopted from a previous study (Sun et al., 2020),
and the diameter of the water maze device was 1.5 m. It was
filled with an opaque water solution dyed with white dye, and
the water temperature was maintained at 24°C. The camera
device was set above the recording device. The circular area in
the device was evenly divided into four quadrants, and the sign
markers were set at the periphery of each quadrant. A movable
platform was placed 1 cm underwater at a specific position in
each quadrant, and each animal tested corresponded to a
specific target quadrant. The experiment lasted for 6 days. In
the first 5 days, mice were placed in water facing the wall of the
pool in one of the four quadrants and the time required to climb
up the platform within 90 s was assessed. On day 6, the platform
was removed and the total time of the mice passing through the
target quadrant within 90 s was recorded. The time ratio was
thereafter calculated.

Spontaneous Alternation Y-Maze Test

The Y-maze is composed of three arms of equal length, randomly
defined as the starting arm, new arm, and other arms. The mice
were placed in a random arm, named the starting arm, and moved
freely to explore the other arms for 5 min. A correct alternation
was recorded when the mice entered the three different arms. The
spontaneous alternation rate (%) was calculated as the total
number of correct alternations/(total crossing times of 3 arms
~2) x 100%.

Novel Object Recognition Test

The NOR was adopted as previously described (Muha et al,
2019). Briefly, animals were placed in an organic plastic
experimental facility (40 cm x 40 cm x 40 cm) for adaptation
every day, and then returned to the cage after 10 min of free
exploration for three days. On the fourth day, two identical
objects (block-shaped toys, Lego Company) were placed in a
relative position on one side of the field. The mice were gently
placed in the positions of the two objects with their backs to them
(familiarization phase). After 10 min of exploration, the animals
were removed and returned to the cage. Exploration was defined
as directing the nose to the object (distance of <2cm) and/or
touching the object with the nose. The animals showed a preference
for objects during familiarization were excluded from the analysis.
After 1.5h, one of the two identical objects was replaced with a
different object, named the old object and the new object,
respectively. The time the mice spent exploring the two objects
was recorded. The NOR index (%) was calculated as (time to
explore novel object/total time to explore two objects: time to
explore old object/total time to explore two objects) x 100%.
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Open-Field Test

The box for the open field experiment was a square box with the
following dimensions: length x width x height = 50 cm x 50 cm X
40 cm. Each mouse was placed in the center of the box, and the
activity of the mice was video recorded within 5min. The
residence time in the central region of the square was recorded.

Forced Swim Test

The forced swim test is a desperate behavior test used to assess
depression-like behaviors. The experiment was performed as
previously described (Guo et al., 2016). Mice were placed in a
transparent plexiglass cylinder (40 cm in height and 20 cm in
diameter) filled with water at a depth of 25 cm for 6 min, and the
time of immobilization (just for the movement of the head on the
water surface) for the last 4 min was recorded.

Elevated Plus Maze Test

As previously described (Sutulovi¢ et al., 2021), the elevated plus
maze consists of two open arms and two closed arms. The mice
were placed in the test room for 2 h in advance to adapt to allow
for their adaptation to the experimental environment. The mice
were gently placed in the central position facing the open arm,
and the time and number of mice entering the open arm and the
total activity trajectory were recorded within a period of 5 min.

Immunofluorescence

BrdU staining was performed by continuous intraperitoneal
injection of BrdU (50 mg/kg) twice daily for 5days before
behavioral tests in advance. After the animals were deeply
anesthetized and perfused with ice-cold 0.1% MPBS and 4%
paraformaldehyde, the brain tissue was collected and dehydrated
in a sucrose solution. Continuous coronal slices were cut into 35 um
slices using a frozen slicer. Hippocampal sections were incubated
with 10% BSA (containing 0.3% Triton X-100) at room temperature
for 1h. The corresponding primary antibodies were added and
incubated with the sections overnight at 4°C: mouse anti-BDNF (1:
500, Abcam; ab203573), rat anti-BrdU (1:100, AbD Serotec;
OBT0030), and mouse anti-Nestin (1:1000, Millipore, MAB5326).
After washing with PBS, fluorescent secondary antibody
(Invitrogen) was added and incubated at room temperature for
2 h without light. After washing with PBS, a DAPI staining solution
was added, and the plates were sealed and observed under a confocal
microscope (LSM510, Carl Zeiss, Goettingen, Germany). A total of
7-8 sections were randomly selected from each mouse for image
acquisition and statistical analysis.

Immunoblotting Analysis

The animals were sacrificed with CO2 and operated on ice to
rapidly isolate the hippocampus. A BCA protein assay kit was
used to determine the total protein concentration in the tissue
samples. Loading protein was separated by 12% sodium dodecyl
sulfate (SDS) -polyacrylamide gel (PAGE) and then transferred to
polyvinylidene fluoride membranes (Millipore, Billerica,
Massachusetts, United States). After blocking with 5%
skimmed milk for 2h at room temperature, the membranes
were incubated overnight at 4°C with primary antibody
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(anti-BDNF: 1:500, Santa Cruz Biotechnology, United States;
anti-TrkB: 1:400, Santa Cruz Biotechnology, United States;
anti-p-PIK3: 1:500, Cell Signaling, United States; anti-PIK3: 1:
400, Cell Signaling, United States; anti-p-AKT: 1:200, Cell
Signaling, United States; anti-AKT: 1:200, Cell Signaling,
United  States; anti-p-mTOR: 1:400, Cell Signaling,
United States; anti-mTOR: 1:400, Cell Signaling, United States;
anti-synaptophysin: 1:600, Abcam, United States; anti-Synapsin-
1: 1:800, Abcam, United States; anti-PSD95: 1:800, Cell Signaling,
United States; anti-GAPDH: 1:600, Santa Cruz Biotechnology,
United States). After washing with PBST solution, the
membranes were incubated with HRP-conjugated secondary
antibody (1:10,000) for 2 h at 25°C. After treatment with ECL,
bands were visualized with SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific) and
analyzed with Image] software according to the gray levels of
the target protein and reference protein (GAPDH).

Long-Term Potentiation

Electrophysiological Recordings

Mice were anesthetized with sevoflurane and immediately
decapitated (Bieschke et al., 2011). Their brain tissue was
placed in ACSF (206 glucose, 2.4 KCl, 2.0 MgSO4, 1.0
NaH2PO4, 1.0 CaCl2,25.0 NaHCO3, 1.0 MgCI2, 25
NaHCO3, 10 mM D-glucose, in mM) containing 95% 02
and 5% CO2 at 4°C for 1min. Subsequently, coronal
hippocampal slices of 400 um thickness were transferred to
the above ACSF solution and incubated for 1 h at 37°C. When
recording, the temperature in the irrigation groove was kept at
25°C, and the continuous rate of ACSF (pH = 7.4) perfusion
flow was set to 1.0-1.5 ml/min. The stimulation electrode uses
a bipolar tungsten stimulation electrode, placed on the
Schaffer collaterals of CA3 region, to provide a constant
current pulse through the stimulator (Sen. 3301, Nihon
Kohden, Japan). The recording pipettes were pulled with a
standard borosilicate glass tube filled with 2M NaCl, and the
impedance was 3-9MQ and were placed on in the stratum
radiatum of the CA1 area. The 50% stimulation intensity of the
maximum responses of field excitatory postsynaptic potentials
(fEPSP) was selected as the final stimulus intensity, and fEPSP
over 20 min was recorded as a stable baseline. Data were
normalized with respect to the mean values of fEPSP slope
recorded during this period. Two consecutive trains (1s) of
stimuli at 100 Hz separated by 20 s were applied to the slices to
induce LTP. The recorded electrical signals were amplified
with an amplifier (MEZ-8201), and the fEPSP signals were
digitized and saved using a pCLAMP system (Axon
Instrument Inc.).

Statistical Analysis

The collected data are shown as the mean + standard error of the
mean (SEM) and analyzed with GraphPad Prism software
(version 6.0; GraphPad Inc., La Jolla, CA, United States).
Statistical differences between group means were evaluated
using a Student’s t-test, one-way analysis of variance
(ANOVA) followed by post hoc test, and two-way RM
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ANOVA according to the test. Statistical significance was set
to p < 0.05.

RESULTS

Hormone-Simulated Pregnancy
Postpartum Model Show Impaired

Emotional and Cognitive Dysfunction

An OVX combined with hormone-simulated pregnancy
mouse model was utilized to assess potential postpartum
cognitive and emotional outcomes, and the behavioral test
was begun 7 days after the withdrawal of progesterone (P4)
(Figure 1A). The MWM test showed that HSP mice exhibited
longer latency to reach the hidden platform during the
acquisition phase, and a lower percentage of time to explore
the target quadrant during the probe test phase when the
platform was removed (Figures 1B,C). Consistently, impaired
cognition was also observed in the Y-maze test and novel
object recognition memory in HSP female mice compared with
the Sham-treated OVX control, while the total number of
entries and object recognition during familiarization phase
had little changes. (Figures 1D,E). These results indicate that
the HSP model induces impaired spatial working memory and
short-term non-spatial memory. To assess the effects of HSP
on emotion-related behaviors induced by HSP treatment, we
performed a FST, OFT, and EPM. The HSP mice showed
increased immobility time in the FST (Figure 1F). The
open field test and elevated plus maze test were performed
to assess patterns of anxiety-like behavior. The analysis of OFT
demonstrated that the HSP mice spent significantly less time in
the central area within the arena (Figure 1G). In the EPM test,
the trajectory diagram showed that the time in the open arms
and the number of entries were markedly reduced in the HSP
group compared to the control group (Figures 1H,I). No
differences were observed between the two groups in the
total arm entries in the EPM test (Figure 1J). These results
indicate that the HSP model exhibited impaired emotional and
cognitive dysfunction.

Behavioral Analysis for
Hormone-Stimulated Pregnancy Model
After Folic Acid Treatment

We then investigated whether cognitive and emotional
behavioral impairment in HSP mice could be improved by
gestational FA administration. In addition to normal food
sources for control HSP mice, considering the dose of normal
daily requirement, two supplementary concentrations of FA
were chosen to determine whether a therapeutic dose
response existed. The HSP mice were orally administered
once per day with either FA (1 mg/kg [HSP-L] or 5 mg/kg
[HSP-H]) or vehicle (HSP) (Figure 2A) during HSP
modeling. Behavioral results showed that animals from the
FA-administered groups learned better than the HSP
controls, as evidenced by significantly faster escape
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FIGURE 1 | Behavioral changes induced by HSP modeling. (A) Schematic timeline representation of HSP modeling and experimental design. (B) The latency to
reach the hidden platform during the acquisition phase from training days 1-5. The latency during the navigation training was analyzed using two-way repeated measures
ANOVA: F (4, 36) = 35.86, p < 0.0001. (C) The time spent exploring the target quadrant of each group on the 6th day of probe tests with the removed platform. Student’s
t-test: t = 4.096, p = 0.0007. (D) The performance of spontaneous alterations and total number of entries in the Y-maze test. Student’s t-test: t = 4.118, p = 0.0006;
Student’s t-test: t = 0.2468, p = 0.8079. (E) The preference for objects during familiarization and performance to distinguish familiar/novel objects in the NOR test.
Student’s t-test: t = 0.2549, p = 0.8017; Student’s t-test: t = 6.449, p < 0.0001. (F) Immobility time in FST. Student’s t-test: t = 4.288, p = 0.0004. (G) Time spent in the
central area of the open-field test. Student’s t-test: t = 7.649, p < 0.0001. Percentage of time spent in the open arm (H), entries into open arms (I), and total arm entries (J)
in the elevated plus maze (EPM) test. Student’s t-test: t = 7.649, p < 0.0001; Student’s t-test: t = 6.614, p < 0.0001; Student’s t-test: t = 0.3619, p = 0.7217. Data are
presented as scatter points plus the mean + SEM. n = 10 for each group. *p < 0.05; **p < 0.01; **p < 0.001 compared with Con.
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latencies during training sessions and a longer time spent
exploring the platform in the target quadrant during the
probe trial of the MWM task (Figures 2B,C). In addition,
mice treated with FA were more likely to explore alternate
arms in the Y-maze test and spent more time exploring the
novel object than the familiar object, compared with the HSP
control, while the total number of entries and object
recognition during familiarization phase had little changes
among three groups (Figures 2D,E). FA-treated HSP mice
also showed decreased immobility in the FST (Figure 2F) and
displayed increased time and number of entries into the open
arms of the EPM as compared to controls (Figures 2G,H),
and no differences were observed between the three groups in
the total arm entries in the EPM test (Figure 2I). The effect of
FA observed in the above results showed that FA had a dose-
dependent relationship with a certain behavioral phenotype.

A higher dose of FA resulted in a better effect than the low-
dose group.

Effects of Gestational Folic Acid
Administration on Postpartum Behavioral
Analysis

Next, we investigated whether gestational FA administration could
protect against impaired cognitive and emotional performance in
natural postpartum female mice and its effect on maternal and
offspring characteristics (Figure 3A). Interestingly, the MWM
results showed that the escape latency improved more obviously in
the FA-H group during both the trial training (Figure 3B) and probe
test (Figure 3C). Similarly, FA administration also improved cognitive
performance in both the Y-maze and NOR tasks, while the FA
administration had little effect on the total number of entries and
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ANOVA was used to analyze the latency during the navigation training: F (4, 36) = 45.19, p < 0.0001. *p < 0.05; *p < 0.01; ***p < 0.001 HSP-H compared with HSP. (C)
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increased open arm entries number in HSP mice (H), with little changes on total arm entries (I). One-way ANOVA: F (2, 27) = F (2, 27) = 15.25, p < 0.0001. One-way
ANOVA: F (2, 27) = 0.1126, p = 0.8939. Data were presented as scatter points plus mean + SEM. n = 10 for each group. *p < 0.05; **p < 0.01; **p < 0.001.

object recognition during familiarization phase among three groups
(Figures 3D,E). Moreover, in the despair-like behavior measured in the
EST, the immobility time was significantly shorter in the FA-H group
than in the control group (Figure 3F). In the EPM test, the FA-H group
mice exhibited more time and entries into the open arms than the
control group (Figures 3G,H). No differences were observed between
the three groups in the total arm entries in the EPM test (Figure 3I).
The OFT study (Figure 3J) further confirmed this trend, suggesting
that the FA-H group had a significant improvement in learning,
memory, and emotional performance.

Gestational Folic Acid Administration on
Pregnancy Outcomes and Offspring
Development

Previous FA results on postpartum outcomes were inspiring.
Thereafter, we examined whether gestational FA administration
had a negative effect on pregnancy or offspring outcomes. FA
administration had little effect on maternal body weight gain

(Figure 4A), gestational length (Figure 4B), or abortion during
pregnancy. No significant differences were observed in the litter
size and sex ratio of the offspring (Figures 4C,D). Average pup
weights per litter were recorded until P21, and there was no
statistical significance in any group (Figure 4E). Gestational FA
supplementation had little negative effect on pregnancy and
offspring general development.

Gestational Folic Acid Administration
Promotes Hippocampal Neurogenesis in
Postpartum Female Mice

The hippocampus is a key brain region implicated in cognitive
and mood disorders. Since neurogenesis plays an important
role in the above process and thus contributes to the

pathological process of the disease, we assessed
neurogenesis-related molecular changes in FA-treated
postpartum female mice. Immunofluorescence staining

showed increased BDNF expression in the FA-H group
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plus mean + SEM. n = 10 for each group. *p < 0.05; **p < 0.01; **p < 0.001.
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FIGURE 3 | Effects of FA on cognitive- and emotional-related behaviors on postpartum female mice. (A) Schematic diagram of the experimental workflow on

maternal and offspring. (B) Latency to reach the hidden platform in the training phase of the MWM. Two-way repeated measures ANOVA was used to analyze the latency
during the navigation training: F (4, 36) = 31.08, p < 0.0001. *p < 0.05 Con + FA-H compared with Con. (C) FA administration increase the time spent exploring the target
quadrant. One-way ANOVA: F (2, 27) = 20.45, p < 0.0001. (D) The spontaneous alteration rate and total number of entries were analyzed in the Y-maze task. One-

way ANOVA: F (2, 27) = 24.46, p < 0.0001. One-way ANOVA: F (2, 27) = 0.2525, p = 0.7787. (E) Novel object discrimination were significantly improved after FA
administration in postpartum female mice while had little effect on the preference for objects during familiarization. One-way ANOVA: F (2, 27) = 0.2078, p = 0.8137. One-
way ANOVA: F (2, 27) = 11.84, p = 0.0002. (F) FA administration decreased the immobility time in the FST in postpartum female mice. One-way ANOVA: F (2, 27) =
8.665, p = 0.0012. The EPM results of time spent in open arms (G), the frequency of entries into open arms (H), and total arm entries (1) revealed treatment effects on
anxiety. One-way ANOVA: F (2, 27) = 12.36, p = 0.0002. One-way ANOVA: F (2, 27) = 15.25, p < 0.0001. One-way ANOVA: F (2, 27) = 0.1126, p = 0.8939. (J) FA
administration increased OFT center area exploring in postpartum female mice. One-way ANOVA: F (2, 27) = 6.74, p = 0.0042. Data were presented as scatter points

mice (Figure 5A). Subsequently, WB assays were conducted to
confirm this result. The expression of BDNF in hippocampal
tissue was significantly increased in the FA-H group compared
to that in the control group (Figure 5B). Further verification
was provided by Western blotting analysis of neurogenesis-
related pathway proteins. Compared with the control group, in

the hippocampus of FA-H group mice, the protein expression
of TrkB, p-PIK3, p-AKT, and p-mTOR increased. However,
this increase was not associated with an increase in total PIK3,
AKT, and mTOR expression (Figure 5B). Hippocampal
neurogenesis was evaluated using neuroepithelial stem cells
(marked by Nestin) and mitotic process neural stem cells
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(BrdU) in the dentate gyrus (DG). Higher dose FA
pretreatment markedly increased the number of Nestin- and
BrdU-positive cells in the DG of postpartum female mice when
compared with control mice (Figures 5C,D). No significant
alterations in neurogenesis were observed in mice treated with
lower doses of FA.

Gestational Folic Acid Administration
Rescued the Synaptic Mechanisms in the

Hippocampus of Postpartum Female Mice
To further assess the brain mechanism implied in the therapeutic
effect of FA on postpartum female mice, we examined the effects
of FA on the expression of synaptic plasticity-related proteins in
the hippocampus. The relative expression of synaptophysin,
Synapsin-1, and PSD95 proteins was higher in the FA-H
group than in the FA-L or Con mice without FA (Figure 6A).
No differences were found between the FA-L and control groups
without FA. We then examined basal synaptic transmission at the
CA3-CALl synapses through fEPSP recordings. In line with the
previous results, the FA-H group mice showed clear synaptic
enhancement. While both groups exhibited effective
enhancement of synaptic transmission, LTP in FA-H slices
increased to a greater extent after stimulation, compared to
the control group, while no significant difference in LTP was
detected between the control + FA-L and Con group mice
(Figures 6B-D). These results suggest that FA administration
enhances synaptic transmission in postpartum female mice.

DISCUSSION

The occurrence of psychiatric disorders after childbirth is well
known in postpartum women. However, the treatment options
for these symptoms during this special period remain limited,
considering the far-reaching toxicity consequences for offspring
via in utero or breast milk residue. A dietary FA supplements have
been well recognized to be helpful, incurring beneficial effects on
the nutritional requirements of lactating mothers. In the present
study, we further confirmed that gestational FA administration
also significantly contributed to the alleviation of emotional and
cognitive dysfunction in postpartum female mice.

FA is involved in a variety of metabolic processes and
represents an essential micronutrient for fetal development.
Currently, there is a consensus that folate supplements during
pregnancy help prevent developmental defects caused by FA
deficiency in offspring. The birth of a child garners the
attention of the entire family, including the parents, while the
developmental defects of the offspring are easy to observe and
qualitatively assess. However, the postpartum status of mothers
garners much less attention and is easily ignored. Although
previous studies have found that there may not be a direct
correlation between low folate levels and postpartum
depression (Lewis et al, 2012), epidemiological evidence has
shown that supplementation of folic acid during pregnancy
was inversely associated with the manifestation of pregnancy-
associated depression (Xu et al., 2014; Yan et al., 2017). Moreover,
associations of functional gestational FA supplements with post-
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FIGURE 5 | Gestational FA administration promotion of neurogenesis and related molecular expression in postpartum female mice. (A) Representative
immunohistochemical images for BDNF (Green) in the hippocampus. Histogram showing average fluorescence intensity in O.D. value. One-way ANOVA: F (2, 15) =
47.97, p < 0.0001. Scale bar = 100 pm. (B) Representative immunoblots and quantifications showing BDNF, TrkB, p-PIK3/PIK3, p-AKT/AKT, and p-mTOR/mTOR
expression in the hippocampus. BDNF One-way ANOVA: F (2, 15) = 36.87, p < 0.0001. TrkB One-way ANOVA: F (2, 15) = 61.06, p < 0.0001. p-PIK3/PIK3 One-
way ANOVA: F (2, 15) = 103.2, p < 0.0001. p-AKT/AKT One-way ANOVA: F (2, 15) = 21.66, p < 0.0001. p-mTOR/mTOR One-way ANOVA: F (2, 15) =70.2, p < 0.0001.
The Con group was normalized as a dotted line, and the statistical results were compared with the Con group. (C) The immunohistochemistry staining and quantification
of Nestin + cells in hippocampus of each group. Nestin (red) and DAPI (blue). One-way ANOVA: F (2, 15) = 28.99, p < 0.0001. Scale bar = 100 um. (D) The
immunohistochemistry staining and quantification of BrdU + cells in hippocampus of each group. BrdU (green) and NeuN (red). One-way ANOVA: F (2, 15) = 76.08, p <
0.0001. Scale bar = 100 pm. Data were presented as mean + SEM. Scale bar = 100 pm n = 6 for each group. **p < 0.01; **p < 0.001.

partum cognition improvement have also been clinically
validated (Prado et al, 2018). These results suggest that FA
administration may be a suitable treatment strategy in such
postpartum patients, and we tested this hypothesis for the first
time in a mouse experimental model. To the best of our
knowledge, this is the first experimental study to focus on the
effects FA supplements on postpartum behavioral outcomes.

As a global mental health problem, depression has a higher
incidence rate in women than in men. Moreover, women in the
perinatal period (prepartum and postpartum) are at a higher risk
of depression. Traditional antidepressants, such as serotonin
reuptake inhibitors, have been found to cause negative effects
on offspring when administered during pregnancy, which limits
their usage and presents clinical challenges. This depressive
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phenotype has been well-documented in the HSP hormone
withdrawal postpartum model and in postpartum animals (Li
et al., 2018; Shoji and Miyakawa, 2019). Our results provide solid
evidence to validate the hypothesis pointing to therapeutic effects
of FA on postpartum depression (Behzadi et al., 2008). To better
mimic this condition in natural situations, this FA supplementary
paradigm model was applied to natural pregnancy animals during
the gestational period. The effective dose in the HSP model also
demonstrated an encouraging rescue effect. Although there are
currently no reports in the literature regarding the effect of FA on
PAD, it is striking that up to 68.9% PDD also reported anxiety
symptoms (Naki¢ Rado$ et al., 2018). Previous studies have

reported that HSP mice exhibit anxiety-related behaviors
(Zhang et al., 2016; Yang et al,, 2017). In the present study,
we showed that FA treatment greatly increased open arm
exploration in the EPM and center area time in the OFT in
HSP and natural postpartum mice, which indicated that FA
administration also exerts anxiolytic effects. Despite the
emotional symptoms, cognitive deficits have also been
observed in the postpartum period (Henry and Rendell, 2007;
Pio de Almeida et al., 2012) thereby demonstrating a need for new
therapeutic drugs with fewer side effects. Our findings indicate
that treatment with FA during pregnancy improves the
hippocampus-dependent cognition score, which is consistent
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with previous results showing that FA could improve visuospatial
ability (Prado et al., 2018). A range of emotional and cognitive
symptoms were effectively resolved with regard to the treatment
outcomes, considering that the hippocampus is primarily
responsible for exerting emotional and cognitive functions,
which prompted us to look for hippocampus-related
mechanisms that could explain the efficacy of FA.

Elevated nutrition metabolism plays a crucial role in satisfying
fetal metabolic demands during pregnancy, contributing to lower
maternal levels of BDNF both before and after childbirth
(Lommatzsch et al., 2006). BDNF is closely linked to cognition
and mood, and plays an important role in neurogenesis and
synaptic plasticity. To reveal the possible molecular mechanisms
by which FA exerts emotional and cognitive rescue effects, we
focused on the changes in BDNF-related pathway expression. In
accordance with the previous finding that FA could increase
hippocampal BDNF levels in stressed rats (Gao et al., 2017) and
neonatal hypoxia-ischemia offspring (Deniz et al.,, 2018), our
results showed that gestational FA caused significant changes in
the expression of BDNF-related signaling in the hippocampus of
postpartum female mice, thus shedding light on a potential
working mechanism. Low BDNF levels correlate with low
serotonin  (5-HT) levels during peripartum periods
(Lommatzsch et al., 2006), and BDNF could interact with the
brain 5-HT-system, thus affecting 5-HT expression (Popova
et al, 2017). However, the 5-HT related pathway was not
assessed in this study, although this association may shed light
on a deeper functional interpretation, considering that 5-HT is a
key central player in the maintenance of normal brain function.
Further research is warranted in order to fully understand the
biological mechanisms underlying these associations.

BDNF has multiple important roles in brain development,
including supporting the survival and differentiation of selected
neuronal populations and modulating synaptic transmission and
plasticity. Since neurogenesis plays a central role in cognition and
emotion, we monitored neurogenesis after FA administration in
postpartum mice. Hippocampal neurogenesis perturbations in
rodents during pregnancy are well-known (Kim et al., 2010), such
as in the form of PDD, PAD, and PCD, which are linked to
emotional and cognitive performance. Here, we examined the
immunohistochemical staining results of two stage-specific
markers: nestin and BrdU. FA administration enhanced
neurogenesis in the hippocampus, as indicated by an increase
in Nestin- and BrdU-positive cells. The increased number of
generated neurons integrate into the neural ensemble to alter
behavioral phenotypes. Neuroelectrophysiological results of LTP
and the expression of protein markers related to synaptic
transmission consistently proved that FA has a positive impact
on synaptic connectivity and subsequent cognition or emotional
behavior. These hippocampal mechanisms may act symbiotically
to exert their functional effects.

The regular FA dose contained in mice food chow is
approximately 1-2 mg/day. Accordingly, we chose two doses
of FA in this study. Based on the observed efficacy, the

FA Alleviated Postpartum Psychiatric Symptoms

5mg/kg dose exerted a much better and more stable effect on
the symptoms we observed. The potential gestional toxicity of
these two FA doses was preliminary evaluated in this study. Data
shown that these two doses had little effect on offspring birth and
their body weight development. A dose of 5 mg/kg of FA appears
to be safe in mice, both in mothers and offspring. However,
additional pharmacological and toxicological studies are needed
to prove safety. Though there remain limited potential health
hazards data available on humans, these results offers evidence on
clinical trial safety data and provide direct evidence of the
preclinical potential of FA in postpartum women.

In summary, we systematically observed the effect of FA on
common emotional and cognitive complications of pregnancy
in experimental HSP and natural pregnant mice. The data
obtained shed light on possibilities for clinical investigations of
the effects of FA on brain functional parameters in postpartum
women. These behavioral improvements were associated with
increased BDNF-related pathway expression, neurogenesis,
and synaptic transmission in the hippocampus. The
validation of FA may help to unveil the biological basis of
mental-related behaviors in pregnant women. Although data
from further clinical trials are needed for more definitive
conclusions regarding the best dietary intervention doses to
improve outcomes, these results remain encouraging for
pregnant women since FA may not only prevent neural
tube defects, but also gestational mineral syndromes.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee of Guangdong Women and Children Hospital.

AUTHOR CONTRIBUTIONS

All author take part in designed the research, performed
experiments, analyzed the data, and wrote the paper. QZ
performed the illustrations of the data. All authors have read
and approved the final manuscript.

FUNDING

This work was supported by the Ministry of Science and
Technology of the Republic of China (Project number:
2018YFC1002604) and Guangdong Provincce Weiji Medical
Develop’s Fund (Project number: K-202104-2).

Frontiers in Pharmacology | www.frontiersin.org

18

June 2021 | Volume 12 | Article 701009


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

Zhang et al.

REFERENCES

Baka, J., Csakvari, E., Huzian, O., Dobos, N, Siklos, L., Leranth, C., et al. (2017). Stress
Induces Equivalent Remodeling of Hippocampal Spine Synapses in a Simulated
Postpartum Environment and in a Female Rat Model of Major Depression.
Neuroscience 343, 384-397. doi:10.1016/j.neuroscience.2016.12.021

Becker, M., Weinberger, T., Chandy, A., and Schmukler, S. (2016). Depression
During Pregnancy and Postpartum. Curr. Psychiatry Rep. 18, 32. doi:10.1007/
s11920-016-0664-7

Behzadi, A. H., Behbahani, A. S., and Ostovar, N. (2008). Therapeutic effects of
folic acid on ante partum and postpartum depression. Med. hypotheses 71,
313-314. doi:10.1016/j.mehy.2008.03.029

Bieschke, J., Herbst, M., Wiglenda, T., Friedrich, R. P., Boeddrich, A., Schiele, F.,
et al. (2011). Small-molecule Conversion of Toxic Oligomers to Nontoxic
B-sheet-rich Amyloid Fibrils. Nat. Chem. Biol. 8, 93-101. doi:10.1038/
nchembio.719

Brown, E., and Schaffir, J. (2019). "Pregnancy Brain": A Review of Cognitive
Changes in Pregnancy and Postpartum. Obstetrical Gynecol. Surv. 74, 178-185.
d0i:10.1097/0gx.0000000000000655

Brummelte, S., and Galea, L. A. M. (2016). Postpartum Depression: Etiology,
Treatment and Consequences for Maternal Care. Horm. Behav. 77, 153-166.
doi:10.1016/j.yhbeh.2015.08.008

Budni, J., Zomkowski, A. D., Engel, D., Santos, D. B., dos Santos, A. A., Moretti, M.,
et al. (2013). Folic Acid Prevents Depressive-like Behavior and Hippocampal
Antioxidant Imbalance Induced by Restraint Stress in Mice. Exp. Neurol. 240,
112-121. doi:10.1016/j.expneurol.2012.10.024

Chitayat, D., Matsui, D., Amitai, Y., Kennedy, D., Vohra, S., Rieder, M., et al.
(2016). Folic Acid Supplementation for Pregnant Women and Those Planning
Pregnancy: 2015 Update. J. Clin. Pharmacol. 56, 170-175. d0i:10.1002/jcph.616

Deniz, B. F., Confortim, H. D., Deckmann, I., Miguel, P. M., Bronauth, L., de
Oliveira, B. C,, et al. (2018). Folic Acid Supplementation during Pregnancy
Prevents Cognitive Impairments and BDNF Imbalance in the hippocampus of
the Offspring after Neonatal Hypoxia-Ischemia. J. Nutr. Biochem. 60, 35-46.
doi:10.1016/j.jnutbio.2018.06.008

Fairbrother, N., Janssen, P., Antony, M. M., Tucker, E., and Young, A. H. (2016).
Perinatal Anxiety Disorder Prevalence and Incidence. J. affective Disord. 200,
148-155. doi:10.1016/j.jad.2015.12.082

Fava, M., and Mischoulon, D. (2009). Folate in Depression. J. Clin. Psychiatry 70,
12-17. doi:10.4088/jcp.8157sulc.03

Gao, L., Liu, X, Yu, L., Wu, J,, Xu, M., and Liu, Y. (2017). Folic Acid Exerts
Antidepressant Effects by Upregulating Brain-Derived Neurotrophic Factor
and Glutamate Receptor 1 Expression in Brain. Neuroreport 28, 1078-1084.
doi:10.1097/wnr.0000000000000887

Guo, J., Zhao, D., Lei, X., Zhao, H., Yang, Y., Zhang, P., et al. (2016). Protective
Effects of Hydrogen against Low-Dose Long-Term Radiation-Induced Damage
to the Behavioral Performances, Hematopoietic System, Genital System, and
Splenic Lymphocytes in Mice. Oxidative Med. Cell Longevity 2016, 1-15. doi:10.
1155/2016/1947819

Henry, J. D., and Rendell, P. G. (2007). A Review of the Impact of Pregnancy on
Memory Function. J. Clin. Exp. Neuropsychol. 29, 793-803. doi:10.1080/
13803390701612209

Henry, J. F., and Sherwin, B. B. (2012). Hormones and Cognitive Functioning
during Late Pregnancy and Postpartum: a Longitudinal Study. Behav. Neurosci.
126, 73-85. d0i:10.1037/a0025540

Kim, S. K., Hwang, I. K,, Yoo, K.-Y., Yoo, D. Y., Bae, E,, Lee, C. H,, et al. (2010).
Pregnancy Inhibits Cell Proliferation and Neuroblast Differentiation without
Neuronal Damage in the Hippocampal Dentate Gyrus in C57BL/6N Mice.
Brain Res. 1315, 25-32. doi:10.1016/j.brainres.2009.12.029

Korotkova, T., Ponomarenko, A., Monaghan, C. K., Poulter, S. L., Cacucci, F.,
Wills, T., et al. (2018). Reconciling the Different Faces of Hippocampal
Theta: The Role of Theta Oscillations in Cognitive, Emotional and Innate
Behaviors. Neurosci. Biobehavioral Rev. 85, 65-80. doi:10.1016/j.neubiorev.
2017.09.004

Lewis, S. J., Araya, R,, Leary, S., Smith, G. D., and Ness, A. (2012). Folic Acid
Supplementation during Pregnancy May Protect against Depression 21 Months
after Pregnancy, an Effect Modified by MTHEFR C677T Genotype. Eur. J. Clin.
Nutr. 66, 97-103. doi:10.1038/ejcn.2011.136

FA Alleviated Postpartum Psychiatric Symptoms

Li, X., Liu, A, Yang, L., Zhang, K, Wu, Y., Zhao, M., et al. (2018).
Antidepressant-like Effects of Translocator Protein (18 kDa) Ligand ZBD-
2 in Mouse Models of Postpartum Depression. Mol. Brain 11, 12. doi:10.1186/
$13041-018-0355-x

Lommatzsch, M., Hornych, K., Zingler, C., Schuffwerner, P., Héppner, J., and
Virchow, J. (2006). Maternal Serum Concentrations of BDNF and Depression
in the Perinatal Period. Psychoneuroendocrinology 31, 388-394. doi:10.1016/j.
psyneuen.2005.09.003

Lv, X., Wang, X., Wang, Y., Zhou, D., Li, W., Wilson, J. X., et al. (2019). Folic Acid
Delays Age-Related Cognitive Decline in Senescence-Accelerated Mouse Prone
8: Alleviating Telomere Attrition as a Potential Mechanism. Aging 11,
10356-10373. doi:10.18632/aging.102461

Meena, P., Soni, R., Jain, M., Jilowa, C., and Omprakash (2016). Cognitive
Dysfunction and Associated Behaviour Problems in Postpartum
Women: A Study from North India. East Asian Arch. Psychiatry 26,
104-108.

Mubha, V., Williamson, R,, Hills, R., Mcneilly, A. D., McWilliams, T. G., Alonso, J.,
etal. (2019). Loss of CRMP2 O-GlcNAcylation Leads to Reduced Novel Object
Recognition Performance in Mice. Open Biol. 9, 190192. doi:10.1098/rsob.
190192

Naki¢ Rado$, S., Tadinac, M., and Herman, R. (2018). Anxiety During
Pregnancy and Postpartum: Course, Predictors and Comorbidity with
Postpartum Depression. Acta clinica Croatica 57, 39-51. doi:10.20471/
acc.2017.56.04.05

Noble, R. E. (2005). Depression in Women. Metabolism 54, 49-52. doi:10.1016/j.
metabol.2005.01.014

Pawluski, J. L., and Galea, L. A. M. (2007). Reproductive Experience Alters
Hippocampal Neurogenesis during the Postpartum Period in the Dam.
Neuroscience 149, 53-67. doi:10.1016/j.neuroscience.2007.07.031

Pio de Almeida, L. S., Jansen, K., Kohler, C. A., Pinheiro, R. T., da Silva, R. A., and
Bonini, J. S. (2012). Working and Short-Term Memories Are Impaired in
Postpartum Depression. J. affective Disord. 136, 1238-1242. doi:10.1016/j.jad.
2011.09.031

Popova, N. K., Ilchibaeva, T. V., and Naumenko, V. S. (2017). Neurotrophic
Factors (BDNF and GDNF) and the Serotonergic System of the Brain. Biochem.
Mosc. 82, 308-317. doi:10.1134/s0006297917030099

Prado, E., Ashorn, U., Phuka, J., Maleta, K., Sadalaki, J., Oaks, B., et al. (2018).
Associations of Maternal Nutrition during Pregnancy and post-partum with
Maternal Cognition and Caregiving. Matern. child Nutr. 14, e12546. doi:10.
1111/mcn.12546

Shoji, H., and Miyakawa, T. (2019). Increased Depression-Related Behavior during
the Postpartum Period in Inbred BALB/c and C57BL/6 Strains. Mol. Brain 12,
70. doi:10.1186/s13041-019-0490-z

Shorey, S., Chee, C. Y. I, Ng, E. D., Chan, Y. H., Tam, W. W. S, and Chong, Y. S.
(2018). Prevalence and Incidence of Postpartum Depression Among Healthy
Mothers: A Systematic Review and Meta-Analysis. J. Psychiatr. Res. 104,
235-248. doi:10.1016/j.jpsychires.2018.08.001

Shrestha, U., and Singh, M. (2013). Effect of Folic Acid in Prenatal Alcohol Induced
Behavioral Impairment in Swiss Albino Mice. Ann. neurosciences 20, 134-138.
doi:10.5214/ans.0972.7531.200403

Sun, L., Zhang, H., Wang, W., Chen, Z., Wang, S., Li, J., et al. (2020).
viaAstragaloside IV  Exerts Cognitive Benefits
Hippocampal Neurogenesis in Stroke Mice by Downregulating
Interleukin-17 Expression Wnt Pathway. Front. Pharmacol. 11, 421.
doi:10.3389/fphar.2020.00421

Sutulovié, N., Grubaé, Z., Suvakov, S., Jeroti¢, D., Puskas, N., Macut, D., et al.
(2021). Experimental Chronic Prostatitis/Chronic Pelvic Pain Syndrome
Increases Anxiety-Like Behavior: The Role of Brain Oxidative Stress,
Serum  Corticosterone, and  Hippocampal  Parvalbumin-Positive
Interneurons. Oxidative Med. Cell. longevity 2021, 6687493. doi:10.1155/
2021/6687493

Wisner, K. L, Sit, D. K. Y., McShea, M. C,, Rizzo, D. M., Zoretich, R. A., Hughes, C.
L., et al. (2013). Onset Timing, Thoughts of Self-Harm, and Diagnoses in
Postpartum Women with Screen-Positive Depression Findings. JAMA
psychiatry 70, 490-498. doi:10.1001/jamapsychiatry.2013.87

Workman, J. L., Barha, C. K., and Galea, L. A. M. (2012). Endocrine Substrates of
Cognitive and Affective Changes during Pregnancy and Postpartum. Behav.
Neurosci. 126, 54-72. doi:10.1037/a0025538

and Promotes

Frontiers in Pharmacology | www.frontiersin.org

19

June 2021 | Volume 12 | Article 701009


https://doi.org/10.1016/j.neuroscience.2016.12.021
https://doi.org/10.1007/s11920-016-0664-7
https://doi.org/10.1007/s11920-016-0664-7
https://doi.org/10.1016/j.mehy.2008.03.029
https://doi.org/10.1038/nchembio.719
https://doi.org/10.1038/nchembio.719
https://doi.org/10.1097/ogx.0000000000000655
https://doi.org/10.1016/j.yhbeh.2015.08.008
https://doi.org/10.1016/j.expneurol.2012.10.024
https://doi.org/10.1002/jcph.616
https://doi.org/10.1016/j.jnutbio.2018.06.008
https://doi.org/10.1016/j.jad.2015.12.082
https://doi.org/10.4088/jcp.8157su1c.03
https://doi.org/10.1097/wnr.0000000000000887
https://doi.org/10.1155/2016/1947819
https://doi.org/10.1155/2016/1947819
https://doi.org/10.1080/13803390701612209
https://doi.org/10.1080/13803390701612209
https://doi.org/10.1037/a0025540
https://doi.org/10.1016/j.brainres.2009.12.029
https://doi.org/10.1016/j.neubiorev.2017.09.004
https://doi.org/10.1016/j.neubiorev.2017.09.004
https://doi.org/10.1038/ejcn.2011.136
https://doi.org/10.1186/s13041-018-0355-x
https://doi.org/10.1186/s13041-018-0355-x
https://doi.org/10.1016/j.psyneuen.2005.09.003
https://doi.org/10.1016/j.psyneuen.2005.09.003
https://doi.org/10.18632/aging.102461
https://doi.org/10.1098/rsob.190192
https://doi.org/10.1098/rsob.190192
https://doi.org/10.20471/acc.2017.56.04.05
https://doi.org/10.20471/acc.2017.56.04.05
https://doi.org/10.1016/j.metabol.2005.01.014
https://doi.org/10.1016/j.metabol.2005.01.014
https://doi.org/10.1016/j.neuroscience.2007.07.031
https://doi.org/10.1016/j.jad.2011.09.031
https://doi.org/10.1016/j.jad.2011.09.031
https://doi.org/10.1134/s0006297917030099
https://doi.org/10.1111/mcn.12546
https://doi.org/10.1111/mcn.12546
https://doi.org/10.1186/s13041-019-0490-z
https://doi.org/10.1016/j.jpsychires.2018.08.001
https://doi.org/10.5214/ans.0972.7531.200403
https://doi.org/10.3389/fphar.2020.00421
https://doi.org/10.1155/2021/6687493
https://doi.org/10.1155/2021/6687493
https://doi.org/10.1001/jamapsychiatry.2013.87
https://doi.org/10.1037/a0025538
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhang et al.

Xu, Y., Weng, T., Yan, S, Liu, G., Pan, W,, and Tao, F. (2014). Association
between Folic Acid Supplement in Peri-Conceptional Period and Depression
in Pregnancy: a Cohort Study. Zhonghua Liu Xing Bing Xue Za Zhi. 35,
641-645. doi:10.3760/cma.j.issn.0254-6450.2014.06.006

Yan,J., Liu, Y., Cao, L., Zheng, Y., Li, W., and Huang, G. (2017). Association
between Duration of Folic Acid Supplementation during Pregnancy and
Risk of Postpartum Depression. Nutrients 9, 1206. doi:10.3390/
nu9111206

Yang, R, Zhang, B., Chen, T., Zhang, S., and Chen, L. (2017). Postpartum Estrogen
Withdrawal Impairs GABAergic Inhibition and LTD Induction in Basolateral
Amygdala  Complex via  Down-Regulation of  GPR30.  Eur.
Neuropsychopharmacol. 27, 759-772. doi:10.1016/j.euroneuro.2017.05.010

Zhang, Z., Hong, ]., Zhang, S., Zhang, T., Sha, S., Yang, R, et al. (2016).
Postpartum Estrogen Withdrawal Impairs Hippocampal Neurogenesis and
Causes  Depression- and  Anxiety-like  Behaviors in  Mice.
Psychoneuroendocrinology 66, 138-149. doi:10.1016/j.psyneuen.2016.01.013

FA Alleviated Postpartum Psychiatric Symptoms

Zhu, J., and Tang, J. (2020). LncRNA Gm14205 Induces Astrocytic NLRP3
Inflammasome Activation via Inhibiting Oxytocin Receptor in
Postpartum Depression. Biosci. Rep. 40, BSR20200672. doi:10.1042/
bsr20200672

Conflict of Interest: 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 © 2021 Zhang, Huang, Yao, Liu, Ruan, Nong, Chen, Fan, Wei, Wang,
Sun, Li, Zhang, Zhang and Liu. 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 Pharmacology | www.frontiersin.org

20

June 2021 | Volume 12 | Article 701009


https://doi.org/10.3760/cma.j.issn.0254-6450.2014.06.006
https://doi.org/10.3390/nu9111206
https://doi.org/10.3390/nu9111206
https://doi.org/10.1016/j.euroneuro.2017.05.010
https://doi.org/10.1016/j.psyneuen.2016.01.013
https://doi.org/10.1042/bsr20200672
https://doi.org/10.1042/bsr20200672
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

',\' frontiers

in Aging Neuroscience

ORIGINAL RESEARCH
published: 15 July 2021
doi: 10.3389/fnagi.2021.713819

OPEN ACCESS

Edited by:

Liana Fattore,

National Research Council (CNR),
Italy

Reviewed by:

Leo Veenman,

Consorzio per Valutazioni Biologiche
e Farmacologiche, Italy

Ashu Johri,

Independent Researcher, New York,
United States

*Correspondence:
Haiyang Yu
yuhaiyang_15@163.com
Yanmeng Zhou
ymzhou790412@163.com

Received: 24 May 2021
Accepted: 28 June 2021
Published: 15 July 2021

Citation:

Zhao W, Hou Y, Song X, Wang L,
Zhang F, Zhang H, Yu H and Zhou Y
(2021) Estrogen Deficiency Induces
Mitochondrial Damage Prior to
Emergence of Cognitive Deficits in a
Postmenopausal Mouse Model.
Front. Aging Neurosci. 13:713819.
doi: 10.3389/fnagi.2021.713819

)

Check for
updates

Estrogen Deficiency Induces
Mitochondrial Damage Prior to
Emergence of Cognitive Deficits in a
Postmenopausal Mouse Model

Wei Zhao, Yue Hou', Xinxin Song’, Lei Wang', Fangfang Zhang', Hanting Zhang?,
Haiyang Yu'* and Yanmeng Zhou"*

TInstitute of Pharmacology, Shandong First Medical University and Shandong Academy of Medical Sciences, Taian, China,
2Departments of Neuroscience and Behavioral Medicine and Psychiatry, Rockefeller Neurosciences Institute, West Virginia
University Health Sciences Center, Morgantown, WV, United States

Background: Estrogen deficiency contributes to the development of Alzheimer’s disease
(AD) in menopausal women. In the current study, we examined the impact of estrogen
deficiency on mitochondrial function and cognition using a postmenopausal mouse
model.

Methods: Bilateral ovariectomy was conducted in adult females C57BL/6J. Cognitive
function was examined using the Morris water maze (MWM) test at 2 weeks,
1, 2, and 3 months after ovariectomy. Neurodegeneration was assessed using
an immunofluorescence assay of microtubule-associated protein 2 (MAP2) in
the hippocampus and immunoblotting against postsynaptic density-95 (PSD95).
Mitochondrial function in the hippocampus was assessed using immunoblotting for
NDUFB8, SDHB, UQCRC2, MTCO1, and ATP5A1. Mitochondrial biogenesis was
examined using immunoblotting for PGC-1a, NRF1, and mtTFA. Mitochondrion fission
was assessed with immunoblotting for Drp1, whereas mitochondrion fusion was
analyzed with immunoblotting for OPA1 and Mfn2. Mitophagy was examined with
immunoblotting for PINK1 and LC3B. Mice receiving sham surgery were used as
controls.

Results: Ovariectomy resulted in significant learning and memory deficits in the MWM
test at 3 months, but not at any earlier time points. At 2 weeks after ovariectomy,
levels of Drp1 phosphorylated at Ser637 decreased in the hippocampus. At 1 month
after ovariectomy, hippocampal levels of NDUFBS8, SDHB, PGC-1a, mtTFA, OPA1, and
Mf2 were significantly reduced. At 2 months after ovariectomy, hippocampal levels of
MAP2, PSD95, MTCO1, NRF1, and Pink1 were also reduced. At 3 months, levels of
LC3B-Il were reduced.

Conclusions: The cognitive decline associated with estrogen deficiency is preceded by
mitochondrial dysfunction, abnormal mitochondrial biogenesis, irregular mitochondrial
dynamics, and decreased mitophagy. Thus, mitochondrial damage may contribute to
cognitive impairment associated with estrogen deficiency.

Keywords: estrogen, ovariectomy, cognitive function, mitochondrial biogenesis, mitochondrial dynamics,
mitophagy, hippocampus
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease affecting
over 6 million individuals globally, which is projected to
increase to 14 million by 2060 (Matthews et al, 2019).
AD is characterized by progressive memory loss, cognitive
impairment, and abnormal behavior (Selkoe, 2001). Commonly
recognized histopathological features of AD include intracellular
neurofibrillary tangles (NFTs), extracellular amyloid-p (AB)
deposition, neuron loss, synaptic damage, as well as changes in
mitochondrial structure and function (Bloom, 2014; Fu et al.,
2017; Wang et al., 2017; Reddy et al., 2018).

Many studies have indicated that abnormal mitochondrial
bioenergetics is an important pathological feature of several
neurodegenerative diseases (Swerdlow, 2018; Fisar et al., 2019).
In order to maintain their function, neurons require substantial
energy. As the main energy producer, mitochondria are crucial
to the survival and proper function of neurons. Mitochondria
produce ATP to maintain a variety of basic synaptic functions
including ion gradients across the cell membrane, the release
and circulation of synaptic vesicles, and the plasticity of synapses
(Attwell and Laughlin, 2001; Li et al., 2004; Lee and Peng, 2008;
Sun et al., 2013; Rangaraju et al., 2014). Mitochondria are highly
dynamic organelles that constantly fluctuate with the changing
metabolic and physiological needs of cells. The morphology
and number of mitochondria are controlled through fusion and
fission (Karbowski and Youle, 2003; Santel and Frank, 2008).

Since mitochondria play a crucial role in neuronal health, it
is tempting to hypothesize that mitochondrial abnormality may
contribute to early pathological changes in AD and ultimately
to the characteristic cognitive impairments. Indeed, in the
3xTg mouse model of AD, mitochondrial bioenergy deficiency
appears earlier than the pathological features of AD such
as abnormal cognitive behavior, NFTs, and Af (Yao et al,
2009). Similarly, a mitochondrial abnormality is one of the
earliest and most prominent features in the hippocampus of
AD patients, occurring even before the appearance of A and
NFTs (Manczak et al., 2004). Whether estrogen deficiency leads
to mitochondrial defects that precede and, therefore, help cause
later AD pathological changes in postmenopausal women is
unclear.

Epidemiological studies have shown that two-thirds of AD
patients are women, which has been attributed to their longer
average lifespan (Farrer et al., 1997). Increasing evidence shows
that estrogen deficiency after menopause is associated with an
increased risk of AD (Paganini-Hill and Henderson, 1994; Yue
et al,, 2005; Yao et al, 2012; Villa et al., 2016). Ovariectomy
of premenopausal women increases the risk of AD by 40%
(Rocca et al., 2010). The average woman experiences menopause
around age 50 (Zhu et al, 2019), and the average age of AD
onset in females is around 80 years (Beam et al., 2018). Several
studies have demonstrated that estrogen replacement therapy
can reduce or delay the onset of AD (Tang et al., 1996; Yaffe
etal., 1998; van Duijn, 1999). A recent multimodal brain imaging
study showed that a decrease in circulating estrogen is the
main risk factor for female-specific brain abnormalities in AD
(Rahman et al., 2020).

How estrogen deficiency leads to AD remains unclear,
and it may involve perturbation of mitochondrial activity.
Many estrogen-regulated signaling pathways are concentrated in
mitochondria (Nilsen and Diaz Brinton, 2003; Brinton, 2008).
Ovarian-produced 17f-estradiol (E2) is the most commonly
circulating estrogen in women and can increase the activity and
expression of several mitochondrial proteins involved in cellular
respiration by acting on estrogen receptors in the mitochondria,
namely complex If subunit 8, complex IV, and complex V
(Nilsen et al., 2007; Irwin et al., 2012). E2 stimulates the skeletal
muscle to promote mitochondrial biogenesis, proliferation, and
oxidative capacity (Capllonch-Amer et al., 2014). In the 3xTg
AD mouse model, E2 can promote mitochondrial biogenesis,
prevent free radical damage, and upregulate AP-degrading
enzymes to reduce AP deposition (Brinton, 2009; Simpkins
et al, 2010; Zhao et al, 2011). The function of estrogen is
usually regulated by nuclear receptors, estrogen receptor alpha
(ERa), and estrogen receptor beta (ERP; Katzenellenbogen, 1996;
Veenman, 2020), as well as membrane receptors, G protein-
binding estrogen receptor-1 (GPER-1; Liu et al, 2009). ERa
and ERP are widely distributed in the central nervous system
(Pérez et al, 2003). Many studies have found the presence
of mitochondrial estrogen receptors (Yager and Chen, 2007;
Mitterling et al., 2010; Irwin et al., 2012). ERa and ERB were
shown to directly bind mitochondrial DNA in vitro through
mitochondrial estrogen response elements, and the binding
response was increased with exposure to E2 (Chen et al,
2004). Estrogen through ERB-mediated regulation of mtDNA
transcription to regulate mitochondrial function (Yang et al,,
2004; Irwin et al., 2012).

Using a postmenopausal mouse model, we explored here
whether and how estrogen deficiency affects mitochondria,
and whether this, in turn, relates to neuronal damage and
cognitive impairment. Understanding the estrogen-dependent
role of dynamic changes of hippocampal mitochondria in
postmenopausal AD pathology will develop targeted drugs to
better prevent or delay the occurrence of AD.

MATERIALS AND METHODS

Animals

Seventy-two adult female C57BL/6] mice at 3 months of age,
weighing 20-25 g (Shandong Skobas Biotechnology, Jinan,
China) were used in the experiments. Animals were housed
in plastic cages with controlled temperature (24 £ 2°C) and
humidity (40-50%), and kept on a 12-h light/dark cycle. Mice
had free access to food and water. Experimental protocols were
approved by the Committee of Animal Experimental Ethics of
Shandong First Medical University and conducted in accordance
with the US National Institutes of Health “Guide for the Care and
Use of Laboratory Animals.”

Experimental Design

Mice were randomly divided into two groups (n = 36 per group):
sham operation (Sham) and ovariectomy operation (OVX).
After a 7-day adaptation period, sham operation or bilateral
ovariectomy was performed under anesthesia with 0.3% sodium
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pentobarbital (0.1 ml/10 g) administered by intraperitoneal (IP)
injection. A longitudinal incision was made inferior to the rib
cage on the dorsolateral body wall. Mice subjected to the sham
surgical procedures had a piece of fat excised from the body
wall. In the OVX group, the bilateral ovaries were exteriorized,
ligated, and excised. Eight mice from each group were sacrificed
at 2 weeks, 1, 2, and 3 months after surgery.

Behavioral testing was performed 6 days before mice were
sacrificed. After sacrifice, blood samples were collected from
the orbital sinus, and serum estradiol was measured by enzyme-
linked immunosorbent assay (ELISA). Neurons were identified
based on immunofluorescence of microtubule-associated protein
2 (MAP2) on sections of the hippocampus. Total protein was
extracted from hippocampal tissue upon sacrifice and analyzed
by immunoblotting to assess synapses based on synaptic protein
postsynaptic density-95 (PSD95); mitochondrial function, based
on NADH: ubiquinone oxidoreductase subunit B8 (NDUFBS),
Succinate dehydrogenase B (SDHB), Ubiquinol-cytochrome
¢ reductase core protein 2 (UQCRC2), Mitochondrion
cytochrome c oxidase subunit 1 (MTCO1), and ATP synthetase
F1 complex o subunit (ATP5A1); mitochondrial biogenesis,
based on peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha (PGC-la), nuclear respiratory factor 1
(NRF1), and mitochondrial transcription factor A (mtTFA);
mitochondrial dynamics, based on dynamin-related protein
1 (Drpl), optic atrophy 1 (OPAl), and mitofusin 2 (Mfn2);
and mitophagy, based on Phosphatase and Tensin Homolog
-induced putative kinase 1 (PINK1) and microtubule-associated
protein B (LC3B).

Morris Water Maze (MWM) Test

The cognitive function of mice was evaluated by the Morris water
maze (MWM) test as previously described (Bromley-Brits et al.,
2011). Briefly, mice were trained by successively placing them
in the water at a location equidistant from the target platform
in each quadrant for 5 days. During each trial, the mouse was
allowed 60 s to locate the target platform by itself. If it failed
to find the platform within 60 s, the experimenter placed the
mouse on the platform for 10 s and the time required to reach
the platform (escape latency) was recorded as 60 s. On day 6,
the target platform was removed and the time spent by the
mouse in the target quadrant where the platform had been and
the number of times the mice crossed into the target quadrant
was recorded for 60 s. In order to exclude variations caused by
the circadian rhythm, animals were trained and tested each day
between 10:00 AM and 5:00 PM. The tracking information was
processed by the Topscan Package (Clever Sys Inc.).

Serum Estradiol ELISA

Blood samples were collected from the orbital sinus and serum
was separated by centrifugation at 1,500 g for 15 min at 4°C.
Serum estradiol was quantified using a mouse E2 ELISA kit
(ml063198, Shanghai Enzyme-linked Biotechnology, Shanghai,
China) according to the manufacturer’s instructions. Absorbance
at 450 nm was recorded with a multifunctional microplate reader
(TECAN, Switzerland).

Immunofluorescence Analysis

Whole brains were collected, post-fixed in buffered 4%
paraformaldehyde overnight at 4°C, dehydrated in a graded
ethanol series, and embedded in paraffin. The tissue was
sectioned to a thickness of 4 wm and then mounted on
glass slides. The sections were dried in an oven at 60°C and
stored at room temperature. The sections were deparaffinized,
rehydrated, and subjected to antigen retrieval, then rinsed in
distilled water. The sections were blocked in 3% bovine serum
albumin (BSA; G5001, Servicebio, Wuhan, China) for 30 min,
and then incubated with anti-MAP2 antibody (GB11128-2,
1:200, Servicebio) overnight at 4°C. The next morning, the
sections were washed in distilled water and incubated with
horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody (GB23303, 1:200, Servicebio) for 1 h in darkness
at room temperature, then incubated with 4',6-diamidino-2-
phenylindole (DAPI, G1012, Servicebio) for 10 min. The sections
were washed in phosphate-buffered saline (PBS), incubated
with spontaneous fluorescence quenching reagent (GB1221,
Servicebio) for 5 min, washed again in PBS, and mounted on
microscope slides with an anti-fade mounting medium. Sections
were observed under a fluorescence microscope (Axioscope 5,
Carl Zeiss, Jena, Germany), and images were captured with a
slice scanner (Pannoramic MIDI, Danjier, Jjinan, China) and
processed with Image-Pro Plus software version 6.0 (Media
Cybernetics Corp., Bethesda, MD).

Immunoblotting Analysis

Proteins were isolated from brain tissue and analyzed via
Western blotting by standard methods (Zhou et al., 2021).
Briefly, the hippocampus was homogenized in the presence of
protease and phosphatase inhibitors (P1206, Solarbio, Shanghai,
China), then centrifuged at 14,500 g for 10 min at 4°C. The
supernatants were collected and the total protein concentration
was measured by BCA assay (PC0020, Solarbio). Samples were
run on a 10 or 12% SDS-PAGE gel and transferred to a
polyvinylidene fluoride (PVDF) membrane (IPVH00010, Merck
Millipore, Darmstadt, Germany). Membranes were blocked in
5% milk for 2 h at room temperature and stained sequentially
for proteins of interest. For each protein, membranes were
incubated with a primary antibody overnight at 4°C, washed in
tris buffered saline with 0.1% Tween 20, and incubated with the
relevant secondary antibody for 1 h at room temperature before
a final wash.

Primary antibodies were against the following proteins:
PSD95 (ab18258, 1:1,000, Abcam, Cambridge, UK), NDUFB8
(ab192878, 1:4,000, Abcam), SDHB (ab14714, 1:1,000, Abcam),
UQCRC2 (ab203832, 1:1,000, Abcam), MTCO1 (ab203912,
1:2,000, Abcam), ATP5A1 (ab14748, 1:1,000, Abcam), PGC-
la (ab54481, 1:2,000, Abcam), NRF1 (46743, 1:1,000, Cell
Signaling Technology, Danvers, MA, USA), mtTFA (ab252432,
1:2,000, Abcam), Mfn2 (ab56889, 1:1,000, Abcam), OPAl
(ab157457, 1:1,000, Abcam), Drpl (ab184247, 1:1,000, Abcam),
p-Drpl (ser 637; ab193216, 1:1,000, Abcam), LC3B (ab192890,
1:1,000, Abcam), PINK1(ab23707, 1:1,000, Abcam), B-actin (TA-
09, 1:2,000, Zhongshan Golden Bridge, Beijing, China), and
GAPDH (TA-08, 1:2,000, Zhongshan Golden Bridge). The
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horseradish peroxidase-conjugated secondary antibodies were
goat anti-mouse (ZB-2305, 1:3,000, Zhongshan Golden Bridge)
and goat anti-rabbit (ZB-2301, 1:3,000, Zhongshan Golden
Bridge).

Immunoreactivity =~ was  visualized using Enhanced
Chemiluminescence reagents (BL520A, Biosharp, Beijing,
China) according to the manufacturer’s instructions, and images
were acquired with the AI-600 System (GE, USA). Densitometry
was performed using the Image-Pro Plus software version
6.0 and proteins of interest were normalized to GAPDH or
B-actin. Normalized protein levels were expressed relative to
those in the 2 weeks Sham group.

Statistical Analysis

All data were presented as mean =+ standard error of the mean
(SEM) and analyzed using GraphPad Prism version 8 (GraphPad
Software, San Diego, CA, USA). Before the significance test, the
Shapiro-Wilk test is used to verify the normal distribution, and
all data are consistent with the normal distribution. Data were
analyzed with two-way analysis of variance (ANOVA), followed
by Dunnett or Bonferroni post hoc tests for pairwise comparison.
Statistical significance was set at p < 0.05.

RESULTS

Estradiol Levels in Ovariectomized Mice

At 2 weeks after the surgery, serum E2 levels in OVX mice were
not significantly different from those in the Sham mice. However,
OVX mice exhibited significantly lower serum E2 levels than
the Sham mice at 1 (p < 0.05), 2 (p < 0.001), and 3 months
(p < 0.001) after surgery. Serum E2 levels in the OVX mice were
significantly lower at 1, 2, and 3 months than at 2 weeks (all
p < 0.001; Figure 1).

Estrogen Deficiency Contributes to
Cognitive Impairment

At 2 weeks, 1, and 2 months after surgery, the Sham and OVX
mice showed a similar reduction in escape latency during MWM
training (Figures 2A,D,G). In the trial test on day 6 (with the
platform removed), the OVX mice spent a similar amount of

150

' i 3 Sham
@ OVX

100

*%kk

E2 (pg/mL)
g

2 weeks 1 month 2 months 3 months

FIGURE 1 | Serum estradiol (E2) level in mice after sham surgery (Sham) or
ovariectomy (OVX). Bars represent mean values + standard error of the mean
(SEM). *p<0.05, **p<0.001 compared with the Sham mice at the same
timepoint; *"p<0.001 compared with the 2 weeks OVX mice (n = 6).

time in the target quadrant as the Sham mice at 2 weeks, 1, and
2 months after surgery (Figures 2B,C,E,FH,I).

At 3 months after surgery, the OVX and Sham mice showed
a reduced escape latency during the training process up to day 4
(Figure 2J, p < 0.05). On day 5, the OVX mice showed longer
escape latency than the Sham mice (p < 0.01). Similarly, in
the trial test (with the platform removed), the Sham mice spent
significantly more time in the target quadrant than the OVX mice
(Figures 2K,L, p < 0.01).

Effects of Estrogen Deficiency on

Hippocampal Neurons and Synapses

MAP2 is considered an important component of the cytoskeleton
of neurons (Sanchez et al., 2000). In the hippocampal
CA1 region, the expression of MAP2 in the OVX mice was
significantly reduced compared with the Sham mice of the
same age 2 months after surgery (p < 0.01), which persisted
to 3 months (p < 0.001; Figure 3A). Within the OVX mice,
MAP?2 expression decreased significantly and continuously from
2 weeks until 3 months after surgery and was significantly lower
at 2 (p < 0.05) and 3 months (p < 0.01) than at 2 weeks after
surgery.

PSD95 is a scaffold protein related to the assembly and
function of the postsynaptic compact complex (Cao et al., 2005).
Expression of PSD95 was significantly lower in the OVX mice
than in the Sham mice of the same age at 2 (p < 0.01)
and 3 months (P < 0.01) after surgery (Figure 3B). In fact,
PSD95 expression within OVX mice continuously decreased
from 2 weeks to 2 months after surgery, whereas expression in the
Sham mice increased or remained constant over the same period
and was significantly increased at 2 months (p < 0.05) than at
2 weeks after surgery.

Effect of Estrogen Deficiency on

Mitochondrial Function in Hippocampus
Mitochondrial function was assessed by measuring the protein
expression of mitochondrial respiratory chain enzymes complex
I (NDUFBS), complex II (SDHB), complex III (UQCRC2),
complex IV (MTCO1), and complex V (ATP5A1) in the
hippocampus. Compared to the Sham mice, the OVX mice
showed significantly lower levels of NDUFBS (Figure 4A), SDHB
(Figure 4B) and MTCO1 (Figure 4D) at 1 (p < 0.05 for
NDUFB8 and SDHB), 2 (p < 0.05; p < 0.01; p < 0.05), and
3 months (p < 0.001; p < 0.01; p < 0.01). NDUFB8 and
MTCOL levels in the OVX mice continuously decreased from
2 weeks to 3 months and were significantly lower at 3 months
(p < 0.05 p < 0.01) than at 2 weeks after surgery. In
contrast, UQCRC2 and ATP5A1 levels did not differ significantly
between the OVX and Sham mice at any timepoint, nor
did levels vary significantly within either group over time
(Figures 4C-E).

Effect of Estrogen Deficiency on

Mitochondrial Biogenesis in Hippocampus
PGC-1a is considered the master regulator of mitochondrial
biogenesis (Wu et al., 1999). The expression of PGC-la was
significantly lower in the OVX mice than in the Sham mice
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at 1 (p < 0.01), 2 (p < 0.01), and 3 months (p < 0.001)
after surgery (Figure 5A). In fact, levels continuously decreased
in the OVX mice from 2 weeks to 3 months and were
significantly lower at 3 months (p < 0.001) than at 2 weeks
after surgery, whereas levels increased in the Sham mice from
2 weeks to 1 month and were significantly increased at 1
(p < 0.01) and 2 months (p < 0.01) than at 2 weeks after
surgery.

PGC-1a regulates mitochondrial biogenesis by activating
multiple transcription factors, including NRF1 and mtTFA (Wu
et al,, 1999). Compared to the Sham mice, the OVX mice
showed significantly lower levels of NRF1 (Figure 5B) and
mtTFA (Figure 5C) at 1 (p < 0.05 for mtTFA), 2 (p < 0.01;
P < 0.01), and 3 months (p < 0.01; p < 0.001). The decrease
in mtTFA expression in OVX mice mirrored the PGC-1a trend
(Figures 5A-C). NRF1 and mtTFA levels in the OVX mice

continuously decreased from 2 weeks to 3 months and was
significantly lower at 3 months (p < 0.05 for mtTFA) than
at 2 weeks after surgery, whereas the levels in the Sham mice
increased or remained constant over the same period and was
significantly increased at 1 (p < 0.05 for mtTFA), 2 (p < 0.01;
p < 0.05) and 3 months (p < 0.05; p < 0.05) than at 2 weeks after
surgery.

Effect of Estrogen Deficiency on

Mitochondrial Dynamics in Hippocampus

Levels of the mitochondrial fusion proteins OPA1 (Figure 6A)
and Mfn2 (Figure 6B) were significantly lower in the
hippocampus of the OVX mice than in the Sham mice at
1 (al p < 0.05), 2 (p < 0.001 for OPAL; p < 0.05 for
Mfn2), and 3 months after surgery (p < 0.001 for OPAIL;
p < 0.01 for Mfn2). OPA1 and Mfn2 expression decreased
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over time in the OVX mice, with the level at 1 (p < 0.05 for  of Drpl phosphorylation at Ser637 were significantly lower
Mfn2), 2 (p < 0.01 for Mfn2), and 3 months (p < 0.01; in the OVX mice than in the Sham mice at all timepoints

p < 0.01) significantly lower than the level at 2 weeks. Levels  (Figure 6C).
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Effects of Estrogen Deficiency on

Hippocampal Mitophagy

Levels of LC3B-II were initially higher in the OVX mice than
in the Sham mice, then they gradually became lower than in
the Sham mice at later times, with the difference becoming
significant at 3 months after surgery (Figure 7A, p < 0.01).
Pinkl expression (Figure 7B) was significantly lower in the
OVX mice than in the Sham mice at 2 months after surgery
(p < 0.01), which persisted to 3 months (p < 0.01). Within
the OVX mice, LC3B-II protein expression was significantly
increased at 1 month than at 2 weeks after surgery (p < 0.05) and
continuously decreased from 1 month to 3 months. Pink1 levels
in the OVX mice continuously decreased from 1 month to
3 months and were significantly lower at 3 months (p < 0.01)
than at 2 weeks after surgery.

DISCUSSION

Sex differences in neurodegenerative diseases suggest that
sex hormones may play an important role regardless of age
(Zarate et al., 2017; Scheyer et al., 2018). For the purpose of
understanding the dynamic changes in the brain and clarifying
the etiology of estrogen-related AD, we surgically removed
the ovaries of mice to imitate menopause. Behavioral and
histopathological observations at 2 weeks, 1, 2, and 3 months
after ovariectomy allowed us to characterize the progression
of AD in our postmenopausal mouse model. We can better
understand the dynamic changes of hippocampal mitochondria
after estrogen deficiency.

We found that the serum E2 levels of ovariectomized mice did
not change significantly in the first 2 weeks, but they significantly
decreased at all later timepoints (Figure 1). This may be related

to stress compensation of estrogen levels in the short-term
after ovariectomy. Ovariectomy can induce androstenedione and
androstanol to produce estrogen by aromatase in adipose tissue,
but this stress-dependent effect is only temporary, and estrogen
levels later decrease (Aiman et al., 1978; Nelson and Bulun,
2001).

Ovariectomized young rodents with chronic estrogen
deficiency show deficits in spatial learning tasks, including
radial arm mazes and MWMs (Heikkinen et al., 2004; Gibbs
et al.,, 2011). Consistent with previous studies, our OVX mice
showed significantly lower memory and problem-solving ability
in the MWM test than Sham animals at 3 months after surgery
(Figures 2K-M). Postmenopausal women receiving estrogen
replacement therapy may have improved cognitive function
(Duarte et al., 2016; Merlo et al., 2017). Estrogen prevents
aberrant hippocampal neuronal and cognitive deficits (Sales
et al,, 2010; Yazgan and Naziroglu, 2017).

Synapses are formed by connections between two neurons,
allowing one neuron to transmit signals to another. Synaptic
abnormalities may be related to a variety of nervous system
diseases (Fu and Ip, 2017). PSD95 plays an important role in
the formation and maturation of excitatory synapses during
the development of hippocampal neurons (Gerrow et al.,
2006; Bustos et al., 2017). MAP2 is a mature neuron marker,
located in the cytoskeleton of neurons and plays an important
role in the growth of dendrites (Heidemann, 1996). Our
data showed that the hippocampal expression of PSD95 and
MAP2 decreased 2 months after ovariectomy, with these
decreases persisting until at least 3 months. The study found that
the spines and synaptic boutons in the hippocampal CAl area
of ovariectomized rats were reduced, which was reversed after
estrogen treatment (Woolley and McEwen, 1992). Consistent
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with our results, estrogen deficiency can lead to the loss
of synapses.

Mitochondrial dysfunction is involved in the pathological
process of neurodegenerative diseases (Schon and Przedborski,
2011). Estradiol participates in the regulation of the activity
and expression of brain mitochondrial respiratory chain
enzymes (Nilsen et al, 2007; Irwin et al, 2012). Our data
showed that 1 month after ovariectomy, the expression of
hippocampal mitochondrial complex proteins NDUFB8 and
SDHB decreased and 2 months after ovariectomy, the expression
of hippocampal MTCO1 decreased. Decreased expression of
mitochondrial oxidative phosphorylation protein could reduce
the mitochondrial metabolism efficiency and trigger a series of
dynamic changes in mitochondria. In this study, we further
investigated the impact of E2 deficiency on mitochondrial
bioenergetics, dynamics, and mitophagy over time. Our results
suggest that ovarian hormone deficiency induced by ovariectomy
causes a significant decrease in mitochondrial function in
the hippocampus before cognitive impairment. Specifically, the
hippocampus of OVX mice showed decreased mitochondrial
biogenesis, mitophagy, and mitochondrial fusion, as well as
an increase in mitochondrial fission. These data support
the hypothesis that ovarian hormone deficiency compromises
mitochondrial function (Yao et al., 2012).

Mitochondrial biogenesis is the process of the formation of
new mitochondria by the growth and division of pre-existing
mitochondria, which increases the mitochondrial mass in cells

(Li et al., 2017). PGC-1a is a major regulator of mitochondrial
biogenesis. It interacts with several DNA-binding transcription
factors to regulate mitochondrial biogenesis and dynamic
changes, thus maintaining mitochondrial pool (Wu et al,
1999; Dorn et al, 2015). Levels of mRNAs encoding PGC-
la, NRF1, and mtTFA are decreased in the brains of 1-
month-old 3xTg AD mice (Singulani et al., 2020). The Swedish
mutation (APPswe) reduces the expression of PGC-la and
impairs mitochondrial biogenesis in cellular models of AD
(Sheng et al.,, 2012). Our data showed that the hippocampal
expression of PGC-la and mtTFA decreased 1 month after
ovariectomy, and the hippocampal expression of NRF1 decreased
2 months after surgery, with these decreases persisting until
at least 3 months (Figure 5). Since estrogen deficiency leads
to a mitochondrial biogenesis defect, overexpression of PGC-
la to increase mitochondrial biogenesis is a potential strategy
to treat mitochondrial diseases (Srivastava et al., 2009). PGC-
la can interact with other transcription factors, such as
estrogen receptors, peroxisome proliferator-activated receptors
(PPARs), and antioxidant proteins (Ventura-Clapier et al.,
2008). This study found that estrogen deficiency can lead to
mitochondrial biogenesis damage 1 month after ovariectomy.
And considering that mitochondrial biogenesis is an early
symptom of AD, and PGC-1a« interacts with estrogen receptors.
It was attractive to investigate estrogen regulate PGC-1a for
improving brain mitochondria biogenesis in postmenopausal
women with AD.
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Mitochondria are highly dynamic organelles that undergo
continuous fusion and fission in the cytoplasm to maintain
the mitochondrial pool (Zhu et al., 2013). OPA1 on the inner
mitochondrial membrane and Mfn2 on the outer mitochondrial
membrane regulates mitochondrial fusion. At 1 month after

ovariectomy, we found that OPA1 and Mfn2 were significantly
decreased, indicating impaired mitochondrial fusion and,
therefore, an increased mitochondrial pool. Drpl regulates
the fission of mitochondria, and its phosphorylation at
Ser637 inhibits fission (Knott et al., 2008). Our data show that
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at 2 weeks after ovariectomy, levels of phosphorylated Drpl
(Ser637) significantly increased, indicating impaired fission and a
smaller mitochondrial pool. Thus, by 1 month after ovariectomy,
estrogen deficiency leads to an imbalance of fission and fusion,
causing mitochondrial fragmentation, which has been linked to
nervous system disorders (Mishra and Chan, 2014). Studies have
found that estrogen deficiency can damage the mitochondrial
dynamics of the heart and skeletal muscle, which can be
reversed by estrogen replacement therapy (Capllonch-Amer
et al,, 2014; Garvin et al., 2017; Minta et al., 2018). Our study
extends the literature by providing evidence that mitochondrial
dysregulation triggered by estrogen deficiency contributes to
cognitive impairment in AD.

Impaired mitophagy may be an important cause of AD in
menopausal women. Mitophagy refers to the selective removal of
mitochondria through the autophagy mechanism, which is one
way that the cell degrades dysfunctional mitochondria. Previous
studies have found that estrogen promotes mitochondrial
autophagy in a number of diseases, including Osteoarthritis and
myocardial ischemia/reperfusion injury (Feng et al., 2017; Fan
etal, 2018; Sunetal,, 2018; Mei et al., 2020). Defective mitophagy
contributes to the pathology of neural degeneration since it
prevents the destruction of damaged mitochondria (Ni et al,
2015; Franco-Iborra et al., 2018). Damage to mitochondria can
alter the mitochondrial membrane potential, activating Pink1 in
the outer mitochondrial membrane, which initiates autophagy
(Nguyen et al., 2016). In mouse models of AD, the decrease
of Pink can aggravate synapse loss and cognitive dysfunction
(Rodriguez-Navarro et al., 2008), which can be mitigated by
promoting mitophagy (Du et al., 2017; Fang et al., 2019). Our
data show that hippocampal mitophagy in mice was inhibited
from 2 months after ovariectomy through at least 3 months.
Our results imply that estrogen replacement therapy in early
postmenopausal women may be a method to preserve mitophagy
and slow the progression of AD.

Estrogen replacement therapy (ERT) can effectively reduce
the cognitive impairment of some but not all postmenopausal
women (Espeland et al, 2004; Vedder et al, 2014). Many
evidence show that the effectiveness of ERT depends on its
application in a critical period (Zandi et al., 2002; Qin et al.,
2020). However, large clinical trials have indicated that HRT
increases the risk of breast cancer and stroke (Beral, 2003;
Stahlberg et al., 2004; Henderson and Lobo, 2012). Selective
estrogen receptor modulators (SERM) by selectively affecting
certain types of estrogen receptors as partial agonists, also acts
as an antagonist of other types of signaling systems related to
natural estrogen (Jenkins et al., 2021). SERM has the advantage
of reducing the risk of estrogen-dependent tumors (Coman
et al., 2017). Considering that estrogen regulates mitochondrial
bioenergetics by regulating the transcription of mitochondrial
DNA through estrogen receptors located on the mitochondria
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Suppressing unwanted background sound is crucial for aural communication. A
particularly disruptive type of background sound, informational masking (IM), often
interferes in social settings. However, IM mechanisms are incompletely understood.
At present, IM is identified operationally: when a target should be audible, based on
suprathreshold target/masker energy ratios, yet cannot be heard because target-like
background sound interferes. We here confirm that speech identification thresholds differ
dramatically between low- vs. high-IM background sound. However, speech detection
thresholds are comparable across the two conditions. Moreover, functional near infrared
spectroscopy recordings show that task-evoked blood oxygenation changes near the
superior temporal gyrus (STG) covary with behavioral speech detection performance
for high-IM but not low-IM background sound, suggesting that the STG is part of
an IM-dependent network. Moreover, listeners who are more vulnerable to IM show
increased hemodynamic recruitment near STG, an effect that cannot be explained
based on differences in task difficulty across low- vs. high-IM. In contrast, task-evoked
responses near another auditory region of cortex, the caudal inferior frontal sulcus
(cIFS), do not predict behavioral sensitivity, suggesting that the cIFS belongs to an
IM-independent network. Results are consistent with the idea that cortical gating shapes
individual vulnerability to IM.

Keywords: informational masking, masking, auditory perception, functional near infrared spectrocopy, cochlear
implant, hearing

1. INTRODUCTION

Perceptual interference from background sound, also called auditory masking, has long been
known to impair the recognition of aurally presented speech through a combination of at least
two mechanisms. Energetic masking (EM) occurs when target and masker have energy at the same
time and frequency, such that the masker swamps or suppresses the auditory nerve activity evoked
by the target (Young and Barta, 1986; Delgutte, 1990). Informational masking (IM) is presently
defined operationally. IM occurs when a target is expected to be audible based on EM mechanisms,
yet cannot be dissociated from the background sound. Listeners experience IM when the masker is
target-like (e.g., hearing two women talk at the same time vs. hearing out a female in the background
of a male voice; Brungart, 2001b) or when the listener is uncertain about perceptual features of the
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target or masker [e.g., trying to hear out a target with known vs.
unexpected temporal patterning, cf. Lutfi et al. (2013)].

Unlike EM, IM is associated with striking variation in
individual vulnerability (Neff and Dethlefs, 1995; Durlach et al.,
2003). Moreover, an individual’s susceptibility to IM is largely
refractory to training (Neff et al., 1993; Oxenham et al., 2003).
Identifying brain regions where IM-evoked activation patterns
covary with individual differences in behavioral vulnerability to
IM may thus hold a key for defining the neural mechanisms
underlying IM.

Neuroimaging studies have greatly advanced our
understanding of the neural mechanisms of masking.
Converging evidence links both EM and IM to recruitment
of superior temporal gyrus (STG) and frontal cortex (Davis and
Johnsrude, 2003, 2007; Scott et al., 2004, 2006, 2009; Mesgarani
and Chang, 2012; Lee et al., 2013; Michalka et al., 2015). For
instance, the predominantly activated STG hemisphere can shift
depending on the amount of IM in the background sound (Scott
et al,, 2009). Moreover, for speech that was either spectrally
degraded or had impoverished amplitude cues, spanning the
range from unintelligible to fully intelligible, activation near
STG can account for approximately 40 to 50% of the variance
in speech intelligibility (Pollonini et al., 2014; Lawrence et al.,
2018).

In addition, lateral frontal cortex engages more strongly with
increasing listening effort or increasing recruitment of higher-
order semantic processes (Davis and Johnsrude, 2003; Scott
et al, 2004; Wild et al., 2012; Wijayasiri et al., 2017). Parts
of lateral frontal cortex, including the caudal inferior frontal
sulcus (cIFS), are also sensitive to auditory short-term memory
load in situations with IM (Michalka et al., 2015; Noyce et al,,
2017). Using functional near-infrared spectroscopy (fNIRS), we
previously confirmed that the cIFS region engages more strongly
when listeners actively attend to speech in IM vs. listen passively
(Zhang et al., 2018), making the STG and cIFS promising regions
of interest (ROIs) for the current study.

Widening an established IM paradigm (Arbogast et al., 2002),
we here compare hemodynamic responses to low vs. high IM
speech. We test two hypotheses. H1: Individual differences in
vulnerability to IM are mediated through processing limitations
in the vicinity of STG. H2: Individual differences in vulnerability
to IM arise near cIFS. Both hypotheses predict that for a given
task difficulty, hemodynamic response strength in STG (H1) or
cIFS (H2) accounts for behavioral sensitivity in situations where
the background sound is target-like, but should not correlate with
behavioral performance when the background sound is unlike
the target.

To study how cortical responses shape individual differences
in behavioral speech comprehension, our goal is to differentiate
between brain areas with IM independence (task-evoked
responses do not predict vulnerability to IM) vs. areas with IM
dependence (task-evoked responses predict IM vulnerability).
Using psychometric testing and fNIRS, we simultaneously
quantify behavioral sensitivity and hemodynamic responses
in the vicinity of STG and cIFS. In experiment 1, we
contrast hemodynamic responses to speech detection in presence
of combined target-unlike background noise (“low-IM”) vs.

target-like background speech (“high-IM”). In both conditions,
target and background sound are presented to both ears, resulting
in same-ear masking. Low-IM vs. high-IM maskers have similar
long-term spectral densities. Therefore, the amount of energetic
masking is comparable across those conditions. To elucidate the
role of EM, in experiment 2, we then contrast high-IM with same-
ear vs. opposite-ear masking. The same-ear high-IM condition
is similar to that of experiment 1. The two experiments serve
as their own control, confirming test-retest reliability of the
measured cortical traces. However, in the opposite-ear condition,
target and high-IM never excite the same cochlea and therefore
EM cannot occur. Our results support H1 but not H2.

2. RESULTS

2.1. Experiment 1

Using the setup shown in Figure 1A, we recorded hemodynamic
responses near cIFS and STG bilaterally, from normal-hearing
young individuals. Target and masker were presented at equal
broadband intensities to both ears. However, due to the presence
of ITDs, listeners perceived the target as sounding from the
left and the masker as sounding from the right. Listeners were
instructed to detect when the target voice on the left uttered color
keywords while SPEECH vs. NOISE maskers interfered from the
right side (Figure 1B). Behavioral pilot testing confirmed that
these spectrally sparse maskers produced high-IM (SPEECH) vs.
low-IM (NOISE, Supplemental Information 1).

Accounting for approximately half of the variance in the
recorded traces (R> = 0.45), a single Linear Mixed Effects Model
(LMEM; see Supplemental Information 2) was then used to
predict task-evoked hemodynamic responses, by regressing out
reference channels (B¢ and f7), block number (8s), and pure-
tone audiometric detection thresholds (PTA; 811 and B13) from
the full response (Supplemental Information 2). Note that the
reference channels comprise 44.6% of the total activation levels
in the LMEM fits, as calculated via the area under the fitted
curve with vs. without B¢ and B;. Task-evoked responses were
modeled by a canonical hemodynamic response function (HRF)
and that function’s first derivative (HRF’) to improve temporal
accuracy in the fit. Indeed, unlike the full hemodynamic response,
the LMEM-estimated task-evoked hemodynamic response aligns
well with the task-onset (compare onset of darker shaded area
and dashed line throughout Figure 1D).

Our main interest was to determine the weights of the LMEM
factors modeling cortical hemisphere, cortical structure, and
masker configuration. LMEM fits reveal significant task-evoked
responses at all four ROIs (Table1; 81_4 > 0, p < 0.0001;
see Figure 1D for HbO (top row) and HbR traces (bottom
row). Moreover, all ROIs were sensitive to IM. Activation was
stronger in the SPEECH as compared to the NOISE configuration
(Bio > 0). The size of the difference between SPEECH
(black lines in Figure 1D) vs. NOISE (red lines) activation
varied across ROIs, but these interactions with ROI were small
compared to the overall effect size (interaction between masker
configuration and cortical structure: Bj3 < 0; interaction
between masker configuration and hemisphere: f14 < 0; see
Supplemental Information 3).
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FIGURE 1 | High-IM elicits stronger task-evoked responses than low-IM across all tested ROls in experiment 1. (A) Experimental apparatus and setup and optode
placement for a representative listener. Blue circles show placements of detector optodes, red circles of source optodes. Optodes are geometrically arranged into two
types of source-detector channels: (1) deep recording channels and (2) shallow reference channels. Source-detector pairs of deep recording channels are separated
by 3 cm (solid lines in the bottom insert). Source-detector pairs of reference channels are separated by 1.5 cm (dashed lines in the bottom insert). (B) Task design for
SPEECH vs. NOISE. Both target (left-leading interaural time difference [ITD] of -500 us) and masker (right-leading ITD of 500 ws) were presented binaurally. Spectral
densities for target vs. masker show mutually flanking, sharply tuned component bands. (C) Sensitivity maps for optodes placed in the vicinity of STG and cIFS.
Warmer colors denote increased likelihood that photons will be recorded from these areas. (D) HbO (top) and HbR (bottom) traces. Full hemodynamic responses are
denoted by solid lines and error ribbons. Here and elsewhere, ribbons show one standard error of the mean across listeners. Task-evoked hemodynamic responses
predicted from the linear mixed effects model (LMEM) are shown as dashed lines. Shaded areas mark the task duration.

2.2. Experiment 2

The sharply tuned, mutually flanking bands of target and masker
in experiment 1 were presented to both ears, and were designed
to produce high- vs. low IM, with little EM. However, IM can
also occur when target and masker are presented to opposite
ears. It is unclear whether the neural mechanisms underlying
IM are similar when target and masker are presented to the
same vs. opposite ears. Thus, we next wished to examine whether
the pattern of STG and cIFS recruitment would generalize to a
dichotic IM configuration.

Testing a new group of 14 listeners, experiment 2 contrasted
SPEECH with SPEECH-oppo, a stimulus configuration that was
identical to SPEECH, except that target and masker were now
presented to opposite ears (Figure 2). Mirroring results from
experiment 1, a single LMEM fitting all HbO and HbR traces
from experiment 2 accounted for approximately half of the
variance in the recorded data (R? = 0.52), with 60.2% of the
full hemodynamic activation attributed to reference channels.
Moreover, LMEM fits confirmed that task-evoked responses in
all four ROIs occurred in both masker configurations, even when
target and masker were presented to opposite ears (Table 2;
Bi—s > 0, p < 0.0001). All ROIs engaged more strongly in
the SPEECH as compared to the SPEECH-oppo configuration
(B1o > 0), with effect size depending somewhat on ROI (see
Supplemental Information 3).

2.3. Vulnerability to Masking and

Hemodynamic Responses

To test the core hypotheses, we next examined STG and cIFS
for IM-dependence. We reasoned that in an IM-dependent RO],
the hemodynamic activation strength should predict behavioral

sensitivity. Specifically, should hemodynamic activation near an
ROI predict behavioral sensitivity for high-IM but not low-IM
this would support the idea that brain regions in the vicinity of
that ROI are IM-dependent (H1: STG, H2: ciFS).

For each ROI, planned adjusted coefficients of determination,
R?, between behavioral speech detection sensitivity and the
peak of the HbO response were calculated. In experiment
1, individual behavioral thresholds were significantly anti-
correlated with peak HbO only in the SPEECH configuration
in the vicinity of left or right STG, where hemodynamic
responses explained 23% (left STG) and 31% (right STG) of
the behavioral variance (black square symbols in Figure 3A). In
contrast, behavioral NOISE thresholds were uncorrelated with
hemodynamic responses (Figure 3B). Note that these differences
in hemodynamic activation patterns were observed despite the
fact that the behavioral speech detection performance, measured
during the fNIRS recordings, was comparable between NOISE
and SPEECH [paired t-test: #(13) —1.14, p 0.27].
Furthermore, activity levels near cIFS (Figure 1C) were not
correlated with behavioral thresholds in SPEECH or NOISE.

Testing a different group of listeners, experiment 2 confirmed
the finding from experiment 1 that HbO peaks near left or right
STG were significantly anti-correlated with behavioral sensitivity
for the SPEECH configuration. Moreover, activity levels in cIFS
were again uncorrelated with behavioral thresholds. Identical
SPEECH configurations were assessed in experiments 1 and 2.
Therefore, the converging results across two groups of listeners
confirm high test-retest reliability of the current fNIRS approach.
Specifically, in experiment 2, STG HbO peak activation explained
43 and 34% of the behavioral variance in left and right STG,
respectively, (blue square symbols in Figure 3A). In contrast,
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TABLE 1 | Results of LMEM, experiment 1.

Term Estimate S.E. t P
Bo Intercept -0.35 0.092 -3.38 0.0001 **
B HRFupo 0.55 0.004 138.3 <0.0001 ***
B> HRF'mo 0.17 0.004 394 <0.0001 ***
Bs  HRFupr 0.02 0.004 538 <0.0001 ***
Bs  HRFpr 0.11 0.043 26.8 <0.0001 ***
Bs  Block number 0.01 0.000 76.6 <0.0001 ***
Bs  Reference 0.42 0.000 1342.0 <0.0001 ***
channelypo
Br  Reference 0.44 0.001 580.8 <0.0001 ***
channelgpr
Bs  Hemisphere 0.04 0.028 1.5 0.14
By Cortical 0.08 0.026 3.0 0.003  **
structure
Bio Masker 0.14 0.061 2.2 0.025 *
B11 Rear PTA 0.02 0.008 1.8 0.08
B2 Lear PTA -0.01 0.005 -0.9 0.38
B13 Masker : Cortical -0.03 0.003 -12.8 <0.0001 ***
configuration structure
Bia Masker : Hemisphere -0.05 0.003 -21.1 <0.0001 ***
configuration
B1s Cortical : Hemisphere -0.01 0.003 -5.4 <0.0001 ***
structure
Bis HRFupo : Masker -0.19 0.004 -46.5 <0.0001 ***
configuration
B17 HRFmpo : Cortical 0.17 0.004 416 <0.0001 ***
structure
Bis  HRFupo : Hemisphere -0.43 0.004 -10.8 <0.0001 ***
B9 HRF'mo : Masker 0.02 0.004 56 <0.0001 ***
configuration
Boo HRF'mho : Cortical -0.22 0.004 -51.6 <0.0001 ***
structure
Bo1 HRF'mpo 1 Hemisphere -0.04 0.004 -9.5 <0.0001 ***
Boo  HRFpr : Masker -0.12 0.004 -30.2 <0.0001 ***
configuration
Boz  HRFpr : Cortical -0.01 0.004 -1.0 0.3
structure
Boa  HRFupr : Hemisphere 0.05 0.004 119 <0.0001 ***
Bos  HRF'pr : Masker -0.10 0.004 -224 <0.0001 ***
configuration
Pos  HRF'mpr : Cortical 0.16 0.004 36.6 <0.0001 ***
structure
Bor HRF'hpr 1 Hemisphere 0.04 0.004 93 <0.0001 ™

Source: Zhang et al., 2021.

All estimates are referenced to a default condition in left cIFS for SPEECH.

Significance codes: ***p < 0.001, **p < 0.01, *p < 0.05, - p < 0.1, p 0.1. Int, intercept;
S.E., standard error of the mean.

hemodynamic responses for SPEECH-oppo did not predict
behavioral sensitivity (Figure 3C).

A caveat, unlike in experiment 1, in experiment 2, task
difficulty differed across masking conditions. Specifically,
behavioral speech detection thresholds were better for SPEECH-
oppo than SPEECH [paired t-test: t(13y = -3.13, p = 0.008;
compare green symbols in Figure 3C falling to the right of the
red, blue and black symbols in Figures 3A,B]. However, even

for the more poorly performing listeners in experiment 2, no
obvious trend links behavioral sensitivity to peak HbO levels in
left or right STG.

Of note, behavioral responses were not predicted from HbR
activity levels, across any of the tested conditions, in either
of the two experiments. As expected, task-evoked HbO and
HbR responses were robustly anti-correlated (in Figures 1D,
2, compare dark dashed lines in the top row to the lighter
dashed lines of the same color in the bottom row). This
anti-correlation would predict that HbR responses mirror
the correlation patterns between HbO peaks and behavioral
sensitivity. However, in general, HbR response magnitudes were
very small, approximately 20% of HbO magnitudes, hinting that
here, the HbR responses may have been contaminated by the
noise floor of the recording system.

3. DISCUSSION

The goal of the current work was to identify brain regions where
individual differences in IM vulnerability emerge. To that end,
we sought to differentiate between IM-independent parts of the
brain whose activation levels are equivalently driven by low-
or high-IM, vs. IM-dependent regions whose activation levels
correlate with individual IM-vulnerability.

3.1. Hemodynamic Correlates of IM

The current data confirm that cortical regions at or near STG and
cIFS engage during masked speech comprehension tasks (Scott
et al., 2004, 2006, 2009; Kerlin et al., 2010; Ding and Simon,
2012; Mesgarani and Chang, 2012; Michalka et al., 2015; Noyce
et al., 2017; Rowland et al,, 2018; Zhang et al., 2018). For both
high- and low-IM background sound, when a listener engaged
in speech detection, robust task-evoked hemodynamic responses
in STG and cIFS occurred in both brain hemispheres. Task-
evoked bilateral responses in STG and cIFS were even observed
when target and high-IM masker were presented to opposite ears
(SPEECH-oppo in experiment 2).

SPEECH masking recruited a stronger task-evoked response
than NOISE masking in both left and right STG, consistent
with prior work (Scott et al., 2004). Activation levels during
SPEECH masking consistently predicted a moderate 30% of
variability of individual differences in vulnerability in left or
right STG, in both experiments. Moreover, STG recruitment
did not predict vulnerability to masking for the low-IM masker
(NOISE condition in experiment 1). Together, these results show
that recruitment in the vicinity of STG was IM-dependent. In
contrast, while cIFS also showed task-evoked responses that were
stronger in SPEECH than in NOISE, cIFS activation strength
did not significantly correlate with individual vulnerability in
any tested masking configuration, suggesting that the vicinity
of cIFS was IM-independent. The observed association between
hemodynamic response recruitment near STG was somewhat
greater in experiment 2 than in experiment 1, and more variable
in left than right STG, hinting that an uncontrolled source
of variance contributed. It is important to note that here, we
did not systematically control for across-participant variability
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FIGURE 2 | Hemodynamic responses for SPEECH (Black) vs. SPEECH-oppo (green) show robust task-evoked recruitment of all ROls in experiment 2, even when
target and masker are presented to opposite ears. Solid lines and error ribbons denote raw recordings; dashed lines show LMEM fits.

in skull curvature, skin pigmentation or hair coarseness
across participants.

IM is thought to be a central auditory mechanism. However,
IM generally interferes much more strongly when target and
masker are presented to the same ear(s), as compared to being
presented to opposite ears (Brungart and Simpson, 2002, 2007;
Kidd Jr et al., 2003; Gallun et al., 2005; Wightman and Kistler,
2005). It is unclear whether these mechanisms are similar for
same-ear vs. opposite ear IM. Even when background sound
enters a non-target ear, behavioral evidence suggests that IM
interference can be attributed to a combination of a failure to
attend to the target ear as well as increased listening effort (Gallun
et al., 2007), whereas same-ear masking adds the possibility that
energetic masking shapes IM through interactions with attention
and across-time streaming (Thlefeld and Shinn-Cunningham,
2008).

Here, SPEECH-oppo evoked bilateral responses in STG and
cIFS. If identical STG-based networks were activated for same-
ear-IM (SPEECH) and opposite-ear-IM (SPEECH-oppo), STG
activity should have been a negative predictor of behavioral
SPEECH-oppo sensitivity, but this was not observed. Behavioral
sensitivity in this task was derived by calculating the d’ difference
between the rate of correct button-press responses vs. the rate
of false-alarm button-press responses one would have obtained
had the participant pushed the response button equally often but
randomly (see Methods and Materials), resulting in a theoretical
maximum d’ of 3.25. Note that speech identification thresholds
in SPEECH-oppo were at or close to this psychometric ceiling for
a few of the listeners (note clustering of five green points at the
right of Figure 3C), biasing the regression fits toward zero slope.
However, ignoring these high-performing listeners, even for
poorly performing listeners, no trend emerged linking the peak
HbO response and behavioral sensitivity (Figure 3C). Moreover,
the interpretation that contralateral IM recruits different brain

networks than ipsilateral IM is also supported by prior evidence
from research in children, where the ability to suppress a masker
ipsilateral to the target matures more slowly than the ability to
suppress a masker on the contralateral side (Wightman et al.,
2010).

For same-ear IM, listeners reached comparable speech
detection thresholds in low-IM and high-IM, but had marked
individual difference during IM speech identification during
behavioral pilot testing. This observation is consistent with the
idea that more IM-vulnerable listeners exerted more listening
effort (Pichora-Fuller et al., 2016). A cortical marker for listening
effort was previously located in lateral inferior frontal gyrus, a
brain area which shows attention-dependent increase in frontal
brain activation during listening to degraded speech (Wild et al.,
2012; Wijayasiri et al., 2017). The current study did not target
the lateral inferior frontal gyrus, nor did we record alternative
measures of listening effort, such as pupilometry (Zekveld and
Kramer, 2014; Parthasarathy et al., 2020), precluding any direct
test of this possibility.

Together, the results show that even with comparable
behavioral sensitivities and similar long-term acoustic energy,
high-IM in the same ear increased HbO peaks near STG
and cIFS, as compared to low-IM. This effect was observed
separately for same-ear as well as opposite-ear IM. Moreover,
the observed anti-correlation between HbO peak levels and
individual task performance in same-ear high-IM is consistent
with the interpretation that left and right STG are part of a
same-ear-IM-dependent network. In contrast, the vicinity of cIFS
engaged in an IM-independent manner.

3.2. Emergence of IM

Listeners with higher cognitive abilities comprehend masked
speech better (Ronnberg et al., 2008; Mattys et al., 2012), but
prior work shows no evidence that cognitive ability contributes
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TABLE 2 | Results of LMEM, experiment 2.

Term Estimate S.E. t P
Bo Intercept 0.02 0.065 0.3 0.75
B HRFupo 0.29 0.003 89.4 <0.0001 ***
B> HRF'mo 0.07 0.003 19.5 <0.0001 ***
Bz HRFupr -0.04 0.003 -10.9 <0.0001 ***
Bs  HRFpr 0.07 0.004 20.8 <0.0001 ***
Bs  Block number 0.01 0.000 39.1 <0.0001 ***
Bs  Reference 0.67 0.001 1490.4 <0.0001 ***
channelypo
Br  Reference 0.73 0.001 802.0 <0.0001 ***
channelgpr
Bs  Hemisphere -0.02 0.025 -0.7 0.46
By Cortical 0.04 0.034 1.2 0.23
structure
Bio Masker 0.00 0.025 0.04 0.97
B11 Rear PTA -0.01 0.011  -0.97 0.33
B2 Lear PTA 0.00 0.009 0.3 0.79
B13 Masker : Cortical 0.06 0.002 26.3 <0.0001 ***
configuration structure
Bia Masker : Hemisphere -0.03 0.00 -145 <0.0001 ***
configuration
B1s Cortical : Hemisphere 0.08 0.002 40.3 <0.0001 ***
structure
Bis HRFupo : Masker -0.1 0.003 -31.8 <0.0001 ***
configuration
B17 HRFmpo : Cortical 0.04 0.003 11.1  <0.0001 ***
structure
Bis HRFupo : Hemisphere 0.038 0.003 85 <0.0001 ***
B9 HRF'po : Masker -0.01 0.008 -1.8 0.072
configuration
Boo  HRF'mpo : Cortical -0.19 0.003 -53.9 <0.0001 ***
structure
Bo1 HRF'mpo 1 Hemisphere -0.06 0.003 -16.63 <0.0001 ***
Boo HRFpr : Masker 0.003 0.003 1.1 0.29
configuration
Boz  HRFpr : Cortical -0.05 0.003 -14.4 <0.0001 ***
structure
Boa  HRFupr : Hemisphere -0.04 0.003 -11.9 <0.0001 ***
Bos  HRF' g : Masker 0.01 0.003 3.0 0.0031 **
configuration
Pos  HRF'mpr : Cortical 0.06 0.003 17.8 <0.0001 ***
structure
Bor HRF'hpr 1 Hemisphere -0.01 0.003 -3.5 0.0006  ***

Source: Zhang et al., 2021.

All estimates are referenced to a default condition in left cIFS for SPEECH. Significance
codes: **p < 0.001, *p < 0.01, and - p < 0.1, p 0.1. Int, intercept; S.E., standard error
of the mean. Int, intercept; S.E., standard error of the mean.

differently to IM vs. EM. For instance, cognitive scores poorly
predict how well an individual can utilize an auditory scene
analysis cue to suppress IM (Fiillgrabe et al., 2015). Consistent
with this, here, task-evoked responses near cIFS were IM-
independent, unlike in the vicinity of STG.

Inded, prior work hints that IM emerges at the level of
auditory cortex, a part of the STG (Gutschalk et al., 2008).
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FIGURE 3 | Hemodynamic responses link individual differences in vulnerability
toward IM to the vicinity of STG (A) STG activity and behavioral vulnerability to
the high-IM SPEECH condition are robustly anti-correlated, across both
hemispheres in experiments 1 and 2 (black vs. blue symbols, respectively). (B)
There was no appreciable association between HbO peaks and the low-IM
NOISE condition. (C) When target and masker were presented to opposite
ears in the SPEECH-oppo configuration, HbO peaks did not predict
psychophysical thresholds.

We here tested maskers that were spectrally interleaved with
the target, designed to produce either high IM (SPEECH) or
low IM (NOISE). EM, when present, was limited to spectral
regions outside the frequency bands that comprised most of
the target energy. Consistent with this, for speech detection,
behavioral thresholds were comparable between SPEECH and
NOISE. However, our behavioral pilot results also confirmed that
speech identification was much more difficult in the presence of
SPEECH than NOISE (Freyman et al., 1999; Arbogast et al., 2002;
Brungart et al., 2006; Wightman et al., 2010).

This behavioral pattern parallels a behavioral phenomenon in
vision—called Crowding. In Crowding, the presence of visual
target identification is severely impaired by nearby clutter or
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“flankers” (Bouma, 1970; Rosen et al., 2014). In the current
IM design, the spectrally sparse masker and target can be
conceptualized as mutually flanking each other. Moreover,
analogous to the current behavioral results, flankers that
Crowd target identification do not affect target detection (Pelli
et al., 2001). Furthermore, using a behavioral paradigm that is
comparable to the current speech identification task, prior work
shows that IM can occur even when the masker is softer than the
target (Brungart, 2001a; Thlefeld and Shinn-Cunningham, 2008).
Analogously, Crowding can occur even when the flankers are
smaller than the target (Pelli et al., 2001). Of importance to the
current work, there is good evidence that the Crowding effect
occurs in the visual cortex (Millin et al., 2014; Zhou et al., 2018a).
In particular, flankers presented through one eye crowd a target
presented through the other eye (Flom et al., 1963; Taylor and
Brown, 1972; Tripathy and Levi, 1994). These striking similarities
of IM and Crowding suggest that they result from analogous
sensory processes, further supporting the prior notion that IM
arises at the level of cortex.

3.3. Cortical Mechanisms of IM

The current results show that for similar behavioral sensitivities
and similar long-term acoustic energy, individual differences in
vulnerability to high-IM in the same ear correlated with increased
need for supply of oxygen in the vicinity of STG, as compared
to low-IM. However, converging evidence from prior work with
electroencephalography (EEG) recordings also shows that the
temporal fidelity by which cortical local field potentials encode
sound, as opposed to their absolute response strength, correlates
with task demands and predicts masked speech intelligibility
(Choi et al., 2014; O’Sullivan et al., 2015; Viswanathan et al.,
2019). Note that unlike with hemodynamic responses recorded
with fNIRS, which emerge within proximity of the recording
sensors at STG, it is generally more difficult to pinpoint where in
the brain the EEG traces originate. In addition, even listeners with
audiologically normally hearing can vary dramatically in their
ability to resolve and utilize temporal fine structure cues (Ruggles
et al., 2011; Bharadwaj et al., 2019). Moreover, an individual’s
sensitivity to monaural or binaural temporal fine structure
predicts masked speech intelligibility, especially in temporally
fluctuating background sound (Lorenzi et al., 2006; Papesh et al.,
2017). Intriguingly, the neural mechanisms shaping temporal
fidelity are thought to be of subcortical origin (Parthasarathy
et al., 2020). Furthermore, prior work with MEG indicates that
a thalamo-cortical loop gates temporal signatures of sound to the
cortical processing level (Bharadwaj et al., 2016). Consistent with
this, recent cortical recordings in humans also demonstrate that
neural tuning properties of the STG rapidly and flexibly shift in
gain, temporal sensitivy and spectrotemporal tuning, depending
on the stimulus (Khalighinejad et al., 2019; Keshishian et al.,
2020).

Together, these findings raise the possibility that an
individual’s need for gating or adapting the neural code in STG
should increase with decreasing temporal fidelity of subcortical
information, as they need to work harder to overcome poor
subcortical encoding of the target. Increased inhibitory activity in
STG associated with stronger modulation or gating of subcortical

temporal fidelity in vulnerable listeners should therefore increase
the amplitude of hemodynamic responses (Stefanovic et al., 2004;
Vazquez et al., 2018). Broadly increased inhibition would not
necessarily be picked up via EEG analysis looking for temporal
coherence and/or EEG recordings summing neural activity
farther from STG. Thus, the current results are consistent
the idea that increased gating or modulation of subcortical
information via STG may be a potential mechanism contributing
for individual variability in IM vulnerability. Future work is
needed to explore how metabolic need and the fidelity of cortical
temporal coding interact.

3.4. Spatial Specificity

The spacing of fNIRS optodes determines both the depth of the
brain where recorded traces originate, as well as their spatial
resolution along the surface of the skull. Here, optode sources
and detectors were spaced 3 cm apart and arranged cross-wise
around the center of each ROI (Figure 1A). To estimate the
hemodynamic activity in each ROI, we averaged across the four
channels of each ROI This averaging greatly improved test-
retest reliability of each ROI’s activation trace during pilot testing,
both here and in our prior work (Zhang et al., 2018). A caveat
of this approach is that it reduces the spatial resolution of the
recordings. Thus, it is unclear whether increased hemodynamic
activity near STG is due to increased STG recruitment, or due
to a more broadly activated brain network in the vicinity of STG.
For instance, there is precedence for activation of additional brain
regions as a compensatory strategy for coping with age-related
cognitive decline (Presacco et al., 2016; Jamadar, 2020). Listeners
who are more vulnerable may use either a broadened brain
network or increase STG recruitment, two possibilities that the
current data cannot differentiate. However, either interpretations
is consistent with the idea that a central processing limitation
exists that includes STG and shapes vulnerability to IM.

3.5. Diagnostic Utility

The current results bear clinical relevance. A technique we here
used to design our stimuli, vocoding, is a core principle of speech
processing with current cochlear implants. A pressing issue for
the majority of cochlear implant users is that they cannot hear
well in situations with masking, an impairment in part attributed
to cortical dysfunction (Anderson et al., 2017; Zhou et al,
2018b). Sending target and masker sound to opposite ears can
improve target speech identification in some, but not all, bilateral
cochlear implant users of comparable etiology, suggesting that
central auditory processing contributes to clinical performance
outcomes (Goupell et al., 2016). This makes it desirable to
assess auditory brain health in cochlear implant users. However,
a challenge for imaging central auditory function in cochlear
implant users is that cochlear implants are ferromagnetic
devices. Thus, cochlear implants often either unsafe for use
in magnetic resonance imaging (MRI) scanners and/or cause
sizeable artifacts when imaged with MRI or EEG (Hofmann
and Wouters, 2010). Moreover, when imaged under anesthesia,
cochlear implant stimulation can fail to elicit cortical responses,
making it potentially impractical to record cortical responses
during CI surgeries (Nourski et al., 2013). In contrast, {NIRS,
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a quiet and light-based technology, is safe to use with cochlear
implants. Albeit limited to a small number of participants,
the current paradigm demonstrates feasibility: fNIRS-recorded
cortical responses to masked speech with impoverished, cochlear-
implant-like qualities, can explain approximately a third of the
variance in individual vulnerability to IM—an approach that, it is
hoped, may prove useful in future clinical practice.

4. METHODS AND MATERIALS

4.1. Participants

Our sample size (14 participants for each of the two fNIRS
experiments and 11 participants for a behavioral pilot control)
was selected a priori using effect size estimates from prior work
on IM (Arbogast et al.,, 2002; Zhang et al., 2018). Briefly, using
prior psychometric functions of IM sensitivity, a sample size of
8 participants suffices to demonstrate behavioral differences in
the task conditions tested here (Arbogast et al., 2002; Brungart
and Simpson, 2007; Ihlefeld and Shinn-Cunningham, 2008).
For the fNRIS recordings, where prior data with the specific
recording system and auditory task did not exist, we ran a
bootstrapping analysis, sampling with replacement our prior
recordings on a related task (Zhang et al, 2018). We needed
at least 12 participants to reliably arrive at the effect size that
we previously observed with 10% tolerance (Zhang et al., 2018).
We then conservatively chose slightly more participants than we
had estimated. In total, we recruited 40 paid listeners, who were
right-handed native speakers of English, and between 19 and
25 years old (17 females). Assessment of pure-tone audiometric
detection thresholds (PTAs) at all octave frequencies from 250
to 8 kHz of 20 dB HL or better verified that all listeners had
normal hearing. Specifically, the across-ear differences in pure
tone thresholds was 10 dB or less, at all of the audiometric
frequencies. All listeners gave written informed consent prior to
participating in the study. All testing was administered according
to the guidelines of the Institutional Review Board of the New
Jersey Institute of Technology.

4.2. Speech Stimuli

There were 16 possible English words, each utterance recorded
without co-articulation by each of two male talkers (Kidd Jr et al.,
2008). The words consisted of the colors <red, white, blue, and
green> and the objects <hats, bags, cards, chairs, desks, gloves,
pens, shoes, socks, spoons, tables, and toys>. The colors were
designated as keywords. Target word sequences were generated
by picking a total of 25 random words from the overall set of 16,
including between three and five target words, and concatenating
them in random order with replacement (a set of more than 10
possible permutations for the target sequence, (%) - 1222 - 43 +
(Zf) S128 gt (259) <1220 . 4% > 1.6 - 10%°). Similarly, masker
sequences were made by picking 25 random words from the
overall set of 16, constrained such that target and masker words
always differed from each other, for any given word position in
the target and masker sequence. One talker was used for the
target, the other for the masker. Prior to concatenation, each
utterance was initially time-scaled to a duration of 300 ms (Hejna
and Musicus, 1991). In addition, 300 ms silences were included

between consecutive words, such that the total duration of each
target sequence equaled 15 s.

4.3. Vocoding

Next, the target word sequences were vocoded through an
analysis-, followed by a synthesis-filtering stage. For the analysis
stage, each word sequence was filtered into 16 adjacent spectral
bands, with center frequencies from 300 to 10 kHz. These
spectral bands were spaced linearly along the cochlea according
to Greenwood’s scale, with a distance of more than one
equivalent rectangular cochlear bandwidth between neighboring
filters (Greenwood, 1990; Chen et al., 2011). Analysis filters
had a simulated spectral width of 0.37 mm along the cochlea
(Greenwood, 1990) or approximately 1/10th octave bandwidth,
had a 72 dB/octave frequency roll-off and were implemented
via time reversal filtering, resulting in zero-phase distortion.
In each narrow speech band, the temporal envelope of that
band was then extracted using Hilbert transform. Broadband
uniformly distributed white noise carriers were multiplied by
these envelopes. For the synthesis stage, these amplitude-
modulated noises were then processed by the same filters
that were used in the analysis stage. Depending on the
experimental condition, a subset of these 16 bands was then
added, generating an intelligible, spectrally sparse, vocoded
target sequence.

4.4. Target/Masker Configurations

A target sequence was always presented simultaneously with
a masker sequence. Analogous to an established behavioral
paradigm for assessing IM, we used two different masker
configurations, consisting of different-band-speech or different-
band-noise (Arbogast et al.,, 2002). In the SPEECH condition,
the masker sequence was designed similarly to the target except
that it was constrained such that (1) the target and masker
words were never equal at the same time and (2) the masker
was constructed by adding the remaining seven spectral bands
not used to build the target sequence. In the NOISE condition,
the masker sequence consisted of 300-ms long narrowband
noise bursts that were centered at the seven spectral bands not
used to build the target sequence. All processing steps were
identical to the SPEECH condition, expect that, instead of being
multiplied with the Hilbert envelopes of the masker words,
the noise carriers were multiplied by 300-ms long constant-
amplitude envelopes that were ramped on and off with the
target words (10 ms cosine squared ramps). Figure 1A shows
a representative spectral energy profile for a mixture of target
(brown) and SPEECH (black) sequences. Note that the spectrum
of a mixture of target and NOISE samples comprised of similar
frequency bands would look visually indistinguishable from
target in SPEECH and is thus not shown here (c.f. Arbogast et al,,
2002).

In experiment 1, target and either a different-band speech
or a different-band-noise masker were presented binaurally
(Figure 1B). The target had a left-leading interaural time
difference (ITD) of -500 ws. The masker sequence had a right-
leading 500 ws ITD, resulting in two possible target/masker
configurations, called SPEECH (different-band-speech with 500
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s ITD) vs. NOISE (different-band-noise with 500 s ITD). The
target and masker were each presented at 59 dBA, as calibrated
with a 1-kHz tone that was presented at the same root mean
square as the target and masker and recorded with KEMAR
microphones (Knowles Electronics model KEMAR 45BB). As
a result, the broadband Target-to-masker energy ratio (TMR)
equaled 0 dB. However, at each of the center frequencies of the
nine vocoded spectral bands that made up the target, the TMR
equaled 93 dB or more.

In experiment 2, the masker always consisted of a different-
band-speech sequence. Target and masker sequences were
presented in two possible configurations. The first configuration
was identical to the SPEECH condition of experiment 1, with
the target presented binaurally with a -500 ws ITD and a
SPEECH masker at 500 s ITD. In the second “SPEECH-oppo”
configuration, a target and different-band-speech masker were
presented to opposite ears, with the target presented monaurally
to the left, and