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Editorial on the Research Topic

Neural Control of Energy Homeostasis and Energy Homeostasis Regulation of Brain Function

In recent years, research related to metabolic disorders has led to numerous discoveries linking
metabolic control, and age-related diseases including cognitive deficiencies. It is now established
that glucose homeostasis dysregulations are risk factors for dementia, but also Alzheimer and
Parkinson’s diseases or even mood disorders. Thus, nutritional approaches have been proven
successful on cognitive improvement in people with neurological disorders (Carneiro and Pellerin).
Altogether, these observations indicate that energy homeostasis regulation is of great importance
for normal brain function. Consequently, recent attention has grown in order to decipher the
mechanisms lying beneath the interplay between metabolism and brain activity. For instance, a
stress response involves a regulatory loop from brain to periphery that involves the hypothalamus.
Interestingly, the hypothalamus is well known for its contribution to metabolic regulations such as
body weight or blood glucose among others. Blood glucose is an internal parameter described as
affected by stress hormones such as cortisol. Thus, the development of a new system able to regulate
energy levels in hypercortisolism represents a significant advance in the management of disorders
such as Cushing’s disease. Hence helping to improve brain activity by lowering specific symptoms
such as fatigue and disturbed sleep (Fekri Azgomi et al.).

In accordance with a brain function dependence on energetic status, Das et al. demonstrate an
interplay between brain energy metabolism and cognitive dysfunction in Alzheimer’s disease (AD).
In their article, the authors developed a highly sensitive system tomeasure brain energymetabolism
in early stages of AD. Such tool would be of help for an early diagnosis of the disease. Moreover, it
could contribute to a better management of AD as well. In addition, their work supports a key role
of brain energymetabolism onAD, and hence, supports a role for the energy balance in neurological
disorders (Das et al.). In this regard, a key role of nutrient sensing in brain function in addition to
energy homeostasis would not be surprising. Accordingly, the results provided by Garcia et al.,
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studying the cell types involved in the palatability of food are
of great interest. Indeed, the authors demonstrate the role of
GABAergic neurons of the lateral hypothalamic area on the
coding of palatability. In fact, the results provided indicate that
these GABAergic neurons display activity changes in response
to differences in palatability. Furthermore, the activation of
these neurons stimulates food intake of food with the highest
palatability (Garcia et al.). The results presented by Garcia
et al., also highlight the importance of hedonism on food
ingestion. By so, this study supports the role of a psychological
aspect on brain control of metabolism. This role is further
described in the innovative view of the phantom limbs experience
applied to people following a bariatric surgery (Gautron).
In his article Gautron describes how subjects undergoing a
bypass surgery still experience satiation while the surgery is
associated with a complete denervation. Indeed, the stimulation
of mechanoreceptors of the stomach are necessary to induce
satiation. Therefore, Gautron present a new hypothesis on
changes in nerve distribution to preserve the satiation response.
Although still hypothetic, this review supports the existence
of a complex interplay between biological, bioenergetics and
psychological aspects in metabolic regulations. In fact, data
obtained from bariatric surgery have highlighted the key role
of gut-brain axis in physiology. The gut is the first organ to
sense nutrients and thus, is the first organ involved in metabolic
control. The development of gut-brain axis research has also
contributed to a better understanding of the link between brain
function and energy homeostasis. Indeed, in addition to the
nervous connections between the gut and the brain (An et al.),
it is now established that products of gut metabolism are also
linked with brain activity. Among these signals, SCFA and ketone
bodies are the most studied. However, many other could be
also involved.

Interestingly, this close relationship between brain function
and energy homeostasis partly accounts for the increased
risk of neurological disorders in diabetic people. On the
other hand, Niu et al., present data showing behavioral side
effects of the use of oxytocin for body weight management.
Hence, it appears important to pursue research efforts to
better understand the mechanisms involved in the relationship
between cognition and metabolism. A better knowledge of this
relationship would be important to address the side effects in
the current therapies used. In fact, this dual effect of oxytocin
in weight management and prosocial behavior could represent
a promising research track for both metabolic and cognitive
research fields.

The link between brain function and energy homeostasis
regulating circuits within the brain is assessed in the study of
Li et al. In their study the authors describe a link between
binge eating and stress response. In fact, the authors showed
that the reward system in BEPs rats overcame the homeostasis
and stress response systems. This work supports an interplay
between, stress, reward and energy homeostasis regulation.
Moreover, it appears that those systems are capable of regulating
each other (Li et al.). In accordance with that, the work of
Perissinotti et al. showing the involvement of TRPC channel
on the POMC expressing neurons depolarization supports the

need to dig deeper on the neural control of metabolism. This
study first demonstrates that TRPC alone can induce a POMC
expressing neurons excitability. Furthermore, they also report
the role of t-type channels in such POMC neurons excitability.
Altogether their work brings up a putatively new protein involved
in obesity development including t-type channels and KLHL1.
Both proteins participate in the sensitivity to leptin of POMC
expressing neurons. Thus, although POMC neurons have been
identified decades ago, Perissinotti et al., studies indicate that the
complete understanding of the function of these neurons are far
to be completely elucidated (Perissinotti, Martínez-Hernández,
and Piedras-Rentería; Perissinotti, Martínez-Hernández, He, et
al.). Furthermore, the study of early developmental organization
of neural circuits should also help understand the complexes
interplay between different brain regions and brain functions.
Thus, Lanzillo et al. provide interesting data describing the
ontogeny of the BNST projections to the hypothalamus. Such
work highlights the early link between stress response systems
and metabolic control ones. Since the BNST is well known
for mechanisms disturbed in psychiatric disorders, this suggests
a putative early link between metabolism and brain disorders
(Lanzillo et al.).

Altogether, these recent researches highlight the numerous
gaps still existing on the understanding of neural control of
energy homeostasis. Therefore, more research is needed to
completely decipher the mechanisms at play. In this aspect,
studies on models such as fish could help identify new
mechanisms involved in metabolic control and brain function
(Soengas). Eventually, one could expect to better apprehend the
link between metabolism and neurological function.

Overall, the publications presented in this Research Topic
support a link between brain control of energy homeostasis
and brain activity. It also shows that despite extensive
work made in recent years, several mechanisms are yet
to be discovered. In particular, the mechanisms linking
energy homeostasis and brain function are far to be clearly
identified. In fact, a large number of studies indicate a
clear relationship between neuronal disorders and metabolism.
Therefore, metabolic studies aiming at addressing the impact
on brain disorders as well as studies looking at brain disorders
impact on metabolic control are still needed. Finally, such
researches could help to better treat both metabolic and
neuronal disorders.
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Lateral Hypothalamic GABAergic
Neurons Encode and Potentiate
Sucrose’s Palatability
Aketzali Garcia, Alam Coss, Jorge Luis-Islas, Liliana Puron-Sierra, Monica Luna,

Miguel Villavicencio and Ranier Gutierrez*

Laboratory of Neurobiology of Appetite, Department of Pharmacology, CINVESTAV, Mexico City, Mexico

Sucrose is attractive to most species in the animal kingdom, not only because it

induces a sweet taste sensation but also for its positive palatability (i.e., oromotor

responses elicited by increasing sucrose concentrations). Although palatability is such an

important sensory attribute, it is currently unknownwhich cell types encode andmodulate

sucrose’s palatability. Studies in mice have shown that activation of GABAergic LHAVgat+

neurons evokes voracious eating; however, it is not known whether these neurons

would be driving consumption by increasing palatability. Using optrode recordings, we

measured sucrose’s palatability while VGAT-ChR2 transgenic mice performed a brief

access sucrose test. We found that a subpopulation of LHAVgat+ neurons encodes

palatability by increasing (or decreasing) their activity as a function of the increment

in licking responses evoked by sucrose concentrations. Optogenetic gain of function

experiments, where mice were able to choose among available water, 3% and 18%

sucrose solutions, uncovered that opto-stimulation of LHAVgat+ neurons consistently

promoted higher intake of the most palatable stimulus (18% sucrose). In contrast, if they

self-stimulated near the less palatable stimulus, some VGAT-ChR2 mice preferred water

over 18% sucrose. Unexpectedly, activation of LHAVgat+ neurons increased quinine

intake but only during water deprivation, since in sated animals, they failed to promote

quinine intake or tolerate an aversive stimulus. Conversely, these neurons promoted

overconsumption of sucrose when it was the nearest stimulus. Also, experiments with

solid foods further confirmed that these neurons increased food interaction time with the

most palatable food available. We conclude that LHAVgat+ neurons increase the drive to

consume, but it is potentiated by the palatability and proximity of the tastant.

Keywords: LHA GABA neurons, feeding circuit, palatability, sucrose, taste

INTRODUCTION

The lateral hypothalamic area (LHA) has been regarded as the “feeding center” since its lesion
results in hypophagia and subsequent death (Anand and Brobeck, 1951; Teitelbaum and Epstein,
1962). It is part of a neural circuit related to feeding and reward (Delgado and Anand, 1953; Olds
andMilner, 1954) as rats are willing to press a lever to deliver electrical intracranial self-stimulation
(ICSs), and if food is available, it also promotes feeding (Delgado and Anand, 1953; Mendelson,
1967; Mogenson and Stevenson, 1967; Coons and Cruce, 1968). Moreover, if a sweet tastant is
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available, the rate of electrical ICSs is further increased, whereas
bitter compounds decreased them (Phillips andMogenson, 1968;
Poschel, 1968), suggesting an interaction between ICSs and taste
palatability. In this regard, and because of its connections with
different cortical and subcortical gustatory regions (Simerly,
2004; Berthoud and Münzberg, 2011), the LHA is anatomically
located to receive, process, and broadcast taste palatability
information (Ferssiwi et al., 1987; Berridge and Valenstein,
1991). Pioneering electrophysiological studies have recorded
gustatory-evoked responses in the LHA (Schwartzbaum, 1988;
Yamamoto et al., 1989). One recent and elegant study uncovered
two functional populations of LHA neurons: one activated by
palatable tastants, e.g., sucrose, and another by aversive tastants,
like quinine (Li et al., 2013). However, the genetic identity of
the LHA cell type(s) involved in processing palatability-related
information remains elusive, and to unveil their identity is the
goal of this study.

The LHA is currently viewed as a hub of various cell
types (Stuber and Wise, 2016), grossly divided into two larger
populations related to feeding: the glutamatergic (LHAVglut2+)
and GABAergic (LHAVgat+) neurons (Gutierrez et al., 2020).
Activation of LHAVglut2+ neurons leads to reduced food intake
and is aversive (Jennings et al., 2013). In contrast, stimulation of
LHAVgat+ neurons is rewarding and produces voracious eating of
both foods with nutritional value (Jennings et al., 2015; Navarro
et al., 2016) and those without calories, even gnawing behavior
toward the cork, an irrelevant biological stimulus (Navarro
et al., 2016). Moreover, LHAVgat+ neurons enhance the salience
of the nearest stimulus and induce reward via stimulation of
their projections to the ventral tegmental area (VTA) (Nieh
et al., 2016). In addition, the evoked feeding is mediated by
modulation of terminals reaching a region adjacent to the locus
coeruleus (Marino et al., 2020). On the contrary, inhibition of
GABAergic LHAVgat+ cell somas is aversive and stops feeding
(Jennings et al., 2015; Navarro et al., 2016). However, the role of
LHAVgat+ neurons in processing sucrose’s palatability remains to
be determined.

This study identified a new role of LHAVgat+ neurons
in encoding and enhancing sucrose’s oromotor palatability
responses. Sucrose’s palatability was defined as the enhancement
of hedonically positive oromotor responses triggered by
increasing sucrose concentrations (Berridge and Grill, 1983;
Spector et al., 1998; Villavicencio et al., 2018). Specifically,
oromotor responses include an increase in lick rate and bout size.
Thus, it should not be confused with a conscious hedonic feeling
of pleasant taste that humans experience (Grill and Berridge,
1985; Sclafani, 1991; Berridge and Kringelbach, 2008). We found
that opto-stimulation of LHA GABAergic neurons increases
the consumption of the most palatable and proximal tastant.
They accomplish this by potentiating the palatability of nearby
gustatory stimuli. For aversive stimuli, the effect of these neurons
is different. In a single bottle test, we found that water deprivation
increased the tolerance for bitter compounds and gated a window
of opportunity where the activation of GABAergic neurons is
sufficient to temporarily reassign the negative hedonic value of
quinine and promote its intake. Nevertheless, in a three-option
preference test, mice failed to develop a quinine preference when

sucrose was available under these neurons’ activation, thus,
demonstrating that activation of GABAergic neurons does not
merely trigger indiscriminate oromotor tongue movements;
rather, the animals’ evoked consummatory behavior largely
depends on their internal state and on the palatability of the
stimulus. Moreover, optogenetic activation of LHAVgat+ neurons
evoked many hallmark behaviors resembling those seen in LHA
electrical stimulation. In this regard, and consistent with their
positive role in palatability, our results could indirectly explain
why electrical ICSs are further facilitated by the presence of
sweet solutions (Phillips and Mogenson, 1968; Poschel, 1968).
We also found that LHAVgat+ neurons are the common neural
substrate for both reward and feeding since after repeated
self-stimulation, the more the VGAT-ChR2 mice opto-self-
stimulated, the stronger the laser-induced licking they exhibited.
We conclude that a subpopulation of GABAergic LHAVgat+

neurons combines stimulus proximity and palatability-related
information to enhance nearby energy-rich foods’ palatability
and further increase consummatory behaviors.

MATERIALS AND METHODS

Animal Subjects
We used 42 VGAT-ChR2-EYFP mice (number ID 014548;
Jackson Laboratory, Sacramento, CA, USA) and 25 wild-type
(WT) littermates, which served as controls. Mice were from both
sexes between 8 and 16 weeks old, and they were individually
housed in their home cages and maintained in a temperature-
controlled (22± 1◦C) room with 12:12 h light–dark cycle. Unless
otherwise mentioned, chow food (PicoLab Rodent Diet 20, MO,
USA) and water were available ad libitum. For experiments
with water restriction, after each behavioral session, mice were
allowed to drink water for 1 h daily. All procedures were
performed with the approval of the CINVESTAV Animal Care
and Use Committee. One session per day was conducted between
11:00 a.m. and 2:00 p.m.

Surgical Procedures
All mice were anesthetized with ketamine (100 mg/kg, i.p.)
and xylazine (8 mg/kg, i.p.), and then placed into a stereotaxic
apparatus (Stoelting, IL, USA). Lidocaine (0.05ml) was
administered subcutaneously under the head’s skin as a local
analgesic, and ophthalmic ointment (hydrocortisone, neomycin,
and polymyxin-B) was applied periodically to maintain eye
lubrication. The antibiotic enrofloxacin (0.4 ml/kg) was injected
for 3 days after surgery.

For experiments with opto-stimulation of LHAVgat+ cell
somas, a single multimode optical fiber with a 200-µm core
diameter and with 0.39 NA (FT200UMT; Thorlabs, NJ, USA)
was implanted unilaterally targeting the LHA using the following
coordinates: AP: −1.25mm, ML: ±1mm, DV: −4.9mm,
from bregma. For electrophysiology recordings, a custom-
made optrode was unilaterally implanted counterbalanced across
hemispheres (AP: −1.25mm, ML: ±1mm, from bregma; DV:
−5.2mm ventral to dura). The optrode comprises an array of
16 tungsten wires formvar coated (35µm diameter) surrounding
and protruding 1mm from the single multimode optical fiber
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tip. No significant differences were found between hemispheres,
so data were pooled together (data not shown). All experiments
began 7 days after surgery to allow recovery.

Histology and Immunofluorescence
Mice were sacrificed by an overdose of pentobarbital (150 mg/kg)
and perfused with PBS, followed by 4% paraformaldehyde.
Brains were fixed overnight in 4% paraformaldehyde and
gradually replaced in a gradient of concentrations of sucrose
(until 30%). For histology, brain slides (40µm) were cut
with a cryostat (Thermo Scientific HM525 NX), and images
were taken with a Nikon Eclipse E200 microscope and a
Progress Gryphax microscope camera, using a 10× objective.
For immunofluorescence, free-floating brain slides (40µm)
were blocked with 1% BSA and 0.2% Triton in PBS for
30min. They were then washed with 0.2% Triton in PBS
three times every 10min, followed by incubation with the
following primary antibodies: mouse anti-GAD 67 primary
antibody (Millipore, Mab5406, 1:1,000 dilution), and rabbit anti-
GFP primary antibody (Invitrogen, A11122, 1:1,000 dilution).
Incubation took place overnight at 4◦C. The next day, brain slides
were washed with 0.2% Triton in PBS three times every 10min,
and then incubated with the secondary antibodies Alexa 647 goat
anti-mouse (Invitrogen, A21235, 1:500 dilution), and Alexa 488
donkey anti-rabbit (Invitrogen, A21206, 1:500 dilution) during
90min at room temperature. Afterward, we applied DAPI to
stain the nuclei. Brain slides were put on slides with a mounting
medium for fluorescence (Vectashield), and images were taken
with a Leica confocal microscope using a 63× objective.

Gustatory Stimuli
Sucrose of reagent-grade chemical quality (Sigma-Aldrich,
Mexico City, Mexico) was used in the following concentrations:
0 (water only), 3, 10, and 18 wt%. Reagent-grade quinine
hydrochloride dihydrate (QHCl) was also used at 0.04 wt%
(Sigma-Aldrich, Mexico City, Mexico). Artificial saliva contained
the following (in mM): 4 NaCl, 10 KCl, 6 NaHCO3, 6 KHCO3, 0.5
CaCl2, 0.5MgCl2, 0.24 K2HPO4, and 0.24 KH2PO4 (Zocchi et al.,
2017). We added 0.05mM HCl to adjust pH to 7. The solutions
were dissolved in distilled water, maintained under refrigeration,
and used at room temperature. We also used 20mg chocolate
pellets (Bio-Serv, NJ, USA), chow food (PicoLab Rodent Diet 20,
MO, USA), a high-fat diet with 45% kcal% fat (Research Diets,
NJ, USA), granulated sugar cube, and cork.

Electrophysiology
Neural activity was recorded using a Multichannel Acquisition
Processor System (Plexon, Dallas TX, USA) interfaced with Med
Associates to simultaneously record behavioral events (Gutierrez
et al., 2010). Extracellular voltage signals were first amplified
by an analog head-stage (Plexon, HST/16o25-GEN2-18P-2GP-
G1), then amplified and sampled at 40 kHz. Raw signals were
band-pass filtered from 154Hz to 8.8 kHz and digitalized at 12
bits resolution. Only single neurons with action potentials with
a signal to noise ratio of 3:1 were analyzed (Gutierrez et al.,
2010). Action potentials were isolated online using a voltage–
time threshold window, and three principal components contour

templates algorithm. Furthermore, off-line spike sorting was
performed (Plexon Offline Sorter), and only single units with
stable waveforms across the session were included in the analyses
(Gutierrez et al., 2010) (see Supplementary Figure 1). Also, to
verify waveform stability, we correlated the waveform’s shapes
recorded in the brief access test and the optotagging session.

Optogenetic Stimulation
A 473-nm laser intensity was modulated by a DPSS system
(OEM laser, UT, USA). Laser pulses were synchronized with
behavioral events with Med Associates Inc. software and TTL
signal generator (Med Associates Inc., VT, USA). The patch
cord’s optical power was at 15 mW, and it was measured with
an optical power meter (PM20A, Thorlabs, NJ, USA). However,
we delivered between 10 and 12.6 mW at the fiber optic tip,
depending on each fiber’s efficiency. Unless otherwise mentioned,
the laser was turned on by 2 s (at 50Hz) and 4 s off, with 10ms
pulse width and a duty cycle of 50%.

Parameters of Stimulation for LHA
GABAergic Neurons
To explore the best stimulation parameters for LHA GABAergic
neurons, mice were implanted with an optrode in LHA and
placed in a custom-made box with dimensions of 18 × 13
× 7.5 cm. With no food available, the laser was turned on at
different frequencies−0, 2.5, 5, 10, 20, and 50Hz semirandomly,
while the animals’ neural activity was recorded for 20min. We
used a Kruskal–Wallis test to compare firing rates during the
baseline (from −1 to −0.04 s) against the activity during laser
presentation (from 0 to 2 s) aligned (time= 0 s) to laser onset for
all frequencies tested. Neurons that significantly increased their
firing rate during the laser stimulation were named “activated,”
and neurons that decreased their activity were named “inhibited.”

Neural Activity Recording During a Brief
Access Test and Palatability-Related
Responses
We used a brief access test in water-deprived mice while the
LHA activity was recorded for 30min. We employed a licking
spout consisting of independent stainless-steel needles (20-
gauge) cemented together with dental acrylic at the sipper tube’s
tip (Villavicencio et al., 2018). Each needle was connected to
a solenoid valve (Parker, Ohio, USA) by a silicon tube. The
drop (∼2 µl) was calibrated before starting the session, using a
pressurized control system. The trial structure was as follows: At
the beginning of the task, the sipper was extended in lick position.
To start a new trial, each mouse was required to introduce its
head into the central port and then elicited a dry lick to start
the reward epoch (7 s). During this period, a tastant’s drop was
delivered every lick. The sipper was retracted for 3 s as intertrial
interval (ITI), and then re-extended in a lick position into the
central port. Tastant solutions (artificial saliva, water, sucrose 3%,
and sucrose 18%) were delivered in a semirandom order.

To identify neurons whose firing rate correlated with
palatability-induced oromotor responses, we used a best-window
analysis based on a previous study (Villavicencio et al., 2018).
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This method has been used to detect palatability-related activity
in a brief access test. Briefly, during each recording session, a
palatability index (PI) was calculated. The PI reflects the overall
appetitive oromotor responses elicited by each tastant delivered
in the session. It was computed by averaging the lick rate during
the entire reward epoch, including all the trials per session.
In mice, the PI takes values between 0 and 8Hz for sucrose
stimuli (Glendinning et al., 2005): 0Hz means animals ultimately
rejected a solution in all trials, whereas 8Hz indicates they licked
continuously during the entire reward epoch, thus reflecting a
greater palatability response elicited by the tastant. Then, the
firing rate was calculated for a variety of time centers (from
0.25 to 6.75 s with 0.5 s steps) and multiple window sizes (from
0.5 to 7 s, 0.5 s steps), such that each window was estimated
as the center ± (window size/2). We identified the windows
where the mean firing rate was significantly different for at least
one tastant delivered (i.e., tastants, using a Kruskal–Wallis test
at an alpha of 0.05). Next, we computed Pearson’s correlation
coefficient (r; the alpha level at 0.05) between both the PI and the
firing rate on a trial-by-trial basis. The window with the largest
absolute Pearson’s correlation coefficient was selected as the “best
window.” Thus, for the “best window” and each statistical test
(i.e., Kruskal–Wallis test and Pearson’s correlation coefficient),
a permutation assay was used for multiple-testing correction.
This analysis was accomplished by shuffling the different tastants
delivered 20,000 times (using the Matlab function “shuffle”). A
corrected p-value was obtained using the following formula p
= (k + 1)/(n + 1), where k is when a permuted distribution
leads to a p-value smaller than the original p-value and n is
the number of repetitions. Only time windows with p < 0.05
in both tests (Kruskal–Wallis and Pearson correlation) were
considered statistically significant. Thus, the “best window” is
where the firing rate maximally correlated with the oromotor
responses (the lick rate) elicited by sucrose’s palatability on a trial-
by-trial basis. Importantly, results were qualitatively similar if
we used the lick bout size rather than the lick rate to compute
the PI. A lick bout was defined as the collection of at least
two rhythmic licks separated by a pause ≥500ms during the
reward epoch. The bout size was the time difference (in seconds)
between the last and first lick in the bout (Gutierrez et al.,
2006).

To evaluate whether palatability-related neurons dynamically
track the changes in lick rate across the session, we computed the
lick rate in the reward epoch as a function of trial types [artificial
saliva (AS), water, sucrose 3%, and sucrose 18%], divided into
blocks of 10th percentile of trials each. We verified that every
block across the session has the same number of trials.

Optotagging Task
Once the brief access test was finished, each mouse was tested in
the optotagging task. For this task, we removed the licking spout
from the behavioral box. Over the session (15min), the laser was
turned on (at 50Hz) during 2 or 7 s, followed by 10 s off.

Laser-activated neurons (pLHAVgat) were detected by using
two methods: 1) a Kruskal–Wallis to compare firing rates during
a baseline (from −1 to −0.04 s) against the activity during the
presentation of laser (from 0 to 2 s, aligned to laser onset) and

2) CUMSUM statistic (Gutierrez et al., 2006) to obtain the first
bin (1ms resolution) after the first laser pulse that significantly
increased the firing rate above baseline (from −20 to 0ms).
Only neurons showing a significant value in both tests were
considered laser-activated pLHAVgat. From the population of
pLHAVgat neurons, we identified two types of populations: (1)
ChR2-expressing cells LHAVgat+ or early neurons: these neurons
were those with an action potential evoked within≤15ms latency
(Buonomano, 2003), measured by a CUMSUM statistic; and (2)
laser-activated late neurons: these were those with an action
potential occurring after >15ms latency. Also, to classify non-
LHAVgat neurons, we used the Kruskal–Wallis test as described
above. Neurons with no significant modulation were classified as
“unmodulated.”

Open Loop Stimulation With One Option
The front panel of an operant conditioning chamber (Med
Associates Inc., VT, USA) was equipped with a central port and
a sipper, where individual licks were registered by a contact
lickometer (Med Associates Inc., VT, USA). To determine the
best stimulation parameters to induce feeding behavior, a group
of naive mice had free access to sucrose 10% solution. For
open loop stimulation, mice were opto-stimulated by alternating
blocks of 5min “off” and 5min “on” across a 40-min session
(Nieh et al., 2016). During opto-stimulated blocks, the laser was
turned “on” regardless of the mice’s behavior and spatial position
in the chamber. A different opto-stimulation frequency (0, 2.5, 5,
10, 20, and 50Hz) was delivered daily. The laser-bound feeding
index was measured as the number of licks in a 2.5-s window
from laser onset divided by the total licks in the session, hereafter
named laser-bound feeding, and it was plotted as a function of
laser frequency.

Prestimulation Task
A group of naive mice was placed in an operant conditioning
chamber with a central port. A door blocked the access to
the sipper during the first 15min (prestimulation period). Each
mouse was opto-stimulated with all prestimulation protocols (0,
5, 10, and 15min) following a Latin square design. Then, the door
was opened, and a 10% sucrose solution was available during
the next 15min. During the prestimulation period, the laser was
turned on for 2 s and off for 4 s.

Open Loop Stimulation With Three Options
To determine whether opto-stimulation of LHA GABAergic
neurons drives the intake with a bias toward the most palatable
stimulus available, a new group of naive mice was tested in
an open loop stimulation task (alternating 5min no-laser and
5min “on” (2 s on, 4 s off) blocks across a 40-min session).
The operant chamber was equipped with three ports, where
mice had free access to water (central sipper), a 3% sucrose
solution (left sipper), and an 18% sucrose solution (right sipper).
Lateral sippers were counterbalanced across animals. This task
comprises four baseline sessions (with no photostimulation, data
not shown), and 11 test sessions were pooled together. The
number of licks given to the sipper filled with sucrose 18%, across
the 11 sessions, was also plotted.
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For this experiment, we video tracked the mouse’s distance
and head angle relative to each of the three sippers. The sippers’
position and the animal’s three anatomical points, the nose, the
neck, and the tail’s base, were extracted using the DeepLabCut
Python package (Mathis et al., 2018; Nath et al., 2019). We define
the mouse position as the coordinates (x and y) for the nose,
whereas the head direction was a two-dimensional vector going
from the neck to the nose. For each video frame, the distance to
each sipper was calculated (in pixels), as well as the angle between
the head direction and position of each sipper (in degrees). An
angle of 0◦ means the mouse is looking at the sipper, and 180◦

means the mouse is facing the opposite direction. For distance
measuring, 100 pixels correspond to ∼6 cm. The mouse position
and direction were extracted from the train of the stimulation’s
first laser pulse, and the following 6-s window was analyzed to
find out if the mice initiated a licking behavior at any of the three
sippers. Then, we built a two-dimensional array containing the
probability of licking any sipper given the mouse’s distance and
angle during the first laser of each opto-stimulation train.

Open Loop Stimulation in an Open Field
With Chow, High-Fat Diet, or Granulated
Sugar Cube
A new group of animals was placed in the circular arena’s center
(50 cm in diameter). Three or two food plates were equidistant
to each other, and each contained either chow, high-fat diet, or
granulated sugar cube. Mice were opto-stimulated by alternating
5min block with no-laser and 5min laser block across the session
(20min). In open loop, the laser was turned “on” regardless of the
mice’s behavior and spatial position in the arena. All sessions were
recorded and analyzed with Bonsai software (https://open-ephys.
org/bonsai). We calculated the mouse’s centroid at each frame
and used that information to create a heatmap of its position.
The distance of the mouse’s centroid from each stimulus was
computed. A food interaction occurred when the distance was
below 60mm, and the animal stayed there for at least 1 s. Food
plates were weighed at the beginning and end of each session.

Closed-Loop Stimulation With Three
Options
To evaluate whether activation of LHAVgat+ neurons induces
preference for the most proximal stimulus, we used a closed-
loop stimulation protocol (in the same mice from Open loop
stimulation with three options), over 11 additional sessions
(40min each). As noted above, mice were placed in an operant
conditioning chamber with three ports (water, central sipper; 3%
sucrose solution, left sipper; 18% sucrose solution, right sipper).
Photostimulation was delivered when the subject made a head
entry in the central port (containing a sipper filled with water),
laser was turned on by 2 s followed by a time out of 4 s (where
the laser could not be reactivated), and after this, a new laser
onset (2 s “on”) occurred whenmice performed a new head entry.
Thus, in this experiment, the less palatable stimuli (water) was
the nearest to opto-self-stimulation. During photostimulation,
sucrose preference index was measured as the number of licks

TABLE 1 | Protocol used for closed-loop stimulation with the central port stimulus

replaced.

Stimuli in the central port Sessions tested

Water Last 5 sessions of the closed

loop (Figure 7)

Extinction (no opto-stimulation) 4

Water 3

Empty sipper 3

Water 3

0.04% Quinine 4

Airpuff 4

Unavoidable airpuff 3

Sucrose 18% (water was placed in

the sucrose 18% port)

4

of 18% sucrose divided by the total licks for sucrose 18%+water.
Values higher than 0.5 indicate sucrose preference.

To evaluate the laser-bound feeding development across the
sessions, we correlated laser-bound feeding during open loop
stimulation sessions vs. closed-loop stimulation for the first three
and the last five sessions.

Closed Loop in an Open Field
In a circular arena, four stimuli were located equidistant to each
other: wood cork, chow, chocolate pellets, or a sipper filled with a
10% sucrose solution. During the session, a homemade computer
vision program tracked in real-time the position of the subject.
Each mouse needs to enter the designated area to receive opto-
self-stimulation (2 s laser on and 4 s off). Mice need to leave
and re-enter the designated area to begin a new trial. Only one
designated area was used per session, and it remained in the
same position for up to three or four consecutive sessions. Each
session’s duration was 40min (mice were the same as those used
in previous task).

Closed-Loop Stimulation With Different
Options in the Central Port
For the same group of mice used in Closed-loop with three
options, on subsequent days, the central port’s stimulus was
replaced across 28 sessions, following the protocols described in
Table 1.

Closed-Loop Stimulation Task With One
Option
Mice were put in a smaller and custom-made box with 18 ×

13 × 7.5 cm internal dimensions. The front wall was equipped
with one single sipper and a contact lickometer with a V shape to
register individual licks. First, mice were tested, for 3 days, with
a 0.04% quinine solution under sated state (fed mice) and then
for three more days under a 23-h water-deprived condition, each
session lasting 20min. Then, mice were tested for 2 days with a
sipper filled with 18% sucrose, in a sated state, and then twomore
days in a water-deprived condition. Opto-self-stimulation (2 s on
with a time out of 4 s, where the laser could not be activated)
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TABLE 2 | Protocol for opto-self-stimulation in a brief access test.

Laser on Time on (2) (s) No. of sessions

(30min each)

All trials 2 6

Water trials 2 3

Sucrose 3% trials 2 3

Sucrose 18% trials 2 3

All trials 7 4

Water trials 7 3

Sucrose 3% trials 7 3

Sucrose 18% trials 7 3

Mock laser (sucrose 3% trials)* 7 3

*For mock laser sessions, mice were connected to a false fiber optic, whereas the real

laser was glued outside the skull to emit blue light.

was delivered when mice made a head entry in the central port.
Water-deprived mice had access to ad libitum water for 1 h after
the session ended.

Opto-Self-Stimulation During a Brief
Access Test
To evaluate whether activation of GABAergic neurons enhances
oromotor palatability responses, we performed a brief access test
with a new group of mice over 31 sessions. The behavioral setup
conditions were the same as described above, and as tastant
solutions, we used water, sucrose 3%, and sucrose 18% (delivered
in a semirandom order). The trial structure was similar, but this
time to start a new trial, each mouse was required to introduce
its head into the central port to turn “on” the laser. Then, a dry
lick was elicited to start the reward epoch (7 s). Each head entry
triggers the laser onset for 2 s “on” (or in different sessions for 7 s
“on”; see Table 2). At the end of the session, mice had access to
ad libitum water for 1 h. Protocols are described in Table 2.

In addition, to verify that LHA GABAergic neurons were
capable of sustained activation over 7 s of opto-stimulation, we
plotted the peristimulus time histograms (PSTH) of pLHAVgat,
non-LHAVgat, and unmodulated neurons using the same method
previously described.

Data Analysis
All data analysis was performed using MATLAB (The
MathWorks Inc., Natick, MA) and GraphPad Prism (La
Jolla, CA, USA). We used the mean ± SEM and the α level
at 0.05.

RESULTS

Initially, we determined the optimal stimulation parameters to
activate LHA GABAergic neurons. This was accomplished by
implanting an optrode in naive mice that constitutively expressed
ChR2, fused with an enhanced yellow fluorescent protein (EYFP)
in GABAergic neurons expressing the gene for the vesicular γ-
aminobutyric acid transporter (hereafter referred to as VGAT-
ChR2 mice) (Zhao et al., 2011; Figures 1A,B). We found that

a laser stimulation of 50Hz (10ms width) evoked the strongest
LHA neuronal responses (Figures 1C–F; Gigante et al., 2016).
Unless otherwise mentioned, this frequency was used for all
subsequent experiments.

LHA Neurons Encode Sucrose’s Oromotor
Palatability Responses
In rats, previous electrophysiological studies suggest that
ensembles of LHA neurons process palatability-related
information (Norgren, 1970; Schwartzbaum, 1988; Yamamoto
et al., 1989; Li et al., 2013). Based on these results, we then
asked whether LHA neurons could provide information about
sucrose’s palatability using a behavioral task with only palatable
stimuli (i.e., AS, water, sucrose 3 wt%, and sucrose 18 wt%).
To this end, taste responses were recorded from a total of 284
LHA neurons, while VGAT-ChR2 mice performed a brief access
test (Figure 2A). To uncover palatability-responsive neurons,
we analyzed neuronal activity using a previously described
“best-window analysis” (Villavicencio et al., 2018) (see section
Materials and Methods). This strategy detects the optimal
interval, where the firing rate best correlates with the sucrose’s PI
computed as the average lick rate (or bout size), on a session-by-
session basis, evoked by each gustatory stimulus in the reward
epoch (Figure 2B; one-way ANOVA, F(3,108) = 10.35, p< 0.0001;
Supplementary Figure 2A; one-way ANOVA, F(3,108) = 2.926, p
< 0.05). Figure 2C depicts the responses of two representative
LHA neurons: As expected, we found one whose activity
increased as the sucrose concentration increased (positive
Pearson’s correlation, r = 0.87; Figure 2C, left), and the other
was negatively associated with palatability oromotor responses
evoked by sucrose (r = −0.64; Figure 2C, right). Figure 2D
shows the normalized activity exhibiting either positive (59/284
neurons, 21%) or negative correlations (76/284, 27%) with the
PI. Also, qualitatively similar results were found using the bout
size to compute the PI (Supplementary Figure 2B). Thus, these
data confirmed that the LHA mice’s neurons exhibit palatability-
related responses, and this activity can be either correlated or
anticorrelated with the sucrose solution’s PI.

Dynamic Tracking of Palatability Over the
Entire Course of a Behavioral Session
Having demonstrated that LHA neurons encode sucrose’s
palatability-induced oromotor responses, we then explored
whether LHA palatability-related neurons can dynamically adjust
their responses to track the changes in sucrose’s palatability
across the session when the animals would approach satiation.
We found that the lick rate declined across the session as a
function of sucrose’s palatability (Figure 2E; RM ANOVA, main
effect of stimuli, F(3,402) = 163.7, p < 0.0001; effect of time,
F(9,1206) = 100.4, p < 0.0001; and stimuli by time interaction,
F(27,3,618) = 16.54, p < 0.0001). Briefly, early in the session,
animals licked more for all stimuli, but as the session progressed,
the lick rate declined, especially for AS and water but not for
sucrose (3 and 18%), indicating that they tracked palatability
responses rather than satiety (Figure 2E). Similar to what we have
shown in the nucleus accumbens shell (NAcSh) (Villavicencio
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FIGURE 1 | The 50-Hz stimulation evoked the largest LHA neuronal responses. (A) Representative location of an optrode in LHA of VGAT-ChR2 mice. (B) Confocal

images from LHA immunostained for GFP (green), GAD67 (red), and DAPI (blue). Arrows indicate the colocalization of ChR2-EYFP and GAD67 (see merged). (C)

Schematic of optrode recordings in LHA during control trials (with no-laser) and opto-stimulation at 2.5, 5, 10, 20, and 50Hz delivered randomly. In each trial, the laser

had a cycle of 2 s on and 4 s off. (D) Representative raster plots of two neurons recorded in LHA. The first one was activated (left panel), and the second inhibited

(right panel) during opto-stimulation. Spiking responses were aligned (time = 0 s) to the first laser pulse. Black ticks depict action potentials and blue marks laser

pulses. Below are the corresponding PSTHs (firing rates, Sp/s). Red and blue ascending gradients indicate the frequency of stimulation [see (E) for the color bar].

Black trace represents activity during control trials without laser. Vertical black lines indicate laser onset (time = 0 s) and offset (time = 2 s), respectively. (E) Normalized

Z score population responses of LHA neurons recorded from n = 5 VGAT-ChR2 mice. Red and blue colors depict activated or inhibited responses, respectively,

relative to baseline (−1 to 0 s) and thickness, and gradient colors indicate higher stimulation frequencies. Black trace illustrates neural activity during control trials for all

recorded neurons (n = 186). (F) Percentage of neurons recruited as a function of stimulation frequency.

et al., 2018), a brain region that sends outputs to LHA and
is involved in feeding and also contains palatability-related
neurons (O’Connor et al., 2015; Villavicencio et al., 2018), we
also found that the LHA neuron’s firing rate (either increasing
or decreasing neurons) adjusts across the session to reflect
sucrose’s palatability (Figure 2F). These data indicate that within

the session, as the animals approach satiety, the responses of
the palatability-related neurons tracked the rapid decline in the
lick rate mainly for the two less palatable stimuli (i.e., AS and
water) but not for the higher sucrose concentration (sucrose 3
and 18%), suggesting these neurons are tracking palatability and
no satiety.
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FIGURE 2 | LHA neurons process palatability-related information. (A) Brief access taste setup depicting a behavioral box equipped with a computer-controlled

retractile sipper that for each lick independently delivers a drop of artificial saliva (AS), water, sucrose 3%, or 18% concentrations. After a head entry (dashed line), the

first dry lick (black line) enables the 7-s reward epoch. During this period, in each lick (red), a drop of the four tastants was randomly delivered. After the reward epoch,

(Continued)
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FIGURE 2 | the sipper was retracted for an intertrial interval (ITI) of 3 s and then re-extended to start a new trial. (B) Average lick rate during the entire reward epoch,

reflecting greater palatability as a function of sucrose concentration. * Indicates significant difference (p < 0.05) among the stimuli. Using one-way ANOVA followed by

the Holm–Sidak test. (C) Representative raster plot of two LHA neurons recorded while mice performed a brief access test. Spikes are plotted as black ticks, whereas

licks for each tastant are color-coded (green, AS; blue, water; orange, sucrose 3%; red, sucrose 18%). Below are the corresponding peristimulus time histograms

(PSTHs) of lick rate (licks/s) and firing rate (spikes/s; Sp/s) as a function of trial type. Neuronal responses were aligned (time = 0 s) to the first rewarded lick. The brown

rectangles depict the “best” window with the maximum Pearson correlation coefficient between firing rates and sucrose’s palatability index (PI). The left and right raster

plots displayed two neurons with a positive and negative correlation, respectively. (D) Z score normalized activity (relative to AS trials) for LHA neurons with either

positive or negative correlation against PI (red circles). (E) Population PSTHs of the lick rates given in the reward epoch as a function of trial type, divided into blocks of

10th percentiles of trials each. (F) Population PSTHs of the firing rate during the reward epoch of the palatability-related neurons across the session for each trial type.

The left panel depicts neurons that fired more to higher sucrose concentrations [positive sucrose’s palatability correlation; (D) yellow], whereas the right panel

illustrates neurons with decreasing firing rates as the sucrose concentration increased [i.e., negative correlation with sucrose’s palatability; (D) purple].

A Subpopulation of Opto-Identified
LHAVgat+ Neurons Encodes Sucrose’s
Palatability
To identify LHAVgat+ neurons from our recordings, we opto-
stimulated the same mice recorded in the brief access test
seen in Figure 2. We verified the stability of the waveforms
between tasks (i.e., brief access test and optotagging), and we
only included single units with stable waveforms in the analysis
(see section Materials and Methods; Supplementary Figure 1).
Figure 3A displays the setup and the normalized (Z score)
activity of laser-activated neurons (48%; 137/284) (for details, see
sectionMaterials andMethods). Since these neuronsmay include
ChR2-expressing cells and other LHA neurons modulated by
indirect polysynaptic feedback of afferent fibers from other
areas in the brain (Nieh et al., 2015), we decided to name
them putative LHAVgat (pLHAVgat) neurons. Note that pLHAVgat

neurons comprise the ensemble recruited by the optogenetic
stimulation of LHA GABAergic neurons, suggesting they convey
similar information. Therefore, we next evaluated whether
pLHAVgat neurons were correlated with sucrose’s palatability.
In total, 50% (69/137) of laser-activated neurons exhibited
responses that were significantly palatability related; specifically,
34% showed a positive correlation (46 out of 137), whereas
17% (23 out of 137) had a negative correlation with sucrose’s
palatability (Figure 3B; positive vs. negative chi-square test(1,274)
= 10.25, p < 0.01). Figure 3C shows the population activity of
pLHAVgat neurons with either a positive (yellow) or negative
(purple) Pearson’s correlation coefficients with the PI (red).
Furthermore, from all recorded LHA neurons that encode
sucrose-induced oromotor palatability responses with a positive
correlation (n = 59, see Figure 2D), we found that more
than 78% (46/59) belonged to the pLHAVgat (Figure 3D). In
contrast, only 30% (23/76) of pLHAVgat neurons were negative
palatability related (Figure 3D; positive vs. negative chi-square
test(1,135) = 30.25, p < 0.0001). Similar results were found when
we analyzed the laser-activated late neurons (hereafter named
late neurons) from the pLHAVgat population. These neurons
exhibited a delayed laser-evoked action potential with a slow
latency (>15ms), n = 66 (see Supplementary Figure 3A). We
compared the proportion of late neurons against all palatability-
responsive neurons recorded in the LHA and found that 41%
(24/59) belonged to the positive palatability-related population,
and only 8% (6/76) were negative palatability-related neurons
(Supplementary Figures 3B,C; chi-square test(1,135) = 20.65,

p < 0.0001). Thus, pLHAVgat encode sucrose’s palatability with
a biased toward positive correlations.

To confirm the identity of LHAVgat+ neurons, we searched
for neurons in which a brief pulse of light evoked an action
potential with an early latency (≤15ms) that would reflect the
expression of ChR2 in their somas (Buonomano, 2003). In total,
from the pLHAVgat population, 52% (71/137) neurons exhibited
an early response to blue light (Figures 3E,F), suggesting
that these pLHAVgat neurons were LHAVgat+ neurons. We
found that over half of the identified LHAVgat+ neurons,
55% (39/71), were involved in encoding sucrose’s oromotor
palatability, and the remaining (45%) were unmodulated by
sucrose. From the LHA neurons related to sucrose’s oromotor
palatability, 31% of LHAVgat+ neurons positively correlated
with sucrose’s palatability (22/71), and 24% were anticorrelated
(17/71) (Figure 3G; positive vs. negative chi-square test(1,142) =
0.88, p = 0.34). The LHAVgat+ neuronal responses with positive
and negative Pearson’s correlation coefficients with lick-related
palatability responses are seen in Figure 3H. Once again, we
compared the proportion of opto-identified LHAVgat+ neurons
against all palatability-responsive neurons recorded in the LHA.
We found a trend to encode sucrose’s palatability in a positive
rather than negative manner. That is, 37% (22/59) of LHAVgat+

neurons belonged to the positive palatability-related population,
whereas only 22% (17/76) were negative palatability-related
neurons (Figure 3I; positive vs. negative chi-square test(1,135) =
3.59, p = 0.057). Altogether, these data suggest that LHAVgat+

neurons tend to encode sucrose’s palatability in a positive rather
than in a negative manner. More importantly, our data agree with
the idea that the LHAVgat+ neurons comprised heterogeneous
subpopulations with different functional responses (Jennings
et al., 2015).

Non-LHAVgat Neurons Negatively Encode
Sucrose’s Palatability
In contrast, we found that 25% of the LHA neurons exhibited
a laser-induced inhibition (70/284, non-LHAVgat neurons,
Figure 3J, blue trace), and the remaining 27% (77/284) were
unmodulated during blue light stimulation (Figure 3J, black
trace). Unlike pLHAVgat neurons, only 7% (5 out of 70)
of the non-LHAVgat neurons showed a positive correlation,
whereas the vast majority, 36% (25 out of 70), had a negative
correlation with sucrose’s palatability (Figures 3K,L; positive vs.
negative chi-square test(1,140) = 16.97, p < 0.0001). These results
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FIGURE 3 | A subpopulation of LHAVgat+ neurons encodes sucrose’s palatability. (A) To confirm the LHAVgat+ neurons’ identity after the brief access test, we

performed laser opto-stimulation in a cycle 2 s on (at 50Hz) and 10 s off over 15min session. In this phase, mice had no access to the sipper (above panel). Below,

the normalized Z score population activity of all 284 LHA neurons recorded from three VGAT-ChR2 mice. Responses were aligned to the laser onset (time = 0 s),

relative to baseline (−1 to 0 s) activity. The red line depicts the responses of activated putative pLHAVgat neurons. (B) Percentage of laser-activated pLHAVgat+ neurons

whose activity (in the brief access test) also positively or negatively correlates with sucrose’s PI. *p < 0.01, chi-square. (C) Z score activity (relative to AS) for all

activated pLHAVgat neurons and its correlation with the sucrose’s PI. (D) Percentage of positive or negative laser-activated palatability-related neurons. *p < 0.0001,

chi-square. (E) PSTH of identified (opto-tagged) LHAVgat+ neurons exhibiting early evoked responses (i.e., ChR2 expressing cells). (F) Histogram of opto-tagged

LHAVgat+ neurons with evoked early responses (latencies <15ms) from laser onset. (G–I) The same conventions as in (B–D), but for opto-tagged LHAVgat+ neurons

encoding sucrose’s palatability. (J–M) Non-LHAVgat neurons that negatively encode sucrose’s palatability. (J) Blue and black traces correspond to inhibited

(non-LHAVgat+ neurons) and unmodulated responses, respectively. Same conventions as in (A). (K–M) The same conventions as in (B–D). *p < 0.001, chi-square.

suggest that non-LHAVgat neurons (perhaps glutamatergic
Vglut2 neurons) preferentially encode sucrose’s palatability with
negative correlations (Figure 3M; positive vs. negative chi-square
test(1,135) = 11.46, p < 0.001).

Activation of LHAVgat+ Neurons Drives
Sucrose Intake
If a subpopulation of LHA GABAergic neurons preferentially
encodes sucrose’s palatability by increasing firing rates, its

optogenetic stimulation should promote increased sucrose
intake. To characterize its impact on sucrose intake, we used an
open loop optogenetic stimulation involving 5-min blocks with
laser and no-laser stimulation, while naive VGAT-ChR2mice had
ad lib access to a sipper filled with sucrose 10% (Figure 4A). We
analyzed the intake as a function of laser frequency (Figure 4B;
two-way ANOVA, frequency by blocks interaction, F(35,96) =

2.268, p < 0.01); a post hoc test uncovered that in the first three
blocks with laser, 50Hz stimulation induced a significant increase
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FIGURE 4 | In sated VGAT-ChR2 mice, 50Hz stimulation of LHAVgat+ neurons induced the greatest intake of sucrose. (A) Behavioral setup for open loop stimulation,

where the laser was turned on regardless of the mice’s behavior. The box was equipped with a central sipper, where mice had free access to 10% sucrose. Open loop

stimulation comprised 5min block without laser followed by opto-stimulation for 5min, in a cycle 2 s on and 4 s off, during a 40-min session. VGAT-ChR2 (n = 3) and

WT (n = 5) mice received stimulation of only one of the following frequencies in ascending order per session: 0, 2.5, 5, 10, 20, and 50Hz. (B) Opto-stimulation of

LHAVgat+ neurons induced sucrose (10%) intake in a frequency-dependent manner that peaked at 50Hz. * Denotes statistically significant difference (p < 0.001)

between non-laser and laser-stimulated blocks at 50Hz. Besides mice being sated, the lower intake at 0Hz could be due to the lack of experience drinking in the

novel box. (C) Representative raster plot of open loop stimulation from a VGAT-ChR2 mouse at 50Hz. Lick responses (red ticks) were aligned to laser onset (blue

rectangles, opto-stimulation period). The laser-bound index was the number of licks within 2.5 s from laser onset (dashed blue rectangles) divided by total licks. (D)

The laser-bound feeding index of VGAT-ChR2 increased as a function of the laser frequency. *Indicates significant difference from WT mice (p < 0.01). Using a

two-way ANOVA followed by the Holm–Sidak test. In this and other figures, data represent mean ± SEM.

in sucrose intake (Figure 4B; blocks 2, 4, and 6) compared with

the previous blocks of no-laser (Figure 4B; p < 0.001; blocks 1,
3, and 5). Figure 4C shows a raster plot for licking responses

of a representative open loop session. At 50Hz, we found that
feeding (licking) was elicited within a 0.72 ± 0.03-s latency from
laser onset, and it abruptly stopped (0.27 ± 0.1 s) after laser

offset (see blue dash rectangles). VGAT-ChR2 mice exhibited
an increase in the laser-bound feeding as the laser frequency
increased (Figure 4D; two-way ANOVA, group by frequency
interaction, F(5,36) = 12.86, p < 0.0001). Thus, to induce sucrose

intake, LHAVgat+ neurons require continued activation. Our data
then confirmed that 50Hz is the best stimulation frequency to
drive neuronal responses and sucrose intake.

LHAVgat+ Neurons Do Not Induce a
Persistent Hunger State
A previous study showed that brief optogenetic stimulation of
“hunger-inducing” AgRP neurons in the arcuate nucleus before
food availability promotes consummatory behavior that persists
for several minutes in the absence of continued AgRP neuron
activation (Burnett et al., 2016; Chen et al., 2016). Based on
this study, we tested whether the prestimulation of LHAVgat+

neurons could evoke a similar hunger state. Unlike AgRP
neurons (Burnett et al., 2016; Chen et al., 2016), prestimulation
of LHAVgat+ neurons failed to evoke and sustain subsequent
sucrose intake (see Supplementary Figure 4; two-way ANOVA,
group by prestimulation protocol, F(3,56) = 0.50, p = 0.68). Our
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FIGURE 5 | Open loop stimulation of LHAVgat+ neurons biases consumption toward the most palatable tastant and reinforces intake during opto-stimulation. (A)

Behavioral protocol. Sated mice (n = 6 WT and n = 12 VGAT-ChR2) were located in an operant box equipped with three ports. The left port contained sucrose 18%,

the central port water, and the right port sucrose 3%, counterbalanced across individuals. For details of the open loop, see Figure 4A. (B) Left and right panels,

number of licks for each gustatory stimulus for WT and VGAT-ChR2 mice. Note that the VGAT-ChR2 mice increased consumption of the most palatable stimulus

available (sucrose 18%) mainly in opto-stimulated blocks (blue rectangles), while it decreased intake in blocks without laser. (C) Mean licks for sucrose 18%, during

blocks with laser on and off from WT and VGAT-ChR2 mice. Black squares show the total licks given for each group. (D) Licks for sucrose 18% during blocks with or

(Continued)
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FIGURE 5 | without laser across days. *Indicates a significant difference (p < 0.0001) between laser and no-laser blocks. #p < 0.0001 statistically significant

difference between sucrose 18% and the other stimuli. ∧p < 0.01 between WT and VGAT-ChR2 for sucrose 3%;
†
p < 0.01 higher intake of water of VGAT-ChR2

compared with WT; +p < 0.0001 higher consumption of VGAT-ChR2 compared with WT for sucrose 18% during blocks with laser. Using a two-way ANOVA and RM

ANOVA followed by the Holm–Sidak test.

results suggest that feeding occurs while LHAVgat+ neurons are
active (Figure 4C), but they do not induce a persistent hunger
state as AgRP neurons do (Chen et al., 2016).

Open Loop Activation of LHAVgat+ Neurons
Drives Intake of the Highest Sucrose
Concentration Available
To test whether activation of LHAVgat+ neurons promotes
the intake of the most palatable available stimulus, naive WT
and VGAT-ChR2 mice were opto-stimulated in an open loop
protocol, with access to three adjacent ports containing water,
sucrose 3%, or sucrose 18% (Figure 5A). As expected, both
WT and VGAT-ChR2 mice preferred sucrose 18% over water,
and sucrose 3% (Figure 5B; WT: two-way ANOVA main effect
tastants; F(2,1,560) = 543.3, p < 0.0001; VGAT-ChR2: F(2,3,144)
= 983, p < 0.0001). However, we found that sated VGAT-
ChR2 mice increased their intake of 18% sucrose mainly during
the laser-activated blocks compared with controls (Figure 5B,
right; two-way ANOVA group by laser block interaction F(7,1,568)
= 31.86, p < 0.0001) and rarely licked in the absence of
stimulation (Figure 5C). In this regard, VGAT-ChR2 mice seem
to counteract the evoked sucrose intake by voluntarily restraining
consumption in the no-laser blocks (blocks 3, 5, and 7), resulting
in no significant differences between groups in the total intake
of 18% sucrose (Figure 5C, see black squares; unpaired Student’s
t-test, t(196) = 1.512, p = 0.1320). A between-days analysis
revealed that the evoked 18% sucrose intake began from the first
stimulation day (Figure 5D; RM ANOVA laser blocks, F(1,22)
= 64.64, p < 0.0001), although sucrose consumption ramps
up throughout the days (Figure 5D; RM ANOVA main effect
days, F(10,220) = 2.169, p < 0.05). This suggests that LHAVgat+

neurons, rather than inducing hunger per se, induced a learning
process that potentiates the intake of the most palatable stimulus
and confines consumption mainly in the presence of opto-
stimulation.

The small increase in water and sucrose 3% intake
observed during opto-stimulation of LHAVgat+ neurons could be
explained by random stimulation near those tastants (Figure 5B,
right panel). Accordingly, we found in laser blocks 2, 4, and 6 a
significant increase in water and sucrose 3% in the VGAT-ChR2
mice compared with the WT mice that completely neglected
those tastants (Figure 5B, ∧p < 0.05 for sucrose 3%; †p <

0.05 for water). We hypothesize that this additional intake
can be attributed to trials where laser activation occurred near
these less palatable stimuli. To answer this, we employed a
videography analysis (Figures 6A,B). When opto-stimulation
occurred in the distance minor to 50 pixels (∼3 cm, see section
Materials andMethods) relative to sucrose 3% or water ports, the
licking probability increased significantly after opto-stimulation
(Figure 6B; sucrose 3%: F(9,155) = 29.33, p < 0.0001; water: one-
way ANOVA; F(9,153) = 12.74, p < 0.0001). The angle of the

head was less informative (Figures 6C,D; sucrose 3%: F(17,147)
= 0.71, p = 0.78; water: one-way ANOVA; F(17,145) = 0.96, p
= 0.49; sucrose 18%: one-way ANOVA; F(17,153) = 0.49, p =

0.95). Conversely, since mice are naturally attracted to the most
palatable tastant, they spent more time near the lateral port
with 18% sucrose, increasing their overconsumption (Figure 6C,
Supplementary Video 1). Moreover, we observed that for the
sucrose 18% port, even when the mouse position was twice as
far (i.e., 6 cm) from the sucrose 18% port, the licking probability
increased significantly (Figure 6B, right panel; one-way ANOVA,
F(9,161) = 82.87, p < 0.0001). These data are consistent with
a study showing that opto-stimulation of LHAVgat+ neurons
promotes the intake of the nearest stimulus (Nieh et al., 2016)
but further demonstrates that the most palatable stimulus has
nearly twice the distance of attraction than the other less
palatable options.

Open Loop Activation of LHAVgat+ Neurons
Also Increases the Time Spent and Drives
the Intake of the Most Palatable Solid Food
Available
We also explored whether LHA GABA neurons could induce the
intake of the most palatable solid food available. Thus, using an
open loop protocol, we opto-stimulate these neurons while mice
choose among different solid foods. We found that optogenetic
activation of LHAVgat+ neurons increased the time spent near
the most palatable food available. VGAT-ChR2 mice spent more
time near the high-fat diet than the granulated sugar cube or the
chow food pellet, relative to the WT group. Also, the intake of
transgenic mice was higher for high-fat diet than the other food
stimuli (see Supplementary Figure 5, Supplementary Video 2;
time spent: one-way ANOVA, F(5,306) = 38.52, p < 0.0001;
intake: one-way ANOVA, F(5,282) = 68.76, p < 0.0001); however,
both WT and VGAT-ChR2 mice consumed similar amounts
of high-fat diet (p = 0.0985), perhaps because it is a highly
palatable food. When mice were able to choose between a sugar
cube and a chow pellet, now the activation of these neurons
increased the time spent and consumption of sugar cube over
chow (see Supplementary Figure 6, Supplementary Video 3;
time spent: one-way ANOVA, F(3,96) = 16.13, p < 0.0001;
intake: one-way ANOVA, F(3,92) = 13.65, p < 0.0001). Our data
suggest that open loop stimulation of LHA GABAergic neurons
promotes the attraction to and the intake of the most palatable
food available.

Closed-Loop Stimulation of LHAVgat+

Neurons Drives the Intake of the Nearest
Appetitive Stimuli
To further test the idea that LHAVgat+ neurons could induce
a preference for a proximal (but less palatable) stimulus over
a distal one with higher hedonic value, we used a closed-loop
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FIGURE 6 | Licking probability increased as a function of distance. (A) Schematics for video tracking (see Materials and Methods). We calculated the distance and the

head angle between the mouse’s nose and each of the three sippers containing sucrose 3%, water, or sucrose 18% for each laser onset. (B) It depicts the probability

that laser onset evoked licking as a function of the mouse’s distance relative to each sipper. (C) Polar plots depict the licking probability after laser onset, given the

(Continued)
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FIGURE 6 | distance and angle of the mouse relative to a licking sipper. At the onset of each laser stimulation, we computed the head angle and distance relative to

each sipper, and in the following 6-s window, we tally if the mouse licked to any sipper. We normalized by dividing the number of times licking was elicited by the

number of first lasers occurring on those coordinates. The drawing of the mice’s head illustrates that if a mouse was facing toward the sipper, the angle is 0◦, in a

perpendicular position (90◦), or 180◦ if it was looking in the opposite direction. (D) The probability of licking after laser onset vs. the angle between the head direction

and the sipper. * Indicates significantly different (p < 0.001) from all other distances. One-way ANOVA followed by the Holm–Sidak test.

stimulation protocol. That is, the same mice (from Figure 5)
were photostimulated, but here the laser was triggered by
each head entry in the central port (i.e., opto-self-stimulation).
This closed-loop configuration guarantees that stimulation only
occurs proximal to water, the least palatable stimulus of the
three in the box (Figure 7A, right). We found that activation
of LHAVgat+ neurons is rewarding since transgenic mice visited
the central port significantly more and performed a higher
number of opto-self-stimulations than the WT mice (Figure 7B;
unpaired Student’s t test, t(196) = 12, p < 0.0001). Surprisingly,
the total number of licks in the session seen in Figure 7C

shows that during closed-loop stimulation, the VGAT-ChR2
mice explored and consumed more water than the WT mice
(two-way ANOVA group by tastants interaction, F(2,585) = 13.09,
p < 0.0001, post hoc test at water, p < 0.0001). Note that
in both open loop and closed-loop protocols, the WT and
VGAT-ChR2 mice exhibited, at the end of the session, similar
number of licks for 18 wt% sucrose (Figure 7C; two-way ANOVA
group by protocol interaction, F(1,391) = 2.172, p = 0.1414).
That is, the total licks for sucrose 18% were not significantly
different between groups, suggesting that these neurons do not
interfere with the overall attractiveness of sucrose. However, by
counting the number of licks given when the laser was turned
on (in a 2.5-s window from laser onset—see Figure 7D), we
uncovered a striking change in preference. As noted, in the open
loop, the VGAT-ChR2 mice exhibited a higher preference for
sucrose 18 wt%, over both sucrose 3 wt% and water. Now, in
the closed-loop protocol, the same transgenic mice consumed
more water compared with WT (two-way ANOVA group by
tastants interaction, F(2,585) = 12.18, p < 0.0001, post hoc test
at water, p < 0.0001), and the consumption of water was about
the same as sucrose 18% (p = 0.8731, n.s.; Figure 7D). The
increase in water intake was selective to the photostimulation
window since the transgenic mice only drank sucrose 18%,
and neglected water when the laser was turned off (see arrow
in Figure 7E; two-way ANOVA group by tastants interaction,
F(2,585) = 64.16, p < 0.0001, post hoc test at water vs. sucrose
18%, p < 0.0001). Thus, LHAVgat+ neurons could promote
water intake, but only when it is the nearest stimulus. The
sucrose preference index (Figure 7F) showed that during the
open loop, all VGAT-ChR2 mice preferred sucrose 18% over
water (Figure 7F; values >0.5 and near to 1), whereas in the
closed-loop protocol, when water was the nearest stimulus, most
mice (n = 9 out of 12) significantly diminished their sucrose
preference (Figure 7F, see the drop in preference index; paired
Student’s t-test, t(58) = 7.98, p < 0.0001). From these nine
animals, six exhibited a higher preference for water over sucrose
18% (preference index values <0.5; Supplementary Video 4).
Figure 7G shows the color-coded location of fiber optic tips

in each VGAT-ChR2 mice plotted in Figure 7F. However, the
location of the optical fibers does not explain the variability
in preference. Perhaps the variability is due to different
behavioral strategies used by each mouse. Nevertheless, the
large variability in the drop of sucrose preference resembles
the findings with sweet-induced facilitation by electrical ICSs
(Poschel, 1968). These data suggest that LHAVgat+ neurons drive
consummatory behavior by integrating the stimulus proximity
and hedonic value.

After Repeated Stimulation, the Correlation
Between Laser-Bound Feeding and
Self-Stimulation Strengthens
Previous studies have shown that after repeated LHA bulk
stimulation (either electrically or with optogenetic targeting
all cell types together), subjects switched from exhibiting
stimulus-bound feeding to only self-stimulating, indicating that
LHA-evoked feeding and reward could represent two distinct
processes (Gigante et al., 2016; Urstadt and Berridge, 2020).
Consequently, we explored whether laser-bound feeding changed
after repeated optogenetic stimulation. In contrast to previous
studies, we observed that laser-bound feeding induced by
LHAVgat+ neurons strengthened across sessions (Figure 8A,
first 3 days: r = 0.12, p = 0.69; last 5 stimulation days: r
= 0.63, p < 0.05), and after repeated stimulation, both opto-
self-stimulation and laser-bound feeding exhibited a robust
correlation (Figure 8B, first 3 days: r= 0.42, p= 0.16; last 5 days:
r= 0.61, p< 0.05), suggesting that LHA-evoked feeding (licking)
involves a learning process (Sharpe et al., 2017) and that LHA
GABAergic neurons are a common neural substrate for feeding
and reward.

The “Stimulus Proximity Effect” Is Not
Restricted to Liquid Tastants, and It Also
Occurs With Chocolate and Chow Pellets
The “proximity effect” evoked by LHAVgat+ neurons was not
restricted to liquid tastants; it also applied to solid foods. In a real-
time place preference arena with four stimuli (Figure 9A), when
chocolate pellets or chow food was the designated food near opto-
self-stimulation of LHAVgat+ neurons, mice also increased the
time spent near those foods (Figure 9B; pellet: one-way ANOVA;
F(4,145) = 99.05, p < 0.0001; chow, F(4,145) = 182, p < 0.0001) as
well as their intake (Figure 9C; pellet: unpaired Student’s t test,
t(68) = 3.234, p < 0.05; chow: unpaired Student’s t test, t(68) =
3.651, p < 0.05) (see Supplementary Video 5). Thus, these LHA
GABAergic neurons reinforced the approach and exploration to
any, if not the most appetitive stimulus, that happened to be
proximal to the opto-stimulation.
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FIGURE 7 | If stimulation occurred near the less palatable stimulus, LHAVgat+ neurons induced water intake despite sucrose. (A) For the open loop stimulation, the

laser was activated (2 s on, 4 s off) regardless of behavior and mice position. The same mice and conventions as in Figure 5A. In the closed-loop configuration, the

laser was triggered by a head entry in the central port. (B) The number of laser activations during the closed-loop protocol. The VGAT-ChR2 mice self-stimulate more

than the WT mice. Each dot and triangle represent a single mouse. Unpaired t-test. (C) The total number of licks given for each stimulus during the entire session. In

the open loop, both mice groups licked more sucrose 18% than water or sucrose 3%. However, in the closed-loop configuration, the VGAT-ChR2 consumed more

water (0% sucrose) than the WT mice. (D) The number of licks evoked during 2.5 s after laser onset for each gustatory stimulus. (E) The number of licks when laser

was turned off for each gustatory stimulus. (F) The water–sucrose 18% preference index from VGAT-ChR2 mice during photostimulation was defined as the number of

18% sucrose licks divided by the total licks for sucrose 18% + water. Thus, values higher than 0.5 indicate sucrose 18%, and values lower than 0.5 indicate

preference for water. Some VGAT-ChR2 mice preferred water over sucrose. The horizontal black lines indicate mean preference in both stimulation protocols. Paired

t-test. (G) Fiber optic location in the LHA of VGAT-ChR2 mice. *p < 0.0001 indicates a significant difference from WT mice and stimulation protocols. #p < 0.0001

between sucrose 18% and the other stimuli. Two-way ANOVA followed by the Holm–Sidak test.

LHAVgat+ Neurons’ Activation Is Rewarding
In the same WT and VGAT-ChR2 mice tested in the closed-
loop configuration seen in Figure 7, we went on to show
that mice visited the central water port to opto-self-stimulate.
To do this, we performed extinction sessions with the laser

disconnected (Figure 10A). We observed a rapid decrease in
the number of opto-self-stimulations (Figure 10B; extinction
phase, gray shadow). As expected, self-stimulation rapidly
recovered when the laser was turned on again (Figure 10,
see water after extinction). Thus, LHAVgat+ neurons convey
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FIGURE 8 | After repeated activation of LHAVgat+ neurons, laser-bound feeding (in open vs. closed loop) strengthened and exhibited a positive correlation. (A) Scatter

plots showing the relationship between laser-bound feeding (licks given during the 2.5 s window from laser onset relative to total licks in the session) in both open loop

and closed-loop tasks during the first 3 days (left panel) and the last 5 days of opto-stimulation of open loop vs. opto-self-stimulation of the closed-loop protocols

(right panel). (B) Likewise, after repeated activation, both opto-self-stimulations and laser-bound feeding (licking) showed a significant correlation. Scatter depicting the

average number of opto-self-stimulations vs. the laser-bound feeding observed in the closed-loop protocol.

a hedonically positive, rewarding signal (Jennings et al.,
2015).

LHAVgat+ Neurons Also Promote Licking an
Empty Sipper
A previous study demonstrated that chemogenetic activation
of LHAVgat+ neurons increased gnawing to non-edible cork
(Navarro et al., 2016). In the absence of other stimuli but
cork, we also observed gnawing behavior in some mice,
although we did not systematically study stereotypy (see
Supplementary Video 6). Instead, we further explored
this idea by replacing water, in the central port, with

an empty sipper (Figure 10, empty sipper). Transgenic
mice continued opto-self-stimulating at the same pace as
if water were still present in the central port. LHAVgat+

stimulation evoked licking an empty sipper compared
with WT mice (Figure 10C, unpaired Student’s t-test, t(40)
= 2.532, p < 0.05). Thus, LHAVgat+ neurons evoke an
imminent urge to express consummatory behavior even in
the form of dry licking an empty sipper, a non-biological
relevant stimulus, but only when it is the nearest stimulus
to photostimulation. This effect is perhaps also mediated by
an increase in the rewarding value of appetitive oromotor
responses per se.
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FIGURE 9 | Stimulation of LHAVgat+ neurons is rewarding and biases the approach toward the nearest stimulus. (A) Different stimuli (plates containing cork, chow,

chocolate pellets, or a sipper filled with 10% liquid sucrose) were presented simultaneously in a circular arena. In this task, when mice cross a designated area

(dashed circles), the laser was turned on (2 s on; 4 s off) in a 40-min session. Thus, a mouse had to leave and re-enter the designated area to receive a new

opto-self-stimulation. Only one designated area was used per session, and it remained in the same position for up to three or four consecutive sessions. (B) Heatmap

and time spent from a representative WT (left panel) and VGAT-ChR2 mice (right panel), when the designated area was either the center, the pellet, or the chow (see

red circles for the currently designated zone). The color bar indicates the number of frames the subject was detected in a given pixel; higher values indicate it remained

in the same place for a longer time. Below, bar graphs depict the time spent in seconds exploring the designated area (within a radius of 5 cm). Each dot and triangle

represent a single individual. Though mice normally avoid exploring the center of an open field, opto-self-stimulation in the center zone increased the time transgenic

mice spent exploring it, compared with WT. Transgenic mice spent more time exploring the chocolate pellets and the chow food when they were in the designated

zones. (C) Intake of chocolate pellet and chow. Activation of LHAVgat+ neurons in the center zone increased chocolate pellets and chow consumption compared with

the WT. Inset: Spill from chocolate pellets and chow. *Indicates statistically significant difference (p < 0.05) from the WT. +p < 0.05 shows a significant increase in

intake and spill during the session that a designated area was opto-self-stimulated relative to the sessions where the center was opto-self-stimulated. Unpaired

Student’s t-test. #p < 0.01 indicates a significant difference between designated area opto-stimulated and the other open field areas. One-way ANOVA followed by

the Holm–Sidak test. See Supplementary Video 5.
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FIGURE 10 | Activating LHAVgat+ neurons does not induce the intake of a bitter tastant, nor an unavoidable aversive stimulus, but it increases sucrose consumption.

(A) Schematic of behavioral setup showing stimuli delivered at the central port. The water stimulus in the central port was replaced by an empty sipper, quinine, or

airpuff. In all phases, head entry in the central port triggered the laser, except in the airpuff unavoidable condition, where the first lick delivered both the laser and the

(Continued)
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FIGURE 10 | airpuff. Finally, the airpuff in the central port was replaced by sucrose 18%. (B) The number of opto-self-stimulations given for each stimulus. The

VGAT-ChR2 mice performed more self-stimulations than WT, except during extinction sessions and when the airpuff was unavoidable. (C) The number of licks given

to the central port. The licks in the central port decreased when an aversive stimulus was present, such as quinine or airpuffs. In contrast, a non-edible stimulus such

as an empty sipper elicited more licks from VGAT-ChR2 mice (p < 0.05). Moreover, when sucrose 18% was in the central port, the VGAT-ChR2 group increased its

consumption substantially compared with the WT. (D) The number of licks in the lateral port containing sucrose 18% during opto-self-stimulation. The intake of the

lateral port of sucrose 3% is not shown because it was neglectable. Each dot and triangle represent a single individual. ∧Denotes statistically significant difference (p <

0.0001) from WT. Unpaired Student’s t-test. *p < 0.05 relative to the WT group. #p < 0.05 between sucrose 18% from other stimuli delivered at the central port.

Two-way ANOVA followed by the Holm–Sidak test.

FIGURE 11 | Water deprivation gates a time window where activation of LHA GABAergic neurons increases quinine intake. (A) Sated mice had free access to one

sipper filled with quinine. The laser was turned “on” in a closed-loop protocol (left panel). Each head entry triggers 2-s laser “on” followed by a 4-s time out with

no-laser. In sated VGAT-ChR2 mice, activation of these neurons did not increase quinine intake (central panel shows the PSTH of the lick rates aligned to laser onset)

(time = 0 s). Although sated transgenic mice do not lick for quinine, they continued opto-self-stimulating (right panel). (B) Water-deprived transgenic mice consumed

more quinine than WT mice (central panel) when the laser was turned on (horizontal blue line). (C,D) Total licks, PSTH of the lick rate (central panels), and number of

opto-self-stimulations of 18% sucrose during sated and water deprivation conditions (right panel). The horizontal blue line indicates opto-self-stimulation window. The

vertical blue line indicates the laser onset, and the black dashed line the laser offset. *p < 0.01 indicates significant differences compared with WT mice according to

an unpaired Student’s t-test.
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FIGURE 12 | Activation of LHA GABA neurons enhances water and sucrose’s palatability. (A) Closed-loop stimulation during the brief access test. Left panel,

behavioral setup. The box contained a sipper that delivered an ∼2 µl drop of either water, sucrose 3%, or 18% per lick. Right panel, schematics of the structure of a

trial. A head entry in the port (dashed vertical line) triggered opto-self-stimulation, at 50Hz, in some sessions for 2 s and others for 7 s (blue rectangles). The reward

epoch begins with the first dry lick on the sipper (black tick) and always lasts 7 s (gray rectangles). During the reward epoch, a drop of tastant was delivered in each

lick (red marks). At the end of the reward epoch, the sipper was retracted, and an intertrial interval (ITI) of 3 s began. (B–E) Data of closed loop for 2 s stimulation in the

reward epoch. PSTH of lick rate of WT (left panel) and VGAT-ChR2 mice (right panel) aligned (time = 0 s) to laser onset. Opto-self-stimulation was delivered during all

trials (B) or during only water trials (C, see arrow), or sucrose 3% (D), or 18% (E). (F–I) Licking responses but during 7 s opto-self-stimulation. Same conventions as in

(B–E). The vertical blue line indicates laser onset and the gray line the end of the reward epoch. The horizontal blue line indicates opto-self-stimulation window.

*Indicates significant difference (p < 0.05) from the WT group. #p < 0.05 among the stimuli. Two-way ANOVA followed by the Holm–Sidak test. (J) Normalized Z

score population activity of 284 neurons recorded in LHA in VGAT-ChR2 mice (n = 3). The laser was turned on for 7 s at 50Hz. Neuronal responses were aligned to

laser onset (time = 0 s). Red and blue colors indicate activated or inhibited laser-evoked responses, relative to baseline (−1 to 0 s). Black trace illustrates neurons

unmodulated by the laser. (K) Mock laser stimulation did not affect palatability responses. PSTH of licking responses, opto-self-stimulation was delivered along with

sucrose 3% trials during 7 s (arrow). Note that both groups increased the lick rate as a function of palatability; the same conventions as in (B–E). To elicit mock laser

stimulation, mice were connected to a mock fiber optic (with no-laser connected), whereas the real fiber was glued outside the mice’s head to emit blue light.

When Sucrose Is Available, Activation of
LHAVgat+ Neurons Neither Promotes Intake
of an Aversive Bitter Tastant nor Tolerance
of Punishment, but It Further Increases
Sucrose Consumption
To explore whether the “stimulus proximity effect” was also

applied to aversive stimuli, we replaced the central stimulus

(water) with aversive stimuli, including quinine (a tastant that

humans experience as bitter taste) or airpuffs (Figure 10A).
Upon quinine presentation, the number of licks given in
the central port sharply decreased (Figure 10C, green), but
transgenic mice continued to self-stimulate and go to the

lateral port to lick for sucrose 18% (Figure 10D, green). We
obtained similar results to those in quinine stimulation during
the airpuff delivery phase (Figure 10D, dark gray). Under this
condition, transgenic mice completely stopped self-stimulation
(Figure 10B, cyan) and aborted 18% sucrose intake from the
lateral port (Figure 10D, cyan). These results suggest that, in
sated mice, LHAVgat+ neurons did not induce quinine intake nor
increase tolerance to airpuffs.

Finally, we explored whether proximity to the most palatable
tastant further facilitated its overconsumption. Thus, we
exchanged the position of water and sucrose 18%. When sucrose
18% was delivered in the central port, transgenic mice greatly
overconsumed it (Figure 10C, pink). The intake of sucrose 18%
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was higher than for all the other tastants tested previously
(p < 0.0001). These results collectively suggest that activation
of LHAVgat+ neurons is rewarding and promotes increased
consumption of the nearest stimulus even if it is not the most
palatable (e.g., water and empty sipper). If the nearest stimulus
happens to be the most palatable (i.e., sucrose 18%), then LHA
GABA neurons further facilitated its consumption.

LHA GABA Neurons Increased Quinine
Intake but Only in Water-Deprived Mice
Having demonstrated that in the presence of sucrose, activation
of these neurons failed to increase quinine intake (Figure 10C,
green), with a new group of naivemice, we then explored whether
LHAVgat+ neurons could induce quinine intake when it was
the only option. As expected, in sated mice, we found that
activation of LHAVgat+ neurons did not affect quinine intake
compared with WT (Figure 11A; unpaired Student’s t-test, t(46)
= 0.9925, p= 0.3262). Surprisingly, it promoted a higher quinine
intake when transgenic mice were water-deprived (Figure 11B;
unpaired Student’s t-test, t(46) = 2.958, p < 0.01), specifically
during the photostimulation window (Figure 11B; unpaired
Student’s t-test, t(46) = 4.473, p < 0.0001), suggesting that
activation of these neurons is sufficient to increase the acceptance
of bitter tastants but only during water deprivation. In contrast,
we found that regardless of homeostatic needs, activation of
these neurons increased sucrose 18% intake relative to WT mice
(Figures 11C,D; unpaired Student’s t-test, t(30) = 6.933, p <

0.0001; unpaired Student’s t-test, t(30) = 3.183, p < 0.01).

Activation of LHAVgat+ Neurons Enhances
Palatability
We next explored whether, at equal stimulus distance, these
neurons could enhance palatability responses. To do this, in
a new group of water-deprived mice, we employed a brief
access test again. In this task, we delivered gustatory stimuli
water, sucrose 3%, and sucrose 18% from the same sipper
tube, but in different trials. Figure 12A displays the trial’s
structure (same conventions as in Figure 2). We found that both
groups increased their licking rate as a function of sucrose’s
concentration, reflecting its palatability (Figure 12B; two-way
ANOVA main effect of tastants, F(2,174) = 9.101, p < 0.001).
However, during the 2 s of laser stimulation, the VGAT-ChR2
mice exhibited a greater lick rate for all three tastants. After the
laser was turned “off,” these mice abruptly stopped licking for
water and sucrose 3% compared with theWT group (Figure 12B,
right panel; two-way ANOVA group by tastants interaction,
F(2,174) = 5.293, p < 0.01). Moreover, when stimulation was
paired with water trials, transgenic mice selectively increased
their lick rate to water relative to WT (Figure 12C, blue line and
arrow; two-way ANOVA group by tastants interaction, F(2,84)
= 6.009, p < 0.01), even surpassing licking responses evoked
by the most palatable sucrose 18%. A similar enhancement of
oromotor responses was observed by pairing sucrose 3% trials
with LHAVgat+ opto-self-stimulation (Figure 12D, orange; two-
way ANOVA group by tastants interaction, F(2,84) = 16.72, p
< 0.0001). Likewise, the laser-bound feeding (licking rate) was

strongest when sucrose 18% was paired with the optogenetic
stimulation (Figure 12E, red, see arrow; two-way ANOVA group
by tastants interaction, F(2,84) = 16.49, p < 0.0001).

Finally, we show that palatability responses could be artificially
extended as long as LHAVgat+ neurons were continuously
activated. For this, we photostimulated them for up to 7 s.
We observed a similar enhancement pattern, maintained for
the duration of opto-stimulation (see Figures 12F–I, arrows; all
trials: two-way ANOVA main effect of tastants, F(2,114) = 12.53,
p < 0.0001; water trials: two-way ANOVA group by tastants
interaction, F(2,84) = 9.850, p < 0.001; sucrose 3% trials: two-
way ANOVA group by tastants interaction, F(2,84) = 33.47,
p < 0.0001; sucrose 18% trials: two-way ANOVA group by
tastants interaction, F(2,84) = 8.360, p < 0.001), suggesting that
LHAVgat+ neurons can adjust the enhancement of oromotor
palatability responses by simply sustaining its neuronal activity.
We verified that using optrode recordings, 7-s optogenetic
stimulation produced sustained LHAVgat+ neuronal responses
(Figure 12J). Moreover, transgenic mice did not merely use the
light as a cue to guide behavior since laser stimulation with a
mock optical fiber failed to increase licking (Figure 12K; two-
way ANOVA group by tastants interaction, F(2,54) = 1.619, p =

0.207). In sum, our data demonstrate that activation of LHAVgat+

neurons triggers a reinforcing signal that amplifies the positive
hedonic value of proximal stimuli, promoting overconsumption.

DISCUSSION

LHA has historically been viewed as a critical center for

feeding (Anand and Brobeck, 1951; Delgado and Anand, 1953;
Teitelbaum and Epstein, 1962), although it also processes
sucrose’s palatability-related information (Norgren, 1970; Ono

et al., 1986; Li et al., 2013). In addition to nutritive value,
sucrose’s palatability is the affective or hedonic attribute of

sweetness that determines whether to like it or not (Grill
and Berridge, 1985). Despite the importance of palatability to
promote overconsumption, the specific LHA cell type(s) identity
involved in processing sucrose’s palatability has remained elusive.

Our results demonstrated that a subpopulation of LHAVgat+

GABAergic neurons encodes sucrose’s palatability by exhibiting
two opposite modulatory patterns, either correlating positively

or negatively with the palatability index, with a bias toward a
positive correlation. Furthermore, opto-stimulation of LHAVgat+

cell somas promoted the approach and intake of the most

palatable tastant available. In contrast, opto-self-stimulation
promoted increased liquid intake of the less attractive and
proximal stimuli, despite havingmore palatable but distal tastants

available. These findings show that LHAVgat+ neurons compute

and/or combine, at least, two types of information: one related
to stimulus proximity and the other to palatability that results in

enhancing stimulus saliency (Nieh et al., 2016). Experiments with
solid food also unveiled that transgenic mice spent more time
near the most palatable food available. More importantly, among
the many other functions already ascribed to these neurons
[see below and Nieh et al. (2016)], our data uncovered a new
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function of LHAVgat+ neurons as physiological potentiators of
sucrose-induced oromotor palatability responses.

Previous studies have shown that the LHAVgat+ population
contains many subpopulations with different functional
responses, with at least one ensemble responding to appetitive
(approach) and others to consummatory behaviors (Jennings
et al., 2015). Furthermore, activation of these neurons is
rewarding, induces voracious eating (Jennings et al., 2015;
Navarro et al., 2016), and promotes interaction of the nearest
stimulus (either objects or other mice) (Nieh et al., 2016),
suggesting that they play a role in multiple motivated behaviors.
However, it is also known that LHA connects and receives direct
inputs from multiple cortical and subcortical gustatory regions
(Simerly, 2004; Berthoud and Münzberg, 2011), and some
electrophysiological studies report that LHA neurons respond to
gustatory stimuli—in particular to tastant palatability (Norgren,
1970; Ono et al., 1986; Schwartzbaum, 1988; Yamamoto et al.,
1989; Karádi et al., 1992). As noted in rodents, palatability is
operationally defined as the enhancement of hedonically positive
oromotor responses induced by stimulating the tongue with
ascending sucrose concentrations (Berridge and Grill, 1983;
Spector et al., 1998; Villavicencio et al., 2018). Specifically,
these hedonically positive oromotor responses may include
an increase in the lick rate or the bout size. In agreement
with this definition, we found that a subpopulation of LHA
palatability-related neurons tracked licking oromotor-related
responses by increasing or decreasing their activity in a sucrose
concentration-dependent manner. Within a session, LHA
neurons tracked the sucrose’s palatability rather than satiety
or hunger signals. We showed that these LHAVgat+ neurons
could function as enhancers of sucrose’s palatability. Optogenetic
activation of these neurons can also enhance water’s palatability
if it is the nearest stimulus. We found an increased lick rate
for water during these neurons’ activation as if the animal
were sampling a high sucrose concentration. Moreover, their
activation promotes the intake of liquid sucrose (or solid
granulated sugar cube). These neurons also increased the
consumption of other more palatable stimuli like high-fat
pellets (see Supplementary Figure 5; Supplementary Video 2),
similar to the other GABAergic neurons but in the zona incerta
(Zhang and van den Pol, 2017). Thus, our data demonstrate
that activation of LHA GABAergic drives the intake of the most
palatable stimulus available in the animal’s environment.

Although activation of LHAVgat+ promotes substantial
feeding behavior, it has become clear that LHAVgat+ neurons
are not directly involved in evoking hunger (Burnett et al.,
2016; Navarro et al., 2016; Marino et al., 2020), as AgRP
neurons in the arcuate do (Chen et al., 2016). In this regard,
and unlike AgRP neurons, prestimulation of LHA GABAergic
neurons did not trigger a sustained sucrose intake in the
absence of continuous activation (Supplementary Figure 4).
Thus, to induce a consummatory behavior, these neurons are
required to remain active. Moreover, and in agreement with
these findings, we found that the intake induced by LHAVgat+

neurons conveys a positive valence signal that combines both
stimulus proximity and palatability-related information. Thus,
these neurons enhance the saliency of nearby hedonically positive
stimuli, whether those stimuli are sapid chemicals, as we show, or

social cues, as in the approach behavior toward juvenile or female
intruders and new objects (Nieh et al., 2016).

It is important to highlight that opto-self-activation of
LHAVgat+ neurons resembles many hallmark behaviors evoked
by LHA electrical stimulation. In particular, our results could
shed some light on why, at low-intensity electrical currents,
lever pressing to deliver ICSs only occurs if food (or sucrose)
is in close proximity (Mendelson, 1967; Coons and Cruce,
1968; Valenstein et al., 1968; Valenstein and Phillips, 1970).
Consistent with its role in enhancing sucrose’s palatability, a
subpopulation of GABAergic neurons could indirectly explain
why sweet tastants further potentiate the rate of LHA electrical
ICSs (Poschel, 1968). We concluded that a subpopulation of
LHAVgat+ neurons could account for many, if not all, of these
electrically induced phenomena. Also, we found differences
between unspecific LHA stimulation and our targeted LHAVgat+

stimulation. Unlike electrical LHA stimulation, we found that
the laser-bound feeding was observed in all tested VGAT-
ChR2 mice (n = 31, Figures 4–12). In contrast, to the high
variability found in rats exhibiting LHA electrically induced
feeding, one study reported that only 12 of 34 rats showed
stimulus-bound feeding (Valenstein and Cox, 1970). Similarly, a
large variability was observed when unspecific bulk optogenetic
stimulation activated all cell types found in LHA, simultaneously
(Urstadt and Berridge, 2020). These studies reported that
after repeated LHA stimulation (either electrically or with
optogenetics), some subjects switched from exhibiting stimulus-
bound feeding to only self-stimulating, suggesting that these two
processes were flexible and not correlated (Gigante et al., 2016;
Urstadt and Berridge, 2020). In contrast, we found that repeated
stimulation of LHAVgat+ neurons increases laser-induced feeding
(licking). Likewise, the correlation between optogenetic self-
stimulation and laser-bound feeding increases over stimulation
days (Figure 8). That is, the more the animals self-stimulated,
the stronger the evoked laser-bound licking was. Thus, LHAVgat+

neurons are the common neural substrate for evoking both
feeding and reward, though it was recently shown that they do
it by using two projection pathways: reward via a VTA projection
and feeding via the peri-locus coeruleus nuclei (Marino et al.,
2020).

Given that LHA is involved in reward and aversion (Ono
et al., 1986), we next tested whether LHAVgat+ neurons could
promote bitter tastants’ intake. We found that opto-stimulation
of LHAVgat+ neurons failed to promote quinine intake, a bitter
tastant, or tolerance of an aversive airpuff when sucrose was
also available. Thus, these neurons play a minimal role in
increasing the preference for a proximal but aversive stimulus
over distal sucrose. Furthermore, in sated mice and using a single
bottle test, these neurons also failed to increase quinine intake.
Unexpectedly, during water deprivation, a copious quinine
consumption was observed. These results demonstrate that the
consummatory drive induced by the activation of GABAergic
neurons largely depends on the palatability of the stimulus and
the animal’s internal state. These results agree with previous
findings that chemogenetic inhibition of LHAVgat+ neurons
did not alter the quinine rejection responses. Thus, in sated
mice, these neurons are not necessary to express hedonically
negative responses induced by bitter tastants (Fu et al., 2019).
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However, they did not explore their sufficiency. Our results
showed that water deprivation temporarily gated LHAVgat+

neurons to promote quinine intake and further demonstrated
that their activation is sufficient to increase acceptance of an
aversive tastant during water deprivation.

The LHA comprises multiple heterogeneous and overlapping
populations based on the expression of genetic markers for
neuropeptides, receptors, and proteins involved in the synthesis
and vesicular packaging of neurotransmitters (Bonnavion et al.,
2016; Mickelsen et al., 2019). Thus, the LHAVgat+ population
can be further subdivided into GABA neurons expressing leptin
receptor (LepRb) (Leinninger et al., 2009; Mickelsen et al., 2019),
or the neuropeptide galanin (Gal), or neurotensin (Nts) (Qualls-
Creekmore et al., 2017; Kurt et al., 2019; Mickelsen et al., 2019). It
is known that the activation of LHA GABA-LepRb is rewarding
(Giardino et al., 2018), similar to LHAVgat+ neurons. Likewise,
LHA GABA-Gal-expressing neurons are related to food reward
behavior, but unlike LHAVgat+, these neurons do not promote
food consumption (Qualls-Creekmore et al., 2017). From these
subpopulations, only the LHA GABA-Nts neurons recapitulate
some (but not all) of the behavioral effects reported here. Unlike
LHAVgat+ neurons, a previous study found that LHA GABA-Nts
neurons do not increase chow intake. Instead, they promote the
liquid intake of palatable tastants (water, NaCl, and sucrose). In
sated mice, chemogenetic activation of GABA-Nts increased the
intake of bitter quinine, albeit with lower magnitude, when it
was the only liquid available to eat with chow food, a marked
contrast to our findings with broad LHA GABAergic neurons’
activation, although they did not explore quinine intake in
the absence of chow food or water-deprived mice. However,
they performed a two-bottle test and found that GABA-Nts
neurons increased water intake over quinine, suggesting that
activation of these neurons is not involved in driving mice’s
preference for bitter tastants, similar to what we found for the
LHAVgat+ population. Also, similar to our findings, activation
of LHA GABA-Nts induced water drinking, which was further
facilitated if the solution was sucrose (Kurt et al., 2019). Thus,
it will be interesting to determine the role that LHA GABA-Nts
neurons play in encoding and potentiating sucrose’s palatability.
It follows that the LHA contains nested functions encoded in each
subpopulation (or cell types) that are then recruited selectively to
exert a more refined control over feeding and reward.

A caveat of this study is that we employed bacterial artificial
chromosomes (BAC) transgenic strain mouse, VGAT-ChR2, that
constitutively expressed ChR2 in GABAergic neurons expressing
the gene for the VGAT (Zhao et al., 2011). In this model,
we cannot rule out the unintended activation of GABAergic
terminals from distal regions (Thoeni et al., 2020), which
also occurs with classic electrical stimulation. Nevertheless, in
the more specific transgenic model, the Vgat-ires-Cre mice, a
similar feeding-bound behavior for chow food has been found
(Marino et al., 2020), as we have shown here (see chow in
Figures 9B,C; Supplementary Video 5). Moreover, the VGAT-
ChR2 transgenic model affords important advantages such as
a consistent expression of ChR2 (Zeng and Madisen, 2012)
and heritable transgene expression patterns across experimental
cohorts (Ting and Feng, 2013), which increased reproducibility

across animals tested. It is also a more selective model to
characterize GABAergic neurons (excluding the glutamatergic
component) and their effects recapitulating classical effects
observed with electrical LHA stimulation (Delgado and Anand,
1953; Phillips and Mogenson, 1968).

In summary, here, we found that at least a subpopulation of
LHAVgat+ neurons could be an important hub that links stimulus
proximity and palatability-related information to potentiate
the palatability of nearby energy-rich foods, especially those
containing sucrose.
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The excitation of vagal mechanoreceptors located in the stomach wall directly
contributes to satiation. Thus, a loss of gastric innervation would normally be expected
to result in abrogated satiation, hyperphagia, and unwanted weight gain. While Roux-
en-Y-gastric bypass (RYGB) inevitably results in gastric denervation, paradoxically,
bypassed subjects continue to experience satiation. Inspired by the literature in
neurology on phantom limbs, I propose a new hypothesis in which damage to the
stomach innervation during RYGB, including its vagal supply, leads to large-scale
maladaptive changes in viscerosensory nerves and connected brain circuits. As a result,
satiation may continue to arise, sometimes at exaggerated levels, even in subjects with a
denervated or truncated stomach. The same maladaptive changes may also contribute
to dysautonomia, unexplained pain, and new emotional responses to eating. I further
revisit the metabolic benefits of bariatric surgery, with an emphasis on RYGB, in the light
of this phantom satiation hypothesis.

Keywords: neurology, autonomic nervous system, vagus, gastroenterology, appetite, nociception, vagotomy

INTRODUCTION

Satiation in Health and Obesity
A wide range of sensations can be evoked from the gastrointestinal (GI) tract including, but
not limited to, pain and warmth (Cervero, 1994; Mulak et al., 2008). However, the sensation
that is most frequently experienced in healthy subjects is satiation (Stevenson et al., 2015).
Satiation corresponds to the sensation of epigastric fullness (without pain) which accompanies meal
termination (Benelam, 2009; Bellisle et al., 2012). In the human literature, the term of satiation also
commonly refers to the subjective feeling of satisfaction toward the end of a meal (Benelam, 2009;
Bellisle et al., 2012). Because satiation directly leads to meal termination, it is a contributing factor
to maintaining a normal feeding behavior (de Graaf et al., 2004). To avoid confusion, I will refrain
from using the term of fullness because it is inconsistently used to refer either to the feeling of gastric
distention or to the persistent lack of hunger between meals, which should correctly be referred to
as satiety (Bellisle et al., 2012; Andermann and Lowell, 2017). The mechanical deformation of the GI
tract is a primary event responsible for satiation. Interestingly, as early as 1911, studies in conscious
humans with externalized fistulas established that a feeling of gastric distension can specifically
arise from the mechanical deformation of the GI muscularis (but not of its mucosa) (Hertz, 1911;
Boring, 1915; Wolf and Wolff, 1943; Nathan, 1981). Likewise, human subjects fed by parenteral
means, for which nutrients bypass the GI tract, often complain of not feeling satiation to the same
extent as after eating and drinking (Stratton and Elia, 1999). Satiation can be assessed in human
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subjects during the ingestion of a test meal either by quantifying
food intake or by assessing self-reported appetite levels (Benelam,
2009). Admittedly, there are technical difficulties in measuring
self-reported levels of satiation in humans including considerable
variability between individuals (Bellisle et al., 2012; Gibbons
et al., 2019; Nielsen et al., 2019; Gero, 2020). While this
article is primarily concerned with human biology, I will
consider laboratory animal and human studies in parallel. In
laboratory animals, food intake can be measured post hoc as an
indirect indicator of satiation and appetite levels. For example,
the inflation of a gastric balloon in rats significantly reduces
spontaneous food intake and leads to early meal termination
(Geliebter et al., 1986; Phillips and Powley, 1998).

Satiation can be modulated by many factors including
nutritional, sociocultural, genetic, and environmental factors. It
is beyond the scope of this article to examine all the physiological
factors that influence satiation and additional information on the
topic can be found in review articles (Warwick, 1996; Benelam,
2009; Keenan et al., 2015; Hetherington et al., 2018; Kral et al.,
2018; Rogers, 2018; Gibbons et al., 2019; Thornhill et al., 2019).
However, obesity deserves a special mention. Subjects with a
weaker satiation response to fatty foods are predisposed to
excessive weight gain and obesity (Blundell et al., 2005) and
children who spontaneously eat larger meals tend to gain more
weight (Syrad et al., 2016). On the other hand, currently available
human data are inherently correlative and complicated by the
fact that obtaining accurate measurements of caloric intake and
energy expenditure remains challenging. In laboratory animals,
many studies have shown that meal size increases in response
to a high-fat diet (Farley et al., 2003; Melhorn et al., 2010; la
Fleur et al., 2014; Treesukosol and Moran, 2014). The observed
increase in meal size tends to occur soon after switching animals
to a high-fat diet when they are not yet obese, consistent
with the view that diminished satiation may precede excessive
weight gain. However, considering the wide range of nutritional
and environmental factors that can modulate satiation, the
mechanisms responsible for altered satiation in obesity are not
known with certainty. One possible mechanism may involve
altered gut-brain communication with reduced sensitivity to
postprandial cues (Kentish et al., 2012). Another non-exclusive
possibility may involve exaggerated hedonic responses to an
obesogenic diet (Berthoud, 2012; Licholai et al., 2018).

Brief Overview of the Neurobiology of
Satiation
Vagal Afferents
The vagus nerve is a mixed nerve containing both efferent
and afferent fibers (Berthoud and Neuhuber, 2019). The latter
correspond to the vagal neurons carrying sensory information
from the GI tract to the brainstem. Vagal afferents responding
to stimuli arising from the GI tract are specifically connected
to the medial portion of the nucleus of the solitary tract
(Saper, 2002). The stomach itself is innervated by two gastric
branches of the subdiaphragmatic vagus nerve that enter the
gastric wall at the level of the lower esophageal sphincter before
sending smaller offshoots throughout most of the muscularis

and mucosa (Wang and Powley, 2007). Within the periphery,
afferent endings responding to mechanical events are highly
enriched in the muscularis at the levels of the stomach and
upper intestines (Ozaki et al., 1999; Fox et al., 2000; Williams
et al., 2016). At least two types of specialized vagal terminals
known as intramuscular arrays and intraganglionic laminar
endings are involved in detecting mechanical events in the
stomach (Berthoud et al., 1997; Fox et al., 2000; Powley
et al., 2016). In addition to the stomach wall, these specialized
vagal mechanoreceptors are present at lower densities in the
esophagus and duodenum (Wang and Powley, 2000; Wang
et al., 2012). Electrophysiological recordings have established
that vagal mechanoreceptors rapidly and linearly respond to
the application of varied mechanical stimuli to the stomach
wall including stretch and tension (Peles et al., 2003; Kentish
et al., 2014). Gastric distension suppresses feeding in a vagally-
dependent manner in rats (Phillips and Powley, 1998) and,
furthermore, mutant mice lacking vagal mechanoreceptors eat
larger meals (Fox et al., 2001; Fox, 2006). Conversely, the
selective excitation of vagal mechanoreceptors supplying the
muscularis elicits meal termination in genetically engineered
mice (Bai et al., 2019). As a remark, the same study found that
selective mucosal afferents stimulation does not modify feeding.
Hence, there is ample evidence that vagal mechanoreceptors
supplying the stomach wall are both required and sufficient for
eliciting satiation. At the same time, the sensory integration
of postprandial cues at the level of vagal afferents is more
complex than often appreciated. In particular, mechanoreceptors
activity is modulated by many chemical signals including, most
notably, the gut peptide cholecystokinin (CCK) (Gibbs and
Smith, 1977; Schwartz et al., 1995; Williams et al., 2016). Thus,
the excitability of mechanoreceptors is modulated by numerous
factors and researchers are just beginning to understand how
GI signals are integrated at the level of vagal endings (Egerod
et al., 2019). Finally, communication between the stomach and
the brain involves more than just vagal afferents, but also
a complex network of enteric and spinal neurons (Furness,
2006; Udit and Gautron, 2013; Sharkey et al., 2018; Spencer
et al., 2018). Although subsets of spinal afferents respond to
a wide range of noxious and innocuous stimuli in the GI
tract (Grundy, 1988; Spencer et al., 2016), their contribution
to the postprandial regulation of feeding is not well-known
(Berthoud and Neuhuber, 2019).

Central Viscerosensory Circuits
It is without saying that satiation requires more than the
excitation of vagal mechanoreceptors. Vagal afferents are
connected, in a multisynaptic manner, to brain networks
encompassing integrative cortices and subcortical areas (Min
et al., 2011; Hays et al., 2013; Andermann and Lowell, 2017;
Cao et al., 2017; Ly et al., 2017). Based on both animal studies
and human brain imaging, the regions involved in relaying
information of vagal origin to the cortex include, beyond
the nucleus of solitary tract, the parabrachial nucleus, and
ventrobasal thalamus (Saper, 2000, 2002; Craig, 2002). Without
entering into details, the aforementioned brain relays have
been linked to the regulation of satiation and meal size in
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laboratory animals (Dossat et al., 2013; Alhadeff et al., 2014;
Cavanaugh et al., 2015; Campos et al., 2016; Zafra et al., 2017).
As early as in the 1930’s, studies showed that the electrical
stimulation of the vagus nerve altered cortical electrograms
(Bailey and Bremer, 1938; O’Brien et al., 1971; Ito and Craig,
2003). Among integrative cortices involved in the processing of
gastric distension, vagal information is the insular cortex (Saper,
2002). For instance, based on electrical stimulation experiments
in conscious subjects, the stimulation of the human insular
cortex causes sensations that are secondary to changes in the
GI motility (Pool, 1954). Likewise, many recent brain-imaging
studies have described altered activity in the insular cortex in
association with the feeling of epigastric distension in humans
(Tataranni et al., 1999; Ladabaum et al., 2007; Wang et al.,
2008). Importantly, neurons of the insular cortex responding to
different visceral territories (stomach, heart, etc.) and sensory
modalities (stretch, taste, etc.) are topographically organized
(Saper, 2002). There are also insular neurons that can respond

to multiple sensory modalities of viscerosensory origin (Saper,
2002). In turn, insular neurons modulate GI functions (Levinthal
and Strick, 2020). In summary, one can rightfully conceive the
stomach wall as a sensory organ connected to a viscerosensitive
neural network specialized in responding to gastric volumetric
changes (Figure 1). A detailed knowledge of these brain circuits
is not needed to understand the hypothesis described later,
and more information can be found elsewhere (Saper, 2002;
Mulak et al., 2008; de Araujo et al., 2012; Frank et al., 2016;
Andermann and Lowell, 2017).

SATIATION WITHOUT A VAGUS NERVE

Experimental and Clinical Vagotomies
Vagotomy is a procedure that consists in denervating vagally-
innervated organs to varying extents (Phillips and Powley, 1998).
A deafferentation is a procedure consisting of interrupting or

FIGURE 1 | Schematic diagram depicting the phantom satiation hypothesis. According to the observations presented in this article, the metabolic benefits of
Roux-en-Y gastric bypass (RYGB) are mediated, at least in part, by a combination of aberrant changes in a complex viscerosensory neural circuit. A key event
following RYGB surgery is an unintentional gastric denervation (green box). Available data indicate that RYGB is associated with a gastric denervation (green dotted
lines indicate axotomized axons of vagal or spinal origins). The duodenum itself can be conceived as a functionally denervated, in the sense that duodenal afferents
cease to be directly stimulated by nutrients and mechanical stimuli. According to our hypothesis, partial vagotomy leads to widespread maladaptive changes in
peripheral nerves (red box and arrows) and in central viscerosensory circuits (brown box and arrows). In particular, in animal models of bariatric surgery, sympathetic,
parasympathetic, and nociceptive nerves behave as if they were hyperresponsive to a meal (red arrows). At the central level, altered connectivity in many cortical and
subcortical areas has been reported after RYGB using brain imaging technologies in human subjects. In addition, the entanglement of viscerosensory modalities
(dark blue arrows) may further participate to abnormal emotional and sensory responses to eating. Finally, the remapping of insular cortices involved in
gastrointestinal territories representation is likely to occur (purple box and arrows), thereby contributing to viscerosensory anomalies and referred sensations. This
neurobiological model, directly inspired by the literature on phantom limbs, predicts that subjects with RYGB may experience exaggerated satiation. Ultimately,
reduced meal size and perturbed eating patterns (blue box), among other postprandial anomalies, may contribute to weight loss. Hence, the “phantom satiation”
hypothesis reinterprets bariatric surgery as a type of injury—that is to say a procedure that inflicts irreversible anatomical and functional damage—even if an injury
with evident long-term health benefits. Abbreviations: cb, celiac branch; deaf., deafferentation; DMX, dorsal motor nucleus of the vagus; gb, gastric branch; hdb,
hepato-duodenal branch. NG, nodose ganglion; IML, intermediolateral column; X, vagus nerve.
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destroying the afferent fibers contained in a specific nerve or
organ, while minimally interfering with motor fibers (Walls et al.,
1995). The regrowth of vagal terminals after vagotomy is possible
in rats, but takes weeks and is incomplete (Phillips and Powley,
1998; Powley et al., 2005a). From their inability to feel completely
satiated, one would expect vagotomized animals to ingest larger
meals and overeat. In laboratory animals, vagotomies can result
in increased meal size, hyperphagia, and loss of responsiveness
to pharmacological CCK (Smith et al., 1981; Walls et al., 1995;
Phillips and Powley, 1998; Schwartz et al., 1999; Sclafani et al.,
2003; Powley et al., 2005a). At the same time, vagotomy-induced
overeating is often transient, presumably due to compensatory
changes at the central level (Walls et al., 1995; Chavez et al., 1997;
Phillips and Powley, 1998; Zafra et al., 2003; Reidelberger et al.,
2014). Instead, in normal-weight animals, long-term vagotomy
and deafferentation have been reported to result in animals eating
smaller meals, with some degree of anorexia and weight loss
(Mordes et al., 1979; Sclafani and Kramer, 1985; Kraly et al., 1986;
Erecius et al., 1996; Leonhardt et al., 2004; Powley et al., 2005a;
McDougle et al., 2020). Interestingly, eating smaller meals post-
vagotomy is often compensated by more frequent meals, further
suggesting significant brain adaptations (Powley et al., 2005a).
Likewise, in varied models of rodent obesity, vagotomy, and
deafferentation have repeatedly been shown to reduce feeding
and body weight gain (Cox and Powley, 1981; Ferrari et al., 2005;
Powley et al., 2005a; Stearns et al., 2012; Dezfuli et al., 2018).

It must be stressed that truncal and gastric vagotomies used
to be safely performed in human subjects suffering from ulcers,
with or without obesity (Gortz et al., 1990; Wills and Grusendorf,
1993). In vagotomized subjects, dumping syndrome, malaise,
anemia, and digestive issues commonly occur. However, the latter
side effects were usually treatable and not directly correlated with
weight loss in many patients (Faxen et al., 1979; Irving et al.,
1985; Wills and Grusendorf, 1993). Instead, vagotomy has been
reported to induce weight-loss with reduced food intake and
modified food preference in obese subjects (Kral, 1978; Gortz
et al., 1990). In fact, vagotomized patients often self-reported a
lack of hunger (Sheiner et al., 1980; Kral et al., 2009; Plamboeck
et al., 2013). The time needed for severed axons to recolonize
the human stomach and become functional is unknown. Because
peptic ulcers rarely reoccur after vagotomy (Jordan and Thornby,
1987; Popiela et al., 1993), it is unlikely that regrown vagal
axons become functional again. Of note, humans treated with
truncal vagotomy often received a pyloroplasty to prevent gastric
stasis. Pyloroplasty itself exerts profound effects on appetite and
food intake that are closely resembling those of bariatric surgery
(Fraser et al., 1983; Chang et al., 2001; Dezfuli et al., 2018; Harada
et al., 2018). Nonetheless, subsets of patients with selective gastric
vagotomy without pyloroplasty also showed long-term weight
loss with some degree of dysphagia, early satiety and nausea
(Jordan and Thornby, 1987).

Unintentional Surgical Vagotomy
Certain types of obesity surgeries including, most notably, Roux-
en-Y gastric bypass (RYGB) result in a partial and unintentional
vagotomy. RYGB is a surgery that consists in dividing the
stomach into a small pouch and reconnecting it to the jejunum

(Stefater et al., 2012). In bypassed subjects, food travels from
the pouch to the lower intestines without traversing the stomach
remnant and duodenum (called Roux limb) (Figure 1). Several
investigators suggested that RYGB must be accompanied by
gastric denervation (Powley et al., 2005b; Berthoud, 2008;
Stylopoulos and Aguirre, 2009). Our own experimental data
have confirmed that bypassed mice show vagal denervation
at the levels of the gastric pouch, the bypassed stomach, and
sites of clipping and anastomosis (Gautron et al., 2013). In
contrast, vagal innervation remained largely intact in animals
that were unoperated on or sham-operated on. In agreement
with our observations, RYGB surgery in rats also causes rapid
neuronal damage in vagal afferents (Minaya et al., 2019). It is
also likely that the construction of a gastric pouch inevitably
results in some degree of spinal deafferentation. It is striking that
many of the aforementioned effects of RYGB are recapitulated
in vagotomized subjects (Brolin et al., 1994; Laurenius et al.,
2012; Stano et al., 2017). Moreover, bypassed individuals reach
satiation more quickly than expected and independently of side
effects such as dumping syndrome and related symptoms such
as nausea, cramps, and dizziness (Halmi et al., 1981; Nguyen
et al., 2016). Hence, RYGB has a direct impact on the innervation
of the stomach, which in turn may actively play a role in the
metabolic actions and side effects of gastric bypass. Of note, since
food travels directly into the jejunum of bypassed individuals,
this new configuration can be conceived as a functional duodenal
vagotomy, in the sense that duodenal afferents cease to be
directly stimulated by nutrients and mechanical stimuli during
the postprandial phase (Figure 1). Thus, RYGB is likely to
result in a partial loss of sensory input from the upper GI tract
including stomach and duodenum. Although counterintuitive,
when we consider the literature on intentional and unintentional
vagotomies as a whole, it appears that vagotomized animals and
human subjects eat less than they did prior to surgery.

Paradox of Satiation With Vagotomy
It has often been argued, with good reasons, that vagotomies,
especially when vagal (motor) efferents are involved, are difficult
to interpret because of secondary dysmotility, malaise, and
dyspepsia (Sclafani et al., 1981; McDougle et al., 2020). At
the same time, the latter factors could not entirely account
for reduced food intake and weight loss (Mordes et al., 1979;
Sclafani and Kramer, 1985). It is also true that vagotomies
are not entirely specific or complete (Browning et al., 2013a)
and that experiments consisting of administering exogenous
gut peptides, including CCK, lack in physiological relevance
(French et al., 1993; Baldwin et al., 1998). Hence, there
are numerous unresolved difficulties and discrepancies in the
vagotomy literature. Technical and interpretation difficulties
aside, one would expect vagotomized individuals to be unable
to fully experience satiation and eat more (McDougle et al.,
2020). On top of that, the rebound hyperphagia in individuals
losing weight when dieting is not seen in bypassed and
vagotomized subjects or animals (Berthoud, 2008; Hao et al.,
2016). Importantly, bypassed animals are able to overeat upon
a metabolic restriction (Stefater et al., 2010; Lutz and Bueter,
2014). This indicates that RYGB does not prevent animals from
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experiencing hunger but rather produces a state of exacerbated
satiation. Thus, subjects with a gastric vagotomy or a truncated
stomach likely continue to experience postprandial satiation,
if not at exaggerated levels. At first glance, satiation without
a gastric vagus is a phenomenon that challenges our current
understanding of gut-brain communication. RYGB is associated
with profound anatomical and physiological changes, the number
of which could contribute to perturbate normal eating patterns
(Hankir et al., 2018; Sandoval, 2019). For instance, it is possible
that RYGB-associated elevated gut peptides secretion contributes
to enhanced satiation, among other metabolic improvements.
Nonetheless, experts in the field have not reached a consensus on
what exactly contributes to altering eating behavior after bariatric
surgery (Hao et al., 2016; Sandoval, 2019). For example, RYGB
is effective in numerous mouse models lacking key hormones
and gut peptides (Mokadem et al., 2014; Morrison et al., 2016;
Hao et al., 2018; Boland et al., 2019). Below, I will propose a
novel and complementary explanation based on adaptations in
viscerosensory circuits.

THE PHANTOM SATIATION HYPOTHESIS

Overview of Phantom Limbs Phenomena
Is it always the case that the denervation or removal of a
body part results in a loss of sensation from this body part?
The field of neurology teaches us the contrary. Indeed, many
amputees continue to feel the presence of their lost limb, a
phenomenon described as phantom limb (Ramachandran et al.,
2009; Collins et al., 2018; Makin and Flor, 2020). Even though
phantom pain syndromes have been first described 500 years
ago (Keil, 1990), the treatment of phantom limb syndromes has
remained challenging up to this day (Alviar et al., 2016). Briefly,
the sensations that can be evoked from a phantom limb can be
either non-painful (e.g., tingling), or excruciatingly painful, and
spontaneous or consecutive to the stimulation of other body parts
(referred sensations) (Aglioti et al., 1994; Ramachandran et al.,
2009; Collins et al., 2018). In other words, phantom sensations
are sensations felt from a body part that is either missing and/or
denervated. The prevalence of phantom pain is estimated at
50–80% of all amputees (Dijkstra et al., 2002). To the best of our
knowledge, there is no definitive consensus on how to explain
phantom sensations (Ortiz-Catalan, 2018). Among commonly
cited reasons for phantom sensations is that damaged sensory
fibers in the stump (or neuroma) remain chronically irritated.
Their erratic firing may evoke sensations and pain interpreted
as originating from the missing body part (Collins et al., 2018).
Another explanation involves localized cortical remapping (Flor
et al., 2013). The idea behind cortical remapping is that the
somatosensory cortical area corresponding to the amputated
body part is “invaded” by adjacent cortical areas representing
other body parts. Hence, stimuli applied to other body parts
may evoke sensations from what is perceived as the missing
limb (Hunter et al., 2003). In parallel, maladaptive remodeling
of the cortices would contribute to evoking unsolicited pain
along with a distorted body representation (Remple et al.,
2004). Other researchers have also proposed that large-scale

functional changes in brain connectivity beyond the cortex cause
phantom sensations (Makin et al., 2013). Lastly, according to
a recent theory, amputation renders the neural circuits not
normally connected to the missing body part prone to stochastic
entanglement with one another (Ortiz-Catalan, 2018). Broadly
speaking, the term of entanglement corresponds to the linking
of brain networks that do not normally fire together, thereby
resulting in unexplained sensations. A combination of all of the
above hypotheses, rather than a single mechanism, is likely to
account for the emergence of the variety of phantom sensations
encountered in amputees.

Phantom Internal Organs
Understandingly, the literature on phantom sensations focused
on limbs, but phantom sensations from internal organs have also
been occasionally reported (Roldan and Lesnick, 2014). These
organs include the eyes (Andreotti et al., 2014), rectum (Ovesen
et al., 1991), kidney (Roldan and Lesnick, 2014), pelvic organs
(Dorpat, 1971), and breast (Di Noto et al., 2013; Bjorkman et al.,
2017). Of note, Dorpat (1971) already discussed the case of what
is called “phantom stomach sensations” but without mentioning
satiation itself. In particular, this author mentioned patients
complaining of persisting ulcers symptoms after vagotomy or
gastrectomy, in spite of their ulcers being healed or removed.
Dorpat added that human subjects typically do not experience
the feeling of “having an internal organ,” but rather of having
sensations normally associated with the functioning of the organ
in question. For example, subjects without a rectum sometimes
experience the feeling of defecation (Dorpat, 1971; Ovesen et al.,
1991). Inspired by the above literature, I would like to propose
that satiation continue to arise after gastrectomy or gastric
vagotomy due to phantom sensations, which I called the phantom
satiation hypothesis. Before explaining it, let us note that our
hypothesis is speculative and not to be confused with phantom
fullness that has been used to refer to fullness not correlated
with caloric content in healthy individuals (Camps et al., 2016).
According to the hypothesis presented here, phantom sensations
of satiation are evoked when food is traversing GI segments above
and below the denervated or truncated stomach, including the
esophagus and lower intestines (Figure 1).

PREDICTIONS AND CONSISTENCY
WITH THE LITERATURE

Meal Size Reduction
If the hypothesis is correct, phantom satiation should durably
influence food intake regulation among bypassed subjects.
Accordingly, bypassed individuals report altered experience of
hunger and fullness in a qualitative manner (Halmi et al.,
1981; Miras and le Roux, 2013). Moreover, bypassed human
subjects eat smaller meals for at least two years post-surgery
(Laurenius et al., 2012). Overall, reduction in caloric intake
over a long period is an important determinant of weight loss
after RYGB in humans (Kenler et al., 1990; Odstrcil et al.,
2010; Miller et al., 2014). Similarly, meal size reduction was
reported in bypassed laboratory animals (Zheng et al., 2009;
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Mathes et al., 2015; Washington et al., 2016). Several authors
postulated that restricting the stomach volume is sufficient to
explain a reduced food intake and meal size (Warde-Kamar et al.,
2004; Langer et al., 2006). However, others have well explained
that gastric capacity is not correlated with reduced feeding
after bariatric surgery (Stefater et al., 2012; Sandoval, 2019;
Evers et al., 2020). As discussed earlier, gastric vagotomy also
causes a reduction in feeding without restricting gastric capacity.
Therefore, early satiation in bypassed subjects is highly unlikely
to occur because of gastric restriction per se, but rather due to
changes in the neural circuits normally involved in detecting
volumetric changes of the stomach.

Correlation With Vagal Trauma and
Irreversibility
While surgeons pay attention not to damage nerves during
bariatric surgery, axons near sites of surgical incision will
inevitably be severed. Another prediction is that the degree to
which bariatric surgery alters feeding behavior and body weight
should be correlated with the trauma to the vagus nerve across
different types of bariatric surgeries. For instance, different types
of obesity surgeries differently modify the stomach anatomy
(Stefater et al., 2012). The two types of surgeries that affect the
anatomy of the stomach (and therefore its innervation) the most
are RYGB and vertical sleeve gastrectomy (VSG) (Stefater et al.,
2010; Kizy et al., 2017). The degree of vagal damage after VSG
is poorly defined, but is expected to be extensive along the sites
of gastric resection. Interestingly, RYGB and VSG reduce feeding
to a comparable extent in humans and rats (Chambers et al.,
2011; Stemmer et al., 2013; Yousseif et al., 2014). However, RYGB
and VSG exert much more marked effects on feeding behavior
than does gastric banding (Korner et al., 2006; Scholtz et al.,
2014). One big difference is that gastric banding theoretically does
not damage the stomach anatomy or its innervation. Likewise,
surgeries associated with incision of gastric tissue produce
greater weight loss and reduction of feeding than surgeries only
consisting of reducing stomach capacity in the rat (Evers et al.,
2020). Following the same idea, because the stomach is more
richly innervated than lower GI segments, surgical operation of
the lower intestines should affect feeding to a lesser extent. For
instance, duodenal-jejunal exclusion, a procedure that leaves the
stomach intact, is significantly less effective at reducing feeding or
body weight in animals and humans (Geloneze et al., 2009; Kindel
et al., 2011; Alvarez et al., 2020). In further support of our model,
adding gastric vagotomy to gastrectomy does not produce further
weight-loss in laboratory rodents (Hankir et al., 2016; Dezfuli
et al., 2018). This is logical considering that gastric vagotomy
already occurred in bypassed subjects.

Irreversibility
Without proper treatment, phantom pain can persist for years in
amputees. This may be because the neural changes brought about
by an amputation are hardly reversible. RYGB is a complicated
procedure that cannot easily be reversed in a laboratory animal.
However, reversal of RYGB is performed in patients with severe
complications such intractable vomiting, malnutrition or chronic

pain (Moon et al., 2015; Shah and Gislason, 2020). As one would
expect, reversal of RYGB is often followed by some degree of
weight regain consecutive to the correction of the debilitating
symptoms (Moon et al., 2015; Shah and Gislason, 2020). When
weight regain is observed, most patients do not regain their pre-
RYGB weight (Shoar et al., 2016) and, furthermore, a subset
of patients never regains any weight. This agrees with the view
that the metabolic benefits of RYGB persist to some extent after
reversal. Hence, the loss of gastric innervation is a factor that
correlate well with the known course of clinical outcomes after
bariatric surgery.

Indiscriminate Weight-Loss in the
Non-obese
Our hypothesis implies that a trauma to the upper GI tract
will invariably cause weight-loss even in non-obese individuals.
Because bariatric surgery is overwhelmingly prescribed for
clinically obese subjects, the literature on the impact of bariatric
surgery in non-obese is limited. One study in non-obese rats
demonstrated significant weight loss after RYGB and VSG (Xu
et al., 2015). In contrast, a recent study showed that RYGB
did not cause sustained weight loss in the non-obese mouse
(Mumphrey et al., 2019). However, RYGB was performed in
adolescent mice while they were still growing at a rapid pace. In
humans, there is increasing interested in using bariatric surgery
to treat diabetic patients without obesity. Several clinical studies
have clearly indicated that weight-loss follows RYGB and VSG
in non-obese or mildly obese subjects (Cohen et al., 2012; Noun
et al., 2016; Ferraz et al., 2019). It is also noteworthy that
gastrectomy done in non-obese subjects with gastric cancer also
results in sustained weight loss, loss of appetite and abdominal
discomfort (Adachi et al., 1999; Laffitte et al., 2015). Notably,
surgical reconstruction after various gastrectomies often include
Roux-en-Y like procedures, which means that their effects on
rate of intestinal nutrient entry and gut hormone secretion will
be similar. Hence, gastrectomy and various gastric surgeries
indiscriminately causes sustained weight loss.

Weight Loss and Brain Lesions
In the proposed model, phantom satiation arises following GI
denervation and ensuing maladaptive brain changes. One would
expect lesions in brain regions involved in processing vagal
sensory information including, but not limited to the insula,
to be associated with satiation and weight loss. While there is
little literature on satiation and brain lesions, neurologists have
reported that strokes often cause important weight loss in subsets
of patients (Scherbakov et al., 2019). The impact of stroke on body
weight differ between patients presumably due to differences in
the brain regions affected by the stroke. Taste deficits sometimes
manifest alongside post-stroke weight loss (Scherbakov et al.,
2011; Dutta et al., 2013), indicating that lesions in viscerosensory
brain sites cause weight loss. In one particular clinical case, a
patient with a lesion in the left posterior insular cortex, a region
that receives general viscerosensory input, showed involuntary
weight loss with sustained appetite loss over one year (Mak
et al., 2005). We do not dispose of enough evidence to say
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that exaggerated satiation is responsible for weight loss after
brain lesion in humans. Nonetheless, it was repeatedly observed
that experimental lesions of viscerosensory relays in non-obese
rats including, most notably, the parabrachial and dorsovagal
complexes can result in sustained weight loss with depressed
ingestive behaviors (Hill and Almli, 1983; Hyde and Miselis,
1983; Kott et al., 1984; Kenney et al., 1989; Dayawansa et al.,
2011). In agreement with the hypothesis presented in this article,
the aforementioned observations strongly support the idea that
derangements in the integrity of key brain sites involved in GI
viscerosensory processing can cause weight loss with reduced
food intake. In fact, deep brain stimulation for the treatment of
human obesity is an active area of research (Nangunoori et al.,
2016; Formolo et al., 2019), but is almost entirely focused on
brain regions involved in energy balance and reward. Based on
the hypothesis presented here, modulating brain regions directly
involved in satiation, including the insula and parabrachial
complex, may also be considered as an appropriate strategy
against obesity.

POTENTIAL MECHANISMS LEADING TO
PHANTOM SATIATION

Nerves Injury and Adaptations
Gastric Neuroma
The mechanisms underlying phantom satiation are unknown.
Nonetheless, I could invoke the same combination of peripheral
and central adaptations described in the case of phantom
limbs (Figure 1). The neuroma theory postulates that the
disorganized growth of damaged nerve terminals at the site of
injury can cause phantom sensations including, but not limited
to, unexplained pain (Buch et al., 2020). Our group previously
reported the presence of dystrophic and damaged vagal terminals
in the stomach of the bypassed mouse (Gautron et al., 2013).
Dystrophic terminals may correspond to degenerating and/or
regrowing axons. Of note, a generalized and persistent decrease
in excitability occurs after axotomy of vagal sensory neurons
(Scherbakov et al., 2019). Hence, gastric vagal fibers severed
during surgery probably become hyporesponsive. As explained
before, the vagal supply to the lower GI tract remains largely
intact after RYGB (Gautron et al., 2013). In contrast to gastric
afferents, the excitability of intact vagal fibers located in the
coeliac branches supplying the lower intestines may be enhanced
(Figure 1). Specifically, several experimental studies showed
that neuronal activation in the nucleus of the solitary tract is
greater in RYGB and VSG animals after eating a test meal
(Chambers et al., 2012; Mumphrey et al., 2016). Intrajejunal
nutrients cause greater satiating effects in bypassed rats (Bachler
et al., 2018). The latter findings indicate that vagal afferents that
supply the lower intestines behave as if they were hyperresponsive
to a meal. What causes the enhanced activity of intestinal
vagal fibers is uncertain. Many factors come to mind including
rapid gastric emptying, undigested food, excessive gut peptide
secretion, altered microbiome, or perturbed vago-vagal reflexes
(Sandoval, 2019).

The stomach is also densely innervated by spinal sensory
axons traveling through the splanchnic plexus (Spencer et al.,
2016). As mentioned before, RYGB surgery is likely to cause
spinal endings located in the stomach to be interrupted and
damaged. Spinal afferents are critical in visceral nociception
(Saper, 2000; Spencer et al., 2016, 2018), but whether irritated
spinal endings contribute to a gastric neuroma after bariatric
surgery remains to be determined. The hyperexcitability of spinal
nociceptors around sites of surgical anastomosis may be one
logical explanation of phantom pain, even though no direct
evidence is currently available to support this view. Moreover,
it is possible that a loss of gastric vagal signaling is indirectly
changing the activity of spinal afferent pathways. For example,
the electrical stimulation of the vagus nerve produces analgesia
by recruiting the antinociceptive descending pathway (Randich
and Gebhart, 1992; Janig et al., 2000). Conversely, vagotomy has
been associated with hyperalgesia in association with widespread
changes in pro-nociceptive pathways stimuli (Ammons et al.,
1983; Khasar et al., 1998; Furuta et al., 2009, 2012). Unexplained
pain is a key feature of phantom phenomena. In the context of
obesity surgery, painful complications with a known etiology can
arise (e.g., hernia, adhesion, dumping syndrome) (Iannelli et al.,
2006). However, bypassed patients can experience unexplained
pain not related to the complications of surgery (Groven et al.,
2010; Alsulaimy et al., 2017). For instance, bypassed patients
have anecdotally reported feeling general aching all over the
body or sharp pain in the stomach area (Groven et al., 2010).
At least two studies focusing entirely on the prevalence of post-
bariatric chronic abdominal pain revealed that approximately 7%
of bypassed patients report pain of unknown etiology (Pierik
et al., 2017; Mala and Hogestol, 2018). If unexplained pain
is reflective of phantom pain, then the incidence of phantom
pain is admittedly much lower after RYGB than after limb
amputation. On the other hand, unexplained pain may have
been underreported in the literature. According to one study,
mild or intermittent pain not requiring a medical follow-up may
be present in 80–95% of RYGB patients (Abdeen and le Roux,
2016). Interestingly, persistent abdominal pain occurs in subsets
of RYGB patients after reversal to a normal anatomy (Shoar
et al., 2016). At the same time, internal organs are less heavily
innervated by spinal afferents than limbs and one would expect
phantom pain from the upper GI tract to be less severe than
in the case of phantom pain from a limb. Finally, it must be
noted that the literature on visceral pain after bariatric surgery
is still very limited.

Dysautonomia
Vagal and spinal afferents are connected in a multisynaptic
manner to a complex circuit that exerts a descending excitatory
or inhibitory influence on varied autonomic reflexes and sensory
pathways (Saper, 2000; Craig, 2002; Travagli et al., 2003;
Berthoud et al., 2006). For instance, altered vagal afferents
activity may directly modulate vagal efferents pathways in a
reflex manner (Travagli et al., 2003). One study also showed
that RYGB in the rat leads to both changes in morphology
and membrane excitability of vagal (motor) efferents consistent
with hyperexcitability (Browning et al., 2013b). Both spinal and
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vagal afferents also play an important role in modulating the
sympathetic outflow to cardiovascular and metabolic viscera
(Craig, 2002; Madden et al., 2017; Sabbatini et al., 2017;
Rajendran et al., 2019). In particular, the vagus nerve exerts
a tonic inhibition on sympathetically-driven thermogenesis in
obese rat (Madden and Morrison, 2016). Similarly, vagal afferent
signaling is involved in modulating the activity of splanchnic
nerves, several of which provide sympathetic innervation to the
GI tract, adrenals, and spleen (Sabbatini et al., 2017; Komegae
et al., 2018). In other words, gastric vagotomy is likely to
cause dysautonomia, a condition in which the parasympathetic
and sympathetic outflows to viscera are perturbed (Figure 1).
Interestingly, one study recently demonstrated that RYGB
significantly elevated the basal activity of sympathetic fibers
located in the mouse splanchnic nerve (Ye et al., 2020). The
same study also found that splanchnic denervation prevented
weight-loss and increase in energy expenditure that normally
accompanies RYGB in laboratory animals (Ye et al., 2020). In
summary, emerging evidence suggests widespread anatomical
and functional changes in sensory and autonomic pathways
following RYGB (Figure 1). It must be stressed that cortical
and sub-cortical brain regions are linked with autonomic
preganglionic and viscerosensory areas by bidirectional neural
pathways (Saper et al., 1976; Goto and Swanson, 2004).
There is also functional evidence that higher-order brain
regions exert top-down excitatory influence on presynaptic
vagal terminals (Browning, 2019). Therefore, the aforementioned
changes in central circuits and peripheral nerves should be
seen as intertwined rather than independent and parallel events
(Figure 1). Overall, researchers are just beginning to understand
how peripheral neurons are perturbed after bariatric surgery.

Brain Plasticity and Maladaptive
Changes
Cortical Remapping
Cortical plasticity has been studied in the context of injuries to
somatosensory rather than viscerosensory nerves (Mogilner et al.,
1993; Nordmark and Johansson, 2020). Nonetheless, structural
and functional changes are likely to occur after bariatric surgery
in viscerosensory cortical areas involved in evoking satiation. In
particular, after a partial loss of sensory input from the upper GI
tract, the area normally representing the denervated region may
be taken over by adjacent areas representing nearby innervated
GI segments, a phenomenon known as cortical remapping
(Figure 1). Whether cortical remapping occurs after bariatric
surgery remains unknown. Nerve injury can lead to altered
synaptic biology in the mouse insular cortex (Qiu et al., 2014).
Surgeries such as mastectomy and hysterectomy are suspected
to trigger cortical remapping (Di Noto et al., 2013). Thus, one
would expect to see structural and functional changes in the
insular cortex and connected integrative cortices after invasive
bariatric surgeries including, most notably, RYGB. Nonetheless,
studies on cortical remapping in relation to internal organs,
in general, and the GI tract, in particular, are very few. If
cortical remapping occurs after RYGB, it could explain what I
would like to call referred satiation. When food is traversing

their esophagus and lower intestines in bypassed subjects with
truncated and denervated stomach, they may experience a feeling
of satiation reminiscent of that normally evoked by gastric
distension. This is because the postprandial stimulation of the
cortical areas representing the esophagus and lower intestines
is interpreted as originating from the stomach after cortical
remapping (Figure 1). Perhaps, cortical remapping could explain
the exaggerated postprandial neuronal activation and satiation
observed in response to jejunum nutrients infusion (Chambers
et al., 2012; Mumphrey et al., 2016; Bachler et al., 2018).

Brain Dysconnectivity and Neural Entanglement
The altered functional connectivity of long-range subcortical
areas involved in viscerosensitivity and nociception may occur
(Figure 1). In particular, RYGB has been repeatedly associated
with altered functional connectivity in response to food image
or food ingestion (Frank et al., 2014; Hunt et al., 2016; Olivo
et al., 2017; Baboumian et al., 2019). In the case of food
image, brain activity was comparable in normal-weight and
RYGB subjects, thus making it difficult to distinguish the
contribution of body weight from that of the bypass surgery
(Frank et al., 2014). However, in response to food ingestion,
brain activity in RYGB patients was significantly different from
both normal-weight and obese individuals and weight loss
by diet (Hunt et al., 2016; Baboumian et al., 2019). Brain
areas differently activated after RYGB encompassed structures
distributed across the neuraxis including the hypothalamus,
brainstem, hippocampus, and cortex. This suggests that the
surgery itself is responsible for the reported changes in brain
functions. Many neuroimaging findings in RYGB subjects were
often associated with self-reported exaggerated fullness and lower
levels of appetite with altered food preferences (Ochner et al.,
2011; Hunt et al., 2016; Zoon et al., 2018; Baboumian et al.,
2019). Similar brain imaging observations made after VSG (Cerit
et al., 2019). Furthermore, widespread structural and functional
changes across the brain also take place after RYGB (Rullmann
et al., 2018) and VSG (Michaud et al., 2020). Without proving
our hypothesis, the above observations are compatible with the
idea that large-scale neuroplasticity and maladaptive changes,
in both the brain and peripheral nerves, may account for the
persistence of satiation and other food-related sensations and
emotional responses (Figure 1).

If one applies the stochastic entanglement theory to
viscerosensory brain networks (Ortiz-Catalan, 2018), cortical
and subcortical regions normally involved in evoking satiation
may transition to a state of instability after loss of sensory
inputs. When in such a state, neurons belonging to separate
viscerosensory modalities may eventually become entangled and
fire together. The direct result of such a state of viscerosensory
entanglement may be postprandial sensations and emotional
responses that differ from before surgery. Accordingly, bariatric
patients often report new sensations and emotional responses
to eating (Hillersdal et al., 2017). Clinicians are also becoming
increasingly aware of the risk of new food-related behaviors after
bariatric surgery, including anorectic-like behaviors (Opozda
et al., 2016; Watson et al., 2020). Because of its stochastic nature
(Ortiz-Catalan, 2018), entanglement should be associated with a
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variability of outcomes after RYGB, both in terms of metabolic
benefits (e.g., maximal weigh loss) and side effects (e.g., severity
of nausea). In spite of receiving the same surgery, heterogeneity
of outcomes among RYGB patients is a well-documented
phenomenon (King et al., 2020). This inherent variability in
outcomes has complicated the task of determining which exact
physiological parameters drive weight-loss in bypassed humans
(e.g., feeding vs. energy expenditure). Similarly, in subsets of
bypassed subjects, the entanglement of viscerosensory circuits
may not occur, potentially leading to failure to lose weight.
Certain individuals fail to lose weight after RYGB, often due to
excessive eating and psychological issues (Dykstra et al., 2014),
with a failure rate estimated at 15–20% (Elnahas et al., 2014; Sima
et al., 2019). At first glance, individuals who do not reduce eating
after obesity surgery contradict our hypothesis, since the same
anatomical changes and degree of trauma to the vagus nerve
exist in unresponsive individuals. However, it is noteworthy
that phantom sensations, although common in amputees, are
not always present. Why certain individuals will not develop
phantom sensations, or only temporarily, remains unclear (Ortiz-
Catalan, 2018). Perhaps, failure to lose weight after bariatric
surgery is related to genetic polymorphisms affecting the neural
circuits involved in appetite regulation. A good example is the
melanocortin-4-receptor (MC4R), a brain and vagal receptor
involved in appetite regulation (Cone, 2006; Gautron et al.,
2010). Impaired MC4R signaling in both humans and animals is
associated with resistance to RYGB-induced weight loss (Hatoum
et al., 2012; Zechner et al., 2013). Gene variations involved in
neurotransmitters and gut peptides signaling have also been
linked to the outcome of RYGB (Matzko et al., 2012; Novais et al.,
2016). This further underscores the critical role that the nervous
system plays in the metabolic outcome of obesity surgeries.
Alternatively, the entanglement theory may also account for
the occasional failure of RYGB. While it remains a speculative
theory, the idea of entanglement of viscerosensory functions
fits remarkably well with a large body of clinical observations
pertinent to bypassed subjects.

PHANTOM SATIATION AND
WEIGHT-LOSS

Does Satiation Account for Weight-Loss
After RYGB?
One question to ask is whether phantom satiation can contribute
to sustained weight loss. It has been argued that reduced meal
size in bypassed laboratory animals is unlikely to drive weight
loss because, unlike in humans, they tend to consume the
same number of daily calories as experimental controls over
the long term (Zechner et al., 2013; Mokadem et al., 2014;
Arble et al., 2018). In fact, bypassed animals progressively
eat more meals in a compensatory manner (Zheng et al.,
2009). Instead, a combination of elevated energy expenditure
and malabsorption contribute to weight loss in animal models
of bariatric surgery (Bueter et al., 2010; Li et al., 2015; Ye
et al., 2020). Many biological and technical factors may possibly

account for species differences in the outcome of bariatric surgery
(Sandoval, 2019). In particular, the anatomical organization
of viscerosensory circuits may differ between primates and
rodents (Craig, 2002). Moreover, metabolic regulation differs in
significant ways between humans and laboratory rodents (Even
et al., 2017). Here, I suggest that phantom satiation can partially
contribute to weight loss, even in the case of unchanged total daily
food intake. Indeed, emerging evidence points to the fact that
meal size and feeding timing contribute to the etiology of human
obesity, independent of changes in total food intake (Berg et al.,
2009; Mattson et al., 2014; Baron et al., 2017; McHill et al., 2017).
Moreover, inherent circadian variations in central and peripheral
metabolic pathways exist (Hatori et al., 2012; Cedernaes et al.,
2019). Remarkably, constraining laboratory rodents to eating
small intermittent meals is sufficient to prevent hyperphagia
and diet-induced obesity even in association with unchanged
daily caloric intake (Licholai et al., 2018). Hence, it is plausible
that phantom satiation, by constraining meal size and patterns
throughout the day, may contribute to weight loss (Figure 1).
Our hypothesis is focused on satiation and feeding behavior
but, by no means, excludes the contribution of altered energy
expenditure to the health benefits of bariatric surgery. In fact,
food intake and energy expenditure are more intertwined than
often considered. For example, the simple act of sham feeding
(chewing followed by spitting) can raise energy expenditure in
human subjects (LeBlanc and Cabanac, 1989; LeBlanc and Soucy,
1996). The latter phenomenon has been described as a cephalic
thermic response to food. Thus, it may be that eating smaller meals
more often throughout the day also augments thermogenesis
and energy expenditure. That said, gastric denervation cannot
account for the entirety of the metabolic effects of bariatric
surgery because gastric vagotomy alone is less effective than
RYGB. However, this could also be because vagotomy alone does
not entirely recapitulate the impact of RYGB on the non-vagal
components of the stomach innervation. Lastly, the hypothesis
described in this article deliberately focused on satiation because
it is a well-known function of vagal signaling in the upper GI
tract (Bai et al., 2019). Nonetheless, the vagus nerve is involved
in modulating food-related sensations and feelings other than
satiation including, but not limited to, food reward, appetition,
learned taste avoidance, food preference, and nausea (Sclafani
and Kramer, 1985; Labouesse et al., 2012; Sclafani and Ackroff,
2012; Horn, 2014; Behary and Miras, 2015; Hankir et al., 2017;
Han et al., 2018; Shechter and Schwartz, 2018; Qu et al., 2019;
Sandoval, 2019; Fernandes et al., 2020; Zhang et al., 2020). It
is therefore conceivable that phantom sensations arising after
bariatric surgery may include phantom nausea and discomfort,
as well as taste disturbance and modified food preferences. In
apparent agreement with this view, food preference after bariatric
surgery shifts away from caloric and fatty food (Chambers
et al., 2012; Nielsen et al., 2019). Furthermore, using direct
measurements of food intake, human studies showed that weight
loss is correlated with a marked reduced preference for caloric
food after bariatric surgery, but only in certain individuals
(Sondergaard Nielsen et al., 2018). However, food preferences
are not significantly changed by surgery in most patients
(Sondergaard Nielsen et al., 2018) and, consequently, are unlikely
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to play a major role in the metabolic outcomes of either RYGB
or VSG in humans.

As a side note, RYGB and VSG rapidly improves glucose
homeostasis in both human subjects and laboratory animals
(Bojsen-Moller, 2015; Arble et al., 2018). At first glance, the
hypothesis described in this article does not seem relevant to
glucose metabolism because the anti-diabetic actions of these
surgeries occur independently of weight-loss and reduced feeding
(Chambers et al., 2011; Laferrere and Pattou, 2018; Evers et al.,
2020). On the other hand, eating smaller meals may contribute
to improve glucose metabolism after RYGB in human subjects
(Stano et al., 2017). Moreover, peripheral nerves are known to
play a modulatory role in glucose metabolism (Gardemann et al.,
1992; Cardin et al., 2001; Razavi et al., 2006). For instance, gastric
vagotomy alone alters glucose homeostasis in humans (Akiyama
et al., 1984; Galewski et al., 1995; Plamboeck et al., 2013) and,
furthermore, an intact innervation to the portal vein is required
for the anti-diabetic actions of RYGB in mice (Troy et al., 2008).
Therefore, the hypothesis described in this article may also be
relevant to glucose metabolism after bariatric surgery.

Mimicking Phantom Satiation: A New
Weight-Loss Treatment?
The second question to ask is whether the phantom satiation
hypothesis could help design a new weight-loss treatment.
I concur with the view that a better understanding of the
biological changes taking place after bariatric surgery may
lead to the discovery of a novel and less invasive weight loss
treatment (Browning and Hajnal, 2014; Pucci and Batterham,
2019; Gimeno et al., 2020). If the phantom satiation hypothesis
is correct, the biological changes that accompany bariatric
surgeries are highly complex and widespread across the body
all the way up to integrative cortices (Figure 1). This level of
complexity may render difficult finding alternative strategy to
bariatric surgery, especially by pharmacological means. With
this in mind, a successful alternative to bariatric surgery may
consist in permanently silencing the nerves to the upper GI
tract, by device- or surgery-assisted means. In support of this
view, obese patients are already eligible for an FDA-approved
vagal neuromodulation procedure termed vBloc (Shikora et al.,
2015; Apovian et al., 2017). Neuromodulatory devices can be
laparoscopically implanted and electrodes attached to each vagal
trunk near the gastro-oesophaeal junction. The stimulation at
the high frequency of at least 500 Hz inhibits the axonal
conduction of both motor and sensory neurons (Camilleri
et al., 2008; Waataja et al., 2011). Its mechanisms of action
remain mysterious and one recent modeling study indicates
that vBloc is more likely to excite than inhibit vagal afferents
(Pelot et al., 2017). On the other hand, new data in rats also
indicate that electrodes chronically attached to the vagus nerve
produce significant damage to vagal efferent axons (Somann
et al., 2018). Patients can expect an average excess weight
loss of 22% over 18 months, which is admittedly not as
effective as RYGB. However, vBloc differs in significant ways
from bariatric surgery. First, vBloc only stimulates the vagus
nerve in an intermittent manner and, secondly, leaves spinal

nerves untouched. Regardless of technical details, the phantom
satiation hypothesis predicts that an effective alternative strategy
to bariatric surgery would consist in mimicking, as closely
as possible, the patterns of denervation and dysautonomia
observed after RYGB. In the anticipation of side effects, such
an alternative strategy should ideally be easily reversible and
adjustable in strength.

CONCLUDING REMARKS

To paraphrase Dr. David Horrobin, a hypothesis that is wrong
will attract no following and disappear (Horrobin, 2000). If
proven right, however, it can be the beginning of new fields
of knowledge. As of today, the phantom satiation hypothesis
appears consistent with a large body of literature and provides
a complementary explanation to already existing hypotheses
on how GI surgeries modify metabolism and behaviors. Many
researchers have stressed the key role played by the brain and
peripheral nerves in the outcome of bariatric surgery (Powley
et al., 2005b; Browning and Hajnal, 2014; Lasselin et al., 2014;
Li and Richard, 2017; Hankir et al., 2018; Sinclair et al., 2018;
Sandoval, 2019; Nota et al., 2020; Ye et al., 2020). Specifically,
they have proposed that microbial, hormonal, inflammatory and
autonomic changes may contribute, perhaps synergistically, to
alter brain functions after bariatric surgery. In turn, altered
brain activity may contribute to modified energy expenditure
with or without altered food intake. Together, the phantom
satiation hypothesis and related neurocentric hypotheses of
bariatric surgery invite us to consider the GI tract not merely as a
receptacle for food but as a complex sensory organ. Nonetheless,
the present hypothesis differs from other theories that convey
the idea that bariatric surgery “corrects” biological derangements
brought about by obesity. Yes, bariatric surgery is genuinely
effective, but it should not be touted as a “corrective procedure,”
considering that its mechanisms remain uncertain. In particular,
available data suggest that vagal and GI functions remain largely
normal in obesity (Lieverse et al., 1994; Klatt et al., 1997; Bluemel
et al., 2017). In other words, bariatric surgery is done on an
otherwise healthy GI tract, which inevitably deteriorates, rather
than improves, its functions. The best evidence is that gut
peptide secretion in bypassed subjects is very high compared to
that of normal-weight subjects (Laferrere et al., 2007; Dirksen
et al., 2013). Furthermore, the intestinal mucosa of bypassed
human subjects and animals becomes abnormally hypertrophic
(le Roux et al., 2010; Mumphrey et al., 2015). Hence, if the
phantom satiation hypothesis is correct, bariatric surgery is not
a procedure that returns obese individuals to some hypothetical
state of “normalcy” but rather that profoundly disrupts normal
GI viscerosensory and endocrine functions (Figure 1). To be
clear, the phantom satiation hypothesis should not be interpreted
as if humoral mechanisms are irrelevant to the outcome of
bariatric surgery. In particular, the receptors for many gut
peptides are expressed in brain regions involved in viscerosensory
functions (Honda et al., 1993; Zigman et al., 2006; Graham et al.,
2020). It is therefore conceivable that excessive gut peptides
secretion after bariatric surgery may contribute to exacerbate
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the aforementioned brain maladaptive changes observed after
vagal damage. Hence, further understanding of the mechanisms
underlying bariatric surgery will likely require a multidisciplinary
and integrated approach beyond the traditional boundaries of
the academic disciplines of endocrinology and metabolism.
In particular, one area in need of further research is how
bariatric surgeries perturbate interoceptive, nociceptive, and
autonomic pathways.
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The knowledge regarding hypothalamic integration of metabolic and endocrine signaling
resulting in regulation of food intake is scarce in fish. Available studies pointed to
a network in which the activation of the nutrient-sensing (glucose, fatty acid, and
amino acid) systems would result in AMP-activated protein kinase (AMPK) inhibition
and activation of protein kinase B (Akt) and mechanistic target of rapamycin (mTOR).
Changes in these signaling pathways would control phosphorylation of transcription
factors cAMP response-element binding protein (CREB), forkhead box01 (FoxO1), and
brain homeobox transcription factor (BSX) leading to food intake inhibition through
changes in the expression of neuropeptide Y (NPY), agouti-related peptide (AgRP), pro-
opio melanocortin (POMC), and cocaine and amphetamine-related transcript (CART).
The present mini-review summarizes information on the topic and identifies gaps for
future research.

Keywords: fish, food intake regulation, nutrient sensors, transcription factors, hypothalamic integration

INTRODUCTION

Two neuronal populations in the mammalian hypothalamic arcuate nucleus respond to a rise in the
levels of circulating metabolites (fatty acid, glucose, and amino acid) (Blouet and Schwartz, 2010;
Morton et al., 2014). They respond with decreased expression of agouti-related peptide (AgRP)
and neuropeptide Y (NPY) or increased expression of cocaine and amphetamine-related transcript
(CART) and pro-opio melanocortin (POMC). These two populations inhibit each other and signal
to higher-order neurons in other areas producing other neuropeptides, and food intake changes
due to all these interactions.

In fish, AgRP/NPY and POMC/CART neurons are present in the ventral part of nucleus lateralis
tuberis (NLTv), an analog of arcuate nucleus (Soengas et al., 2018). These neurons connect to
other neuronal populations, both in hypothalamic and extra-hypothalamic locations, though their
neuropeptide production is mostly unknown (Soengas et al., 2018). The regulation of energy
expenditure and food intake relies on detection in vertebrate hypothalamus of changes in nutrient
levels through different sensing mechanisms as demonstrated in mammals (Efeyan et al., 2015;
Bruce et al., 2017) and fish (Soengas, 2014; Delgado et al., 2017; Soengas et al., 2018). Evidence
obtained in rainbow trout (Polakof et al., 2009; Otero-Rodiño et al., 2019b) suggest a relationship
between neuropeptide expression and nutrient sensing based on the simultaneous presence in
hypothalamic areas of proteins involved in nutrient sensing, such as glucokinase (GCK), and the
four neuropeptides. The activation of nutrient sensors enhances the anorexigenic potential (ratio
between mRNA abundance of anorexigens and orexigens) through decreased expression of AgRP
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and NPY and increased expression of CART and POMC resulting
in a decrease in food intake (Delgado et al., 2017; Soengas et al.,
2018).

Studies carried out in rainbow trout (Librán-Pérez et al., 2012,
2013, 2014, 2015; Velasco et al., 2016a, 2020; Roy et al., 2020)
demonstrated the presence in hypothalamus of fatty acid sensing
mechanisms responsive to changes in the levels of long-chain
fatty acids like oleate through carnitine palmitoyl transferase-1,
mitocondrial ROS production inhibiting ATP-dependent inward
rectified potassium channel (K+

ATP), specific fatty acid receptors
(FFAR), fatty acid translocase, and lipoprotein lipase. Evidence
is also available in other species like grass carp (Li et al., 2016;
Tian et al., 2017), Senegalese sole (Conde-Sieira et al., 2015),
zebrafish (Liu et al., 2017), Chinese perch (Luo et al., 2020), and
blunt snout bream (Dai et al., 2018). Mechanisms are similar
to those characterized in mammals (Lipina et al., 2014; Magnan
et al., 2015) though fish are also sensitive to polyunsaturated
fatty acid like α-linolenate and medium-chain fatty acid like
octanoate. Glucose is also sensed in fish hypothalamus. Evidence
obtained suggested the presence in rainbow trout (Polakof et al.,
2007a,b, 2008a,b,c) and Japanese flounder (Liu et al., 2019) of
the canonical mechanism based on GCK, glucose facilitative
transporter 2, and K+

ATP. Evidence also supports mechanisms
not dependent on GCK like those based on liver X receptor
and sweet taste receptor (Otero-Rodiño et al., 2015, 2016,
2017; Balasubramanian et al., 2016). Leucine is the unique
branched-chain amino acid (BCAA) whose levels are detected
by mammalian hypothalamic amino acid sensing mechanisms
(Efeyan et al., 2015; Heeley and Blouet, 2016). In fish, available
evidence is restricted to rainbow trout (Comesaña et al., 2018a,b)
and Chinese perch (Chen et al., 2021), suggesting the existence of
mechanisms based on BCAA metabolism, glutamine metabolism,
mechanistic target of rapamycin (mTOR), general control non-
derepressible 2 kinase, and taste receptor signaling.

The connection between nutrient-sensing systems and
the expression of AgRP/NPY and POMC/CART governing
food intake is not clear. In mammals, several transcription
factors could be involved (López et al., 2007; Diéguez et al.,
2011) including brain homeobox transcription factor (BSX),
phosphorylated cAMP response-element binding protein
(CREB), and forkhead box01 (FoxO1). Changes in these
transcription factors would respond to nutrient-sensing systems
through mediation by different signaling pathways (Gao et al.,
2013; Morton et al., 2014) including AMP-activated protein
kinase (AMPK), mTOR, and protein kinase B (Akt). In the
following sections, we will show available knowledge in fish
regarding each of these pathways.

SIGNALING PATHWAYS

AMPK
As an energy sensor, AMPK detects lowered cell energy status-
eliciting mechanisms to restore energy balance (López, 2017).
Thus, when levels of nutrients rise, a decrease occur in the
levels and phosphorylation status of AMPK in mammalian

hypothalamus, as demonstrated for glucose, leucine, and fatty
acid (Diéguez et al., 2011; Fromentin et al., 2012; Oh et al., 2016).

In fish, several studies evaluated AMPK in brain (Zeng
et al., 2016; Xu et al., 2018; Abernathy et al., 2019; Yang et al.,
2019) but only a few addressed its role in the regulation of
feed intake. Thus, in rainbow trout fed a lipid-enriched diet,
a decrease occurred in phosphorylation status of hypothalamic
AMPKα (Librán-Pérez et al., 2015). This is comparable with
that observed in the same species (Kamalam et al., 2012)
or in Megalobrama amblycephala (Xu et al., 2017) when fed
a carbohydrate-enriched diet. Also in rainbow trout, raising
levels of nutrients like oleate (Velasco et al., 2016a, 2017b;
Blanco et al., 2020), octanoate (Velasco et al., 2017b), glucose
(Otero-Rodiño et al., 2017), or β-hydroxybutyrate (Comesaña
et al., 2019) also resulted in a decrease in phosphorylation
status of AMPKα. The specificity of AMPKα response was
supported by the disappearance of responses to oleate in the
presence of the AMPKα inhibitor compound C (Velasco et al.,
2017b). In contrast to the mammalian model, no changes in
phosphorylation status of AMPKα occurred in rainbow trout
hypothalamus in response to raised leucine levels (Comesaña
et al., 2018a,b, 2020). Changes in AMPK also occurred in liver
of fish species under different feeding status including a decrease
in refed rainbow trout (Polakof et al., 2011) or an increase in
food-deprived zebrafish (Craig and Moon, 2011). A role for
hypothalamic AMPKα in food intake control is also supported
by the increase observed in hypothalamus of food-deprived
rainbow trout (Conde-Sieira et al., 2019). The involvement of
AMPK is further supported by the decrease in phosphorylation
status of AMPKα observed in rainbow trout hypothalamus under
anorectic conditions like treatment with ceramide (Velasco et al.,
2016b, 2017a), FFAR agonists (Velasco et al., 2020), or anorectic
hormones like CCK (Velasco et al., 2019), GLP-1 (Velasco
et al., 2019), or insulin (Blanco et al., 2020). Of the different
isoforms of AMPKα, it seems that AMPKα2 is involved in feed
intake regulation while AMPKα1 appears to modulate peripheral
metabolism (Conde-Sieira et al., 2019).

mTOR
Several studies demonstrate increased mTOR mRNA abundance
and phosphorylation status in hypothalamus after a rise in the
levels of leucine in mammals (Hu et al., 2016; Pena-Leon et al.,
2020). In contrast, the effects of fatty acid or glucose on central
mTOR are mostly unknown (André and Cota, 2012). However,
the anorectic response induced by leptin treatment increase
phosphorylation status of mTOR (Kwon et al., 2016) whereas
the orexigenic response induced by ghrelin treatment (André
and Cota, 2012) or food deprivation (Ferro Cavalcante et al.,
2020) decreased mTOR.

In fish, mTOR was characterized in hypothalamus of several
species including rainbow trout (Velasco et al., 2017b; Comesaña
et al., 2018a; Blanco et al., 2020) and Japanese sea bass (Liang
et al., 2019). In rainbow trout, mTOR levels and phosphorylation
status responded with an increase to the presence of nutrients
like oleate (Velasco et al., 2017b; Blanco et al., 2020), octanoate
(Velasco et al., 2017b), glucose (Blanco et al., 2020), or leucine
(Comesaña et al., 2018a,b). The presence of rapamycin blocked
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the response to fatty acids in hypothalamus (Velasco et al., 2017b)
supporting the specificity of the response. Additional studies
relate mTOR to food intake regulation in fish. Thus, increased
mTOR occurred under anorectic conditions like feeding a lipid-
enriched diet in rainbow trout (Librán-Pérez et al., 2015) and
blunt snout bream (Dai et al., 2018) or different treatments in
rainbow trout with PYY (Velasco et al., 2018), CCK (Velasco
et al., 2019), insulin (Blanco et al., 2020), or ceramide (Velasco
et al., 2017a). In other fish species, available information
is limited. Thus, in Japanese sea bass, hypothalamic mTOR
activation modulates POMC and NPY expression (Liang et al.,
2019) whereas in cavefish, CCK treatment increased mTOR levels
(Penney and Volkoff, 2014). In liver, mTOR phosphorylation
status also changed under different feeding status. mTOR
increases after a rise in levels of amino acids (Lansard et al.,
2011; Wacyk et al., 2012; Liang et al., 2016; Skiba-Cassy et al.,
2016), feeding lipid-enriched diets (Librán-Pérez et al., 2015;
Zeng et al., 2016), or refeeding (Lansard et al., 2009; Wade
et al., 2014) while a decrease occurred under food deprivation
(Craig and Moon, 2011).

Akt
In mammals, Akt levels and phosphorylation status in
hypothalamus increased in response to a rise in the concentration
of nutrients such as glucose (Chalmers et al., 2014), leucine (Hu
et al., 2016), and β-hydroxybutyrate (Park et al., 2011).
This response also occurred under anorectic situations in
which hypothalamic POMC mRNA abundance increase
(Kwon et al., 2016).

In fish, several evidence suggests the involvement of Akt in
the hypothalamic mechanisms related to food intake control.
Treatment with nutrients activates this signal through increased
phosphorylation status, as demonstrated in rainbow trout for
oleate (Blanco et al., 2020), octanoate (Velasco et al., 2017b),
glucose (Otero-Rodiño et al., 2017), and leucine (Comesaña et al.,
2018a). This activation also occurred under anorectic conditions
such as treatment with ceramide (Velasco et al., 2016b, 2017a),
insulin (Blanco et al., 2020), leptin (Gong et al., 2016), or FFAR
agonists (Velasco et al., 2020). A comparable increase occurred
in brain when fish were fed diets enriched in carbohydrates,
as observed in zebrafish (Jörgens et al., 2015) and rainbow
trout (Dai et al., 2014; Jin et al., 2014) or by feeding lipid-
enriched diets as demonstrated in rainbow trout (Librán-Pérez
et al., 2015) and blunt snout bream (Dai et al., 2018). The
response of Akt to the rise in fatty acid levels disappeared in
the presence of Akt inhibitor perifosine (Velasco et al., 2017b).
Akt involvement in food intake regulation is also supported by
the opposed response (decreased phosphorylation status) elicited
by the orexigenic ghrelin treatment (Velasco et al., 2017a). In
mammals, the activation of Akt signaling in the hypothalamus
also resulted in changes in fatty acid metabolism due to the
activation of sterol regulatory element-binding protein 1 (SREBP-
1) and its target genes ATP citrate synthase (ACLY) and fatty acid
synthase (FAS) (Kim et al., 2007). In rainbow trout hypothalamus,
enhanced phosphorylation of Akt also occurred in parallel with
mRNA abundance of acly, fas, and srebp1 (Velasco et al., 2016b).
Finally, besides central action, Akt is involved in peripheral

responses to changes in feeding status. Thus, refeeding enhanced
Akt phosphorylation in liver of barramundi (Wade et al., 2014)
and rainbow trout (Lansard et al., 2009; Seiliez et al., 2011), and
in muscle of Senegalese sole (Borges et al., 2014).

TRANSCRIPTION FACTORS

BSX
The transcription factor BSX interacts with CREB resulting in
a parallel increase in the mRNA abundance of Bsx, Npy, and
Agrp in mammalian hypothalamus (Nogueiras et al., 2008; Varela
et al., 2011; Lee et al., 2016). Accordingly, Bsx decrease under
anorectic conditions such as feeding a high-fat diet (Nogueiras
et al., 2008) and increase under orexigenic conditions such as
food deprivation (Nogueiras et al., 2008) or ghrelin treatment
(Lage et al., 2010).

In fish, evidence regarding BSX role in hypothalamus is
limited (Cremona et al., 2004; Schredelseker et al., 2020) with a
few studies in rainbow trout related to food intake control. In
this species, the exposure to oleate (Conde-Sieira et al., 2018) or
glucose (Conde-Sieira et al., 2018; Blanco et al., 2020) reduced
food intake in parallel with decreased BSX levels. There is no
information available for BSX response in fish hypothalamus to
the rise in amino acid levels. Other conditions known to decrease
food intake in this species also decreased values for BSX as
demonstrated by treatment with CCK (Velasco et al., 2019), GLP-
1 (Velasco et al., 2019), or FFAR agonists (Velasco et al., 2020).
No comparable studies assessed changes in Bsx mRNA expression
under conditions of raised nutrient levels, not even in mammals.
However, indirect evidence is available such as the effects of the
treatment with the anorectic hormone leptin in rat resulting in
decreased mRNA levels of Bsx in arcuate nucleus (Nogueiras
et al., 2008) as well as in whole hypothalamus (Gao et al., 2011)
in parallel with decreased food intake and Npy mRNA levels. In
addition, situations in which an orexigenic response occurred
(such as those elicited by ghrelin treatment or food deprivation)
induced a rise in hypothalamic Bsx mRNA abundance (Nogueiras
et al., 2008; Lage et al., 2010).

CREB
cAMP response-element binding protein is another transcription
factor hypothesized to be involved in the connection between
brain metabolism and neuropeptides expression. Accordingly,
in mammals, a decrease in CREB levels induced a decrease in
mRNA abundance of Npy and Agrp leading to a decrease in food
intake (Belgardt et al., 2009; Blanco de Morentin et al., 2011;
Varela et al., 2011). CREB protein abundance decrease when food
intake is inhibited enhancing anorexigenic potential through a
decrease in mRNA levels of Npy and Agrp (Fukushima et al.,
2015; Kwon et al., 2016) while levels increase under orexigenic
situations such as ghrelin treatment (Lage et al., 2010) or food
deprivation (Ren et al., 2013).

In fish, available information regarding CREB involvement
in food intake regulation is restricted to rainbow trout.
In this species, CREB phosphorylation status decreased in
response to raised levels of oleate (Velasco et al., 2017b;
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Conde-Sieira et al., 2018), octanoate (Velasco et al., 2017b),
glucose (Conde-Sieira et al., 2018; Otero-Rodiño et al.,
2019a), or leucine (Comesaña et al., 2018a,b). CREB
response to fatty acids was abolished by the presence
of the CBP-CREB interaction inhibitor (Velasco et al.,
2017b). Changes observed in CREB are comparable with
those observed under other anorectic situations such
as treatment with CCK o GLP-1 (Velasco et al., 2019).
Moreover, increased levels of CREB occurred in zebrafish
under the orexigenic conditions elicited by food deprivation
(Craig and Moon, 2011).

FoxO1
Forkhead box01 is likely involved in the relationship between
metabolic changes in hypothalamus and the production of
neuropeptides (Gross et al., 2009). Thus, in mammals, situations
in which Fox01 increased resulted in an enhancement of Agrp
mRNA values while those of Pomc decreased, changes favoring a
decrease in food intake (Belgardt et al., 2009; Blanco de Morentin
et al., 2011).

In fish, FoxO1 was characterized in brain in rainbow trout
(Conde-Sieira et al., 2018) and turbot (Pan et al., 2019). Increased
levels of nutrients enhanced its abundance and phosphorylation
status as observed in rainbow trout for oleate (Conde-Sieira
et al., 2018; Blanco et al., 2020), octanoate (Velasco et al., 2017b),

and glucose (Conde-Sieira et al., 2018; Blanco et al., 2020). The
specificity of FoxO1 response to raised levels of fatty acid was
supported by its lack of response in the presence of the FoxO1
inhibitor AS1842856 (Velasco et al., 2017b). In contrast, FoxO1
does not appear to respond to changes in the levels of leucine
(Comesaña et al., 2018a,b, 2020). Other anorectic conditions
also resulted in increased FoxO1 in rainbow trout as observed
after treatment with CCK (Velasco et al., 2019), GLP-1 (Velasco
et al., 2019), insulin (Blanco et al., 2020), ceramide (Velasco
et al., 2016b, 2017a), or FFAR agonists (Velasco et al., 2020).
Central changes in FoxO1 are comparable with those occurring
in peripheral tissues under different feeding status. Thus, in liver
of rainbow trout orexigenic conditions like refeeding decreased
FoxO1 levels (Dai et al., 2013) whereas in grass carp adipogenesis
(a situation comparable with a rise in nutrient levels) increased
FoxO1 in adipocytes (Sun et al., 2017). No prior studies in any
other vertebrate species addressed the hypothalamic response of
Foxo1 to changes in nutrient levels. However, changes observed
in fish would be comparable with those observed in mammalian
hypothalamus under anorectic conditions like feeding a high-
fat diet (Yuan et al., 2012) or treatment with insulin or leptin
(Diéguez et al., 2011; Kwon et al., 2016). Akt activation is known
to induce in mammals the phosphorylation of FoxO1 (Belgardt
et al., 2009; Gross et al., 2009), which also result in enhanced
CART and POMC expression (Kwon et al., 2016). In fish, a

FIGURE 1 | Schematic drawing with a model of processes involved in integration of nutrient-sensing information in fish hypothalamus resulting in homeostatic
control of food intake. Left and right panels show pictures showing colocalization of a nutrient-sensing marker [glucokinase (GCK)] with AgRP (left) or POMC (right) in
neurons (stained with DAPI) from rainbow trout hypothalamus. Purple symbols, synaptic connection; AgRP, agouti-related peptide; Akt, protein kinase B; AMPK,
AMP-activated protein kinase; BSX, brain homeobox transcription factor; CART, cocaine- and amphetamine-related transcript; CCK, cholecystokinin; CREB, cAMP
response-element binding protein; FoxO1, forkhead box protein O1; GHRL, ghrelin; mTOR, mechanistic target of rapamycin; NLTv, lateral tuber nucleus pars
ventralis; NPY, neuropeptide Y; POMC, pro-opio melanocortin.

Frontiers in Neuroscience | www.frontiersin.org 4 February 2021 | Volume 15 | Article 65392854

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


fnins-15-653928 February 24, 2021 Time: 14:50 # 5

Soengas Nutrient Sensing Integration in Fish Hypothalamus

simultaneous rise in Akt and FoxO1 occurred in rainbow trout
hypothalamus in response to anorectic treatments like oleate
(Blanco et al., 2020), octanoate (Velasco et al., 2017b), or insulin
(Blanco et al., 2020) but not leucine (Comesaña et al., 2018a).
These results allow me to suggest a relationship between Akt
and FoxO1 comparable with that suggested in mammals though
restricted to several anorectic conditions.

INTERACTION NUTRIENTS-HORMONES

AgRP/NPY and CART/POMC neurons involved in the
integration of signals from nutrient sensors also have receptors
for hormones like leptin, ghrelin, insulin, CCK, or GLP-1, among
others (Blouet and Schwartz, 2010; Morton et al., 2014). The
binding of these hormones to their receptors in hypothalamic
neurons elicits changes in intracellular signals like AMPK
and mTOR. Therefore, the final effect on food intake elicited
by changes in neuropeptide expression would result from
the interaction on signal transduction of both nutrients and
hormones. However, this interaction is mostly unknown, with
only some evidence available regarding the interactive effects of
leptin or ghrelin on fatty acid sensing (López et al., 2007; Blanco
de Morentin et al., 2011; Lockie et al., 2019).

In fish, only two studies carried out in rainbow trout
demonstrated interactive effects in hypothalamus between
nutrient-sensing mechanisms and hormones such as ghrelin and
insulin. The presence of oleate counteracted ghrelin effects on
AMPK (Velasco et al., 2016a). In the case of insulin (Blanco
et al., 2020), its counteractive effects occurred in the presence
of glucose for bsx and mtor mRNA abundance as well as in
the presence of oleate for Akt phosphorylation status, and foxo1
and creb1 mRNA abundance. No other studies characterized in
fish putative interactions in hypothalamus. However, in rainbow
trout treatment with different hormones alter nutrient sensing
mechanisms in hypothalamus (Conde-Sieira and Soengas, 2017)
as demonstrated for glucosensing (leptin, insulin, ghrelin,
nesfatin-1, CCK, and GLP-1) and fatty acid sensing (insulin,
ghrelin, PYY, and nesfatin-1). Therefore, it is reasonable to

hypothesize the existence of additional interactions through
changes in cellular signaling and transcription factors.

CONCLUSION AND PERSPECTIVES

The knowledge available in fish about hypothalamic integration
of information of metabolic and endocrine nature eliciting
changes in expression of neuropeptides ultimately regulating
food intake is limited (Delgado et al., 2017; Soengas et al., 2018).
Studies in fish suggest the existence of a network similar in
some aspects (but not in others) to that of mammals. In this
network, the activation of the nutrient-sensing systems would
result in the activation of Akt and mTOR as well as in the
inhibition of AMPK. Changes in these signals would result in
enhanced levels and phosphorylation status of FoxO1 while
decreasing those of CREB and BSX. Finally, these changes in
transcription factors would ultimately lead to inhibition of food
intake inhibition through changes in neuropeptides (AgRP, NPY,
POMC, and CART) expression, as observed in fish hypothalamus
under anorectic conditions elicited by raised levels of nutrients.
However, the precise mechanisms involved and their interaction
with hormones still needs evaluation. A summary of available
knowledge is shown in Figure 1.
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Introduction: Mitochondrial dysfunction is a neurometabolic hallmark signaling
abnormal brain energy metabolism (BEM) targeted as a potential early marker of
Alzheimer’s disease (AD). Advanced imaging technologies, such as 31phosphorus
magnetic resonance spectroscopy (31P MRS) at ultra-high-field (UHF) magnetic strength
7T, provide sensitive phosphate-BEM (p-BEM) data with precision. The study’s first
goal was to develop a methodology to measure phosphate energy and membrane
metabolites simultaneously across the whole-brain using volume-coil 31P MRS at 7T
in three groups-cognitively normal (CN), amnestic mild cognitive impairment (aMCI), and
AD. The second aim investigated whether p-BEM markers in the four brain regions-
frontal, temporal, parietal, and occipital were significantly different across the three
groups. The final goal examined correspondence between the p-BEM markers and
cognition in the three groups.

Methods: Forty-one participants (CN = 15, aMCI = 15, AD = 11) were enrolled and
completed cognitive assessment and scan. The cognitive domains included executive
function (EF), memory, attention, visuospatial skills, and language. The p-BEM markers
were measured using energy reserve index (PCr/t-ATP), energy consumption index
(intracellular_Pi/t-ATP), metabolic state indicator (intracellular_Pi/PCr), and regulatory
co-factors [magnesium (Mg2+) and intracellular pH].

Results: Thirteen metabolites were measured simultaneously from the whole brain for all
three group with high spectral resolution at UHF. In the aMCI group, a lower p-BEM was
observed compared to CN group based on two markers, i.e., energy reserve (p = 0.009)
and energy consumption (p = 0.05) indices; whereas in AD a significant increase was
found in metabolic stress indicator (p = 0.007) and lower Mg2+ (p = 0.004) in the
temporal lobes compared to aMCI using ANOVA between group analytical approach.
Finally, using a linear mixed model, a significant positive correlation was found between
Mg2+ and cognitive performance of memory (p = 0.013), EF (p = 0.023), and attention
(p = 0.0003) in CN but not in aMCI or AD.

Conclusion: To our knowledge, this is the first study to show that it is possible to
measure p-BEM in vivo with precision at UHF across the three groups. Moreover,
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the findings suggest that p-BEM may be compromised in aMCI even before an AD
diagnosis, which in future studies should explore to examine whether this energy crisis
contributes to some of the earliest neuropathophysiologic changes in AD.

Keywords: phosphate brain energy metabolism, Alzheimer’s disease, amnestic mild cognitive impairment,
31phosphorus magnetic resonance spectroscopy, adenosine triphosphate, mitochondria

INTRODUCTION

Neurometabolic abnormalities are now recognized
as an important area for understanding the early
neuropathophysiologic changes in Alzheimer’s disease (AD)
of diverse etiology (Barzilai et al., 2012; Lourenço et al., 2015).
Mitochondrial dysfunction at the root of many neurometabolic
abnormalities is considered a high risk factor in AD (Yamaguchi
et al., 1992; Albers and Flint, 2000; Crouch et al., 2005; Atamna
and Frey, 2007). Research in the post-mortem brain of AD
has shown that accumulation of beta-amyloid (Aβ) protein
inside the mitochondria have the potential to alter structural
and biochemical functions, accelerating the neurodegeneration
process (Cottrell et al., 2001; Baloyannis, 2006; Lin and
Beal, 2006). Mitochondria play an essential role in energy
metabolism in all organs, especially the brain, due to their
high energy requirements (Atamna and Frey, 2007). The
observation of mitochondrial alteration in AD supports the
postulation that disturbances in brain energy metabolism
(BEM) may be a significant risk factor contributing to Aβ

and tau deposition as individual’s progress from normal
aging to transitory stages of AD, i.e., amnestic mild cognitive
impairment (aMCI) and AD.

Magnetic resonance spectroscopy (MRS) offers a
direct non-invasive imaging methodology to investigate
mitochondrial function abnormalities by measuring the
concentrations of phosphate energy and membrane metabolites,
neuroinflammatory markers, and neurotransmitters in the
brain (Ross and Sachdev, 2004). Specifically, 31phosphorus
MRS (31P MRS) is used to measure phosphate energy
[adenosine triphosphate (ATP), phosphocreatine (PCr),
and inorganic phosphate (Pi-extracellular and intracellular)]
and membrane phospholipid [phosphoethanolamine (PE),
phosphocholine (PC), glycerophosphoethanolamine (GPE),
and glycerophosphocholine (GPC)] metabolites along with the
assessment of regulatory co-factors magnesium (Mg2+) and
brain tissue pH which supports energy metabolism of the brain
along with membrane synthesis and degradation. Recent work
by Rijpma et al. (2018) using whole-brain volume-coil 31P MRS
at 3T in thirty-one (31) participants with mild AD and healthy
controls each showed increased PCr signal, PCr/Pi index, and
pH in the retrosplenial cortex and hippocampus area of the
temporal lobe in AD where early AD molecular changes are

Abbreviations: AD, Alzheimer’s disease; aMCI, amnestic mild cognitive
impairment; p-BEM, phosphate brain energy metabolism; 31P MRS,
31Phosphorus MRS; ATP, adenosine triphosphate; PCr, phosphocreatine; Pi,
inorganic phosphate; PE, phosphoethanolamine; PC, phosphocholine; GPE,
glycerophosphoethanolamine; GPC, glycerophosphocholine; Mg2+, magnesium;
Aβ, beta-amyloid; UHF, ultra-high-field; ADNI, Alzheimer disease neuroimaging
initiative.

known to start. In contrast to alterations in phosphate BEM
(p-BEM), the same study did not show any significant difference
in the membrane phospholipid index measured using the PE,
PC, GPE, and GPC in the brain regions of AD compared to
healthy controls. Nonetheless, Rijpma’s work at 3-T in AD
was one of the first study to apply a methodology to measure
phosphate energy and membrane metabolites simultaneously
from the whole-brain.

In addition to measuring phosphate metabolites through
31P signal intensities, the 31P-MRS also offers measurements
of pH and Mg2+ concentration through 31P chemical shifts,
based on the high sensitivity of Pi chemical shift δ(Pi) to Pi
protonation/deprotonation and the dependence of ATP chemical
shift difference δ(α-ATP)–δ(β-ATP) or δα−β on Mg2+ binding to
ATP. Mg2+ plays a crucial role in regulation of mitochondrial
functions as it stimulates over 300 enzymes (Adrasi et al.,
2000). Prior research in in vitro studies using post-mortem
human brains of AD reported reduced Mg2+ concentrations
in vulnerable brain regions, especially in the hippocampus
part of the temporal lobe (Adrasi et al., 2000; Cilliler et al.,
2007; Slutsky et al., 2010). However, a knowledge gap exists
in investigating the p-BEM, Mg2+, and pH abnormalities in
aMCI, i.e., early transitory stage of the AD which is regarded
as a heterogeneous and unstable condition as compared to
AD and healthy aging. Therefore, it would be informative
to include individuals in all three groups, i.e., healthy aging,
aMCI, and AD to confirm and better understand those prior
research findings from post-mortem AD brains, and to provide
in vivo references for p-BEM alterations as an early marker
of AD etiology and pathology responsible for neurobiological
changes due to mitochondrial dysfunction. Whereas the cross-
sectional research approach is motivated by evidence from
in vitro studies of cell-line culture and post-mortem human
brain (Atamna and Frey, 2007), there is an urgency in
identifying early detectable and potentially treatable p-BEM
abnormalities contributing to progressive neurodegeneration
in aMCI, since this particular population is at greater risk
for developing AD.

Prior to Rijpma’s work at 3T, a few studies investigated the
relationship between p-BEM and cognition in AD with 31P data
acquired from a single brain region at lower magnetic strength.
Smith’s work using 31P MRS at 1.5-T in seventeen (17) mild to
moderate AD and eight (8) healthy controls showed an inverse
relationship of PCr/Pi index measured in the frontal lobe with
a dementia rating scale (DRS), i.e., lower p-BEM marker was
associated with higher DRS severity (Smith et al., 1995). Parallel
to Smith’s work, another research by group Forlenza et al.’s (2005)
using the same magnetic strength over the prefrontal cortex
showed an inverse relationship between membrane phospholipid
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metabolite index with lower cognitive performance measured
using the Cambridge Cognitive (CAMCOG) scale subtests
in AD (n = 18) compared to healthy controls (n = 16).
The CAMCOG scale included cognitive domains of memory,
orientation, language, attention, praxis, calculation, abstract
thinking, and visual perception. However, the main limitations
at lower magnetic strength is the low spectral resolution of
these metabolites, restricting the exploration of p-BEM-cognition
correspondence in vulnerable brain regions like the temporal lobe
compared to other parts of the brain in aMCI and AD. The low
spectral resolution and detection sensitivity could be overcome
by using ultra-high-field (UHF) magnetic strength at 7T for more
accurate measurements of the phosphate metabolites.

At UHF magnetic strength 7T, the first aim of this research
was to test the feasibility to acquire high quality whole-brain
data for resolving phosphate brain energy and membrane
metabolites from each voxel simultaneously across the three
cohorts cognitively normal (CN) adults, aMCI, and mild AD
using volume-coil 31P MRS. Our second aim was to investigate
if p-BEM and membrane phospholipid markers differ across
those three groups in the four regions-frontal, temporal,
parietal, and occipital bilaterally. The p-BEM markers were
measured using the three indices- energy reserve index (PCr/t-
ATP), energy consumption index (intracellular_Pi/t-ATP), and
metabolic state indicator (intracellular_Pi/PCr), along with
regulatory co-factors – magnesium (Mg2+) and pH, separately
(definitions of the three indices are cited in our previous
publication; Das et al., 2020). Based on the prior study’s
findings using either 18FDG-PET (Silverman et al., 2001; Mosconi
et al., 2010; Mosconi, 2013; Ou et al., 2019) or 31P MRS
(Rijpma et al., 2018), which supported reduced respective BEM
(glucose or phosphate) in the temporal lobes in MCI and AD,
we hypothesized that p-BEM markers-energy reserve, energy
consumption indices, and regulatory co-factors (Mg2+ and pH),
would be lower in the same vulnerable region of the brain and
the same population, i.e., aMCI and AD when compared to
CN group. The hypothesis of reduced p-BEM in the temporal
lobe is the focus of this study because the brain depends on
glucose consumption, which is regarded as the primary fuel to
generate energy in the form of ATP (Mergenthaler et al., 2013).
Moreover, prior 18FDG-PET studies have supported reduced
glucose consumption in the temporal lobe, a region vulnerable
to the early decline in AD pathology (Mosconi et al., 2010;
Ou et al., 2019).

On the other hand, we anticipate that the metabolic state
ratio, an indicator of metabolic stress, would be higher in aMCI
and mild AD due to increased metabolic neurodegeneration
compared to the CN group. Moreover, in congruence with
study Rijpma et al.’s (2018), we proposed that the membrane
phospholipid index would not be altered across the three groups.

The next aim explored the significant phosphate BEM
markers-cognitive correspondence in all the groups. Prior
studies using 18FDG-PET (Desgranges et al., 1998; Mosconi
et al., 2005; Herholz, 2010; Ou et al., 2019) or 31P MRS
at 1.5-T (Smith et al., 1995; Forlenza et al., 2005) have
shown a BEM-cognition correspondence across the domain
of memory, executive function (EF), attention, visuospatial

perception, and language (Hanninen et al., 1996). Therefore,
we postulated that there would be a significant association
between lower sensitive p-BEM markers and co-factors (Mg2+

and pH) separately in the temporal lobe, a vulnerable brain
region and lower cognitive performance across the three groups
except for metabolic state indicator. The final goal was to
compare the sensitivity and specificity of p-BEM markers
and cognitive measures to reclassify the individuals in their
respective groups correctly. Deep learning model/machine
learning applications are rapidly developing to diagnose and
predict who converts into AD. A recent application of
the deep learning model was on 1,002 Alzheimer’s disease
Neuroimaging Initiative (ADNI) participants to detect AD in
40 patients in an independent setting. The model showed a
sensitivity of 100% and specificity of 82% in predicting the
final diagnosis within an average timeline of 75.8 months
before the AD diagnosis (Ding et al., 2019). Motivated by
this evidence, we aimed to develop a prediction model for
reclassifying aMCI and AD group by combining p-BEM
markers with cognition.

MATERIALS AND METHODS

Protocol Approvals and Consent
The research on human subjects was approved by the
Institutional Review Board (IRB) of The University
of Texas Southwestern Medical Center (UTSW#STU
062017-089) and The University of Texas at Dallas
(UTD#18-73) to include individuals between the ages of
55-85years in three groups: CN adults, aMCI, and mild
AD. Informed consent and HIPPA forms were signed as
per the Committee on Human Experimentation’s under the
Declaration of Helsinki revised in 1981 and useful clinical
practice guidelines.

Participants
A total of forty-one participants (15 CN, 15 aMCI, and
11 mild AD) were enrolled in the study using a phone
screen, which included questions on demographics, medical
history, medicine use, a neuroimaging screening questionnaire,
and a memory-screen called Clinical Dementia Rating (CDR)
scale. Subjects with a history of substance use, neurological
disorders other than AD, psychiatric problems, metal in the
body, or left-handers were excluded from the study. CN
and aMCI were recruited from the DFW community based
on ADNI criteria, and the classification was verified by a
clinician and neuroscientist at Center for BrainHealth, UTD.
Alzheimer’s patients with mild form were recruited from
referral either through the local neurologist or from the DFW
community after reviewing the individual’s medical records
from the neurologist. All selected participants were right-
handed, native English speakers with a minimum of 12 years
of education. Irrespective of gender and ethnic factors, all
eligible participants were invited to complete the cognitive
screen and assessment.
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Characterization of the Participants
The comprehensive ADNI criteria used for enrollment were 1)
without subjective memory (CN) or with subjective memory
(aMCI and AD) complaints; 2) Clinical Dementia Rating (CDR)
scale: A score of zero (0) for CN, half (0.5) for aMCI, and a half or
one (0.5 or 1) for mild AD (CDR, Morris, 1993); 3) mini mental
status examination (MMSE) (Folstein et al., 1975): 24–30 for CN
and aMCI and 20-26 for mild AD and; 4) objective memory status
measured by logical memory subtest from Wechsler Memory
Scale-III (WMS-III, Wechsler, 1997) with (a) delayed memory
recall scores of ≥9 for 16 or more years of education, ≥5 for
8–15 years of educational and ≥3 for 0–7 years of education
in CN, or (b) delayed memory recall scores of 8–11 for 16
or more years of education, 4–9 for 8–15 years of educational
and 0-6 for 0-7 years of education for aMCI or (c) delayed
memory recall scores of ≤8 for 16 or more years of education,
≤4 for 8–15 years of educational and ≤2 for 0—7 years of
education for mild AD. In addition to ADNI criteria for the mild
AD group, the diagnosis was confirmed by a neurologist. All
participants were assessed for signs of depression using the long
geriatric depression scale (GDS-long form) form (Yesavage et al.,
1982). Individuals with no or mild depression with or without
antidepressant medications were enrolled in the study.

Cognitive Screening
A one-hour cognitive screen included vision and hearing test,
vitals (blood pressure, pulse rate, weight, and height), and
memory screens MMSE and logical memory subtest from
Wechsler Memory Scale-III along with two questionnaires –
1. Lawton instrumental daily living activities, 2. Geriatric
depression scale-Long form (GDS-long form) was completed at
the Center for BrainHealth (CBH), a division of the University
of Texas at Dallas (UTD). For eligibility on vision and hearing
criteria, visual acuity of 20/50 and 40 dB at 1,000 HZ on the
hearing test were the cut-off, respectively.

Cognitive Assessment
Eligible participants on the phone and cognitive screens
completed the cognitive assessment of 4-hours divided over
2 days to control for fatigue. The cognitive assessment
included measures to investigate the domains of memory
(episodic memory), executive function (complex abstraction,
innovation, switching and inhibition, conceptual reasoning,
working memory, and verbal fluency), attention, visuospatial
skills, and language (Table 1). The demographics of the
participants are presented in Table 2.

TABLE 1 | Neurocognitive assessment battery administered across the three groups: cognitively normal, amnestic mild cognitive impairment (aMCI), and mild
Alzheimer’s disease (AD).

Cognitive Domain Measures Description

Executive Function

1. Complex abstraction Test of Strategic Learning (TOSL)
(Chapman et al., 2002)
WAIS-III similarities
(Wechsler, 1972)

Assess the ability to condense and synthesize complex information written
as a summary from a short complex story. Scores represent a number of
abstracted ideas.
Assess the ability to think abstractly and to find similarities among words or
ideas that may not appear to be similar on the surface.

2. Innovation Test of Strategic Learning (TOSL)
(Chapman et al., 2002)

Assess the ability to construct as many interpretations as possible from a
complex short story to measure idea fluency.

3. Inhibition and switching Trails B (Delis et al., 2001) Assess the ability to alternate between a number and letter by drawing a
continuous line.

4. Conceptual Reasoning Delis-Kaplan executive function system (DKEFS) card
sort (Delis et al., 2001)

Assess the ability to draw similarities between two sets of cards by drawing
reasons behind the selection of cards.

5. Working Memory Digit Span Backwards Test
(WMS-III, Wechsler, 1997)

The ability to repeat a series of numbers backward.

6. Fluency: Verbal/Category Controlled Oral Word Association (COWAT)
(Benton et al., 1994; Spreen and Strauss, 1998)

Assess the ability to generate as many words starting with a particular
alphabet or a category in one minute.

Memory

Episodic memory Memory for facts: Test of Strategic Learning (TOSL)
(Chapman et al., 2002)
California Verbal Learning Task
(Petersen et al., 2001)

Assess the ability to recall details of a complex short story.
Assess the ability to recall a list of sixteen (16) words in four categories
immediately after the list was read followed by delayed recall after 20 min
interval.

Attention Selective Auditory learning task (Hanten et al., 2007)
Digit Span Forward Task
(WMS-III, Wechsler, 1997)

Assess the ability to focus and pay attention to high-priority stimulus, while
simultaneously blocking or inhibiting unwanted or low-priority information.
Assess the ability to pay attention and remember a series of numbers in the
same sequence.

Language Boston Naming Test
(Kaplan et al., 1983)

Assess the ability of the individual to say the word associated with the
object in the picture.

Visuospatial Trails A
(Delis et al., 2001)

The ability to visually search for numbers in ascending order and draw a
continuous line assessing mental flexibility and processing speed.
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TABLE 2 | Demographics of the participant enrolled in the study.

Cognitively normal
(CN)

Amnestic Mild Cognitive
Impairment (aMCI)

Mild Alzheimer’s
disease (AD)

Gender 11 Females/4 Males 10 Females/5 Males 6 Females/5 Males

Age (mean ± SD) 63.47 ± 6.13 66.53 ± 6.74 71.73 ± 5.68*

Education 17.83 ± 2.91 17.33 ± 3.21 16.82 ± 3.68

Ethinicty (mean ± SD) 12 Caucasian/2
Asian/1 Hispanic

15 Caucasian 8 Caucasian/2 African
American/1 Hispanic

Mini Mental Status Examination (mean ± SD) 29 ± 1.25 28.4 ± 1.404 25 ± 2.90

Clinical Dementia Rating (CDR) scale 0 0.5 0.5 or 1

Body Mass Index BMI (mean ± SD) 24.77 ± 3.19 26.43 ± 5.42 25.22 ± 4.89

Diabetes 1 0 1

Hypertension 1 6 5

Hyperlipidemia 4 7 5

Hypothyroidism 1 4 3

*p < 0.05.

Whole-Brain p-BEM Metabolites Data
Acquisition Using Volume-Coil 31P
Magnetic Resonance Spectroscopy at 7T
The 31P-MRS data were acquired using a human MRI scanner
system at 7T (Achieva, Philips Healthcare, Cleveland, OH,
United States), in combination with a transmit/receive 31P
birdcage volume coil of diameter 23 cm and length 10 cm
(Gorten Center, Leiden University Medical Center, Netherlands).
The 31P coil was inserted into a cylindrical NOVA 1H
transmit/receive head coil for 1H shimming and imaging
planning. The participants were positioned head-first, and
supine with head posterior rest on a soft cushion and the
head positioned in the center of the 31P RF coil. The data
acquisitions included a non-localized 31P MRS survey scan
with pulse-acquire sequence for evaluation of shimming quality
on 31P spectrum, and a 3D MRS imaging scan at an in-
plan resolution of 2 × 2 cm2 reconstructed to 1 × 1 cm2,
slice thickness 2 cm, with 7–9 coronal slices depending on
the participants’ head size along A-P direction. Other MRS
parameters were TR = 0.5 s, TE 0.5 ms, number of average
12, sampling points 2 K, zero-filled to 4 K prior to FT scan
time 39 min. Figures 1 and 2 shows the display of all the
phosphorus metabolites.

Phosphate BEM Metabolites Data
Analysis
31P MRS raw data were preprocessed using the Philips
software package SpecView on the scanner. All the brain
slices were preprocessed for zero filings, apodization,
Fourier transformation, and phase correction. For baseline
correction and spectral fitting, the preprocessed data were
post-processed using an in-house MATLAB program at
UTSW. The fitting was based on the Voigt lineshape model
(a combination of Gaussian and Lorentzian lineshape). Post-
processed data was able to resolve thirteen (13) resonance
phosphorus peaks of PCr, ATP (α-, β-, and γ-spins),
nicotinamide adenine dinucleotide (total NAD), uridine
diphosphate glucose (UDPG and its analogs), intracellular

and extracellular Pi), five (5) phospholipid metabolites
including PE, PC, GPE, GPC, and a macromolecular
metabolite peak. The phosphate energy and membrane
phospholipid metabolites were measured from each
peak’s fitting integral. In contrast, the cellular pH and
Mg2+ concentration were derived from the chemical shift
measurements in region summed spectra for the four
brain regions of interest- frontal, temporal, parietal, and
occipital lobes. For each spectrum, the free intracellular
magnesium (Mg2+) concentration was calculated using the
chemical shift difference between α- and β-ATP (δα−β in
ppm), whereas pH was calculated from the chemical shift
of the corresponding Pi (internal) peaks (δPi, in ppm) in
reference to PCr (δPCr = 0ppm) (Das et al., 2020). Total-
ATP (t-ATP) signal was calculated by averaging the α-,
β-, and γ-ATP resonances. For membrane phospholipid
metabolite index/marker, phosphomonoesters (PMEs)
was calculated by summation of PE and PC, whereas
phosphodiesters (PDEs) by summation of GPE and GPC.
Overall, the membrane phospholipid index was calculated by the
ratio of PMEs/PDEs.

Statistical Approach
Neurocognitive Measures, p-BEM Markers Along
With Regulatory Co-Factors, and Membrane
Phospholipid Markers Variations Across the Three
Groups
We investigated the relationship between age, education, and
gender with individual phosphate energy and membrane
phospholipid metabolites. As we found significant inverse
relationship of age and gender with the metabolites, all
the p-BEM and membrane phospholipid metabolites were
adjusted for age, education, and gender. Adjusted p-BEM data
was used to calculate the ratios of PCr/t-ATP (reflective of
energy reserve), Pi/t-ATP (reflective of energy consumption),
Pi/PCr (reflective of a metabolic state), and regulatory co-
factors (Mg2+ and pH) which were interpreted as BEM
markers in the paper along with membrane phospholipid index
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FIGURE 1 | Whole-brain 31P MRS spectral displayed on coronal anatomical images. Total 31P signal from all metabolites; Color maps show the spatial distribution of
specific metabolites.

(PMEs/PDEs) (for definition of the terminology refer to our
previous publication Das et al., 2020). The BEM markers,
membrane phospholipid indices, and regulatory co-factors were
transformed into a shifted log scale to symmetrize their
respective distributions and reduce high-leverage contributions
in individual values regressions. Specifically, those with positive
skew coefficients were transformed as log(x − a), and
those with negative skew coefficients were transformed as
−log(a − x), where “x” denotes the specific metabolite’s raw
score for each participant and “a” denotes the metabolite-
specific constant. In addition to the BEM metabolites, all the
neurocognitive measures were also adjusted for age, education,
and gender. Statistical analyses for the neurocognitive and
spectroscopy data were analyzed using R studio 4.1.0 for
windows. A one-way analysis of variance (ANOVA) between
the group statistical package in R-studio was used to investigate
the differences in the three groups with α = 0.01 for

cognitive measures and α = 0.10 for BEM markers, given the
exploratory nature of the study. Post hoc multiple between-
group comparisons using Tukey at α = 0.05 for the familywise
error rate was performed to identify significant mean differences
between the groups.

Phosphate BEM and Regulatory Co-Factors
Correspondence With Cognition Across the Three
Groups
To navigate the next goal of the research, i.e., any p-BEM–
cognition correspondences for which the transformed adjusted
BEM and neurocognitive data were scaled to have common
variance across the variables. General linear model was used
to understand the effect of group and each of the markers or
regulatory co-factors on cognition for each pairwise comparison.
The model contains each of the indices or regulatory co-factor-
by-group interaction on cognitive performance of EF, memory,
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FIGURE 2 | Representative spectra from the frontal, parietal, temporal, and occipital brain areas of a cognitively normal adult. Zero filling to 8,000 data points with
8 Hz vogit lineshape model applied for the display purpose. PE, phosphoethanolamine; PC, phosphocholine; Piin, inorganic phosphate internal, respectively; GPE,
glycerophosphoethanolamine; GPC, glycerophosphocholine; PCr, phosphocreatine; ATP forms: α, β, and δ adenosine triphosphate; NAD, nicotinamide adenine
dinucleotide; UDPG, uridine diphosphate glucose.

attention, language, and visuospatial domains in the four brain
regions-frontal, temporal, parietal, and occipital separately. All
group tests and interaction tests were at α = 0.05.

The working linear model used in this work was written as:

y_j = b0+ b1 ∗ I(group = aMCI)+ b2 ∗ I(group = AD)+

b3 ∗ x_j+ b4 ∗ x_j ∗ I(group = MCI)+ b5 ∗ x_j∗

I(group = AD)+ e_j, for j = 1, ..., N subjects.

y_j represents the outcome or dependent variable, i.e., the
cognitive performance for the jth subject. “I” is an indicator
function (i.e., 1 if true; 0 otherwise), x_j is one of the indices or
pH or Mg2+, e_j is the error term, and the covariates, x_j, are
centered at their means. The inclusion of (indices/Mg2+/pH X
group) and (indices/Mg2+/pH X mean differences between the
group) interaction terms allowed for an in-depth investigation of
all the probable effects on the cognitive outcome.

Predictive Model to Assess the Sensitivity,
Specificity, Positive Predictive and Negative
Predictive Value, and Accuracy of the Data Set
A principal component analysis was used for data reduction
as an initial step to develop a predictive model using p-BEM

makers and neurocognitive data (Supplementary Figure 1).
The quadratic discriminant model was applied to the first two
principal components that substantially explained much of the
variance in the data. The discriminant model was trained using
10-fold cross-validation (CV) framework to obtain estimates
of generalization error. For each of the 10-folds of the CV
framework, 10% of the data was used as an internal hold-out
test to predict the individuals in their respective groups, while
the other 90% was used for training the model, including the
principal component reduction.

RESULTS

Neurocognitive Measures, p-BEM,
Regulatory Co-Factors, and Membrane
Phospholipid Markers Variations Across
the Three Groups
Neurocognitive Measures Differences Across the
Three Group
ANOVA between-group analysis across the three groups showed
significant group effects in the five cognitive domains – EF,
memory, attention, language, and visuospatial skills z-scores. In
the executive function category all the subdomains: complex
abstraction [similarities: F(2,38) = 38.87, p < 0.001]; innovation
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[TOSL: F(2,38) = 5.04, p = 0.01]; inhibition and switching
[Trails B: F(2,38) = 50.28, p < 0.001]; conceptual reasoning
[DKEFS sort: F(2,38) = 39.12, p < 0.001]; and fluency [verbal
fluency: F(2,38) = 17.16, p < 0.001); category fluency-animals:
F(2,38) = 10.38, p < 0.001] where significantly lower in
mild AD compared to aMCI and CN. The subdomains of
complex abstraction and conceptual reasoning performance were
significantly reduced in aMCI along with mild AD but not
in CN group. For the episodic memory performance [CVLT:
immediate recall (F(2, 38) = 26.6, p < 0.001), short delay
recall (F(2, 38) = 35.82, p < 0.001), long delay recall (F(2,
38) = 27.76, p < 0.001), intrusions (F(2, 38) = 8.60, p < 0.001)]
was significantly lower in both mild AD and aMCI compared to
CN. Similarly, attention domain measured by selective auditory
learning test-Trail 1 (F(2,38) = 51.2, p < 0.001) and digit
span forward test (F(2,38) = 4.077, p < 0.025); language tested
using Boston Naming task (F(2,38) = 22.2, p < 0.001), and
visuo-spatial skills assessed using Trails A (F(2,38) = 16.79,
p < 0.001) was significantly lower in mild AD group only
(Supplementary Table 1).

p-BEM Markers Variations Across the Three Groups
ANOVA between groups analysis showed three significant
results. First, in aMCI and mild AD, the energy reserve index
(PCr/t_ATP) [F(2,38) = 15.09, p < 0.001] in the temporal
lobe was significantly lowered when compared to CN. Second,
in aMCI energy consumption index (intracellular_Pi/t_ATP)
[F(2,38) = 4.82, p = 0.01] of the temporal lobe was significantly
lower compared to CN but not in mild AD. Finally, in
temporal lobe of mild AD the metabolic state indicator
(intracellular_Pi/PCr), [F(2,38) = 5.68, p = 0.007] was
significantly higher when compared to aMCI and CN. The
BEM markers in the other brain regions, i.e., frontal, parietal,
and occipital were not significantly different across the groups.

The altered p-BEM markers in the temporal lobe in aMCI
and mild AD prompted further exploration of which group
means difference contributed to the significant effect using Tukey
multiple comparisons adjustment. Overall, the results support
that the aMCI group could be differentiated from the CN based
on two BEM markers: energy reserve index (t =−0.88, p.adjusted
Tukey = 0.009) and energy consumption index (t = −0.80,
p.adjusted Tukey = 0.05), respectively. Next, the AD group could
be differentiated from the aMCI cohort based on energy reserve
index (t = −0.77, p.adjusted Tukey = 0.04) and metabolic state
indicator (t = 1.15, p.adjusted Tukey = 0.007). Finally, all the
p-BEM markers differentiated AD from CN [energy reserve index
(t = −1.65, p.adjusted Tukey < 0.001), energy consumption
index (t = −1.04, p.adjusted Tukey = 0.018), and metabolic state
indicator (t = 0.95, p.adjusted Tukey = 0.03).

Regulatory Co-Factors Variations Across the Three
Groups
Regulatory co-factor intracellular Mg2+ was significantly lower
in the temporal lobe in mild AD compared to aMCI and
CN [F(2,38) = 6.48, p = 0.0038]. Moreover, Tukey multiple
comparisons adjustment in this model showed a similar pattern
as the metabolic state indictor reported above, pointing to a

significant mean difference in two specific group comparisons,
i.e., AD to CN (t = −1.03, p.adusted tukey = 0.015) and AD to
aMCI (t = −1.19, p.adjusted tukey = 0.004), however, differences
between aMCI and CN failed to reach significance (t = 0.16,
p.adjusted tukey = 0.87). The results from other brain regions
were insignificant.

Membrane Phospholipid Marker (PMEs/PDEs) Variations
Across the Three Groups
The membrane phospholipid marker (PMEs/PDEs) failed to
reach significance across groups in the four brain regions
separately [frontal: F(2,38) = 1.76, p = 0.18; temporal:
F(2,38) = 0.91, p = 0.41; parietal: F(2,38) = 1.85, p = 0.17;
occipital: F(2,38) = 2.12, p = 0.13]. Table 3 and Figure 3
summarizes the findings.

Phosphate BEM-Cognition
Correspondence Across the Three Groups
The final step was to investigate the association of significant or
sensitive temporal BEM markers – energy reserve index, energy
consumption index, metabolic state indicator, and intracellular
Mg2+ with cognitive domains of executive function, memory,
attention, language, and visuospatial skills across the three
groups. Overall, a linear mixed model was used to explore
the BEM-cognition correspondence. Figure 4, Table 4, and
Supplementary Table 2.

Temporal Lobe Energy Reserve Index-Cognition
Correspondence
In aMCI, the group-by-temporal lobe energy reserve index
interaction effect revealed a significant positive association with
EF – verbal fluency z-scores [F (2,38) = 4.6979, p = 0.0156] in
aMCI group (t = 1.70, p = 0.10), whereas a negative correlation
trend was found in mild AD (t = −1.98, p = 0.06) compared to
CN. Moreover, the mild AD group contributed to the significant
positive correlation effect by the interaction of energy reserve
index and group on EF-inhibition and switching subdomain
measured using Trails B z-scores [F (2, 38) = 7.4030, p = 0.002]
compared to aMCI (t = −1.18, p = 0.25), a negative association
with AD (t = 3.20, p = 0.003) compared to CN.

Temporal Lobe Energy Consumption Index-Cognition
Correspondence
In aMCI, the group-by- temporal lobe energy consumption
index was strongly associated significantly with EF-verbal fluency
z-scores [F(2,38) = 3.2148, MS = 1.8657, p = 0.05] in AD group
compared to aMCI in negative direction (t = −2.36, p = 0.023).
In addition CN group, the main effect of the interaction
was also strongly associated with episodic memory-immediate
list memory recall z-scores [F(2,38) = 3.2879, MS = 1.2066,
p = 0.0491] whereas the interaction coefficients between the
groups where not significant.

Temporal Lobe Metabolic State Indicator-Cognition
Correspondence
The group-by-temporal lobe metabolic state indicator effect was
significantly inversely associated with EF-innovation subdomain
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TABLE 3 | ANOVA analysis of p-BEM markers, Regulatory co-factors (Magnesium and pH), and membrane phospholipid markers in the four brain regions-frontal,
temporal, parietal, and occipital across the three cohorts: cognitively normal (CN) adults, amnestic mild cognitive impairment (aMCI), and mild Alzheimer’s disease (AD)
(*indicates those F tests which satisfy FDR = 0.10). Tukey post hoc analysis for the significant group difference.

Independent
variables

Brain region ANOVA results
df = (2,38)

F-statistics p-value
df = (2,38)

Post hoc Tukey multiple comparisons

MCI to CN mean
difference (p-value)

AD to CN mean
difference (p-value)

AD to MCI mean
difference (p-value)

BEM indices

Energy reserve
index: PCr/t-ATP

Frontal
Temporal
Parietal
Occipital

0.042
15.09
1.57
0.76

0.96
<0.001***

0.22
0.47

0.11(0.96)
−0.88(0.009)
−0.63(0.20)
−0.01(0.999)

0.07(0.99)
−1.65(<0.001)
−0.23(0.83)
−0.44(0.52)

-0.04(0.99)
-0.77(0.04)
0.40(0.56)
-0.43(0.53)

Energy
consumption index:
intracellular
Pi/t-ATP

Frontal
Temporal
Parietal
Occipital

0.106
4.82
1.87
0.003

0.9
0.01*
0.17

0.997

−0.08(0.98)
−0.80(0.05)
−0.44(0.45)
0.03(0.99)

−0.19(0.89)
−1.04(0.018)

0.29(0.73)
0.03(0.99)

-0.11(0.96)
-0.24(0.79)
0.73(0.16)
0.09(0.99)

Extracellular
Pi/t-ATP

Frontal
Temporal
Parietal
Occipital

3.01
2.06
0.202
2.12

0.06*
0.14
0.82
0.13

0.43(0.44)
−0.71(0.12)
0.22(0.82)
−0.35(0.59)

0.93(0.05)
−0.32(0.69)
0.04(0.99)
0.44(0.49)

0.50(0.40)
0.40(0.56)
-0.18(0.89)
0.80(0.11)

Metabolic state
indicator:
intracellular_Pi/PCr

Frontal
Temporal
Parietal
Occipital

0.126
5.68
0.76
0.516

0.88
0.007**

0.47
0.60

−0.07(0.98)
−0.21(0.80)
0.001(0.999)
−0.07(0.98)

−0.20(0.87)
0.95(0.03)
0.44(0.52)
0.32(0.71)

-0.13(0.95)
1.15(0.007)
0.44(0.53)
0.39(0.60)

Extracellular_Pi/PCr Frontal
Temporal
Parietal
Occipital

3.27
3.44
0.47
2.53

0.049*
0.042*
0.63
0.09*

0.47(0.38)
−0.08(0.97)
0.34(0.63)
−0.32(0.64)

0.96(0.04)
0.83(0.08)
0.07(0.98)
0.54(0.34)

0.49(0.40)
0.91(0.05)
-0.27(0.78)
0.86(0.076)

Regulatory co-factor

Intracellular pH Frontal
Temporal
Parietal
Occipital

1.34
0.25
0.27
3.40

0.26
0.78
0.77
0.04*

−0.17(0.24)
−0.03(0.99)
0.27(0.75)
−0.36(0.56)

−0.17(0.91)
0.23(0.83)
0.09(0.97)
−0.98(0.03)

0.42(0.53)
0.27(0.79)
-0.17(0.91)
-0.62(0.24)

Intracellular
magnesium(Mg2+)

Frontal
Temporal
Parietal
Occipital

0.61
6.48
2.03
1.50

0.55
0.0038**

0.14
0.24

−0.34(0.63)
0.16(0.87)
−0.14(0.92)
−0.03(0.99)

0.05(0.99)
−1.03(0.015)

0.61(0.27)
−0.61(0.27)

0.39(0.60)
-1.19(0.004)
0.75(0.14)
-0.59(0.30)

Membrane phospholipid indices

PMEs/PDEs Frontal
Temporal
Parietal
Occipital

1.76
0.91
1.85
2.12

0.18
0.41
0.17
0.13

−0.11(0.95)
−0.27(0.75)
0.61(0.22)
−0.73(0.11)

0.59(0.29)
0.27(0.78)
0.61(0.27)
−0.32(0.69)

0.69(0.18)
0.54(0.38)
0.01(1.00)
0.41(0.55)

*p < 0.10, **p < 0.01, ***p.0.001.

z-scores [F(2,38) = 4.6303, MS = 3.3063, p = 0.0164]. The main
effect was attributed by the CN as positive association between
the independent and dependent variables compared to aMCI
(t = 2.68, p = 0.01) and mild AD (t = 2.94, p = 0.006). Additionally
to the above results, in aMCI a significant inverse relationship
was shown with episodic memory- recognition subdomain [F
(2, 38) = 5.7276, MS = 4.1099, p < 0.007] compared to CN
(t = −2.65, p = 0.011), where a positive correlation was found
in AD compared to MCI (t = 3.08, p = 0.004).

Temporal Lobe Intracellular Mg2+-Cognition
Correspondence
The main effect of interaction of group-temporal lobe
intracellular Mg2+ on EF-complex abstraction [F(2,38) = 3.2135,
MS = 2.92, p = 0.05] compared to aMCI (t = −2.38, p = 0.023)]
and mild AD (t = −2.39, p = 0.02) compared to CN

group. Similarly episodic memory domain-immediate recall
[F(2,38) = 3.6597, MS = 1,4347, p = 0.036] interaction effect
was contributed by the aMCI (t = −2.62, p = 0.013) and mild
AD (t = −2.45, p = 0.02) compared to CN group. Finally,
the interaction of group-temporal lobe intracellular Mg2+ on
attentiotrail 1 domain [F(2,38) = 8.087, MS = 1.7004, p = 0.0012]
was associated with aMCI (t = −3.99, p = 0.003) and mild AD
(t =−3.39, p = 0.002) compared to CN group.

Predictive Model Results
The principal component reduction and the quadratic
discriminant model utilized both the MRS values and
neurocognitive data set. For each of the 10 folds, the model
was trained on 90% of the data set and tested on hold-out 10%
of the data. The cross-validation error was 0.1704 with seven
(7) misclassifications out of the 41 individuals data set used
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FIGURE 3 | Group mean differences of BEM markers – energy reserve index, energy consumption index, metabolic state, and intracellular pH in the temporal lobe
across the three groups-cognitively normal (CN), amnestic mild cognitive impairment (aMCI), and mild Alzheimer’s disease (AD) (significant differences p = 0.10*,
p = 0.01**, p ≤ 0.001***).

in the analysis with a standard error of 0.0513. The respective
sensitivity was 73.3% for CN (11 of 15), 80% for aMCI (12 of 15),
and 100% for AD (11 of 11), whereas specificity was 88.5% for
CN, 84.6% for aMCI, and 100% for AD. The accuracy was 82.9%
with the standard error was 0.051. Table 5 summarizes all the
predictive model results.

DISCUSSION

In this pilot work using whole-brain volume-coil 31P MRS at
UHF magnetic strength 7T, the first aim was to test the feasibility
of measuring phosphate energy and membrane metabolites
simultaneously across the three cohorts: CN adults, aMCI,
and mild Alzheimer’s disease (AD) with precision. With an
improved SNR ratio, we supported our hypothesis that at UHF
7T, a distinct peaks of thirteen (13) phosphorus metabolites can

be simultaneously acquired from the whole brain consistently
across the three populations. Moreover, this research adds on
aMCI a transitory, unstable, and heterogeneous group where
some are at risk for AD to the existing p-BEM’s work that
investigated the difference between AD and healthy controls
at 3T (Rijpma et al., 2018). aMCI group inclusion in this
research fills the gap in knowledge of phosphate BEM alterations
in early stage before an AD diagnosis is clinically apparent.
In essence, the inclusion of all three groups suggested the
viability of studying whole-brain p-BEM application, a window to
investigate mitochondrial dysfunction theory which is postulated
as an early neurometabolic marker in the pathology of AD from
in vitro studies (Atamna and Frey, 2007) to in vivo using 31P MRS.

The next goal was to investigate whether p-BEM markers
and regulatory co-factors (Mg2+ and pH) could detect group-
level differences across three groups in the four brain regions:
frontal, temporal, parietal, and occipital. The work’s main aim
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FIGURE 4 | Association of co-factor magnesium (Mg2+) in the temporal brain region with cognitive performance domains of executive function and memory
respectively across the three groups-cognitively normal (CN-red color), amnestic mild cognitive impairment (aMCI-blue color) and mild Alzheimer’s diseases
(AD-green color) (p ≤ 0.05).

was to examine if measurable p-BEM markers could distinguish
the between-group difference of aMCI from CN, one of the most
significant challenges facing to develop effective AD diagnosis
and treatment. The crucial finding was that the aMCI group was
differentiated from CN based on two phosphate BEM markers,
specifically, those represented by the energy reserve index
and the energy consumption index. Moreover, these significant
differences in the two phosphate BEM markers were localized
to the temporal lobes bilaterally, the region most commonly
vulnerable to early changes in AD’s transitory stages (Mosconi
et al., 2010; Ou et al., 2019). Furthermore, this research adds to
the growing body of evidence on the neurobiological factors at
the molecular level in terms of energy metabolism are altered
in aMCI and can be detected which are the prime target group
for clinical interventions. In sum, the lower energy reserve and
energy consumption indices in the aMCI as compared to the
CN group suggests that lower phosphate BEM may represent
a cellular energy crisis in aMCI, potentially leading to the
neurodegeneration process as the disease progress.

Our findings of reduced p-BEM metabolism in the at-risk
population could be explained by two theories-mitochondrial
dysfunction (Atamna and Frey, 2007) or glucose BEM
hypometabolism (Mosconi et al., 2010; Yin et al., 2016),
respectively. Mitochondria aids in the replenishing PCr and
Pi stores to maintain a continuous supply of energy in the
form of ATP. The creatine kinase enzyme controls the release
of energy or vice-versa from PCr and Pi (Hettling and van
Beek, 2011). Prior work in the post-mortem AD brain has
shown decreased creatine kinase activity levels compared to
individuals free from any neurodegenerative disorder (David
et al., 1998; Aksenov et al., 2000). Thereby, we infer the reduced
creatine kinase may potentially disrupt the stores of energy
reserve and energy consumption metabolites – PCr and Pi,
respectively. Parallel to mitochondrial dysfunction theory, the

glucose BEM hypometabolism hypothesis directly affects energy
reserve and consumption in the brain as glucose is the brain’s
primary energy production source (Atamna and Frey, 2007;
Mosconi et al., 2010). However, an unanswered question is
whether the upstream mitochondrial abnormalities of energy
metabolism alter glucose metabolism or if the reverse is true
and disruptions in glucose metabolism lead to phosphate BEM
changes. Although we cannot answer the direction of the
relationship of these markers and glucose metabolism, the study
complement prior work on glucose metabolism and in vitro
mitochondrial dysfunction in aMCI and AD to explore the order
of changes further in the in vivo setting. This finding is the
first evidence suggesting that energy reserve and consumption
indices may provide a viable way to measure and identify early
p-BEM etiology to explain pathophysiological brain change
during a transitory stage of those at-risk for developing AD,
namely individuals with aMCI. Therefore, we speculated that the
compromised phosphate BEM mechanism leads to an energy
crisis, which might be an early biomarker of a degrading brain
moving toward dementia.

Additionally, we were also interested in investigating which
p-BEM markers and regulatory co-factors could separate mild
AD from aMCI. Notably, the p-BEM markers-energy reserve
index, metabolic state indicator, and regulatory co-factor Mg2+,
mainly in the temporal brain region, separated the two groups.
The results supported the hypothesis that the energy reserve
index and Mg2+ would be lower in mild AD than aMCI. In
contrast, the metabolic state indicator marker was higher in
mild AD than aMCI. A metabolic state indicator ratio was
previously used as a marker to assess mitochondrial function
(Chance et al., 1981; Pettegrew et al., 1997; Valkovič et al.,
2019). Compared to healthy controls, a higher metabolic status
indicated that an organ (e.g., brain or heart) is in metabolic stress
due to mitochondrial function abnormalities (Chance et al., 1981;
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TABLE 4 | Main effect of BEM and regulatory co-factor (Magnesium2+) interaction with the clinical group on cognitive performance of domains of executive function,
memory, attention, visuospatial skills, and language.

Region of interest temporal lobe indices or regulatory
co-factor and clinical group effect on cognition

ANOVA between-group results

F(df = 2,38) p-value Mean squares

Energy reserve index (PCr/t-ATP)

Executive function
Verbal fluency
A inhibition and switching-Trails B

4.6979
7.4030

0.0156*
0.0020**

2.443
1.629

Visuospatial domain
Trails A

3.9816 0.0277* 1.688

Energy consumption index (intracellular_Pi/t_ATP)

Executive function
Verbal fluency (A)

3.2148 0.0522* 1.8657

Memory
Episodic memory
California Verbal Learning Task
(CVLT)
1. List A-immediate recall
2. Repetitions

3.2879
3.8632

0.0491*
0.0305*

1.2066
2.7135

Metabolic state indicator (intracellular_Pi/PCr)

Executive function
Innovation-TOSL

4.6303 0.0164* 3.3063

Memory
Episodic memory
California Verbal Learning Task (CVLT)
Recognition

5.7276 0.0070** 4.1099

Regulatory co-factor-Intracellular Magnesium (Mg2+)

Executive function
Complex abstraction-TOSL

3.2135 0.0523* 2.9203

Memory

Episodic memory 3.6597 0.036* 1.4347

California Verbal Learning Task
(CVLT)
List A-immediate recall

Attention

Strategic Auditory attention test
Trail 1
Trail 2

8.087
3.723

0.0012**
0.034*

1.7004
2.3072

Significance p < 0.05*, p < 0.01**, p < 0.001***.

Pettegrew et al., 1997; Valkovič et al., 2019). One question that
emerges from our findings is why the metabolic state would
be higher in mild AD than in aMCI, where neurobiological
mechanisms compromised status starts? One possibility could be
that the higher metabolic state finding in mild AD may represent
metabolic stress due to mitochondrial function alterations in the
early AD stages. Specifically, we propose that the turnover rate of
energy production and utilization represented by energy reserve
and energy consumption indices, which are altered as early as in
aMCI, may potentially send a cascade of disruptions to neuronal
function leading to higher metabolic stress and cognitive decline
as the disease is progressing from aMCI and AD.

A pattern of elevated metabolic state in early AD compared
to healthy controls is equivocal given other evidence suggesting
the opposite relationship between Pi to PCr ratio (Rijpma
et al., 2018). Using 31P MRS at 3T, Rijpma et al. (2018) found
a lower metabolic state in individuals with mild AD versus

healthy controls in four brain regions (i) right hippocampus
of the temporal lobe (ii) left hippocampus of the temporal
lobe (iii) anterior cingulate cortex, (iv) retrosplenial cortex. The
discrepancy of the higher metabolic state ratio in this study versus
lower in the Rijpma study may be due, in part, to at least two
different factors. One possible explanation is that the current
study investigated metabolism in the temporal lobes entirety. In
contrast, the research by Rijpma et al. (2018) only reported the
hippocampus’s findings within the temporal lobes. Obviously,
more focal measurements may be more precise, as it is unclear if
the entire temporal lobes metabolic state may be compensating
for a lower function in a smaller region (Gould et al., 2006).
Another possible explanation for the inconsistent results is that
PCr increases with age; therefore, adjusting for age in the data
analysis is a crucial step that was not accounted for in Rijpma’s
study. In the current study to control for age-effects on the
phosphate metabolites, all the metabolites were adjusted for age,
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TABLE 5 | Prediction model using the discriminant model for classifying the
individuals into the group accurately a) confusion matrix b) sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV).

a) Confusion matrix

Group

Prediction CN aMCI AD

CN 11 3 0

aMCI 4 12 0

AD 0 0 11

b) Sensitivity, specificity, positive predictive value (PPV), and negative predictive

value (NPV).

Group Sensitivity Specificity PPV NPV

CN 0.733 0.885 0.786 0.852

aMCI 0.800 0.846 0.750 0.880

AD 1 1 1 1

gender, and education. Moreover, it is to note that Rijpma’s work
could motivate efforts toward developing methodologies that
allow for BEM markers to be distinguished using lower field MRI
strength such as 3T due to these scanners broader availability. To
make this possible, further development of radiofrequency (RF)
pulses are required so that the higher resolution of metabolites
from UHF is measurable using lower magnet strength, e.g.,
3-T, for research followed by its clinical application. In sum,
we propose that the altered metabolic state indicator may be
disrupted, either at a higher or lower level, in mild AD compared
to CN and aMCI. More extensive studies are needed to determine
if the metabolic state indicator may differentiate aMCI from CN.
The small sample size may have precluded such distinctions. The
preliminary data support the possibility that alterations in the
p-BEM mechanism may contribute to neuronal pathophysiology
dysfunction and cognitive decline in AD’s early stages.

Finally, intracellular Mg2+ was significantly lower in mild
AD compared to aMCI and CN. The present work adds to
prior work of post-mortem findings of low Mg2+ in the
brain’s vulnerable region using an in vivo technique. The use
of UHF has enabled to have a high resolution of α- and
β-ATP signal, which appeared to be an easy-to-fit singlet
they are more complicated as doublet and triplet, respectively,
at the lower field at 1.5-T and 3T (Das et al., 2020).
Therefore, measuring Mg2+ levels precisely could add a new
dimension to have a comprehensive approach to understand
the role of regulatory co-factors on the p-BEM mechanism, a
mitochondrial function.

Overall, this study expanded the knowledge of mitochondrial
dysfunction theory from a known BEM marker, i.e., metabolic
state indicator, to include two more brain markers, specifically
energy reserve and energy consumption indices. Moreover,
these two novel brain markers suggest differentiating aMCI
from CN based on p-BEM dysfunction theory accounted by
the alterations in mitochondrial function observed in the
in vitro post-mortem AD brain. Overall, we summarize that

the dysfunction due to mitochondrial function manifested by
changes in energy use and consumption may be disrupted
before noticeable metabolic stress is measurable in the brain.
The work using UHF is in a nascent stage of development
and discovery. Nonetheless, the present results support the
viability of investigating p-BEM differences using UHF magnetic
strength at 7T as a promising new methodology that may
help transfer the knowledge on BEM from in vitro to the
in vivo human brain.

p-BEM-Cognitive Correspondence
Another critical question addressed in this research was the
association across the sensitive p-BEM markers of the temporal
lobe bilaterally (energy reserve index, energy consumption
index, metabolic state indicator, and intracellular Mg2+) and
cognitive domains of memory, EF, attention, visuospatial skills,
and language in the three groups. In CN, a distinct pattern of
higher intracellular Mg2+ in the temporal lobe was associated
with higher performance in the cognitive domains of memory,
EF, and attention. On contrary in aMCI and AD, an inverse
relationship was observed across the domains of cognition with
Mg2+. A possible explanation of opposite results in CN versus
aMCI and mild AD is that Mg2+ is one of the regulatory co-
factors that regulates BEM mechanisms in the cell to support
cognition. In typical biological conditions, as one could speculate
in the CN group, Mg2+ acts as a co-factor to regulate enzymes
such as creatine kinases of BEM mechanism to support neuronal
function and cognition, i.e., a direct association between Mg2+

and cognitive performance. However, in the compromised brain
of aMCI and AD, wherein prior studies have supported low
levels of creatine kinase (David et al., 1998; Aksenov et al.,
2000) could not compensate for the BEM mechanism despite
adequate Mg2+ to support cognition. The present findings do
not adequately reveal what is happening due to limitations
in measuring creatine kinase activity. Future work is needed
to expand on the present evidence to explore a possible
role of intracellular Mg2+ on cognitive performance across
the three cohorts.

Prediction Model of MRS and
Neurocognitive Measures
The final goal was to develop a prediction model for future
applications on the extensive data set. From a theoretical
perspective, such approaches will test p-BEM distinction
validity by seeking to classify the individuals into their
respective groups based on these early molecular changes in
the brain vulnerable to the disease. Over the past decade,
imaging tools like PET-tau and 18FDG-PET have offered a
clinically relevant methodology to investigate early pathological
biomarkers internal to cells and predict who will convert to AD
in addition to cognition (Koychev et al., 2017; Ding et al., 2019).
Therefore, the prediction model approach in this research may
help expand the utility of p-BEM characterization across many
populations along with neurocognitive measures to improve early
detection and prediction as to who will convert to AD in a
longitudinal study.
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LIMITATIONS

The results are interpreted cautiously due to several limitations.
First, the sample size in each cohort was small, making robust
conclusions uncertain. Nonetheless, the data showed a promising
pattern of altering phosphate BEM markers, a methodology to
explore mitochondrial function in transitory stages even before
AD’s full symptomology. Second, a prior study using either
fMRI or PET has focused more on identifying brain areas
where disease starts. In this study, investigating the brain’s
focal vulnerable region was limited due to the larger voxel size.
Moreover, the present study reports only relative concentrations
of the metabolites in the resting state. Future work is required
to be focused on measuring the absolute concentrations of
the phosphate metabolites in real-time to understand the rate
of turnover of BEM mechanics. Third, as the technological
advancements in analyzing partial-volume effects of 31P MRS
data were limited, in this study, certain regions of the brain on
the border with skull or overlapping regions in a given voxel were
excluded, thus following a conservative approach for analysis. To
overcome this particular issue, in future studies we are rapidly
developing new analytical approaches from the 31P MRS raw
data. Fourthly, brain atrophy was not accounted for in the
analysis due to the small sample size. Lastly, while we developed
a deep learning model with a small study population, the model
may not be a robust model for future application to a more
extensive data set of BEM markers and neurocognitive measures.

CONCLUSION

To summarize, the present study provides preliminary evidence
that phosphate BEM changes may be an early biomarker
of AD pathophysiological changes even before the disease
symptoms are noticeable. For over a century, AD pathology
was associated with the accumulation of β-amyloid and tau,
followed by the recent development of glucose metabolism
abnormalities contributing to neurodegeneration. However, an
unanswered question is if upstream phosphate BEM markers
abnormalities cause these known pathological abnormalities
cascade. Future directions would further develop this effort to
deploy 31P MRS in conjunction with PET-amyloid,-tau, and
18FDG to investigate how abnormal BEM markers modulate
the burden of amyloid, tau, and abnormal glucose metabolism
in AD neuropathophysiology. Moreover, a longitudinal study
is required for tracking p-BEM markers biological mechanisms
changes internal to the cell associated with cognitive decline
as individuals move from normal aging to the transitory
stage of aMCI and AD.
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TRPC1/5-CaV3 Complex Mediates
Leptin-Induced Excitability in
Hypothalamic Neurons
Paula P. Perissinotti†‡, Elizabeth Martínez-Hernández†‡ and Erika S. Piedras-Rentería*‡

Cell and Molecular Physiology Department and Neuroscience Division of the Cardiovascular Research Institute, Loyola
University Chicago, Maywood, IL, United States

Leptin regulates hypothalamic POMC+ (pro-opiomelanocortin) neurons by inducing
TRPC (Transient Receptor Potential Cation) channel-mediate membrane depolarization.
The role of TRPC channels in POMC neuron excitability is clearly established; however,
it remains unknown whether their activity alone is sufficient to trigger excitability. Here
we show that the right-shift voltage induced by the leptin-induced TRPC channel-
mediated depolarization of the resting membrane potential brings T-type channels
into the active window current range, resulting in an increase of the steady state
T-type calcium current from 40 to 70% resulting in increased intrinsic excitability of
POMC neurons. We assessed the role and timing of T-type channels on excitability
and leptin-induced depolarization in vitro in cultured mouse POMC neurons. The
involvement of TRPC channels in the leptin-induced excitability of POMC neurons was
corroborated by using the TRPC channel inhibitor 2APB, which precluded the effect
of leptin. We demonstrate T-type currents are indispensable for both processes, as
treatment with NNC-55-0396 prevented the membrane depolarization and rheobase
changes induced by leptin. Furthermore, co-immunoprecipitation experiments suggest
that TRPC1/5 channels and CaV3.1 and CaV3.2 channels co-exist in complex. The
functional relevance of this complex was corroborated using intracellular Ca2+ chelators;
intracellular BAPTA (but not EGTA) application was sufficient to preclude POMC neuron
excitability. However, leptin-induced depolarization still occurred in the presence of
either BAPTA or EGTA suggesting that the calcium entry necessary to self-activate the
TRPC1/5 complex is not blocked by the presence of BAPTA in hypothalamic neurons.
Our study establishes T-type channels as integral part of the signaling cascade induced
by leptin, modulating POMC neuron excitability. Leptin activation of TRPC channels
existing in a macromolecular complex with T-type channels recruits the latter by locally
induced membrane depolarization, further depolarizing POMC neurons, triggering action
potentials and excitability.

Keywords: CaV 3.1, CaV 3.2, TRPC channel, hypothalamus, leptin, POMC

Abbreviations: AgRP, agouti-related peptide; AP, action potential, DIV, days in vitro; KLHL1, Kelch-like 1; LRb, Leptin
receptor; LVA, low-voltage activated; NPY, neuropeptide Y; PIR, post-inhibitory rebound; POMC, proopiomelanocortin
positive neurons; TRPC, Transient Receptor Potential Cation; TRPC, Transient Receptor Potential Cation.
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INTRODUCTION

Leptin regulates energy homeostasis and serves as a satiety
afferent signal in the homeostatic control of adipose tissue mass
(Schwartz et al., 2000; Harvey and Ashford, 2003), reducing
food intake, increasing energy expenditure and regulating the
reward value of nutrient (Ahima and Flier, 2000; Domingos
et al., 2011; Williams and Elmquist, 2012). Leptin exerts
its physiological action through its specific receptor (LRb),
which is highly expressed in hypothalamus and other brain
areas (Shioda et al., 1998). Leptin’s effects on hypothalamic
homeostatic feeding circuits are well established (Kenny,
2011); it negatively modulates orexigenic agouti-related peptide
(AgRP)/neuropeptide Y (NPY) neurons by Kv2.1 channel-
mediated membrane hyperpolarization (Baver et al., 2014). In
contrast, anorexigenic POMC positive neurons are depolarized
by leptin (Cowley et al., 2001). This depolarization is mediated via
a Jak2-PI3 kinase-PLCγ pathway that ultimately activates TRPC
channel activity (Qiu et al., 2010). Similarly, a subset of POMC
neurons in the arcuate nucleus responsive to serotonin via the 5-
HT2C receptor are also activated via TRPC channels, suggesting
TRPC channels are a common signaling mechanism mediating
anorexigenic signaling in the hypothalamus (Sohn et al., 2011).
TRPC5 channels are also the molecular mediators of the acute
leptin and serotonin effect in POMC neurons (Gao et al., 2017).

The role of TRPC channels in POMC neuron excitability
is clearly established; however, it is not known whether their
activity alone is sufficient to trigger excitability. Here we used
cultured hypothalamic neurons from mice to characterize the
role of T-type Ca2+ channels and leptin-induced POMC neuron
excitability. Our data demonstrate T-type channels are necessary
for POMC neuron excitability, by being involved in the excitatory
cascade induced by leptin in these neurons. Blockade of either
TRPC or T-type channel function prevents the effect of leptin
on hypothalamic neuron excitability. Moreover, we demonstrate
that: (a) TRPC1 and TRPC5 channels co-immunoprecipitate
with T-type channels in the hypothalamus, (b) TRPC-T-type
channel complexes exist in a functional microdomain, and (c)
TRPC-induced depolarization in these domains triggers neuronal
excitability via recruitment of T-type channels. Thus, this study
confirms T-type channels constitute a target to modulate leptin-
activated neurons and their functions, such as energy balance
and food intake.

MATERIALS AND METHODS

The animal protocols used in this study were reviewed and
approved by an independent Institutional Animal Care
and Use Committee (IACUC 2016032). Mixed background
(129S1/Sv-Oca2 + Tyr + Kitl + C57BL/6) WT and
EGFP-POMC+ mice [129S1/Sv-Oca2 + Tyr + Kitl + C57BL/6-
Tg(Pomc-EGFP)1Low/J] (The Jackson Laboratory,
RRID:IMSR_JAX:009593) were fed on an ad libitum standard
commercial pellet diet. No exclusion criteria were pre-
determined. Altogether, 12 newborn pups were used for
hypothalamic cultures (1 pup per cell culture) and 17 adult mice

(male) for immunoprecipitation experiments. The study was not
pre-registered. Experiments were conducted in the afternoon.

Neuron Cultures
Whole hypothalamus were dissected from newborn mice
(postnatal day 0, P0) and cultured as described in Perissinotti
et al. (2014). Cells plated at a density of 25,000−35,000/coverslip
and kept in a 5% CO2 humidified atmosphere at 37◦C. Newborn
pups (no sex determination) were killed by decapitation after
cold-induced anesthesia, and their brains rapidly removed prior
to hypothalamus dissection; each culture was generated from two
independent mice, each plated on 6 coverslips (electrophysiology
and ICC data was generated from at least three independent
batches of cultures, N = 6 mice). Cryo-anesthesia abolished
perception of pain of pups. This method has been validated by
Veterinary Services to minimize animal suffering.

Immunocytochemistry (ICC)
WT neurons at 8−11 DIV were prepared as described
(Perissinotti et al., 2014). Primary antibody dilutions
were: POMC 1:200 (Novus, RRID:AB_791643); AgRP, 1:50
(Sta. Cruz, RRID:AB_2258141), CaV 3.1 1:200 (Alomone,
RRID:AB_2039779) and 1:50 (Millipore, Cat.# MABN464),
CaV 3.2 1:5 (supernatant, NeuroMab, RRID:AB_2069551)
and 1:200 (Sta. Cruz, RRID:AB_2259537); TRPC1
(RRID:AB_2040234) 1:100 and TRPC5 (RRID:AB_2040241)
1:120 (Alomone). Secondary antibodies: Alexa-488 Goat
anti-mouse (RRID:AB_2633275) and goat anti-rabbit
(RRID:AB_143165), −594 goat anti-rabbit (RRID:AB_2762824),
and −647 goat anti-chicken (RRID:AB_2762845), 1:2,000
(Molecular Probes, Eugene, OR). Image acquisition was
done using a Olympus IX80 microscope, analyzed by
deconvolution and processed with ImageJ freeware (NIH)
(Schneider et al., 2012).

Immunoprecipitation (IP)
Adult mice (24−30 g) were deeply anesthetized with 2%
Isofluorane, then quickly decapitated; whole brains or
hypothalamus were isolated according to guidelines of the
IACUC. At least two whole brains or two whole hypothalami
were needed per n to assess the presence of complexes with
CaV 3.1 (α1G) or TRPC1, whereas only one whole brain/one
hypothalamus were needed per n for CaV 3.2 (α1H) or TRPC5
complexes; each experiment was replicated three times. Tissues
were homogenized using a Bullet blender tissue homogenizer
using 0.5 mm zirconium oxide beads (Next Advance) and
spun down at 1,300 × g to eliminate debris. A fraction of
the supernatant was reserved before immunoprecipitation
and stored at −80 C until processing (input); the remaining
volume was divided up in equal parts for all experiments.
Samples were then processed by addition of the primary
antibody and incubation for 1 h at 4◦C (antibodies: α1H
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, United States,
RRID:AB_2259537), α1G [Millipore, Cat. #MABN464);
TRPC5 (Alomone, RRID:AB_2040241)], TRPC1 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, United States,
RRID:AB_2207905), and IgG (Cat. #20008−1−100 and
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#20009−1−100, Alpha Diagnostics, San Antonio, TX) and
overnight incubation, followed by incubation for 1 h with
protein A/G agarose beads (Biovision, Mountain View, CA)
on a shaking plate at 4◦C. The samples were washed and then
precipitated in 0.1 M glycine pH 3.5 and neutralized with
0.5 M Tris·HCl and 1.5 M NaCl pH 7.4 before SDS-PAGE
electrophoresis (8%, at 100 V for 90 min) followed by transfer
to a PVDF membrane (BioRad). Membranes were washed in
Tris-buffered saline (TBS) + Tween (TBST; 0.05% Tween 20),
blocked for 1 h in TBST + 5% milk at room temperature, and
incubated at 4◦C overnight with α1H polyclonal (1:2,000),
α1G monoclonal (1:500), TRPC1 monoclonal (1:1,000), or
TRPC5 polyclonal (1:1,000) antibody. Incubation with goat
anti-rabbit (RRID:AB_1185567) horseradish peroxidase (HRP)-
or anti-mouse (RRID:AB_228307) HRP-conjugated secondary
antibodies was done at room temperature (1:2,000; Pierce). Blots
were exposed to developing agent (Supersignal Femto Dura,
Pierce) before analysis with a ChemiDoc MP System (BioRad).

Electrophysiology
Whole-cell patch clamp recordings were performed from
cultured hypothalamic neurons from 8 to 11 DIV using an
Axopatch 200B amplifier (Axon instruments, Union City, CA)
at room temperature. Data were acquired at 1 kHz and digitized
at 20 kHz using a Digidata 1322A analog-to-digital converter.
Pipettes pulled from borosilicate glass (Warner Instruments,
Hamden, CT) had resistances of 3.5–4.5 M� when filled with
intracellular solutions. Cells with series resistance (Rs) < 20
M� were used; Rs was compensated online (>80%). Data was
acquired with and analyzed with pClamp 10 software (Molecular
Devices). Cell capacitance was measured from a transient current
evoked by a 5 mV depolarizing step from a holding potential of -
90 mV.

Calcium currents were recorded in an external solution
containing (in mM) 5 CaCl2, 140 TEA-Cl, 10 HEPES and 10
glucose (pH 7.4, 300 mOsmol/kgH2O), using an intracellular
solution containing (in mM) 108 CsMeSO3, 4 MgCl2, 10 Cs-
EGTA, 9 HEPES, 5 ATP-Mg, 1 GTPLi and 15 phosphocreatine-
Tris (pH 7.4, 290 mOsmol/kgH2O). Voltage control was
improved by increasing cell impedance using extracellular TEA
and intracellular cesium to block K+ conductances. I–V curve
properties such as its negative slope and reversal potential
were monitored for appropriate voltage control. For the study
of calcium current properties, we avoided recording from
neurons older than 10 DIV because the possibility of space-
clamp problems.

Resting membrane potential (RMP) and APs were recorded in
external solution containing (in mM) 135 NaCl, 5 KCl, 2 CaCl2,
1 MgCl2, 10 HEPES, 10 glucose (pH 7.4, 300 mosmol/kgH2O)
and intracellular solution containing (in mM) 110 K-gluconate,
20 KCl, 2 MgCl2, 1 EGTA, 10 HEPES, 2 ATP-Mg, 0.25 GTP-Li and
10 phosphocreatine-Tris (pH 7.4, 290 mosmol/kgH2O). Drugs:
NNC-550396 dihydrochloride (Cat. #2268) and Leptin (Cat.
#2985) were purchased from Tocris (Bristol, United Kingdom).

Square protocols to obtain I–V curves and T-type steady-state
activation and inactivation were done as described in Bean (1985)
and Perissinotti et al. (2015).

Current-Voltage Relationships (I–V Curves)
Currents were elicited from a holding potential (VH) = −90 mV
and depolarized for 150 ms to a test potential (VT) =−70 to+ 60
mV, in 10 mV increments.

T-type Current—Rate of Membrane Potential
Depolarization Relationship
Different rates of membrane potential depolarization preceding
the first action potential were obtained from hypothalamic
neurons by changing the rate of current ramp stimulations
(20−100 pA/s) in current clamp configuration: 40, 90, 180, 290,
or 360 mV/s (VH =−75 mV). These voltage templates were used
in voltage clamp configuration to stimulate calcium currents.
The membrane potential was held at a VH of −50 or −90 mV
before clamping the voltage at −75 mV for 10 ms to run the
stimulation protocol. The low-voltage activated (LVA) current
component contribution was determined by the subtraction
method (Bean, 1985): High-voltage activated (HVA) currents
obtained at VH = −50 mV were subtracted from those obtained
at VH =−90 mV (HVA plus LVA currents).

Steady-State Analysis
Steady-state activation (SSA) was analyzed with protocols
stepping from VH = −90 (or −50) mV to VT = −90 to 0 mV
(1V = 10 mV) for 12 ms followed by repolarization to −100
mV to evoke inward tail currents. Data were fitted by a single
Boltzmann function of the form Imax/[1 + exp (V

50
−V )/k] + m,

were Imax is maximal current, V50 is half-voltage of activation, k
is slope factor, and m is baseline. Steady-state inactivation (SSI)
was determined by stepping the membrane potential to various
pre-pulse voltage levels (Vpre = −110 to 0 mV, 1V = 10 mV)
for 1 s before depolarization to a fixed test level (−30 mV) to
evoke channel opening. The resulting data were also fitted to a
Boltzmann function.

Steady-state current (Istst) was calculated from the formula
I = G∗ (V- ENernst(ion)), where the channel conductance G is
multiplied by the channel’s open probability (I/Imax, SSA) and
availability (I/Imax, SSI), which were obtained experimentally
from the T-type steady state activation (SSA) or inactivation (SSI)
curves adjusted to a Boltzmann equation (Bijlenga et al., 2000;
Lambert et al., 2014; Rivero-Echeto et al., 2020). Specifically,
steady-state current (Istst) was calculated with the steady stated
formula Iss (VT) = G ∗ I/Imax,SSA (VT) ∗ I/Imax,SSI (VT)∗(VT- 50
mV), where VT is the test voltage, G is the channel conductance
(arbitrarily set at 1), I/Imax,SSA is the fraction of T-type channels
activated at VT , I/Imax,SSI is the fraction of T-type channels
available at VT and 50 mV is the experimentally equilibrium
potential for calcium.

Resting Membrane Potential
RMP was recorded in continuous trace mode without current
injection for 20 s, and averaged; voltages were corrected for liquid
junction potentials.

Input Resistance
Whole cell input resistance (Rin) was determined in response to
current steps (−80 to 20 pA, stepping each 20 pA). A holding
current was applied to set the membrane potential at−60 mV.
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Membrane Excitability
AP discharges were triggered by consecutive depolarizing ramps
at 20, 40, and 60 pA/s rates for 1.5 s (Balasubramanyan et al.,
2006; Lu et al., 2006). A holding current was applied to set the
membrane potential at −75 mV. The rheobase was determined
as the minimum amount of current required for firing an
action potential.

Statistical Analysis
These experiments were exploratory with no pre-determined
end-point and no data was excluded from the analyses. No
blinding, no randomization, and no sample size calculation
were performed. All measurements were done in at least three
independent cell cultures. Results are presented as mean ± SEM.
The parameter "n" indicates number of cells unless otherwise
stated and “N” the number of animals. No test for outliers
has been applied. The normality of data distribution was
assessed by the Kolmogorov-Smirnov test. Statistical analysis
was performed with the Sigma Plot 11 Software. Statistical
significance (P < 0.05) was determined using either one-way
analysis of variance (ANOVA) with Fisher LSD’s post hoc test
for comparisons between multiple groups or an independent-
samples t-test for comparisons between two groups. Statistical
significance (P < 0.05) for two proportions was determined using
the Z-test.

RESULTS

Hypothalamic cultures were studied from 8 to 11 days in vitro
(DIV). Immunocytochemistry analysis (ICC) showed that POMC
and NPY/AGRP neurons were present in the culture, with
POMC+ neurons (POMC) being the majority (85 vs. 15%,
P < 0.05, Z-test) (Figures 1A,B); note that Figure 1A figure
does not display an average distribution of POMC+ and
AGRP+ positive neurons, as it was difficult to find such
ratios within the same area during confocal image acquisition.
Electrophysiological experiments confirmed 15% of all studied
neurons where neither activated nor inhibited by leptin; whereas
80% of all neurons were leptin-activated (Figures 1C,D),
consistent with the ICC data. In contrast, leptin treatment
inhibited 5% of cells, consistent with an NPY phenotype.

The properties of leptin-activated neurons were consistent
with POMC neuron responses. As seen in Figure 2A, their resting
membrane potential (RMP) was slightly depolarized, whereas
their input resistance remained unaltered upon application of
100 nM leptin (Figure 2B). We assessed the effect of leptin
on excitability. Membrane excitability was quantified using
depolarizing current ramps (20, 40, and 60 pA/s) from a preset
membrane potential of ∼−75 mV to avoid spontaneous tonic
firing. To analyze quantitatively the voltage response to the
current ramps, three different measurements were calculated:
the rheobase, the number of APs triggered, and the rate of
membrane potential depolarization preceding the first AP (i.e.,
the slope of depolarization, 1V/1t). Figure 2C shows an example
of neuronal firing evoked in a POMC neuron at ramp rates of
20 pA/s. Leptin treatment on its own decreased the rheobase

from 18.4 to 14.1 pA, increased the number of action potentials
from 6 to 11 and enhanced the rate of membrane potential
depolarization from 30.0 to 65.0 mV/s; according to the leptin-
mediated depolarization of the RMP that was observed in
Figure 2A. The summary of effects of leptin on neurons is
depicted in Figure 2D. On average, for all tested current ramp
rates, leptin decreased the rheobase by ∼25% and increased the
rate of membrane potential depolarization between ∼60 and
100%. However, leptin increased the AP number by ∼64% only
at ramp rates of 20 pA/s.

T-Type Calcium Currents Are Necessary
for the Leptin-Induced Excitability
Response
Due to their ability to conduct calcium across the cellular
membrane at potentials close to the resting potential, T–type
calcium channels are critically important for regulating neuronal
excitability (Llinás, 1988; Huguenard, 1996; Perez-Reyes, 2003).
Therefore, we were interested in studying the role of T-type
calcium currents in the leptin-induced excitability response.

First, we confirmed the presence of CaV 3.1 and CaV 3.2
channels in POMC+ neurons by immunocytochemistry
(Figure 3A) and characterized the calcium currents present in
our cultures, including T-type currents (low-voltage gated, LVA).
Analysis of Ca2+ currents properties revealed three distinct
neuron groups, as seen in the I-V curves depicted in Figure 3B.
Of all neurons sampled (n = 28), 14.3% expressed only high-
voltage activated (HVA) currents; 46.4% of neurons expressed
both HVA and LVA currents at low levels (LD, ILVApeak < 6
-pA/pF), and 39.3% expressed low HVA and high LVA current
density levels (HD, ILVApeak from 6 to 20 -pA/pF) (Figures 3B,C).
Currents elicited by a depolarizing pulse from −90 to −30 mV
were confirmed to be T-type by their sensitivity to their specific
channel blocker NNC 55-0396 (10 µM, Figure 3D).

We next assessed whether T-type channels are part of the
cellular pathway of neurons depolarized by leptin. First, we
confirmed the presence of TRPC channels in POMC+ neurons
in our cultures using immunocytochemistry and western blot
analysis (Figures 4A, 6). Membrane excitability in control
and leptin-treated neurons was studied before and after the
application of the TRPC channel blocker 2-APB (100 µM) or
NNC-55-0396 (10 µM) using a ramp rate of 20 pA/s. Figure 4B
shows representative examples of leptin-treated neurons before
and after aforesaid treatments. In control neurons, neither the
application of 2-APB nor the addition of NNC-55-0396 affected
neuronal membrane excitability per se (Figure 4C, control,
P > 0.05, ANOVA). However, in leptin-treated neurons, the effect
of leptin was abolished after the addition of 2-APB, resulting in a
24.5 ± 4.3% increase in the rheobase and 48.0 ± 5.3% decrease
in the number of spikes, compared to the leptin-treated group,
corroborating the role of TRPC channels in the leptin-signaling
cascade (Figure 4C). Interestingly, the effect of leptin was also
prevented solely by the application of the T-type channel blocker
NNC-55-0396 (Figure 4C, P < 0.05, ANOVA). Similarly, both
2-APB and NNC-55-0396 prevented leptin-induced increase
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FIGURE 1 | POMC neurons activated by leptin in culture. (A) Example of confocal images showing neurons positive for AGRP (green) or POMC (blue) antibodies in
hypothalamus culture at 8–10 DIV. (B) Percentage of neurons positive for AGRP or POMC antibodies (n = 182). (C) Microscopic image of cultured hypothalamic
neuron at 8 DIV. (D) Percentage of WT neurons activated or inhibited by 100 nM leptin (n = 19), using a 20 pA/s depolarizing ramp stimulus.

of the rate of membrane potential depolarization (Figure 4D,
P < 0.05, ANOVA).

Given that leptin is known to exert direct effects on voltage-
gated calcium currents (Takekoshi et al., 2001; Wang et al.,
2008), we assessed whether acute incubation with leptin altered
T-type LVA currents. As seen in Figure 5A, application of 100
nM leptin in the recording chamber for 30 min did not alter
the T-type peak current density (P > 0.05, t-test, at VT = −30
mV). Furthermore, leptin did not affect either LVA or HVA
current-voltage relationships (I-V curve, P > 0.05, Two Way
RM ANOVA, Figure 5B) or the T-type properties of activation
or inactivation (not shown), suggesting that the leptin-mediated
effect on T-type channels is indirect, likely downstream of TRPC.

So far, our results suggest that T-type calcium currents
are as necessary for the leptin-induced excitability response
as TRPCs channels. Despite having no direct effect on T-type
current density, leptin induced a faster rate of membrane
potential depolarization compared to control (Figure 2D);
which was prevented after blocking TRPC or T-type channels
(Figure 4D). Faster rates of membrane depolarization induce
less T-type current inactivation prior to activation of an action
potential (Gutierrez et al., 2001), in fact, the results from
Figures 4C,D suggest the membrane depolarization rate induced
by leptin in response to current ramps of 20 pA/s favors T-type
channel recruitment; in contrast, control neurons exhibited
slower membrane potential depolarization rates (30.3 ± 2.7 vs.
66.1 ± 4.2 mV/s). The latter conditions favor T-type current
inactivation, rendering an inadequate number of available T
channels to contribute to the excitability process. Note that
NNC-55-0396 did not affect the excitability in control neurons
(Figures 4C,D). Therefore, we hypothesize that increased T-type

channel availability resulting from the faster leptin-induced
membrane potential depolarization rate is sufficient to increase
membrane excitability and trigger sodium-mediated action
potentials in POMC neurons.

In order to evaluate our hypothesis, we first studied whether
T-type channels could be recruited by rates of membrane
potential depolarization faster than 30 mV/s in control neurons.
We assessed the T-type current activation in voltage-clamp
configuration in response to increasing rates of membrane
potential depolarization preceding the first AP (left panel,
Figure 5C). Peak currents for each rate of membrane potential
depolarization were normalized to the maximally elicited current.
Average values were plotted against its respective rate of
membrane potential depolarization (slope) and fitted using a
Boltzmann equation (right panel, Figure 5C). The approximate
rate of membrane potential depolarization in response to a ramp
rate of 20 pA/s for control (∼30 mV/s, black lines) and leptin-
treated (∼70 mV/s, red lines) neurons are shown on the voltage
axis of Figure 5C. The lines interpolating the Y-axis denote the
percentage of non-inactivated IT that is recruited in response
to the respective rate of membrane potential depolarization.
In control neurons (black line), only around ∼5% of IT is
available for recruitment by a membrane depolarization rate of
∼30 mV/s. However, membrane depolarization rates similar to
those induced by leptin-treatment (∼70 mV/s) would be able
to recruit 20% of IT . Thus, control neurons were stimulated in
current-clamp configuration with depolarizing current ramps of
40 pA/s, which produce on average a membrane depolarization
rate of 73.8 ± 9.1 mV/s. As seen in Figure 5D, NNC-55-
0396 not only caused a large increase in the rheobase, but also
significantly decreased the number of AP in control neurons.
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FIGURE 2 | Leptin increases excitability in cultured hypothalamic neurons. (A) Leptin application induced a ∼6 mV depolarization. Resting membrane potential
(RMP) from control (n = 24) and leptin-treated (n = 11) neurons. *Significantly different from control, P < 0.05, t-test (t = 3.923, df = 33). (B) Input resistance (Rin)
from control (n = 10) and leptin-treated neurons (n = 9). Representative voltage traces (left) and average voltage-current (V-I) relation (right) in response to 200 ms
current steps from –80 to 20 pA (every 20 pA, preset membrane potential = –60 mV). Rin was calculated as the slope of the linear regression. No changes in Rin

were observed between control and leptin treatments (P > 0.05, t-test, t = 0.3883, df = 17). (C) Examples of neuronal firing in control and leptin-treated neurons
elicited from a preset membrane potential of –75 mV by a 20 pA/s ramp. The rheobase is indicated with the gray line in control and the pink line and arrow in
leptin-treated neurons. (D) Quantification of rheobase (pA), number of action potentials, and rate of membrane potential depolarization (Slope = 1V/1t, mV/s, see
panel C) in control (n = 24, 24, 12) and leptin-treated (100 nM, n = 19, 19, 15) neurons in response to 20, 40 and 60 pA/s ramps. *Significantly different from control,
P < 0.05, t-test. Rheobase: t = 2.744 for 20 pA/s, t = 2.565 for 40 pA/s, t = 1.718 for 60 pA/s, df = 41. AP number: t = 2.257 for 20 pA/s, t = 0.766 for 40 pA/s,
t = 0.198, df = 41. Slope: t = 4.030 for 20 pA/s, t = 2.908 for 40 pA/s, t = 2.894 for 60 pA/s, df = 25.

These results confirm that fast rates of membrane depolarization
in response to excitatory stimuli recruit enough non-inactivated
T-type channels to contribute to the membrane excitability.

Overall, our results show that T-type channel recruitment
is necessary in leptin-mediated pathway, likely downstream
of TRPC channel activity, as summarized in the cartoon in
Figure 5E.

T-type Calcium and TRPC1/5 Channels
Are Expressed in a Functional Complex
We explored whether TRPC and T-type channels
exist in a complex. TRPC1/5 complexes are likely the
physiological mediators of leptin’s effects in the hypothalamus

(Strübing et al., 2001), therefore we assessed whether CaV 3
channels co-exist with TRPC5 channels in mouse whole brain
and hypothalamus samples. Figure 6A shows that CaV 3.1
channels co-precipitate with TRPC5 channels (left), and
similarly, TRPC5 channels co-precipitate with CaV 3.1 channels
(right panel). CaV 3.2 channels also co-precipitate with TRPC5
channels (Figure 6B, left), and TRPC5 interact with CaV 3.2
(right). We also determined that TRPC1 is detected in samples
co-precipitated with TRPC5 and CaV 3.1 (left) or CaV 3.2 (right)
(Figure 6C), confirming a TRPC multimer formed by TRPC1/5
is present in the hypothalamus.

Because T-type calcium channels co-exist in a complex with
TRPC1/5, it is possible that local membrane depolarization
induced by TRPC1/5 channel-mediated cation influx recruits
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FIGURE 3 | T-type calcium channels in POMC neurons. (A) Example of fluorescence images showing the expression of T-type α1H (CaV 3.2, red) and α1G (CaV 3.1,
green) channels in a POMC neuron (blue). Bar size, 20 µm. (B) I-V curves depict three distinct neuron groups (n = 28): empty circles, neurons expressing only
high-voltage activated (HVA) currents; blue circles, neurons expressing low HVA and low LVA current density levels (LD, ILVApeak < 6 -pA/pF); and red circles, neurons
expressing low HVA and high LVA current density (HD, ILVApeak from 6 to 20 -pA/pF). (C) Pie chart denotes the percentual number of neurons in each group
described in (A). (D) T-type calcium current blockade by its specific blocker NNC 55-0396 (10 µM); the trace amplitude decrement sequence is shown every 2 min
before (larger trace) and during application of the drug.

T-type channel activity. As the ionic selectivity for TRPC1/5
channel complexes is almost 1:1 for Na+ and Ca2+, Ca2+

ions contribute two thirds of the total TRPC1/5-mediated
depolarization. Accordingly, chelation of Ca2+ influx with a fast
chelator that binds Ca2+ closer to the mouth’s pore (BAPTA-
AM, KON = 6 × 108) compared to a slower, global chelator
(EGTA-AM, KON = 1.5 × 106) should allow us to discern
whether the TRPC1/5 and T-type channels complex function
within a microdomain (Figure 7A). We incubated cultured
hypothalamic neurons with either 10 µM BAPTA-AM or EGTA-
AM for 30 min at 37◦C prior to whole-cell current clamp to
assess excitability. As expected, leptin depolarized the RMP via
activation of TRPC channels (Figure 7B, P < 0.05, ANOVA;
RMP values for control and leptin-treated neurons have been
reproduced from Figure 2A for comparison). The depolarizing
effect of leptin occurred regardless of incubation with either
BAPTA or EGTA (Figure 7B, P < 0.05, t-test), suggesting that the
chelation of calcium does not affect the TRPC1/5 function per se.
Figure 7C shows example traces of APs elicited with a 20 pA/s
ramp protocol under control conditions (top trace), and after the
addition of 100 nM leptin in the presence of BAPTA (middle)
or EGTA (bottom). As expected, the presence of intracellular
BAPTA or EGTA did not alter the baseline excitability response
compared to control (P > 0.05, ANOVA; the rheobase and
AP number values for control and leptin-treated neurons have
been reproduced in Figure 7D from Figure 4 for comparison).
Addition of 100 nM leptin in the presence of EGTA caused the
expected increase in excitability (P < 0.05, t-test), in contrast

with leptin in the presence of internal BAPTA, which did not
elicit significant changes in either the number of APs, rheobase or
rate of membrane potential depolarization (P > 0.05, t-test). Our
results suggest that calcium mediates leptin effects on membrane
excitability in the proximity of the leptin effector, supporting the
idea that TRPC1/5 and T-type channels complex could function
within a microdomain.

To further confirm our results, T-type channels were recruited
by using depolarizing ramps of 40 pA/s. Neither BAPTA nor
EGTA affected membrane excitability in control neurons under
those conditions, suggesting no direct effects on the contribution
of T-type channels to basal neuronal excitability (Figure 7E).
However, only BAPTA prevented leptin-mediated effects on
membrane excitability (Figure 7E) in a similar manner as
observed with 20 pA/s depolarizing ramps (Figure 7D). These
results indicate that the BAPTA effects on membrane excitability
were restricted to local leptin-mediated recruitment of T-type
channels. The lack of effect of EGTA on membrane excitability
confirms that leptin does not depend on a global calcium-
dependent mechanism to regulate excitability.

Overall, these results support the hypothesis that Ca2+

influx via TRPC1/5 and subsequent depolarization enhances the
recruitment of CaV 3 channels, favoring the generation of APs.

We further studied the physiological relevance of this
TRPC1/5-CaV3 complex. As seen in Figures 2A, 7B, the
application of leptin induced a ∼6 mV depolarization of RMP.
Figure 7F (top panel) shows the steady-state activation (SSA)
and steady-state inactivation (SSI) properties of T-type current
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FIGURE 4 | T-type calcium channels are necessary for the leptin-induced excitability response. (A) Example of fluorescence images showing the expression of
TRPC5 channels (green) in POMC neurons (blue). (B) Examples of neuronal firing elicited from a preset membrane potential of –75 mV by a 20 pA/s ramp in
leptin-treated neurons before and after the addition of the TRPC channel blocker 2-APB (100 µM) or the T-type channel blocker NNC 55-0396 (10 µM).
(C) Quantification of rheobase (pA) and number of action potentials in control neurons (n = 24), neurons treated with the TRPC channel blocker 2-APB (100 µM,
n = 5), neurons treated with the T-type channel blocker NNC 55–0396 (10 µM, n = 6), neurons treated with leptin (100 nM, n = 18), neurons treated with leptin and
2-APB (n = 5), and neurons treated with leptin and NNC 55-0396 (10 µM, n = 7). *Significantly different from all others, P < 0.05, ANOVA, F(5, 61) = 3.786 (for
rheobase), F(5, 61) = 3.856 (for AP number). (D) Quantification of the rate of membrane potential depolarization (slope) in control neurons (n = 12), neurons treated
with the TRPC channel blocker 2-APB (100 µM, n = 3), neurons treated with the T-type channel blocker NNC 55-0396 (10 µM, n = 3), neurons treated with leptin
(100 nM, n = 20), neurons treated with leptin and 2-APB (n = 6), and neurons treated with leptin and NNC 55-0396 (10 µM, n = 6). *Significantly different from all
others, P < 0.05, ANOVA, F(5, 44) = 12.77.

in cultured hypothalamic neurons. The superimposed lines on
the graph show the interpolated values of RMP (Y-axis) for
control (black lines) and leptin-treated neurons (red lines)
pinpointing the non-inactivated (available, SSI) and the activable
[open probability (PO), SSA] fractions of T-type channels at
the respective resting membrane potentials. We calculated the
T-type window current using the fitting parameters of the steady-
state activation and inactivation curves (see section “Material and
Methods”) (Bijlenga et al., 2000; Lambert et al., 2014; Rivero-
Echeto et al., 2020), which is shown in turquoise encompassing
the region underneath the steady-state curves (Figure 7F, top
panel). Of note, T-type channels are hardly functional during

control conditions, when the 50% of available channels are not
highly activable.

Our results show that the leptin-mediated RMP depolarization
induces changes in T-type channel availability (SSI) and open
probability (SSA) (Figure 7F, top panel, red line), leading to
a voltage right-shift into the active T-type window current
range that results in an increase of the steady state T-type
calcium current from 40 to 70%, as better seen in the
normalized steady state current graph (Figure 7F, bottom
panel). These leptin-mediated changes on T-type calcium
steady state current ultimately alter the intrinsic excitability
of POMC neurons.
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FIGURE 5 | Leptin has no direct effect on T-type current density but increases the membrane depolarization rate favoring T-type channels recruitment. (A) Acute
incubation with Lep (100 nM) does not alter T-type currents (i.e., LVA currents) elicited by a step voltage from –90 to –30 mV (n = 3). (B) I-V curves before and after
the application of 100 nM leptin in the recording chamber (n = 8, paired experiments). Currents were elicited by depolarizing voltage steps (1V = 10 mV) from a VH of
–90 to 50 mV. There is not a statistically significant difference before and after the addition of leptin [P > 0.05, Two Way RM ANOVA, F(1, 55) = 0.221]. There is not a
statistically significant interaction between the voltage and the treatment [P > 0.05, Two Way RM ANOVA, F(11, 55) = 0.785]. I-V curves from neurons that expressed
LVA current at low and high levels were pooled. (C) Left: Average traces of T-type currents elicited by various rates of voltage depolarization preceding the first AP.
Stimulation protocols (bottom traces) were obtained from hypothalamic neurons recorded in current clamp configuration during current ramp stimulations (20–100
pA/s), which resulted in the following rates of membrane potential depolarization prior the first AP: 40, 90, 180, 290 or 360 mV/s (VH = –75 mV). Before stimulation,
the membrane potential was held at –90 or –50 mV (VH ) in order to isolate T-type currents. HVA currents recorded from a VH of –50 mV (middle traces) were
subtracted from LVA and HVA currents recorded from a VH of –90 mV, obtaining the isolated LVA component (top traces). Right: Normalized T-type current as
function of the membrane depolarization rate (slope) (n = 5). The black line marks the percentage of non-inactivated T-type current recruited by a depolarizing rate of
30 mV/s. The red line marks the percentage of non-inactivated T-type current recruited by a depolarizing rate of 70 mV/s. (D) Left: Example of neuronal firing elicited
from a preset membrane potential of –75 mV by a 40 pA/s ramp in a control neuron before and after the addition of the T-type channel blocker NNC 55-0396 (10
µM). Right: Application of NNC 55-0396 (n = 8) reduced membrane excitability in comparison to control (n = 23) (–75 mV, 40 pA/s ramp). *Significantly different from
control, P < 0.05, t-test. Rheobase: t = 2.060, df = 29. AP number: t = 3.956, df = 29. (E) Updated model of leptin’s cellular signaling. Leptin binding to its receptor
results in activation of the PI3 kinase signaling pathway and subsequent activation of TRPC channel. TRPC channel activity induces a small but rapid membrane
depolarization that recruits T-type channel activity, increasing hypothalamic neuron excitability.
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FIGURE 6 | CaV 3 co-precipitation with TRPC5. Immunoprecipitation of brain and hypothalamus (Hyt) extracts with CaV 3.1 (A) or CaV 3.2 (B) and TRPC5 in the
same samples show their mutual interaction. (C) IP of brain and Hyt samples using CaV 3.1 (left) or CaV 3.2 (right) and TRPC5 show their interaction with TRPC1. IgG
was used as IP negative control in all cases, (n = 3 for all panels).

DISCUSSION

Neuronal cultures with fully developed synapses (after 7 DIV)
are useful for mechanistic studies, as they display an “adult”
pattern behavior, including ion channel expression (Schlick
et al., 2010). Here we corroborated that our primary POMC+
hypothalamic neurons responded to leptin as expected according
to the bibliography. It is well-established that leptin’s effect
on POMC neurons is mediated by the activation of TRPC
channels (Qiu et al., 2010, 2011, 2014), POMC neurons
increased in our system their excitability in response to
administration of nanomolar levels of leptin and this effect
was mediated through the activation of TRPC channels, in
line with the literature (Qiu et al., 2010, 2011, 2014). The
present work provides additional detail on this mechanism,
demonstrating that TRPC and T-type channels coexist in a
physical and functional macromolecular complex, whereby,
leptin-induced membrane depolarization via TRPC channel
activity immediately recruits adjacent T-type channels, which

further depolarize POMC neurons triggering an increase in
intrinsic excitability.

Hyperpolarization-induced removal of T-type channel
inactivation allows for their stimulation by small depolarizations
near the resting potential, rendering T-type currents optimal
for regulating excitability under physiological conditions near
resting state; as such, T-type channels help control neuronal
excitability in various hypothalamic nuclei (van den Top et al.,
2004; Qiu et al., 2006; Bosch et al., 2009; Zhang et al., 2009).
T-type channels have a confirmed role linking thalamocortical
central regulation of wakefulness and body weight (Uebele et al.,
2009), and they have been proposed as potential therapeutic
targets for treating obesity (Chemin et al., 2001; Uebele et al.,
2009; Chorvat, 2013). T-type antagonists prescribed for epilepsy,
depression, obsessive-compulsive disorder and bulimia nervosa
can cause loss of appetite as a side effect (Cookson and Duffett,
1998; Traboulsie et al., 2006; Wilfong and Willmore, 2006). Here
we establish T-type channels (CaV 3) as essential mediators of
membrane depolarization and neuronal excitability triggered
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FIGURE 7 | Ca2+ influx via TRPC1/5 depolarizes and recruits T-type channels. (A) Cartoon depicting T-type calcium channels co-exist in a complex with TRPC1/5.
Membrane depolarization induced by TRPC channel-mediated cation influx recruits T-type channel activity. Chelation of Ca2+ influx with a fast chelator that binds
Ca2+ closer to the mouth’s pore (BAPTA-AM, KON = 6 × 108) is represented in orange. Chelation of Ca2+ influx with a slower chelator (EGTA-AM, KON = 1.5 × 106)
is represented in light orange. (B) Resting membrane potential (RMP) from control (n = 24) and leptin-treated neurons in the absence (n = 11) or presence of 2APB
(n = 5). Values for control and leptin-treated neurons were reproduced from (A) for comparison. Cultured hypothalamic neurons were incubated with either 10 µM
BAPTA-AM (n = 5) or EGTA-AM (n = 4) for 30 min at 37◦C prior to whole-cell current clamp to assess leptin-mediated effects on the RMP. #Significantly different
from others, P < 0.05, ANOVA, F(2, 37) = 8.927. *Significantly different from control, P < 0.05, t-test. BAPTA: t = 4.743, df = 8. EGTA: t = 2.579, df = 6.
(C) Example traces of APs elicited by a 20 pA/s ramp protocol under control conditions (top trace), and after the addition of 100 nM leptin in the presence of BAPTA
(middle) or EGTA (bottom). (D) Rheobase, AP number, and slope values elicited by 20 pA/s ramps for each treatment (n = 4–24). *Significantly different from control,
P < 0.05, t-test. Rheobase: t = 3.285 (df = 40, control), t = 0.4757 (df = 12, BAPTA incubation), t = 2.019 (df = 6, EGTA incubation). AP number: t = 3.065 (df = 39,
control), t = 0.044 (df = 11, BAPTA), t = 3.376 (df = 6, EGTA). Slope: t = 6.495 (df = 30, control), t = 1.245 (df = 9, BAPTA incubation), t = 2.446 (df = 6, EGTA
incubation). (E) Rheobase values elicited by 40 pA/s ramps for each treatment (n = 8–23). *Significantly different from others, P < 0.05, ANOVA, F(2, 36) = 0.2637
for control neurons, F(2, 32) = 12.36 for leptin-treated neurons. (F) T-type channel availability (SSI) and open probability (SSA) as function of voltage. SSI parameters:
V50 = –65.4 ± 1.0 mV, k = 7.1 ± 0.5 (n = 21). SSA parameters: V50 = –41.8 ± 0.7 mV, k = 5.2 ± 0.3 (n = 22). Black circles indicate the availability and the open
probability of T-type channels) at the indicated RMP. Red circles indicate steady sate properties at depolarized RMP after leptin (100 nM) incubation. Window current,
underneath SSA and SSI curves is indicated in turquoise. Window currents were calculated for each recording neuron from the SSA and SSI curves fitted with the
Boltzmann function (n = 18, see section “Materials and Methods”); SEM is indicated in gray. The steady-state current was normalized to its maximum value
(Normalized Isst). Steady-state current at the RMP (empty black box plot) increased after incubation with leptin (empty red box plot).
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by activation of the JNK2-PI3K cascade in response to leptin
in POMC neurons. Although leptin has many functions,
including effects on control of hormone release, immune system,
vasculature, development, somatosensory thalamic activity and
higher-level cognitive functions (Haynes et al., 1999; Kim and
Moustaid-Moussa, 2000; Friedman, 2004; Myers et al., 2008;
Domingos et al., 2011; Farr et al., 2014; Perissinotti et al., 2018);
one of its prominent roles is as effector of the negative feedback
loop, supporting homeostatic control of energy and food intake,
and adipose tissue mass (Ahima et al., 1996). The majority of
neurons in our hypothalamic cultures were leptin-activated, in
line with a higher abundance of POMC positive neurons detected
by ICC. In these neurons, leptin induces electrical activity and
depolarization via binding to LRb, activation of Janus tyrosine
kinase 2 and the downstream activation of phosphatidylinositol
3 kinase (PI3K), resulting in activation of transient receptor
potential cation channel activity (TRPC) (Harvey, 2007; Qiu
et al., 2010, 2011, 2014). Indeed, leptin application to cultured
hypothalamic neurons in vitro also resulted in membrane
depolarization and increased neuronal excitability. Treatment
with the TRPC channel blocker 2-APB after leptin application
produced a decrease in the excitability, which was measured as
an increase in the rheobase and a decrease of both the rate of
membrane depolarization and the number of spikes. However,
we found that in addition to TRPC channel activation, T-type
channel activity is also essential in this pathway. Blockade of
T-type channels with NNC 55-0396 completely prevented the
effect of leptin, even when TRPC channel activity remained
intact. Qiu et al. (2010) demonstrated leptin recruits a non-
selective Na+ and Ca2+ channel sensitive to SKF96365 and APB
and potentiated by lanthanum (La3+), consistent with a TRPC
channel complex. Here, we showed T-type channel function is
essential in the response to leptin. The leptin-activated current
is strongly potentiated by lanthanum (Qiu et al., 2010), a T-type
channel blocker more potent than nickel (Mlinar and Enyeart,
1993). Thus, it’ is unlikely T-type calcium channels are directly
activated by leptin, consistent with our data showing leptin
does not directly activate these channels and the steady-state
properties of these currents. Instead, leptin induced faster rates
of membrane depolarization, which in turn produced less T-type
current inactivation prior to activation of an action potential
(Gutierrez et al., 2001). Therefore, T-type channels are likely
recruited downstream of TRPC channel activation by discrete
changes in membrane depolarization induced by TRPC channels
and are the final mediator of triggered activity. Insulin and
leptin engage a common signaling pathway at the cellular level
to activate TRPC5/1 channel complexes and depolarize POMC
neurons (Qiu et al., 2014). Interestingly, estradiol-mediated
upregulation of Cav3.1 channel rendered POMC neurons more
excitable and responsive to insulin-mediated TRPC5 channel
activation (Qiu et al., 2018).

Furthermore, we demonstrate TRPC1/C5 channels and
CaV 3.1 and CaV 3.2 channels exist in complex. Calcium channels
are known to co-exist with other channels in functional
complexes (Robitaille et al., 1993; Vivas et al., 2017), notably
T-type channels form protein complexes with members of the
potassium channel family such as Kv4, KCa3.1, and KCa1.1

(Anderson et al., 2010; Rehak et al., 2013), which ensures rapid
potassium channel activation thanks to their proximity with
CaV 3 channels within the microdomain. Furthermore, TRPC
channels are known to assemble in multiprotein complexes
that include various key Ca2+ signaling proteins within
Ca2+ signaling microdomains (Ambudkar, 2006). For instance,
TRPC1, 3, 4, 5, 6, and 7 isoforms can form a macromolecular
complex with the α1C subunit of the L-type voltage-gated
calcium channel (Cav1.2) in atria and ventricle of developing
heart (Sabourin et al., 2011). Here, co-immunoprecipitation
experiments show that TRPC5 interacts with CaV 3.1 and
CaV 3.2 channels. The functional activity of this complex was
corroborated using intracellular calcium chelators; prevention
of leptin-induced calcium influx through TRPC channels by
intracellular BAPTA (but not EGTA) was sufficient to preclude
POMC neuron excitability. Our results agree with those of Qiu
et al. (2010), who reported that leptin-induced inward current
was reduced by BAPTA but not EGTA. It has been shown
that intracellular BAPTA prevents intracellular Ca2+-dependent
potentiation of the TRPC channel complex in vitro, suggesting
that calcium binding to an intracellular site in the TRPC channel
complex is necessary for its function (Strübing et al., 2001).
However, leptin is capable of recruiting a non-selective Na/Ca
current in hypothalamic neurons in the presence of BAPTA,
albeit smaller than in control conditions but larger than that
observed in the absence of extracellular calcium (Qiu et al.,
2010). In line with these results, we show that leptin-induced
depolarization can occur even in the presence of either BAPTA or
EGTA suggesting that the calcium entry thought to be necessary
to self-activate the TRPC1/5 complex is not blocked by the
presence of BAPTA in hypothalamic neurons.

T-type Ca2+ channels operate in a subthreshold voltage
range, with an overlap between steady-state activation and
inactivation curves that produces a voltage range where a subset
of T-type channels are constitutively open (i.e., steady-state
current, Istst or “window current”) (Hughes et al., 1999; Crunelli
et al., 2005). Furthermore, we observed that the leptin-mediated
depolarization of RMP induced a voltage right-shift into the
active T-type window current range, resulting in an increase of
the steady state T-type calcium current from 40 to 70%; which
ultimately affects the intrinsic excitability of POMC neurons. This
study was focused on the somatic response of POMC cultured
neurons from newborn mice, thus it did not address questions
pertaining to the hypothalamic circuit level. However, our results
show T-type channel activity is necessary for leptin-mediated
effects on hypothalamic POMC neuron excitability and confirms
T-type channels as possible additional drug targets for leptin-
mediated functions, such as metabolic energy regulation and
control of food satiety.
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Hypercortisolism or Cushing’s disease, which corresponds to the excessive levels of

cortisol hormone, is associated with tiredness and fatigue during the day and disturbed

sleep at night. Our goal is to employ a wearable brain machine interface architecture

to regulate one’s energy levels in hypercortisolism. In the present simulation study, we

generate multi-day cortisol profile data for ten subjects both in healthy and disease

conditions. To relate an internal hidden cognitive energy state to one’s cortisol secretion

patterns, we employ a state-space model. Particularly, we consider circadian upper and

lower bound envelopes on cortisol levels, and timings of hypothalamic pulsatile activity

underlying cortisol secretions as continuous and binary observations, respectively. To

estimate the hidden cognitive energy-related state, we use Bayesian filtering. In our

proposed architecture, we infer one’s cognitive energy-related state using wearable

devices rather than monitoring the brain activity directly and close the loop utilizing fuzzy

control. To model actuation in the real-time closed-loop architecture, we simulate two

types of medications that result in increasing and decreasing the energy levels in the

body. Finally, we close the loop using a knowledge-based control approach. The results

on ten simulated profiles verify how the proposed architecture is able to track the energy

state and regulate it using hypothetical medications. In a simulation study based on

experimental data, we illustrate the feasibility of designing a wearable brain machine

interface architecture for energy regulation in hypercortisolism. This simulation study is a

first step toward the ultimate goal of managing hypercortisolism in real-world situations.

Keywords: closed-loop, energy state, cortisol, hypercortisolism, Bayesian estimation, wearable, fuzzy control

1. INTRODUCTION

The cortisol hormone is the main stress hormone in an individual’s body which is secreted
in a pulsatile process (Azgomi and Faghih, 2019; Taghvafard et al., 2019; Wickramasuriya and
Faghih, 2019b; Smyth et al., 2020). Cortisol secretion patterns, which are mainly controlled by the
hypothalamus, are critical in assessing various functionalities such as regulating blood pressure
and adjusting blood glucose levels. So, investigating changes in cortisol secretion would shed some
light on one’s internal energy state variations (Faghih, 2018; Wickramasuriya and Faghih, 2019b;
Smyth et al., 2020). Adrenocorticotrophic hormone (ACTH) (i.e., a tropic hormone) causes the
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adrenal cortex to release cortisol in a pulsatile manner (Hakamata
et al., 2017; Pednekar et al., 2019, 2020). The hypothalamus
employs corticotrophin-releasing hormone (CRH) to stimulate
the anterior pituitary to produce ACTH (Faghih, 2014; Faghih
et al., 2014). Any irregular patterns in cortisol secretions (e.g.,
too much cortisol release, which is called hypercortisolism, or
not providing a sufficient amount of cortisol, which is called
hypocortisolism) may cause the imbalance in internal energy
variations (Arnold, 2008; D’Angelo et al., 2015; Harris et al.,
2015). These irregularities, which are common among the
Cushing’s patients who are exposed to the hypercortisolism, lead
them to feel fatigue during the daytime and sleep problems at
night (Stalder et al., 2016; Vance, 2017). Insufficient release of
cortisol early in the morning may result in feeling fatigue during
the day. On the other hand, high levels of cortisol in the evening
might cause sleep disturbances at night (Dwyer et al., 2019).

While the initial treatment option for Cushing’s disease is a
surgery with a 78% success rate, evidence shows that the relapse
happens in almost 13% of patients (Driessens et al., 2018). For
the patients in whom the surgery is not successful or feasible,
medical therapy is unavoidable (Pivonello et al., 2015). Due to
recent advances in employing novel compounds that can regulate
cortisol secretions, medical therapy has attracted more attention
(Tritos and Biller, 2017). Nowadays, medical therapy is being
suggested in different ways: pre-surgical treatment, post-surgical
options for the patients that fail the surgical option, and the
primary remedy for those in whom the surgery is not considered
as an option (Pivonello et al., 2015).

The clinical observations in Cushing’s syndrome patients
clearly demonstrate a role for the HPA axis in the regulation of
energy balance (Björntorp and Rosmond, 2000; Nieuwenhuizen
and Rutters, 2008; Wickramasuriya and Faghih, 2019b). While
there exist multiple factors to understand one’s energy variations,
there is not any specific method to directly infer internal energy
state. Hence, it is not possible to present the evidence to show
the correlation between energy state and cortisol variations.
However, there is evidence that patients with irregular cortisol
patterns experience fatigue during day time and disturbed sleep
cycles at night. For example, authors in Pednekar et al. (2019,
2020) have shown that the patients with fibromyalgia syndrome,
which is also associated with the irregular patterns in cortisol
secretions, experience fatigue during the day and sleep disorders
at night. Researchers in Crofford et al. (2004) identified lower
cortisol levels in the patients with chronic fatigue syndrome.
This evidence verifies the potential correlation between cortisol
measurements and internal energy state.

As it is discussed, patients with Cushing’s syndrome have
disturbed circadian rhythm in their sleep cycles. In this regard,
medications with inhibitory effects to lower the energy state
and help the subjects with more balanced sleep cycles could
be helpful. An example of these types of medications could be
Melatonin. In the literature, it has been indicated that excessive
cortisol secretions associated with Cushing’s disease may lead to
an irregular Melatonin rhythm (Zisapel et al., 2005; James et al.,
2007). So, taking the advantages of Melatonin in improving sleep
cycles, we can suggest using this medication for inhibitory effects.
Although patients with hypercortisolism usually experience high

FIGURE 1 | Wearable brain machine interface architecture. Blood cortisol data

is being monitored by a wearable-type device. Analyzing the data collected

from the human in the loop, we estimate corticotrophin-releasing hormone

(CRH) secretion times that result in cortisol secretion. Then, we estimate a

hidden energy state. Finally, the designed control algorithm would determine

appropriate time and the dosage of medications, and will result in regulating

the energy state in patients with hypercortisolism.

levels of energy during the evening, they may suffer a lack
of sufficient energy levels during the daytime (Pednekar et al.,
2019, 2020). As a result, the need for medications to elevate the
energy levels is unavoidable. Medications with excitatory effects
to enhance energy state and prevent the subjects to feel fatigue
during the daytimewould be helpful in this regard. An example of
these types of medications could beMethylphenidate. As patients
with hypercortisolism suffer from not having enough energy
levels in the daytime, medications like Methylphenidate could be
suggested while implementing the proposed approach in the real
world. In literature, it has been validated that taking two doses
of Methylphenidate is significantly effective in relieving fatigue
(Chaudhuri and Behan, 2004; Blockmans et al., 2006).

Due to the potential medications’ side-effects, tolerance,
and resistance that a person shows against the use of specific
medications, it is highly important to establish a supervision
layer that enables automated regulation of medication usage
(Fleseriu et al., 2019). We propose our approach by taking
the advantages of wearable-type devices capable of monitoring
blood cortisol in a non-invasive way as a feedback modality for
such supervision. The proposed approach is the first attempt to
automate the regulation of medications required to manage the
energy levels in patients with hypercortisolism in a closed-loop
manner (Figure 1).

Recently, there has been an increased interest in employing
control theory in advancing modern medication therapies
such as goal-directed fluid therapy (Rinehart et al., 2011),
cardiopulmonary management (Gholami et al., 2011), fluid
resuscitation (Jin et al., 2019), and medically induced coma
(Liberman et al., 2013; Yang and Shanechi, 2016). In a similar
way, and considering how irregular cortisol secretion patterns
affect energy state in patients with hypercortisolism, we leverage
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control theory in regulating energy variations in these patients.
While there exist medications effective inmanaging energy levels,
there is still a lack of closed-loop and automated architecture for
making the decisions on the time and dosage of the medications
in real-time. Hence, we construct a virtual patient environment
based on the experimental cortisol data for further analysis. Then,
we design the control algorithm that can determine the time
and dosage of hypothetical simulated medications in a real-time
automated fashion.

As someone’s energy variations are influenced by changes
in their cortisol levels, the objective of this research is to
regulate the energy state by monitoring the cortisol secretion
patterns. To model the internal energy state and relate it to the
cortisol variations, we utilize the state-space model presented
in Wickramasuriya and Faghih (2019b). To close the loop,
we simulate hypothetical medication dynamics and develop
a control system. In the present simulation study, we apply
hypothetical medication dynamics as the actuation in a real-time
closed-loop brain machine interface architecture (Azgomi and
Faghih, 2019; Azgomi et al., 2019). As presented in Figure 1,
a wearable device measures the cortisol data in a non-invasive
manner. We infer the CRH secretion times via a deconvolution
algorithm (Faghih, 2014; Faghih et al., 2014; Amin and Faghih,
2018, 2019a,b,c; Pednekar et al., 2019, 2020). We use the
state-space approach (Brown et al., 2001; Wickramasuriya and
Faghih, 2019b) to link the CRH secretion times, which cause
the fluctuations in cortisol levels (Faghih et al., 2015b; Azgomi
and Faghih, 2019; Wickramasuriya and Faghih, 2019b, 2020a),
to the internal energy state. This state-space representation
tracks the internal energy state continuously and provides the
capability of utilizing the control systems theory to close the
loop. To estimate the hidden cognitive energy-related state in
real-time, we employ Bayesian filteringmethod (Wickramasuriya
and Faghih, 2019b). By incorporating hypothetical dynamical
system model of medications effective in both decreasing and
increasing energy levels (Blockmans et al., 2006; James et al.,
2007), and designing a fuzzy controller, we close the loop to
regulate the energy state in patients with hypercortisolism in a
simulation environment.

In section 2, we explain the steps required for creating the
virtual patient environment. We also discuss the state-space
model along with the real-time estimation process. We then
incorporate the hypothetical medication dynamics and propose
a knowledge-based control system to close the loop in real-
time. In section 3, we present the outcome of implementing
the proposed approach in regulating the energy state in
patients with hypercortisolism. More particularly, we present
the results on two classes of patients: (1) who do not have
the circadian rhythm in their cortisol profiles, and (2) who
have the circadian rhythm in their cortisol profiles. The final
results demonstrate that our proposed real-time architecture
can not only track one’s energy state, but also regulate the
energy variations in patients with hypercortisolism utilizing
the simulated medication dynamics. Section 4 points out the
implications of our findings. This simulation study based on
the experimental data is the first step toward treating other
hormone-related disorders.

2. METHODS

Figure 2 illustrates an overview of the proposed closed-loop
architecture. The present study consists of two main parts:
the offline process and the real-time closed-loop simulation
environment. In the offline part, we first generate multi-day
cortisol data for multiple subjects based on their experimental
data collected over 24 h. Although there are recent advances
in monitoring cortisol levels using wearable devices (Venugopal
et al., 2011; Parlak et al., 2018; Parlak, 2021), there is still a lack
of technologies for real-time multi-day cortisol data collection.
Hence, to design a virtual patient environment, we first follow
the results from Wickramasuriya and Faghih (2019b), Brown
et al. (2001), and Lee et al. (2016) to simulate cortisol profiles
in both healthy subjects and Cushing’s patients. To extend our
preliminary results presented in Azgomi and Faghih (2019),
we simulate data for ten subjects (Faghih, 2014). This offline
process enables us to examine the performance of the proposed
architecture in multiple cases. By performing deconvolution
algorithm, we infer the cortisol secretion times and the circadian
upper and lower envelopes. Utilizing Expectation Maximization
(EM) approach, we estimate the circadian rhythm forcing
function along with model parameters. In the offline stage, we
also model dynamical systems for hypothetical medications with
both inhibitory (i.e., medications to lower the energy levels) and
excitatory (i.e., medications to elevate the energy levels) effects.

As depicted in the bottom section of Figure 2, we take the
circadian rhythm forcing function in the real-time simulation
system and relate the internal energy state to the cortisol
secretion times and cortisol upper and lower bound envelopes
using the state-space approach. Employing the Bayesian filtering,
which uses the estimated model parameters calculated with the
offline EM algorithm, we estimate the hidden energy-related
state in real-time. Incorporating the dynamical system model of
medications and the personalized desired levels of energy, we
design a fuzzy controller to close the loop. The deigned control
system will take the energy state estimate and determine the
time and dosage of each medication as the actuation in the
loop. Hence, it controls cortisol variations which will result in
energy regulation.

2.1. Data Simulation
Due to the lack of multi-day experimental measurements of
healthy subjects and the patients with Cushing’s disease, we first
simulate multi-day cortisol data profiles (Brown et al., 2001;
Faghih, 2014; Lee et al., 2016; Wickramasuriya and Faghih,
2019b). Following Faghih et al. (2014) and Brown et al. (2001),
cortisol secretion process could be assumed to follow a second-
order stochastic differential equation:

dCort1(t)

dt
= −ζ1Cort1(t)+ n(t), (1)

dCort2(t)

dt
= ζ1Cort1(t)− ζ2Cort2(t), (2)

where Cort1(t) and Cort2(t) are cortisol concentration in adrenal
glands and plasma space at time t, respectively (Faghih, 2014).
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FIGURE 2 | Real-time closed-loop energy regulation. The offline process includes extending the cortisol data profiles for multi-day data creation, simulating the

medication dynamics, and estimating the filter parameters required for the closed-loop section. In the real-time closed-loop system, using the state-space

representation, the internal energy state gets related to the brain secretion times that result in the cortisol secretions. Then, a Bayesian decoder employs the brain

secretion times and the upper and lower cortisol envelopes as the observations to estimate the energy state. Finally, employing the personalized desired energy levels

and information regarding the actuation dynamics, a fuzzy controller is generated. The closed-loop system automates the time and dosage of applying simulated

medications to regulate the energy state.

Moreover, ζ1 stands for cortisol infusion rate from adrenal
gland to the blood, ζ2 corresponds to the cortisol clearance
rate by the liver (Brown et al., 2001; Faghih et al., 2014). In
addition, n(t) represents secretory events (pulses) underlying
cortisol release. The output equation yk = Cort2(k) + ψk, where
Cort2(k) is the discretized cortisol concentration in plasma with
ψk ∼ N (0, σ 2

ψ
) as the measurement noise with variance σ 2

ψ
. We

employ estimated model parameters ζ1 and ζ2 derived in Faghih
et al. (2014). The details of this information are presented in
Supplementary Material.

To model cortisol secretory events n(t), we follow the
approach presented in Brown et al. (2001).

• Healthy Profiles: We use the gamma distribution for
pulse inter-arrival times and Gaussian distribution for
pulse amplitudes (Brown et al., 2001). The corresponding
parameters for gamma distribution are α = 54 and β = 39.
The pulse amplitude follows a Gaussian distribution Hk ∼

N (µk, k
2
k
), whereµk = 6.1+3.93 sin( 2πk1440 )−4.75 cos( 2πk1440 )−

2.53 sin( 4πk1440 )−3.76 cos( 4πk1440 ) and kk = 0.1
√
µk (Azgomi and

Faghih, 2019; Wickramasuriya and Faghih, 2019b).

To simulate the data for patients with Cushing’s disease, we
consider two cases: (1) Cushing’s patients without circadian
rhythms in their cortisol profiles, and (2) Cushing’s patients
with circadian rhythms in their cortisol profiles. While cortisol
variations in patients with Cushing’s disease do not follow normal
circadian rhythms, at the very early stages of the disease, the
circadian rhythms might be slightly dysregulated (Van den Berg
et al., 1995; Wickramasuriya and Faghih, 2019b).

• Cushing’s patients without circadian rhythm: We follow
(Van den Berg et al., 1995; Lee et al., 2016) and consider the

inter-arrival times following a gamma distribution that belong
to the range of 59 ± 11 min. Regarding the pulse amplitudes,
we assume they are within the range of 38±2.5µgdL−1min−1,
following a Gaussian distribution (Azgomi and Faghih, 2019;
Wickramasuriya and Faghih, 2019b),

• Cushing’s patients with circadian rhythm: We employ µk =

38.5 + 1.93 sin( 2πk1440 ) − 1.6 cos( 2πk1440 ) − 1.5 sin( 4πk1440 ) −

3.5 cos( 4πk1440 ), kk =
2.5√
38µk

as the Gaussian distribution

parameters in the pulse amplitudes and the same gamma
inter-arrival time distribution as described previously for the
Cushing’s patients with circadian rhythm.

Employing the model parameters ζ1 and ζ2 provided in
Supplementary Material and a vector input of pulse timings
and amplitudes n(t) presented above, we simulate the cortisol
profiles. We employ coupled differential equations (1) and (2),
and add measurement noise to generate cortisol profile data for
different subjects in three different situations. More particularly,
we simulate the cortisol profiles associated with healthy subjects,
Cushing’s patients with circadian rhythm in their cortisol profiles
and Cushing’s patients without circadian rhythm in their cortisol
profiles over 5 days for further analysis (Brown et al., 2001;
Faghih, 2014, 2018). The resulting multi-day cortisol profiles are
presented in Supplementary Material. As an example, the results
associated with subject 1 are depicted in Figure 3.

2.2. State-Space Modeling
Cortisol dynamical system explained above will generate the
cortisol observations for our virtual patient environment. We
employ the state-space approach presented in Azgomi and
Faghih (2019), Wickramasuriya and Faghih (2019b) to relate the
hidden cognitive energy-related state to cortisol variations. The
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FIGURE 3 | Simulated multi-day cortisol profile - Subject 1. Panel (A) displays the healthy profile, panel (B) shows the profile associated with the Cushing’s patients

without circadian rhythm, and panel (C) depicts the profiles associated with the Cushing’s patients with circadian rhythm. Each panel displays cortisol levels (black

curve), upper bound envelopes (orange curve), and lower bound envelopes (green curve).

state-space approach lets us systematically track internal energy
state and control it in real-time (Smith et al., 2004). We model
the cognitive energy-related state as the following first-order
state-space representation:

xk = ρxk−1 + uk + ǫk + Ik, (3)

where xk is the hidden internal energy-related state, ρ is a person-
specific parameter, uk is the control input, ǫk ∼ N (0, σ 2

ǫ
) is the

process noise, and Ik is being considered as the forcing function
that keeps the energy variations during wakefulness and sleep
in 24 h periods. By analyzing the simulated cortisol profiles
(Wickramasuriya and Faghih, 2019b), we design the following
harmonic forcing function:

Ik =

2
∑

i=1

αi sin(
2π ik

1440
)+ βi cos(

2π ik

1440
), (4)

where the coefficients αi and βi along with parameter ρ in (3) for
each subject/case are derived using the EM algorithm explained
in Wickramasuriya and Faghih (2019b). These parameters are
presented in Supplementary Material.

Analyzing the discretized cortisol data at a 1 min time
resolution, we observe that the presence or absence of the cortisol
pulses builds a binary point process (Wickramasuriya and
Faghih, 2019b). Hence, we assume the probability of receiving
pulses associated with CRH secretion times that results in cortisol
secretion, ck, follows a Bernoulli distribution:

P(ck|pk) = p
ck
k
(1− pk)

1−ck , (5)

where the probability pk is connected to the energy state xk by the
following sigmoid function:

pk =
1

1+ e−(γ0+γ1xk)
. (6)

This model relates the probability pk of observing a CRH pulse
event ck to the energy state xk through person-specific baseline
parameters γ0 and γ1 calculated by the offline EM.

In addition to the cortisol secretion times as binary
observations, we use the upper and the lower bound envelopes
of the blood cortisol measurements as continuous observations to
estimate the energy state xk (Wickramasuriya and Faghih, 2019b).
We label these two upper and lower envelopes as Rk and Sk,
respectively. Assuming there exists a linear relationship between
these envelopes and the corresponding state xk:

Rk = r0 + r1xk + vk, (7)

Sk = s0 + s1xk + wk, (8)

where vk ∼ N (0, σ 2
v ), wk ∼ N (0, σ 2

w), and r0, r1, s0, s1 are
regression coefficients obtained by offline EM algorithm (Prerau
et al., 2009; Coleman et al., 2011; Wickramasuriya and Faghih,
2019a).

It is worthmentioning that while there exist recent advances in
performing deconvolution methods, there is still lack of real-time
deconvolution algorithm. With real-time deconvolution tool, we
directly infer the cortisol impulses n(t) in (1) and employ it in
further analysis.
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2.3. Energy State Estimation
We employ two continuous and one binary observations in the
estimation process (Prerau et al., 2009; Coleman et al., 2011;
Wickramasuriya and Faghih, 2019a). Taking the CRH pulse
events ck and the upper and lower envelopes Rk and Sk as
observations, we perform Bayesian filtering (Coleman et al.,
2011; Wickramasuriya and Faghih, 2020b) to estimate the hidden
cognitive energy-related state mean xk and its variance σk in two
prediction and update steps:

• Prediction step:

xk|k−1 = ρxk−1|k−1 + Ik + uk, (9)

σ
2
k|k−1 = ρ

2
σ
2
k−1|k−1 + σ

2
ǫ
. (10)

• Update step:

Ak =
σ
2
k|k−1

σ
2
v σ

2
w + σ 2

k|k−1
(r21σ

2
w + s21σ

2
v )

, (11)

x̂k = xk|k = xk|k−1 + Ak

(

γ1σ
2
v (ck − pk)

+r21σ
2
w(Rk − r0 − r1xk|k−1)

+s21σ
2
v (Sk − s0 − s1xk|k−1)

)

,

(12)

σ̂
2
k = σ

2
k|k =

(
1

σ
2
k|k−1

+ γ
2
1 pk(1− pk)+

r21
σ
2
v

+
s21
σ
2
w

)−1

.

(13)

The pk presented in (12) is related to the x̂k by (6). Consequently,
the x̂k is present on both sides of (12) and we employ Newton’s
method to solve the update equations.

2.4. Dynamic System Model of Medications
The next step in closing the loop and regulating energy-
related state is to model the dynamical system of hypothetical
medications and include them in control design process. In
this research, we focus on the medications that can lead the
subjects to reach their desired energy levels (Blockmans et al.,
2006; James et al., 2007). In this regard, we consider two classes
of medications: (1) for elevating the energy levels required for
daily activity (i.e., excitation effect), and (2) for helping the
subjects to lower their energy levels in the evening which may
help them experience well-ordered sleep cycles at nights (i.e.,
inhibition effect). To analyze how a specific medication affects
one’s energy levels and incorporate them in the control design
process, we model their dynamics by a second-order state-
space representation:

[

ż1(t)
ż2(t)

]

=

[

−θi1 0
θi1 −θi2

] [

z1(t)
z2(t)

]

+

[

η

0

]

q(t), (14)

where i = 1, 2 denotes the type of medications. y(t) = z2(t) is
the estimated energy level and θi1, θi2 correspond the infusion

rate and the clearance rate of each corresponding medication
i, respectively. We assume θ i =

[

θi1 θi2

]

. In the state-space
representation (14), q(t) = q∗i δ(t − τ

∗
i ) is the actuation input

impulses where parameters τ ∗i and q∗i stand for time and dosage
of the corresponding medication i (Faghih, 2014; Faghih et al.,
2015a). The η term also determines if the actuation should
be excitation (i.e., η = +1 for elevating the energy level) or
inhibition (i.e., η = −1 for lowering the energy level). With
this representation, we analyze how using a specific dosage q∗i
of medication i at time τ ∗i will affect the internal energy levels
z2(t) dynamically. Solving the state-space equation (14) and
considering the output equation y(t) = z2(t), we compute the
output at each time step j as:

yj = ajy0 + bjq+ ej. (15)

where aj = e−θi2j and bj =
θi1

θi1−θi2

[

(e−θi2j − e−θi1j) (e−θi2(j−1) −

e−θi1(j−1)) · · · (e−θi2 − e−θi1 ) 0 · · · 0
︸ ︷︷ ︸

N−j

]′
. The vector

input q consists of one non-zero element (i.e., q = [q1 · · · qN],
where qj = 0, ∀j except the one element q∗i at time τ ∗i ) and
error term ej ∼ N (0, σ 2

e ). Forming the output for the whole
time horizon N, we generate the vector representation y as
the observation:

y = Aθy0 + Bθq+ e, (16)

where y =
[

y1 y2 · · · yN
]′
, Aθ =

[

a1 a2 · · · aN
]′
, Bθ =

[

b1 b2 · · · bN
]′
, and e =

[

e1 e2 · · · eN
]′
. To complete the

system identification task, we impose the constraint ||q||0 = 1 in
the corresponding parameter estimation problem (Dahleh et al.,
2004). To find the optimum parameters, we solve the following
optimization problem to optimize the error term J = e′e:

min
θ i ,q

||q||0=1

J =
1

2
||y− Aθy0 − Bθq||

2
2. (17)

Given y, we can estimate Aθ , Bθ (i.e., include θ i), and q to obtain
the actuation dynamics (Faghih et al., 2015b). As a result of this
process, we simulate the way that a specific medication affects
the energy levels. In the following part, we explain the control
approach and close the loop.

In this in silico study, incorporating the hypothetical
medication dynamics (14), we design the control strategy to
determine the time and the dosage of each medication to regulate
the estimated energy state. In the practical case, this system
identification step is recommended to be performed in parallel
to update the dynamical model parameters in real-time.

2.5. Fuzzy Control System
Fuzzy control, which is known as a knowledge-based control
approach, employs the insights about the system, performs
the corresponding inference, and makes the control decisions
(Garibaldi and Ozen, 2007; Mendes et al., 2019; Yu et al., 2020).
As an intelligent approach, it is a powerful bridge from the
expertise inference to the real world (Lin et al., 2018; Azgomi
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et al., 2019). Any fuzzy controller includes four main parts: rule
base, fuzzifier, inference engine, and defuzzifier. In the rule base,
we define the rules to achieve our control objective (Zoukit
et al., 2019). These IF-THEN rules are derived employing expert
knowledge of the system and the corresponding constraints.

In the present study, the estimated cognitive energy-related
state and the time of the day are the inputs of the fuzzy controller,
and the control output is the time and dosage of the required
simulated medications (Azgomi and Faghih, 2019). To design
the fuzzy system, we employ information about the personalized
levels of energy state and the dictionary of medication dosages
and actuation responses (Figure 2). We also use two classes of
actuation: exciting medications which increase the energy levels,
and inhibiting medications which lower the estimated energy
levels. The purpose of applying medications with exciting and
inhibiting effects is to provide the required energy for daily
activity (Pednekar et al., 2020) and lowering the energy-related
state to result in a better sleep cycle at nights (Feelders et al.,
2019), respectively. Based on the literature and nature of the
medications (Blockmans et al., 2006; James et al., 2007), we
consider the constraint of applying maximum two medications
(i.e., control inputs) per day: one in the morning which increases
energy levels, and one in the evening to lower the energy levels.
The rule base of the proposed fuzzy controller is presented in
Table 1.

As an example, to clarify the structure of rules presented in
Table 1, rule number 1 denotes:

• If the estimated energy state isHigh, and the time is early in the
morning then the actuation is positive small.

To quantify the linguistic variables presented in the rule base,
we employ membership functions as the fuzzifiers (Azgomi
et al., 2013). Investigating the simulated environment including
estimated energy state, hypothetical medication dynamics,
personalized levels of energy state, and the rule base, we utilize the
appropriate number of relevant membership functions presented
in Figure 4. As observed in Figure 4, we employ six membership
functions for time of the day (input 1), three membership
functions for estimated energy values (input 2), and seven
membership functions for the control output to cover all cases
in the rule base (Table 1).

We use Mamdani inference engine to execute the inference
and produce fuzzy outputs (Zulfikar et al., 2018). We employ
minimum method for both AND operation in the fuzzy inputs
and implication process for fuzzy output generation. We also use
Maximum method for rule output aggregation. Consequently,
the final fuzzy output will be resulted as:

µmamdani(q) =µm(q) = max
j

[µj(q)]

=max
j

[min
(

min(µtime(t),µstate(x)),µactuation(c)
)

]

=max
j

[min(µtime(t),µstate(x),µactuation(c))].

(18)

where j denotes the effective rules at each time step and µj(q)
is the resulted fuzzy set. µtime(t), µstate(x), and µactuation(c) also

TABLE 1 | Fuzzy rule base.

Rule # Time (Input 1) Energy State (Input 2) Actuation (Output)

1 Early morning High Positive small

2 Early morning Low Positive big

3 Early morning Medium Positive medium

4 Late morning High Zero

5 Late morning Low Positive medium

6 Late morning Medium Positive small

7 Early evening High Negative medium

8 Early evening Low Zero

9 Early evening Medium Negative small

10 Late evening High Negative big

11 Late evening Low Negative small

12 Late evening Medium Negative medium

stand for the membership functions presented in Figure 4. To
demonstrate the way that this inference engine works, we explain
the proposed fuzzy system (18). At each time step, the fuzzy
system monitors all the rules presented in Table 1 and finds
the effective rules according to the input membership functions
(Figure 4). By extracting the corresponding membership degree
and executing AND operation in each applied rule, it then
performs implication between the resulted input fuzzy sets
(time and the estimated energy state) and the corresponding
output fuzzy membership function (medication actuation). By
aggregating results from all applied rules, it generates the final
fuzzy output. To produce crisp output out of the generated fuzzy
outputs and applying it into the system in real-time, we employ
centroid defuzzification method:

q∗ =

∫

µm(q).q dq
∫

µm(q) dq
. (19)

At any time step where either the rules with Zero actuation output
(Table 1) are effective, or the output q∗ in (19) equals zero, the
fuzzy system would determine no need for applied control. At
the time t that the fuzzy system results a non-zero output (q∗ 6=

0), time of actuation would be derived (τ ∗ = t). Considering
the resulted crisp output and constraint to apply maximum two
medications per day, the designed control will determine the
time and the amplitudes of each medication. Hence, by taking
the decisions about the dosage and the desired time of the
hypothetical medications [i.e., q∗ and τ ∗ in (14)], the resulted
control signal [i.e., uk in (3)] will be applied to regulate the
internal energy state.

3. RESULTS

In this section, first we present the open-loop results. Then, we
present our real-time closed-loop results for two categories of
Cushing’s diseases: one without circadian rhythm in their cortisol
profiles, and another with circadian rhythm in their cortisol
profiles. The results associated with ten simulated subjects are
presented in Figures 5–7.
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FIGURE 4 | Input and output membership functions. Panel (A) shows the first input membership functions describing time of the day. Panel (B) shows the input

membership functions associated with the estimated energy-related state. Panel (C) shows the membership functions for the actuation output (i.e., control signal uk ).

The abbreviations P, N, Z, S, M, and B stand for “Positive,” “Negative,” “Zero,” “Small,” “Medium,” and “Big,” respectively.

3.1. Open-Loop (Healthy Subject)
In the first part, we use data associated with healthy subjects to
show the tracking performance. As depicted in the left panels of
Figures 5–7, the system tracks the energy state in an open-loop
manner. In the middle sub-panel, it is observed that there is not
any control in this stage (uk = 0). Top sub-panels show that the
estimated energy state has its peak during the daytime (06:00–
16:00) and it drops in the evening. It verifies that we successfully
track the energy state in the simulated healthy profiles.

3.2. Closed-Loop (Cushing’s Patients
Without Circadian Rhythm)
In this part, we employ the simulated cortisol data associated
with Cushing’s patients without circadian rhythm in their cortisol
profiles. The results are observed in the middle panels of
Figures 5–7. The white and gray backgrounds correspond to the
open-loop and the closed-loop periods, respectively. After day
2, the control is activated and the closed-loop system detects
an imbalanced energy state (top sub-panel in the middle panels
of Figures 5–7). Then, the time and dosage of the required
simulated medications are produced by the control system
(bottom sub-panel in the middle panels of Figures 5–7). The
red pulses stand for the simulated medications with excitation
effects, while the blue pulses are associated with the simulated
medications with inhibitory effects. Employing the suggested
hypothetical medications will lead the generated control input
to follow the curves presented in the middle sub-panel of

Figures 5–7. Thereafter, starting day 3 of simulation (once the
loop gets closed), the energy state is being regulated.

3.3. Closed-Loop (Cushing’s Patients With
Circadian Rhythm)
Similar to the previous case, here we investigate the performance
of the proposed closed-loop architecture by making use
of simulated Cushing’s patients’ data together with existing
circadian rhythm in their cortisol profiles. The results are
presented in the right panels of Figures 5–7. Similarly, the system
detects the irregular energy patterns and regulates the energy
state variations by designing the corresponding control signals
in a closed-loop manner.

4. DISCUSSION AND CONCLUSIONS

Inspired by the fact that CRH plays an undeniable role in internal
energy regulation, we proposed our novel approach for regulating
the energy-related state using a wearable brain machine interface
architecture. In the proposed architecture, we infer one’s energy
variations by monitoring cortisol data which can be collected
using wearable devices in real time (Parlak et al., 2018). We
implemented the control algorithm on ten simulated data profiles
in healthy subjects and Cushing’s patients.

In the offline stage of this research, we simulated the cortisol
data for multiple subjects. As it is validated in the literature,
we employ stochastic models to simulate multi-day cortisol
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FIGURE 5 | Simulated energy regulation results (Subjects 1–4). For each subject, panel (A) displays the open-loop results. Panel (B) shows closed-loop results for the

Cushing’s patients without circadian rhythm, while panel (C) shows closed-loop results for the Cushing’s patients with circadian rhythm. In each panel: the top

sub-panel shows the estimated cognitive energy-related state, the middle sub-panel displays the control input, and the bottom sub-panel depicts the medication

injections. Red pulses are related to excitation and the blue pulses are related to inhibition. The white background indicates open-loop simulation (i.e., u = 0), while the

gray background depicts the closed-loop results.

secretion patterns. Following (Faghih, 2014; Lee et al., 2016;
Wickramasuriya and Faghih, 2019b), we consider different
gamma distributions for inter-arrival times associated with
cortisol secretion impulses. We also assume the pulse amplitudes
follow Gaussian distributions. Employing the model parameters
that are presented in the manuscript, we simulate cortisol profiles

which have day-by-day variability. The stochastic variability
existing in model parameters would be viewed as a realistic
multi-day case in this in silico study. Employing the state-space
approach along with EM algorithm, we estimated the model
parameters and the forcing circadian function. Using the virtual
patient environment, we aimed to track the energy state based
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FIGURE 6 | Simulated energy regulation results (Subjects 5–8). For each subject, panel (A) displays the open-loop results. Panel (B) shows closed-loop results for the

Cushing’s patients without circadian rhythm, while panel (C) shows closed-loop results for the Cushing’s patients with circadian rhythm. In each panel: the top

sub-panel shows the estimated cognitive energy-related state, the middle sub-panel displays the control input, and the bottom sub-panel depicts the medication

injections. Red pulses are related to excitation and the blue pulses are related to inhibition. The white background indicates open-loop simulation (i.e., u = 0), while the

gray background depicts the closed-loop results.

on the changes in cortisol secretion times and cortisol upper and
lower envelopes (see Figure 2).

With the goal of tracking the energy state in the proposed
architecture, we first simulated a real-time open-loop case. In
this part, we used the data associated with healthy subjects. In

the present study, due to the lack of real-time deconvolution
algorithm, we assume the presence or absence of cortisol
secretion forms a binary point process and follows a Bernoulli
distribution. Besides, we take the cortisol upper and lower bound
envelopes as the continuous observations. Utilizing the EM
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FIGURE 7 | Simulated energy regulation results (Subjects 9 and 10). For each subject, panel (A) displays the open-loop results. Panel (B) shows closed-loop results

for the Cushing’s patients without circadian rhythm, while panel (C) shows closed-loop results for the Cushing’s patients with circadian rhythm. In each panel: the top

sub-panel shows the estimated cognitive energy-related state, the middle sub-panel displays the control input, and the bottom sub-panel depicts the medication

injections. Red pulses are related to excitation and the blue pulses are related to inhibition. The white background indicates open-loop simulation (i.e., u = 0), while the

gray background depicts the closed-loop results.

algorithm, we estimated the hidden energy state. As it can be
seen in the left panels, with no control implemented (i.e., uk =

0), the energy state variations in simulated healthy profiles are
as desired. It is observed that the energy state is at its peak
during the daytime and it drops in the evening. It leads to
providing enough energy for daily activity and having well-
ordered sleep cycles at evening. In fact, this normal condition
is because of the well-balanced cortisol secretion patterns in
healthy subjects.

In this research, we assumed that including the hypothetical
medications would impact the energy state. Hence, we
incorporated the simulated medication dynamics as the
actuation while closing the loop. In this regard, we first presented
the system identification required to design the control system.
To incorporate the corresponding medications in real-world
implementation of the proposed closed-loop architectures, it
is important to pay appropriate attention to medications’ half-
lives. In the present design, we assumed that the hypothetical
medications have prompt effects on one’s energy levels. In the
case of utilizing long-acting agents, the rules and membership
functions should be revised accordingly. While this step is
performed in the offline stage of this research, in the practical
case, it is recommended to execute it in real-time to update
the medication dynamics according to the subject’s response.
To design the control, we proposed a knowledge-based fuzzy
controller. Employing the estimated energy state, personalized
desired levels of energy state, and hypothetical medication

dynamics we built the rule base, membership functions, and
inference engine (see Figure 2).

Next, we presented the results of the closed-loop system. In
this regard, we employed the cortisol data profiles associated
with the Cushing’s patients. To depict the performance of the
closed-loop system, we assumed the control system gets activated
starting day 3, which means the system is open-loop (i.e., uk =

0) in the first 2 days of the simulation. During the open-loop
period, we observe that the energy variations do not follow
the ideal circadian rhythm. In other words, the patients with
hypercortisolism do not have normal cortisol secretion patterns
which will cause them to have insufficient energy levels in the day
time and experience disturbed sleep cycles at night (Pednekar
et al., 2020). Starting day 3, the feedback control system (i.e.,
uk 6= 0) closes the loop (gray background in Figures 5–7). In
the closed-loop period, the implemented control system detects
undesired energy variations and tries to infer the right time
and dosage of the simulated medications in real-time. That is
to say, the fuzzy structure receives the estimated energy state,
employs the rule base (Table 1) and membership functions
(Figure 4), and generates the appropriate control signal. This
intermittent control signal is depicted in the bottom sub-panels
of Figures 5–7. When low levels of energy are detected, the red
pulses would be generated to adjust the dosage of the required
medications with excitation effect to provide required energy
levels. On the other hand, once undesired high levels of energy
are detected in the evening, the medications with the energy
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FIGURE 8 | Results analysis. Panel (A) shows the difference between average levels of energy in the day and night. Panel (B) shows the internal energy growth

required for the wake-up time balance. Panel (C) shows the decrease in internal energy levels required for sleep time balance. The empty circles and the filled green

circles show the results of the open-loop and closed-loop cases, respectively. The left and right sub-panels show the data corresponding to the Cushing patients

without and with circadian rhythm in their cortisol profiles, respectively.

lowering effect, i.e., blue pulses, would be suggested to provide
the inhibition effect. The required time and dosage of these
hypothetical medications are produced by the fuzzy structure.
The control actuation signal, which is result of applying these
simulated medications, is presented in the middle sub-panels of
Figures 5–7. Considering the constraint of using maximum two
medications per day (Bouwer et al., 2000), the energy state is
regulated in real-time. It is worth mentioning that in the real-
world case, the only needed signal for closing the loop is the time
and dosage of requiredmedications. Since this simulation study is
the first step to show the feasibility of our proposed approach, we
simulated hypothetical medication dynamics to include actuation
in the virtual patient environment.

In the final part of our results, we presented the outcomes
of our proposed structure on simulated cortisol data profiles
associated with the Cushing’s patients with circadian rhythm in
their profiles. While Cushing’s patients do not generally have
the required circadian rhythm in their cortisol profiles, there
exist some patients with some circadian rhythm in their blood
cortisol profiles (Lee et al., 2016). This slight circadian rhythm
could be assumed to be available in the patients in their early
stages of Cushing’s disease. Similar to the results of the Cushing’s
patients without circadian rhythm, our proposed closed-loop

architecture successfully detects the energy irregularities and
makes the control decisions in real time.

Analyzing the results of multiple subjects, we observe some
interesting outcomes. In the results associated with subjects 1,
5, 6, 7, and 10, we see that for some days no blue pulses (i.e.,
simulated medications with the inhibition effects) are necessary.
It might be because energy levels are already low and would
not affect their sleep cycles. In these cases, employing only the
medications with excitation effects in the morning may lead to
energy regulation in the evening too. These results are shreds
of evidence of an intrinsic advantage of our proposed closed-
loop architectures which is handling the energy regulation in an
automated way and suggesting the medications as needed.

To further depict the efficiency of the proposed closed-loop
architecture, we define corresponding metrics (Figures 8, 9). As
the first criteria, we analyze the effect of closed-loop system in
increasing the difference between average levels of energy in the
day and night (top panel of Figure 8). As presented, the difference
between the average levels of energy in day and night has been
increased for all ten simulated subjects in both Cushing’s classes
(filled green circles compared to the empty circles). As the second
criteria, we analyzed the growth of internal energy state in the
morning, which will ultimately lead the subjects to wake up with
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FIGURE 9 | Overall results analysis. The lower- and upper-bounds of the of each box represents the 25th and 75th percentiles of the distribution of each metric for all

10 subjects, and the middle line in each box displays the median. Panels (A,B) show the data corresponding to the Cushing patients without and with circadian

rhythm in their cortisol profiles, respectively.

higher levels of energy. To do this task, we compared the growth
of energy before the start of the day in both open-loop and closed-
loop cases (middle panel of Figure 8). The observed growth of
energy in all simulated subjects will help them to wake up with
having more energy required for their daily activities. As the final
criteria, we compared the drop of energy levels late at evening
(bottom panel of Figure 8). It demonstrates how the proposed
closed-loop architecture resulted in decreasing the energy levels
required for a better sleep cycle. As presented in the bottom
panel of Figure 8, the internal energy state in patients with
Cushing’s disease are not decreased sufficiently in the evenings
(empty circles). However, in the closed-loop case, by applying
the required medications, the simulated energy state has been
dropped more efficiently which will further help the subjects to
experience more balanced sleep cycle at night.

Analyzing the results on all the simulated subjects, the
difference between the average energy levels in day and night in
Cushing’s patients without and with circadian rhythm in their
cortisol profiles is improved by 140% and 97%, respectively (left
sub-panels in Figure 9). The growth in the energy levels before
the wake time in both classes of Cushing’s patients is improved
by 245% and 75%, respectively (middle sub-panels in Figure 9).
Similarly, the average drop in the energy levels required for sleep
time regulation is improved by 473% and 208% in simulated
Cushing’s patients without and with circadian rhythm in their
profiles has been, respectively (right sub-panels in Figure 9).
This analysis verify how our proposed architecture is effective in
regulating energy levels in a virtual patient environment.

In the offline stage of this research, we simulated multi-day
data profiles for healthy subjects and subjects with Cushing’s
disease. It is worthmentioning that this stage of simulatingmulti-
day data profiles is because of the lack of technology for real-time
cortisol measurements. Future advances in wearable technologies
would provide the opportunity to continuously monitor the
cortisol data and design a system that could take care of inter-

and intra-subjects fluctuations. In the present study, we assumed
that the suggested medications could be successful in lowering or
increasing energy levels. In practical implementation, there exist
multiple factors that might cause the proposed architectures (i.e.,
using suggested medications to regulate internal energy state) to
fail and result in less efficiency:

• Diverse sensitivity to glucocorticoid hormones among
individuals might prevent to observe similar energy
adjustments in response to the medications (Inda et al., 2017).

• Sever dysregulation of the HPA axis, which happens in
some endogenous Cushing’s syndrome cases, could only
be treated by removing the pituitary or adrenal tumor(s)
(Nieman et al., 2015).

Implementing the proposed wearable brain machine interface
architecture on multiple simulated cortisol profiles, we
demonstrated that we can reach energy regulation in
hypercortisolism. Simulated results verify that the proposed
closed-loop approach has great potential to be utilized in real life.
In the prospective practical system, a real-time deconvolution
algorithm should be utilized to derive the CRH secretion
times. Employing the proposed approach, in addition to taking
advantage of wearable devices, which may monitor blood
cortisol levels in real-time, the time and dosage of the required
medications would be regulated in a closed-loop automated
manner. Since the cortisol variations are influenced by a variety
of physiological and psychological factors, a future direction of
this research could be including additional information from
multiple sources while designing the closed-loop system. In the
prospective architectures, a multi-input multi-output system
will take the information from multiple sources and make the
required decisions about taking the medications (i.e., dosage
and time). It results in an increase in medications’ efficiency
and minimize their possible side effects. Future directions of
this research could be incorporating all possible medications
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and designing the control algorithms with the capability to
choose among them. Another possible future direction could be
including the system identification process for each medication
inside the real-time system. As a result, the way that each specific
person responds to a particular medication will be monitored to
update the medication dynamics in real-time. Consequently, the
personalized control design would be more efficient.
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Supplementary Figure 1 | Simulated multi-day cortisol profiles (Subjects 1–4).

For each subject, panel (A) displays the healthy profile, panel (B) shows the

profiles associated with the Cushing’s patients without circadian rhythm, and

panel (C) depicts the profiles associated with the Cushing’s patients with circadian

rhythm. Each panel displays cortisol levels (black curve), upper bound envelops

(orange curve), and lower bound envelopes (green curve).

Supplementary Figure 2 | Simulated multi-day cortisol profiles (Subjects 5–8).

For each subject, panel (A) displays the healthy profile, panel (B) shows the

profiles associated with the Cushing’s patients without circadian rhythm, and

panel (C) depicts the profiles associated with the Cushing’s patients with circadian

rhythm. Each panel displays cortisol levels (black curve), upper bound envelops

(orange curve), and lower bound envelopes (green curve).

Supplementary Figure 3 | Simulated multi-day cortisol profiles (Subjects 9 and

10). For each subject, panel (A) displays the healthy profile, panel (B) shows the

profiles associated with the Cushing’s patients without circadian rhythm, and

panel (C) depicts the profiles associated with the Cushing’s patients with circadian

rhythm. Each panel displays cortisol levels (black curve), upper bound envelops

(orange curve), and lower bound envelopes (green curve).

Supplementary Table 1 | Infusion and clearance rates associated with the ten

simulated cortisol profiles.

Supplementary Table 2 | Parameters used to generate forcing function.
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Genetic Deletion of KLHL1 Leads to
Hyperexcitability in Hypothalamic
POMC Neurons and Lack of
Electrical Responses to Leptin
Paula P. Perissinotti1*†, Elizabeth Martínez-Hernández1†, Yungui He2, Michael D. Koob2

and Erika S. Piedras-Rentería1*

1 Cell and Molecular Physiology Department and Neuroscience Division of the Cardiovascular Research Institute, Loyola
University Chicago, Maywood, IL, United States, 2 Institute for Translational Neuroscience and Department of Lab Medicine
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Kelch-like 1 (KLHL1) is a neuronal actin-binding protein that modulates voltage-gated
calcium channels. The KLHL1 knockout (KO) model displays altered calcium channel
expression in various brain regions. We analyzed the electrical behavior of hypothalamic
POMC (proopiomelanocortin) neurons and their response to leptin. Leptin’s effects on
POMC neurons include enhanced gene expression, activation of the ERK1/2 pathway
and increased electrical excitability. The latter is initiated by activation of the Jak2-PI3K-
PLC pathway, which activates TRPC1/5 (Transient Receptor Potential Cation) channels
that in turn recruit T-type channel activity resulting in increased excitability. Here we
report over-expression of CaV3.1 T-type channels in the hypothalamus of KLHL1 KO
mice increased T-type current density and enhanced POMC neuron basal excitability,
rendering them electrically unresponsive to leptin. Electrical sensitivity to leptin was
restored by partial blockade of T-type channels. The overexpression of hypothalamic
T-type channels in POMC neurons may partially contribute to the obese and abnormal
feeding phenotypes observed in KLHL1 KO mice.

Keywords: leptin, Kelch-like 1, CaV3.1, T-type calcium channels, POMC

INTRODUCTION

The KLHL1 protein belongs to a family of actin-organizing proteins related to Drosophila Kelch
that is expressed primarily in brain tissues, including the cerebral cortex, hippocampus, thalamus,
hypothalamus and cerebellum (Nemes et al., 2000; Chen et al., 2008). KLHL1 mRNA is also highly
expressed in hypothalamic centers associated with the regulation of energy balance, such as the
ventromedial (VMH) and arcuate (ARC) nuclei (Chen et al., 2008). KLHL1 protein modulates
voltage-gated calcium channel function among other effects (He et al., 2006). KLHL1 enhances
CaV3.2 T-type function by maintaining the channel at the membrane, it directly interacts with

Abbreviations: AgRP, agouti-related peptide; DIV, days in vitro; KLHL1, Kelch-like 1; LRb, leptin receptor; LVA, low-
voltage activated; HVA, high-voltage activated, LTS, low-threshold spike, NPY, neuropeptide Y; POMC, hypothalamic
proopiomelanocortin positive neurons; TRPC, transient receptor potential cation.
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the α1H subunit of the CaV3.2 channel and promotes its
reinsertion into the membrane from the recycling endosome
(Aromolaran et al., 2009).

Acute downregulation of KLHL1 using shRNA results in
reduced calcium current densities and altered synaptic properties
in cultured hippocampal neurons (Perissinotti et al., 2014).
KLHL1 KO mice display similar alterations but they also exhibit
compensatory expression to sustain calcium current homeostasis
in hippocampal neurons, yet they still display synaptic alterations
(Perissinotti et al., 2015). Moreover, DRG neurons from
KLHL1 KO mice exhibit and uncompensated reduction of
CaV3.2 expression, resulting in reduced neuron excitability and
decreased sensitivity to pain (Martínez-Hernández et al., 2020).
Thus, deletion of KLHL1 results in differential alteration of
calcium currents and neuronal excitability depending on their
role in specific nervous system areas.

We recently reported that T-type channels are integral to the
signaling cascade that mediates increased excitability in POMC
neurons induced by leptin (the Jak2-PI3 kinase-PLCγ pathway).
T-type channels (CaV3.1 or CaV3.2) exist in a macromolecular
complex with TRPC1/5 channels. TRPC1/5 channel activity is
recruited by PLCγ, generating membrane depolarization, T-type
channel-initiated action potentials and increased excitability (Qiu
et al., 2010; Perissinotti et al., 2021).

Here we explored whether genetic ablation of KLHL1
leads to alterations in T-type channel function in the KLHL1
KO hypothalamus. We first assessed the expression levels of
TRPC and calcium channels, important targets in the feeding
control centers. We found that genetic elimination of KLHL1
resulted over-expression of T-type Cav3.1, increased T-type
channel function and neuronal excitability in cultured POMC
neurons. Although signaling to the nucleus and Akt/mTOR
signal transduction by leptin appear to be normal, the over-
expression of Cav3.1 channels circumvented the effect of leptin
on POMC neuron excitability, as their basal excitability was
already augmented. Leptin sensitivity was restored after partial
block of T-type channels with NNC-550396. KLHL1 KO mice
displayed adult obesity and abnormal re-feeding after overnight
fasting. This work further highlights the importance of T-type
channels on the leptin signaling cascade and POMC neuron
excitability; abnormally basal hyperexcitability may contribute to
the uncharacteristic responses to orexigenic and/or anorexigenic
signals observed in KLHL1-KO mice.

MATERIALS AND METHODS

The animal protocols used in this study were reviewed and
approved by an independent Institutional Animal Care and Use
Committee (IACUC 2016032). KLHL1-knockout (KLHL1-KO)
mice were generated in the Laboratory Medicine and Pathology
from the University of Minnesota (He et al., 2006). Mixed
background WT and KLHL1-KO mice (129S1/Sv-Oca2 C Tyr
C Kitl C C57BL/6) and EGFP-POMC+ mice [129S1/Sv-Oca2 C
Tyr C Kitl C C57BL/6-Tg (Pomc-EGFP)1Low/J] (The Jackson
Laboratory, RRID:IMSR_JAX:009593) were fed ad libitum on
standard pellet diet. No exclusion criteria were predetermined.

Altogether, 15 newborn pups were used for hypothalamic
cultures and 34 adult mice (male) for fasting experiments.
The study was not pre-registered. Experiments were conducted
in the afternoon.

Fasting experiments: Adult male mice (25–31 g, 18–21 weeks
old) were housed with ad libitum access to both food and water
in a controlled environment at 21.5–22.5◦C and 12 h light/dark
cycles. Experimental manipulations were implemented following
IACUC-approved protocols. Mice (WT, N = 19; KO, N = 15) were
fasted with access to water for 20 h (experiments were started at
2 PM) prior to ad libitum food access. Pre-fasting, post-fasting
and hourly weight after food reintroduction was monitored;
weight gain and food consumption were also examined after
reintroduction of food.

Cell Culture: Newborn pups (P0, no sex determination) were
killed by decapitation after cold-induced anesthesia to abolish
perception of pain. Their brains were rapidly removed and
whole hypothalami were dissected and cultured as described
(Perissinotti et al., 2014) and plated at a density of 25,000–
35,000/coverslip and kept in a 5% CO2 humidified atmosphere
at 37◦C. Each culture was generated from two independent
mice (electrophysiology data was generated from at least three
independent batches of cultures, N = 6 mice).

Biochemistry: All standard reagents were obtained from
Sigma (St. Louis, MO). Crude fractions were extracted from
WT or KLHL1-KO whole hypothalamus using standard
protocols (Florio et al., 1992). Primary antibody dilutions used:
α1G (CaV3.1), 1:1000 (Millipore, CA); α1H (CaV3.2), 1:2,000
(Sta. Cruz Biotechnology, CA); TRPC1 (1:200) and TRPC5
(1:200) (Alomone, Israel); Phospho-Stat3 (pSTAT3), 1:500 (Cell
Signaling Technology); phosphoinositide 3 phosphate (PI3K),
1:1000 (Cell Signaling Technology); phospho-PI3K (pPI3K),
1:1000 (Cell Signaling Technology); Leptin Receptor (LepRb),
1:1000 (Neuromics). GAPDH, 1:3000 (Enzo Life Science, NY)
was used as internal reference to normalize for protein
loading unless otherwise noted. Horseradish peroxidase (HRP)-
conjugated secondary antibodies were used (1:10,000; Pierce)
and developed with Supersignal Femto or West Dura (Pierce,
IL) before analysis with a UVP Bioimaging Epichemi3 system
(Upland, CA, United States). When necessary, Restore Western
Blot Stripping Buffer (Pierce, IL, United States) was used to
re-probe membranes.

Immunocytochemistry (IC): WT or KLHL1-KO neurons
at 9-11 DIV were prepared as described (Perissinotti et al.,
2014). Primary antibody dilutions: CaV3.1 1:200 (Alomone)
and 1:50 (Millipore); CaV3.2 1:5 (supernatant, NeuroMab) and
1:200 (Sta. Cruz); POMC 1:200 (Novus); agouti-related peptide
(AgRP), 1:200 (Sta. Cruz). Secondary antibodies: Alexa-594 and
–647, 1:2,000 (Molecular Probes, Eugene, OR, United States).
Image acquisition was done using a Multiphoton Leica TCS
SP5 microscope and analyzed with ImageJ freeware (NIH)
(Schneider et al., 2012).

Electrophysiology: Whole-cell patch clamp recordings were
performed from WT or KLHL1-KO cultured hypothalamic
neurons from 8-10 DIV. Hypothalamic neurons were recorded
in external solution containing (in mM) 135 NaCl, 5 KCl, 2
CaCl2, 1 MgCl2, 10 HEPES, 10 glucose and intracellular solution
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containing (in mM) 110 K-gluconate, 20 KCl, 2 MgCl2, 1 EGTA,
10 HEPES, 2 ATP-Mg, 0.25 GTP-Li and 10 phosphocreatine-
Tris. Pipette resistances were 3.2–4.5 M�. Cells with series
resistance (Rs) < 20 M� were used; Rs was compensated online
(>80%). Data was acquired with and analyzed with pClamp 10
software (Molecular Devices). Cell capacitance was measured
as described (Perissinotti et al., 2015). Drugs: NNC-550396
dihydrochloride and leptin were purchased from Tocris (Bristol,
United Kingdom).

Current-Voltage Relationships (I–V Curves) were performed
as described in Perissinotti et al. (2015) and Bean (1985). Briefly,
currents were elicited from a holding potential (VH) = −90 mV
(or –50) and depolarized for 150 ms to a test potential (VT) =−70
to+ 60 mV, in 10 mV increments.

Current kinetics: Current activation and inactivation were
assessed by stepping the neuron from VH =−90 mV to VT =−50
to −20 mV for 150 ms. The rate of activation was estimated
from the current rise time from 10 to 90% of its maximum value
(rise time 10–90%); these measurements were favored over the
calculation of the time constant of activation (τon) to minimize
the contribution of the inactivation process on the activation rate
value. Time constant of inactivation (τoff) was obtained from
mono-exponential fits. Current deactivation τ was measured by
fitting with a mono-exponential function the decaying phase of
tail currents elicited from VH = −90 mV to VT = −30 mV and
back to VT =−60 to−140 mV.

Steady-state analysis: Steady-state activation (SSA) was
analyzed with protocols stepping from VH = −90 (or –50)
mV to VT = −90 to 0 mV (1V = 10 mV) for 12 ms
followed by repolarization to –100 mV to evoke inward tail
currents. Data were fitted by a single Boltzmann function
of the form Imax/[1 + exp (V50−V)/k] + m, where Imax is
maximal current, V50 is half-voltage of activation, k is slope
factor, and m is baseline. Steady-state inactivation (SSI) was
determined by stepping the membrane potential to various pre-
pulse voltage levels (Vpre = −110 to 0 mV, 1V = 10 mV) for
1 s before depolarization to a fixed test level (–30 mV) to
evoke channel opening. The resulting data were also fitted to a
Boltzmann function.

The following equation was used to calculate the theoretical
steady-state current (Istst): Istst = G (VH) ∗ I/Imax (VH) ∗ (VH –
50 mV), where Istst is the current in the steady-state or “window
current,” G is the conductance at holding voltage VH that
was obtained experimentally using the state activation (SSA)
protocol and adjusted to a Boltzmann equation (not normalized),
I/Imax is the fraction of T-type channels available at holding
voltage VH that was obtained experimentally from the steady
state inactivation (SSI) protocol and adjusted to a Boltzmann
equation, and 50 mV is the estimated reversal potential for
calcium (Bijlenga et al., 2000; Lambert et al., 2014; Rivero-Echeto
et al., 2021). Reversal potential for Ca2+ ions (ECa) was calculated
from current-voltage (I-V) curves.

Recovery from inactivation: T-type channel recovery from
inactivation was studied with a paired-pulse protocol. T-type
current was inactivated with a 400 ms pulse to −30 mV; a
second 50 ms pulse to −30 mV was applied to assess recovery
after a variable recovery period at VH = −90 mV. Data was

plotted as recovery time vs.% recovery; values were fitted with
a double exponential function and a weighted tau (τW) was
calculated according to: τW = A∗τ1 + B∗τ2, where A and B are
preexponential values that refer to the fraction of channels that is
recovered with a given τ; A+ B = 1.

Calcium influx: Calcium influx was determined by the current
integral evoked by an action potential (AP). The AP waveform
consisted of a digitized action potential with a resting potential
of −70 mV, an upstroke of 116 mV/ms to a peak voltage
of +50 mV, followed by a repolarizing slope at −65 mV/ms
to a hyperpolarizing potential of −90 mV. The repolarization
from after-hyperpolarization slope was 0.78 mV/ms to resting
conditions. In a set of experiments (WT or KO-like ramps
experiments) the action potential was preceded by a rate of
membrane depolarization and a rheobase similar to that recorded
in current clamp configuration in WT or KLHL1-KO neurons
in response to a ramp rate of 20 pA/s. Influx normalization by
capacitance was not necessary as it produced similar results as
without normalization. The LVA component was isolated by the
subtraction method; these protocols were applied from VH of
−50 or −90 mV prior to clamping the voltage at −70 mV for
10 ms before the triggering of the AP, so no changes in the driving
force should be expected.

Resting membrane potential (RMP): RMP was recorded in
continuous trace mode without current injection for 20 s and
averaged; voltages were corrected for liquid junction potentials.

Spontaneous burst analysis: RMP was recorded for 10 min.
and spontaneous APs were identified for burst analysis using
the Poisson surprise algorithm with a minimum burst surprise
value of 5 to obtain the Poisson surprise value, burst length,
spike number (n > 3), intra-burst frequency and mean intra-
burst interval (Grace and Bunney, 1984; Legendy and Salcman,
1985; Sachdev et al., 1991; Wichmann and Soares, 2006).

Input resistance: Whole cell input resistance (Rin) was
determined after setting the membrane potential to −60 mV in
response to a−60 pA current step.

Membrane excitability: AP discharges were triggered by 3
consecutive depolarizing ramps at rates of 20, 40m and 60 pA/s
(1.5 s duration) from a presetting membrane potential of −75
mV (Balasubramanyan et al., 2006; Lu et al., 2006). The rheobase
was determined as the minimum amount of current required for
firing an action potential.

Shape of single AP: APs were evoked from a presetting voltage
of −50 mV (to avoid T-type current activation) by a 3 ms-long
rectangular pulse in steps of 50 pA.

Statistical Analysis
These experiments were exploratory with no pre-determined
endpoint and no data was excluded from the analyses. No
blinding, no randomization, and no sample size calculation
were performed. All measurements were done in at least three
independent cell cultures. Results are presented as mean ± SEM.
The parameter “n” indicates number of cells unless otherwise
stated and “N” the number of animals. No test for outliers
has been applied. The normality of data distribution was
assessed by the Kolmogorov-Smirnov test. Statistical analysis
was performed with the Sigma Plot 11 Software. Statistical
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significance (P < 0.05) was determined using either one/two-
way analysis of variance (ANOVA) with Fisher LSD’s post hoc
test for comparisons between multiple groups or an independent
samples t-test for comparisons between two groups. Statistical
significance (P < 0.05) for two proportions was determined using
the Z-test.

RESULTS

KLHL1 Deficiency Leads to
Up-Regulation of CaV3.1 α1G T-Type
Channels in the Hypothalamus
The hypothalamus plays an important regulatory role in
feeding, TRPC1/5 and CaV3.1/2 (α1G/α1H) channels are crucial
components in the signal transduction pathway induced by
leptin that leads to neuronal excitability (Figure 1A; Qiu et al.,
2010; Perissinotti et al., 2021). We explored the expression
levels of these channels in the KLHL1-KO hypothalamus, as this
mice model displays compensatory changes in calcium channel
expression and excitability in other brain areas. As seen in
Figure 1B, no changes in TRPC1/5 levels were observed in
the KLHL1 KO compared to WT (P > 0.05, t-test). However,
KLHL1-KO mice displayed a considerable increase in CaV3.1
α1G channel expression and no statistical changes in the levels
of CaV3.2 (Figure 1B, P < 0.05, t-test).

We next explored other key leptin signaling molecules
to assess additional leptin intracellular signaling pathways
(Figure 1C). We probed the expression levels of LRb receptor,
as well as STAT3 and PI3K phosphorylation levels as reporters
of non-electrical signaling pathways of leptin such as signaling to
the nucleus and Akt/mTOR pathway activation (Buettner et al.,
2006; Williams et al., 2011). No changes in leptin receptor levels
or its downstream effectors were observed in the KLHL1-KO
compared to WT hypothalamus (Figure 1C, P > 0.05, t-test).

Larger T-Type Channel Expression in
KLHL1-KO Leads to Increased T-Type
Current Density
Enhanced T-type channel expression could lead to abnormal
oscillatory responses; thus, we characterized and assessed the
impact of increased hypothalamic CaV3.1 protein expression
on POMC neuron function and their electrical responses to
leptin, which positively regulates these neurons. Cultured
hypothalamic neurons were studied from 8-10 days in vitro
(DIV). Immunocytochemistry analysis from KLHL1-KO
(KLHL1−/−) cultures yielded similar results to our previous
analysis of WT neurons (Perissinotti et al., 2021). From a total
of 44 neurons, the distribution of POMC+ vs. AgRP+ neurons
was 89 vs. 11% (P < 0.05, Z-test, Figure 2A). Figure 2B shows
a representative bright-field microscopic image of cultured
hypothalamic neurons and a representative confocal ICC image,
depicting a cluster of POMC-positive neurons in an area of
comparable size. Figures 2C,D corroborate the expression of
CaV3.1 and CaV3.2 in KLHL1-KO POMC neurons (no changes

in the cellular distribution of channels were observed among WT
and KO neurons).

We analyzed the response to leptin in a subset of WT
pyramidal neurons using electrophysiology (other neuronal
morphologies were not explored); from a total of 19 neurons,
79% responded positively to leptin (excitable), 5% were inhibited
and 16% did not respond (Figure 2E), as we previously
reported (Perissinotti et al., 2021). Neuron cultures from
KLHL1−/−/EGFP-POMC+/− mice were used to verify the
identity of POMC neurons (Figure 2F). Ca2+ current properties
from WT and KLHL1-KO neurons are shown in Figure 2G;
average traces of low-voltage activated (LVA) and high-voltage
activated (HVA) currents were elicited by depolarizing steps from
VH = −90 or −50 mV, respectively. Note that LVA currents
(red traces) were larger in KLHL1-KO neurons compared to
WT, whereas no changes were observed in the HVA component.
Overall, total T-type current density was 40% larger in KLHL1-
KO neurons (6.2 ± 0.9 vs. 8.7 ± 0.8 pA/pF at −30 mV,
P < 0.05, t-test) (Figure 2E), corrobating a functional increase
in these currents as suggested by the increased protein levels
(Figure 1B). We defined three distinct groups of neurons
according to their I-V curves: neurons that expressed only high-
voltage activated (HVA) current (ILVA peak = 0 pA/pF in the
histogram in Figure 2H, right), neurons that expressed HVA and
low LVA current density levels (LD, ILVA peak < 6 -pA/pF) and
neurons that expressed HVA and high LVA current density (HD,
ILVA peak from 6 to 20 -pA/pF). The incidence of neurons with HD
LVA was much larger in KLHL1-KO neurons (66.7% vs. 39.3% in
WT; P < 0.05, Z-test; Figure 2I).

Biophysical analysis of T-type calcium currents (Figure 3)
depicts changes consistent with an overexpression of the
α1G component (CaV3.1) in KLHL1-KO neurons. As seen in
Figure 3A, the rise time of activation from –40 to –20 mV
was significantly smaller (faster); for instance, the rise time at
−40 mV was 10.9 ± 0.9 ms in WT compared to 7.9 ± 0.6 ms
in KLHL1-KO neurons (P < 0.05, t-test). The time constant of
inactivation was different at two voltages only (−30 and −40
mV (WT, 33.9 ± 2.7 ms vs. KO, 25.5 ± 2.2 ms at −40 mV),
Figure 3B; P < 0.05, t-test). Recovery from inactivation (RFI)
was faster in KLHL1-KO neurons (τW,KLHL1−KO = 204 ± 15 ms
vs. τW,WT = 305 ± 33 ms, P < 0.05, t-test, Figure 3C). The
current deactivation time constant was slower in KLHL1-KO
neurons (Figure 3D) at all ranges tested (e.g., τdeactivation,−60mV
was 4.8 ± 0.4 ms for WT and 6.4 ± 0.5 ms for KLHL1-KO
neurons). Lastly, steady-state analysis shows that V50 values for
activation (SSA) and inactivation (SSI) were both discretely but
significantly shifted ∼−2 mV in KLHL1-KO compared to WT
neurons (Figure 3E; P < 0.05, t-test). SSA V50 was −41.8 ± 0.7
mV in WT (Perissinotti et al., 2021) compared to −44.3 ± 0.9
mV in KLHL1-KO (P < 0.05, t-test); no change in the slope
factor k was observed (5.2 ± 0.3 for WT and 5.1 ± 0.3 for
KO). Comparably, SSI V50 changed from −65.4 ± 1.0 mV
in WT (Perissinotti et al., 2021) to −67.5 ± 0.7 mV in KO
(P < 0.05, t-test), and the slope factor k changed from 7.1 ± 0.5
to 6.1 ± 0.2 (P < 0.05, t-test). Accordingly, the changes in
the steady-state activation and inactivation curves in KLHL1-
KO neurons resulted in a ∼−4 mV shift in the cross point of
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FIGURE 1 | Overexpression of CaV3.1 T-type calcium channels in KLHL1-KO mice hypothalamus. (A) Pleiotropic signaling of leptin in POMC hypothalamic neurons.
Leptin binding to its receptor LRb results in the downstream activation of JAK2. STAT3 is subsequently phosphorylated and mobilized to the nucleus resulting in de
novo gene expression. Activation of insulin receptor substrate (IRS) stimulates Akt- and mTOR pathways via activation of phosphorylated PI3K and the production of
PIP3. The activation of PLCλ1 by PIP3 mediates the activation of TRPC1/5 channels, recruiting T-type CaV3.1/2 channels thought membrane depolarization.
(B) Western blot analysis from hypothalamic extracts assessing TRPC1, TRPC5, CaV3.2 and CaV3.1 channel levels; CaV3.1 protein levels are doubled in KLHL1-KO
hypothalamus. Bars show densitometric quantification normalized to GAPDH. Data represent means ± S.E.M (TRPC1, n = 3 each; TRPC5, n = 4 each; CaV3.2,
n = 5 each; CaV3.1, n = 5 each). *P < 0.05, t-test, t = 2.230, df = 8. (C) Western blot analysis from hypothalamic extracts assessing LRb, pPI3K and STAT3 levels.
Bars show densitometric quantification normalized to GAPDH or PI3K. Data represent means ± SEM (n = 4 each; pSTAT3 n = 3 each).

the window currents (shaded area under the steady-state curves,
Figure 3D).

Intrinsic Properties of KLHL1-KO
Hypothalamic Neurons
As shown in Figure 4A, the RMP of KLHL1-KO neurons
was depolarized by ∼2 mV compared to WT (P < 0.05,

t-test). We calculated the T-type window current using
the steady-state activation and inactivation curves fitting
parameters (Bijlenga et al., 2000; Lambert et al., 2014;
Perissinotti et al., 2021; Rivero-Echeto et al., 2021). Figure 4B
depicts T-type window currents as function of voltage. The
superimposed dashed lines show interpolated values for
RMP (Y-axis), pinpointing the T-type steady-state current
at the respective RMP. Steady-state window currents
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FIGURE 2 | Up-regulation of T-type current density in KLHL1-KO hypothalamic neurons. (A) Distribution of POMC+ and AGRP+ neurons in culture (the total neuron
number was not assessed). (B) Left: Bright-field image of cultured hypothalamic KLHL1-KO neurons at 10 DIV. Right: Example of confocal image showing positive
POMC+ neurons (blue). (C,D) Detection of T-type α1G (CaV3.1, red) and T-type α1H (CaV3.1, green) in POMC neurons. Bar size, 20 µm. (E) Summary of
electrophysiology responses in KLHL1 KO hypothalamic cultured neurons. (F) Detection of POMC+ neurons using neurons from KLHL1 KO mice crossed-bred with
mice displaying EGFP+ expression driven by the POMC promoter. (G) Average current traces obtained using the square voltage protocols shown. LVA refers to
low-threshold activated calcium currents (T-type, CaV3 channels). HVA refers to high-threshold activated calcium channels. (H) Average current-voltage relationship
(I-V curve) profiles in WT (n = 26) and KLHL1-KO (n = 28) hypothalamic neurons obtained from VH of –90 mV (left) or a VH of –50 mV (right), *P < 0.05 (from –60 to 0
mV), t-test; for –30 mV: t = 2.183 (df = 52). (I) Left: Comparison of the relative contribution of each neuronal group found: HVA, neurons expressing only high-voltage
activated current; LVA (LD) + HVA, neurons expressing HVA and low LVA current density levels (LD, ILVA peak < 6 -pA/pF); and LVA (HD) + HVA, neurons expressing
HVA and high LVA current density (HD, ILVA peak from 6 to 20 -pA/pF). *P < 0.05, Z- test. Right: LVA current density histogram fitted with superimposed Gaussian
functions.
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FIGURE 3 | LVA current properties. (A) Activation kinetics. Time taken by the current to change from 10% to 90% [Rise time (10–90%)] as function of voltage for WT
(n = 21) and K-LHL1-KO (n = 26) neurons. *P < 0.05, t-test, for –40 mV: t = 2.723 (df = 45), for –30 mV: t = 2.743 (df = 45) and for –20 mV: t = 2.735 (df = 45).
(B) Time constant of inactivation (τinactivation) as function of voltage for WT (n = 21) and KLHL1-KO (n = 25) neurons. *P < 0.05, t-test, for –40 mV: t = 2.432 (df = 45),
for –30 mV: t = 1.807 (df = 45). (C) Right: Trace examples of recovery rate from inactivation. Left: % recovery vs. recovery time (n = 10 for WT and n = 11 for KLHL1
KO). Inset: Recovery time constant (τW) values. *P < 0.05, t-test, t = 2.719 (df = 19). (D) Time constant of deactivation (τdeactivation) for WT (n = 16) and KO (n = 23)
neurons. *P < 0.05 at all voltage tested, t-test: t = 2.515 (–60 mV), t = 2.488 (–70 mV), t = 2.419 (–80 mV), t = 2.666 (–90 mV), t = 2.405 (–100 mV), t = 2.757 (–110
mV), t = 2.837 (–120 mV), t = 2.433 (–130 mV), df = 37. (E) SSA and SSI. SSA values obtained for WT: V50 = –41.8 ± 0.7 mV and k = 5.2 ± 0.3 (n = 22),
KLHL1–KO: V50 = –44.3 ± 0.9 mV* and k = 5.1 ± 0.3 (n = 27). *P < 0.05, t-test, t = 2.090 (df = 47). SSI values for WT neurons: V50 = –65.4 ± 1.0 mV,
k = 7.1 ± 0.5 (WT, n = 21); KLHL1 KO: V50 = –67.5 ± 0.7 mV* and k = 6.1 ± 0.2* (n = 27). *P < 0.05, t-test, t = 1.736 for V50 and t = 2.251 for k, df = 46.

displayed a leftward shift in KLHL1-KO neurons (P < 0.05,
Two-way ANOVA). Noticeably, the steady-state calcium
current at the RMP was ∼2.3 times larger for KLHL1-KO
than WT neurons.

The presence of window currents is related to spontaneous
firing pattern and neuronal excitability; indeed, the percentage

of POMC neurons displaying spontaneous firing of action
potentials was 31% (10 of 35) in WT compared to 54% (21
of 39) in KLHL1-KO (P < 0.05, Z-test). The firing pattern
was different in KO neurons, displaying lower mean-intraburst
interval (1.1 ± 0.3 s for WT vs. 0.5 ± 0.1 s for KO) and higher
intra-burst frequency compared to WT (P < 0.05, t-test). No
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FIGURE 4 | Increased T-type window currents and burst-firing patterns in
KLHL1-KO neurons. (A) Resting membrane potential (RMP) in WT (n = 24)
and KLHL1-KO (n = 23) neurons. *P < 0.05, t-test, t = 2.120 (df = 45).
(B) T-type steady-state currents in WT (n = 18) and KLHL1-KO (n = 23)
neurons. Window currents were calculated for each recording neuron from the
SSA and SSI curves fitted to a Boltzmann function; SEM is indicated in gray.
The steady-state current at the RMP (empty red box plot) is indicated for both
genotypes. *P < 0.05, Two Way ANOVA, F1,139 = 13.468 (from –50 to –80
mV). There is a statistically significant interaction between the genotype and
the voltage (F11,420 = 2.300) (from –20 to –80 mV). (C) Top: Example of firing
patterns in WT and KLHL1-KO neurons. Botton: Mean-intraburst interval,
frecuency and duration of the burst activity. *P < 0.05, t-test, t = 3.770 for
mean-intraburst interval and t = 1.900 for frequency (df = 18, n = 8 for WT,
n = 12 for KLHL1 KO).

significant difference in the burst duration was observed between
genotypes (P < 0.05, t-test) (Figure 4C).

Membrane excitability was assesed using depolarizing current
ramps (20, 40, and 60 pA/s) from a preset membrane potential
of ∼–75 mV to circumvent spontaneous firing. Of note, cell
capacitance, input resistance and the shape of single APs were
indistinguisable between WT and KLHL1-KO neurons (Table 1).
Figure 5A shows examples of the AP firing evoked at 20 and
40 pA/s ramp rates in WT and KLHL1-KO neurons. Note that
a large low-threshold spike (LTS) response was elicited by the
20 pA/s ramp rate in KLHL1-KO neurons. In contrast, a faster
ramp rate (40 pA/s) was necessary to evoke such response
in WT neurons. A LTS response refers to a large membrane
depolarization mediated by an increase of T-type calcium
conductance. These results are in line with the high T-type
current density observed in KLHL1-KO cultures (Figures 2–
4). To quantitatively analyze the voltage responses to the
current ramps, three different measurements were calculated: the
rheobase, the number of APs triggered, and the rate of membrane
potential depolarization preceding the first AP (i.e., the slope
of depolarization, 1V/1t) (Figure 5A) (Perissinotti et al., 2021).

TABLE 1 | Passive and active properties of WT and KLHL-1 KO
hypothalamic neurons.

WT KLHL1 KO

Passive properties

Rin (G�) 1.52 ± 0.10(47) 1.40 ± 0.09(45)

Cm (pF) 24.5 ± 2.2(26) 26.8 ± 2.0(28)

Action potential

Peak (mV) 42.1 ± 3.9(12) 49.5 ± 2.7(12)

Duration at base (ms) 8.3 ± 0.7(12) 10.2 ± 1.4(12)

Rise time (ms) 5.2 ± 0.5(12) 4.9 ± 0.2(12)

Fall time (ms) 3.1 ± 0.3(12) 5.3 ± 1.5(12)

AHP depth below Vm (mV) 5.9 ± 0.8(12) 6.1 ± 1.3(12)

AHP duration to 50% (ms) 72.2 ± 19.0(12) 54.9 ± 15.8(12)

AHP, after-hyperpolarization. The input resistance (Rin), the capacitance (Cm) and
the shape of single action potential in hypothalamic neurons were not significantly
different between genotypes.
P > 0.05, t-test.

All the data indicates increase excitability in KLHL1 KO neurons.
The rheobase was ∼25% lower in KLHL1-KO neurons than WT
across all ramp rates tested (P < 0.05, t-test). Similarly, the
number of action potentials was increased by∼50% at ramp rates
of 20 and 40 pA/s in KLHL1-KO neurons (P < 0.05, t-test).
In addition, the rate of membrane depolarization was ∼2 times
faster in KLHL1-KO than WT mice (58.3 ± 5.3 vs. 28.0 ± 2.6
mV/s for a ramp rate of 20 pA/s; P < 0.05, t-test).

Due to the unique biophysical properties of T-type currents,
their contribution is noticeable during an action potential, as
seen in Figure 5B (left trace), where the LVA calcium influx
in response to an action potential waveform (APW) was 72%
larger in KLHL1-KO neurons (P < 0.05, t-test). Faster rates of
membrane depolarization favor T-type channel activity because
they induce less current inactivation prior to activation of an
action potential (Gutierrez et al., 2001). To determine whether
differences in the T-type channel recruitment yield the observed
alterations in membrane excitability between genotypes, we
determined LVA calcium influx in: (1) WT neurons during an
AP preceded by a slow rate of membrane depolarization with a
rheobase similar to that observed in WT neurons in response
to a ramp rate of 20 pA/s (“WT-like ramp,” 1V/1t ∼30 mV/s,
rheobase ∼20 pA), and (2) KLHL1-KO neurons during an AP
preceded by a fast rate of membrane depolarization with a
rheobase similar to that observed in KLHL1-KO neurons in
response to a ramp rate of 20 pA/s (“KO-like ramp,” 1V/1t
∼60 mV/s, rheobase ∼14 pA) (Figure 5B). The KO-like ramp
protocol favored T-type channel recruitment (red arrow) and
produced greater LVA calcium influx during an action potential
in KLHL1-KO neurons. In contrast, a WT-like protocol recruited
less T-type channels, producing a small LVA-mediated calcium
influx during an action potential in WT neurons. In average,
KLHL1-KO neurons displayed ∼4.5 times more LVA calcium
influx than WT neurons (P < 0.05, t-test, Figure 5B, right
panel). Furthermore, application of micromolar concentrations
of T-type blocker NNC 55-0396 (10 µM) to KLHL1-KO neurons
increased the rheobase level, slowed down the rate of membrane
depolarization and reduced the triggered number of APs in
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FIGURE 5 | Increased membrane excitability in KLHL1-KO neurons. (A) Top: Examples of neuronal firing elicited from VH = –75 mV by a 20 and 40 pA/s ramps in
WT and KLHL1-KO neurons. Red arrows indicate low-threshold spike (LTS) responses. Bottom: Rheobase (pA), number of action potentials and rate of membrane
potential depolarization (Slope = 1V/1t, mV/s, see panel A in response to 20, 40 and 60 pA/s ramps) in WT (n = 24, 24, 12) and KLHL1-KO (n = 28, 28, 24)
neurons. *P < 0.05, t-test. Rheobase: t = 2.924 for 20 pA/s, t = 3.107 for 40 pA/s, t = 2.155 for 60 pA/s, df = 50. AP number: t = 2.607 for 20 pA/s, t = 2.428 for 40
pA/s, df = 50. Slope: t = 2.481 for 20 pA/s, t = 2.108 for 40 pA/s, df = 34. (B) Left: Average traces of T-type LVA currents elicited by an action potential waveform
(1V/1t = 0 mV/s, APW protocol). Center: Isolated LVA component traces elicited by action potentials preceded by a slope and a rheobase representative of either
WT (WT-like ramp, 1V/1t = 30 mV/s, rheobase = 20 pA) or KLHL1-KO neurons (KO-like ramp, 1V/1t = 60 mV/s, rheobase = 14 pA). The KO-like ramp protocol
favors T-type channel recruitment (red arrow). Right: Average LVA current integral in WT and KLHL1-KO neurons. *P < 0.05, t-test. APW protocol: t = 3.241
(df = 52, n = 25 for WT, n = 29 for KLHL1 KO). WT- or KO-like ramp protocols: t = 4.372 (df = 9, n = 6 for WT, n = 5 for KLHL1 KO). (C) Quantification of rheobase
(pA), number of action potentials and rate of membrane potential depolarization (Slope = 1V/1t, mV/s) in WT (n = 24, 24, 12), KLHL1-KO (n = 28, 28, 24) and NNC
55-0396 (10 µM)-treated KLHL1-KO (n = 8, 10, 9) neurons in response to 20 pA/s ramps. *Significantly different from WT and NNC-treated KLHL1-KO neurons.
P < 0.05, ANOVA. Rheobase: F2,57 = 6.743, AP number: F2,59 = 8.004, Slope: F2,42 = 6.029.
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response to a ramp rate of 20 pA/s, comparable to WT neurons
(P < 0.05, t-test, Figure 5C).

Leptin Resistance in KLHL1-KO Neurons
So far, we found T-type channel overexpression in KLHL1-
KO hypothalamus leads to increases currents and membrane
excitability in POMC neurons. It is well-established that POMC
neurons increase their excitability in response to administration
of nanomolar levels of leptin through the activation of TRPC
channels (Qiu et al., 2010, 2011, 2014). We recently reported
that TRPC1/5-CaV3.1/2 complexes mediates leptin-induced
excitability in WT POMC neurons (Perissinotti et al., 2021).
Therefore, we next analyzed the leptin-mediated effects on
membrane excitability on KLHL1-KO hypothalamic neurons.

Leptin induces increased membrane excitability in response
to ramp rates of 20, 40 and 60 pA/s in WT neurons
(Perissinotti et al., 2021). Remarkably, using the same ramp
protocol, no differences in the rheobase, the number of
APs and the rate of membrane depolarization were observed
between untreated neurons (control) and leptin-treated KLHL1-
KO neurons (Figures 6A,B); suggesting that the excitability
in KLHL1-KO neurons may have reached a plateau under
basal conditions. To test this assumption, we studied whether
decreasing excitability of KLHL-KO neurons could restore leptin
sensitivity. T-type channels were partially inhibited with low
concentration of NNC 55-0396 (30 nM) to decrease their
membrane excitability. The resulting rheobase, AP number and
membrane depolarization rate of KLHL1-KO neurons were
indistinguishable from WT neurons (P > 0.05, t-test, Figure 7A).

FIGURE 6 | Electrical Resistance to leptin in KLHL1 KO neurons.
(A) Examples of neuronal firing elicited from VH = –75 mV by a 20 pA/s ramp
in control and leptin-treated (100 nM) KLHL1-KO neurons. Light blue and
orange lines indicate the rheobase before and after the addition of leptin,
respectively. (B) Left: Rheobase (pA), number of action potentials and rate of
membrane potential depolarization (Slope = 1V/1t, mV/s) in response to 20,
40 and 60 pA/s ramps in KLHL1 KO control (n = 28, 28, 25) and leptin-treated
(n = 14, 14, 13) neurons. WT neuron behavior is shown for comparison (from
Perissinotti et al., 2021). *Significantly different from control, P < 0.05, t-test.

Moreover, this partial blockade of T-type currents restored leptin
sensitivity to similar levels to those observed in WT neurons
(P < 0.05, t-test, Figure 7A). Figure 7B shows leptin effects
on membrane excitability in response to ramp rates of 20, 40

FIGURE 7 | Resistance to leptin in KLHL1 KO neurons is restored by partial
blockade of T-type currents. (A) Leptin effect on rheobase (pA), number of
action potentials and rate of membrane potential depolarization
(Slope = 1V/1t, mV/s) in WT (control, n = 24, 24, 15; + leptin, n = 18, 19, 16)
and [NNC (30 nM)]-treated KLHL1-KO (control, n = 7, 7, 7; + leptin, n = 7, 7,
7) neurons in response to a ramp rate of 20 pA/s. NS, no significant difference
between WT and [NNC (30 nM)]-treated KLHL1-KO, P > 0.05, t-test.
*Significantly different from its respective control), P < 0.05, t-test. WT:
Rheobase: t = 3.285 (df = 40), AP number: t = 2.257 (df = 41), Slope:
t = 5.059 (df = 29). [NNC (30 nM)]-treated KLHL1-KO: Rheobase: t = 2.368
(df = 12), Slope: t = 2.362 (df = 12). (B) Left: Examples of neuronal firing in
KLHL1-KO neurons preincubated with NNC (30 nM) before and after the
addition of leptin [NNC (30 nM) + leptin (100 nM)]. VH = 75 mV, AP triggering
was elicited by a 20 pA/s ramp. Light blue and orange lines indicate the
rheobase in the NNC treatment and after the addition of leptin ([NNC + leptin]
treatment). Right: Rheobase (pA), number of action potentials and rate of
membrane potential depolarization (Slope = 1V/1t, mV/s) in response to 20,
40 and 60 pA/s ramps in [NNC (30 nM)]-treated (n = 7), [NNC (30
nM) + leptin]-treated (n = 7) and [NNC (10 µM) + leptin]-treated (n = 5)
KLHL1-KO neurons. *Significantly different from NNC (30 nM) and [NNC
(10 µM) + leptin]. #Significantly different from NNC (30 nM) and [NNC (30
nM) + leptin]. $Significantly different from [NNC (10 µM) + leptin]. P < 0.05,
ANOVA. Rheobase: F2,16 = 3.867 for 20 pA/s, F2,16 = 4.188 for 40 pA/s and
F2,16 = 3.648 for 60 pA/5. AP number: F2,16 = 8.550 for 20 pA/s,
F2,16 = 4.081 for 40 pA/s. Slope: F2,16 = 5.908 for 20 pA/s, F2,16 = 6.832 for
40 pA/s, F2,14 = 4.770 for 60 pA/s.

Frontiers in Neuroscience | www.frontiersin.org 10 September 2021 | Volume 15 | Article 718464114

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


fnins-15-718464 September 6, 2021 Time: 14:37 # 11

Perissinotti et al. Cav3.1 Overexpression Bypasses Leptin-Induced Excitability

FIGURE 8 | Increased body mass and abnormal fasting response in KLHL1 KO mice. (A) Body mass plotted against mice age for WT (black circles, n = 4–10) and
KLHL1 KO (gray circles, n = 4–9). *Significantly different after the 12th week, P < 0.05, Two-Way ANOVA, F1,183 = 58.84. (B) Fasting experiment protocol: adult
male WT and KLHL1-KO mice were fasted for 20 h. Weight gain and food consumption were examined hourly after food reintroduction (t = 0) for three hours. Food
intake normalized by weight ratio was calculated after food reintroduction: 1h (WT, KO; n = 15, 11), 2h (WT, KO; n = 10, 7) and 3h (WT, KO; n = 5, 5). *P < 0.05,
t-test; 1h: t = 2.004, df = 24; 3h: t = 5.451, df = 8. (C) Reciprocal control of satiety and feeding centers: The black arrows depict a simplified version of the reciprocal
control occurring between the feeding (yellow) and the satiety (green) circuits in hypothalamic nuclei involved in the regulation of energy homeostasis: Arcuate (ARC),
paraventricular (PVN) and ventromedial (VMH) and lateral hypothalamic area (LHA). The hyper-excitable and increased depolarized state of POMC neurons could
counteract the inhibitory action of NPY, permitting the activation of both satiety and feeding centers, dampening the food intake post-starvation (red). On the other
hand, continued hyper-excitability in KLHL1 KO POMC neurons would lead to increased α-MESH release onto MC4R neurons, likely causing long-term
desensitization and impairing the satiety response, which would contribute to the obesity phenotype (blue).

and 60 pA/s in [NNC (30 nM)]-treated KLHL1-KO neurons.
Leptin increased membrane excitability across all ramps tested.
As expected, further application of micromolar concentrations
of NNC 55-0396 (10 µM) prevented leptin-mediated effects on
membrane excitability, confirming the role of LVA channels in
this process. Overall, the data show the electrical efficacy of
leptin depends on the neuron’s basal excitability level; the larger
T-type LVA current activity seen in KLHL1-KO POMC neurons
increases their excitability to a plateau level which cannot be
further enhanced by the presence of leptin; causing electrical
resistance to leptin (i.e., loss of electrical sensitivity lo leptin) that
is completely reversible upon partial blockade of T-type channels.

Systemic Deletion of KLHL1 Results in
Increased Body Weight and Altered Food
Ingestion
Leptin is a key hormone in the regulation of energy balance and
plays an essential role in energy homeostasis (Ahima et al., 1996).

We assessed the body mass changes of KLHL1-KO mice
with age, they displayed significant increases compared to
WT after week 12 (Figure 8A, P < 0.05, Two-way ANOVA)
suggesting abnormal energy intake/expenditure balance. We
used a starvation-refeeding paradigm as a quick appraisal of
whether the mice would respond normally to increased levels of
leptin after refeeding. We performed a 20-hr fasting experiment
followed by exposure to normal chow at libitum (Figure 8B; Scott
et al., 2009; Liu et al., 2012). Pre-, and post-fasting weight after
food reintroduction was monitored for three hours. Both mice
cohorts lost similar amounts of weight after fasting (∼10%, not
shown). As expected, WT mice displayed sizable food ingestion
during the first hour exposed to nourishment, which tapered
by the second and third hours exposed to food ad libitum,
indicating a normal anorexigenic response to leptin. However,
when presented with food at libitum, food consumption in the
KLHL1-KO cohort was slower than in WT mice (Figure 8B,
P < 0.05, t-test), suggesting that KLHL1-KO mice were less
sensitive to starvation, displaying abnormal hunger responses.
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DISCUSSION

This study provides new insights into the importance of
T-type channels in the leptin signaling cascade leading to
membrane excitability in POMC hypothalamic neurons. We
previously reported that TRPC1/5-CaV3.1/2 complexes mediate
leptin-induced excitability in POMC neurons (Perissinotti
et al., 2021), here we show that over-expression of the pore-
forming α1G subunit of the T-type CaV3.1 channel in the
KLHL1-KO mice altered their basal excitability, rendering
them electrically unresponsive to leptin. Leptin responses were
fully restored by partial blockade of T-type channels. Neither
leptin receptor (LRb) nor downstream effectors (STAT3, PI3K
phosphorylation, TRPC1/5 channels) were altered in the KLHL1-
KO hypothalamus.

T-type calcium channels are widely distributed in the
hypothalamus (Qiu et al., 2006). mRNA and protein levels of
the α1G subunit of the Cav 3.1 channel are highly expressed;
whereas α1H and α1I subunits (of Cav 3.2 and Cav 3.3 channels,
respectively) are also present but at much lower levels (Craig
et al., 1999; Talley et al., 1999). The role of T-type channels
is well established, they are expressed in several nuclei and
help control neuronal excitability. ARC neurons containing
neuropeptide Y (NPY) and agouti-related peptide (AgRP)
are conditional pacemakers. T-type currents drive oscillatory
activity of NPY/AgRP neurons, in which burst firing frequency
is modulated by a transient outwardly rectifying potassium
conductance (van den Top et al., 2004). The leptin-dependent
inhibition of AgRP/NPY neurons is attributed in part to
modulation of K+ channels such as KATP, BK and KV2.1 channels
(Spanswick et al., 1997; Mirshamsi et al., 2004; Yang et al., 2010;
Baver et al., 2014). The orexigenic peptide Ghrelin is reported to
directly activate a sustained depolarizing conductance with the
pharmacologic properties of SUR1/Trpm4 non-selective cation
channels (sulfonylurea receptor 1/transient receptor potential
melastatin 4), which activates T- and R-type voltage dependent
Ca2+ channels in NPY/AgRP neurons (Hashiguchi et al., 2017).
Notably, both leptin-dependent activation of POMC neurons and
ghrelin-dependent activation of AgRP/NPY neurons involves the
subsequent activation of T-type channels to increase neuronal
activity (Qiu et al., 2006, 2018; Bosch et al., 2009; Hashiguchi et al.,
2017; Perissinotti et al., 2021).

In line with the large hypothalamic CaV3.1 channel
expression, T-type current density was also increased in POMC
neurons in KLHL1-KO mice. Biophysical analysis of T-type
currents is consistent with overexpression of the α1G component
(Perez-Reyes, 2003). Our lab demonstrated that KLHL1 protein
positively modulates α1H subunit of the CaV3.2 channel but
it does not affect CaV3.1 nor CaV3.3 in the hippocampus
(Perissinotti et al., 2015) or in HEK cells that constitutively
overexpress these isoforms (Aromolaran et al., 2010). The
increased CaV3.1 expression seen in the hypothalamus is likely
the result of homeostatic compensation when KLHL1 is absent,
although the molecular mechanisms responsible are currently
being investigated.

The biophysical properties of T-type channels permit their
stimulation by small depolarizations near the resting potential,

rendering them optimal for regulating membrane excitability and
burst-firing pattern under physiological conditions near resting
state. Accordingly, changes in the steady-state activation and
inactivation curves in KLHL1-KO neurons resulted in a∼-4 mV
shift in the window current cross point. This leftwards shift
led to a 90% increase of the steady-state calcium current in
KLHL1-KO neurons at the resting membrane potential, which
was ∼2 mV more depolarized than WT neurons. Intrinsic
neuron properties such as the spontaneous firing and the basal
excitability are tightly related to T-type “window currents”
(Huguenard, 1996; Perez-Reyes, 2003; Crunelli et al., 2005;
Molineux et al., 2006; Bayazitov et al., 2013); fittingly, we
found increased burst-firing pattern and excitability in POMC
neurons from the KLHL1-KO mice. In line with our results,
it has been reported that the knockdown of CaV3.1 calcium
channel switch from bursting to tonic firing at thalamocortical
projections (Bayazitov et al., 2013). Interestingly, our results
demonstrate that changes that alter the basal excitability of
POMC neurons, such as over-expression of CaV3.1 T-type
channels, rendered them unresponsive to leptin. Partial blockade
of T-type channels brought KLHL1-KO neurons to normal
excitability levels, which was sufficient to restore leptin sensitivity
in these neurons.

Energy imbalance alters Ca2+ handling and excitability
of POMC neurons (Paeger et al., 2017). Intracellular Ca2+

levels are regulated by several mechanisms including plasma
membrane ion channels (e.g., voltage-gated and ligand-gated
Ca2+ channels), ion exchangers and “pumps,” as well as
the release from the intracellular Ca2+ stores (Verkhratsky
and Toescu, 2003). Correspondingly, endoplasmic reticulum
(ER) stress was recognized as an important causal factor
for the development of leptin resistance induced by diet
(Hosoi et al., 2008; Ramírez and Claret, 2015). Diet-induced
obesity (DIO) causes increased resting cytosolic Ca2+ levels
and markedly decreased excitability of anorexigenic POMC
neurons, resulting from increased calcium-activated K+ channel
activity (SK channels) (Paeger et al., 2017). The overexpression
of CaV3.1 reported here could lead to increased membrane
permeability to calcium at rest due to T-type channel’s window
current properties (Chemin et al., 2000). However, this is an
unlikely scenario (or it is not physiologically relevant in our
system), as we have shown that Ca2+ influx through T-type
channels contributes locally at the submembrane level and not
globally to support increased excitability in POMC neurons
(Perissinotti et al., 2021).

Although our systemic KLHL1-KO model is not a good model
to explore questions regarding obesity and altered starvation
responses changes observed in these mice, we examined the
possible contribution of the altered molecular mechanisms
observed in the KLHL1 KO to these phenotypes. Upregulation
of CaV3.1 channels could contribute to obesity (Kortekaas and
Wadman, 1997; Yunker et al., 2003; Aguado et al., 2016).
Deletion of CaV3.1 channels (Cacna1g KO mice) or treated
with TTA-A2 (selective blocker of T-type CaV3) results in
reduced food intake, attenuated weight gain and decreased
body fat gain in response to high-fat diet; suggesting a role
for CaV3.1 channels in weight maintenance (Uebele et al., 2009;
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Rosenstand et al., 2020). Likewise, ethosuximide, another
T -type calcium channel blocker, partially protects against
neurosteroid-induced obesity in mice by reducing food intake
and body weight (Chidrawar and Ali, 2020); similarly, T-type
antagonists prescribed for epilepsy, depression, obsessive-
compulsive disorder and bulimia nervosa can cause loss of
appetite as a side effect (Cookson and Duffett, 1998; Traboulsie
et al., 2006; Willfong and Willmore, 2006). CaV3.1 channels
have been proposed as potential therapeutic targets for the
prevention and treatment of obesity (Uebele et al., 2009;
Vasconcelos et al., 2016; Chidrawar and Ali, 2020; Zhai et al.,
2020).

Furthermore, we found that the fasting-induced response
to hunger was abnormal in KLHL1-KO mice, they consumed
food at a slower rate than WT mice after twenty hours of
food deprivation (short-term). Similarly, mice that exhibit obese
phenotypes [ob/ob and diet-induced obesity (DIO)] consumed
less food compared to WT mice in response to twenty-four
hours food deprivation (Ueno et al., 2007). Factors contributing
to the dampened response to hunger in obese mice could be
explained by the presence of large readily available fat stores
that can be mobilized when food is deprived (Ramirez and
Sprott, 1978). Alternatively, it can also be explained by a
decreased sensitivity to fasting-induced orexigenic signals or by
an increased sensitivity to satiety-induced anorexigenic signals
(Ueno et al., 2007). Satiety and anorexigenic signals activate
POMC neurons while they inhibit NPY/AgRP neurons; in
contrast, starvation and orexigenic signals activate NPY/AgRP
neurons and inhibit POMC neurons (Figure 8C; Schwartz
et al., 1996; Elias et al., 1999; Cowley et al., 2001). The cross-
regulation between POMC and AgRP neurons is complex
(Figure 8C), for instance, the release of alpha-melanocyte
stimulating hormone (α-MSH) -a potent anorexigenic in central
melanocortin receptor 4 (MC4R) neurons- is promoted by satiety
signals, while it is inhibited by starvation signals (reviewed by
Minokoshi, 2020). Leptin causes satiety by triggering POMC
neuron depolarization and production and release of α-MSH
from axon terminals, which activates MC4R neurons and result
in suppressed food intake and increased energy expenditure
(Cowley et al., 2001; Guo et al., 2004; O’Rahilly et al., 2004;
D’Agostino and Diano, 2010; Qiu et al., 2010; Anderson
et al., 2016; Baldini and Phelan, 2019). Our data shows
this pathway is constitutively activated in cultured KLHL1-
KO POMC neurons due to their hyper-excitable basal status
and increased burst-firing pattern. Activity patterning is very
important in hypothalamic neuron neuropeptide release, and
burst firing is a more effective stimulus for peptide release
than fast, repetitive firing patterns of activity (Poulain and
Wakerley, 1982). Thus, increased spontaneous burst-firing
pattern (intra-burst frequency) in KLHL1-KO POMC neurons
could enhance basal release of α-MSH from axon terminals,
eventually leading to MC4R desensitization and constitutive,
partially active satiety responses that would contribute to the
obesity phenotype (Figure 8C, blue arrows; Gao et al., 2003;
Shinyama et al., 2003; Mohammad et al., 2007; McDaniel et al.,
2012; Granell et al., 2013).

On the other side, putative AgRP+/NPY+ neurons from
KLHL1 KO mice elicit normal responses to leptin (decreased
excitability), thus we hypothesize that activation of the feeding
center and NPY release would result in normal food intake
post-starvation if successful feedback inhibition of POMC
neurons occurred. Application of 100 nM NPY leads to
a ∼17 mV average hyperpolarization of POMC neurons,
which efficiently prevents triggering of APs (Roseberry et al.,
2004). However, the slightly depolarized state of KLHL1 KO
POMC neurons and increased T-type channel window current
activity could partially counteract the inhibitory effect of
NPY, resulting in incomplete activity of the satiety circuit
even after food deprivation. Moreover, increased inhibitory
stimulus onto POMC neurons by NPY could also lead to long-
term desensitization of this inhibitory feedback loop. Here we
assessed the acute response of KLHL1 KO mice to starvation;
thus, it is possible that activation of the feeding center in
parallel to partial activation of the satiety center contributes to
the dampened feeding response seen under our experimental
conditions (Figure 8C, red arrows). Interestingly, Hashiguchi
et al. (2017) reported T-type channels as targets in the activation
pathway of NPY/AgRP in response to orexigenic signals. Further
studies are necessary to determine whether CaV3.1 channels are
upregulated in NPY/AgRP neurons and possible implications on
their excitability.

In summary, increased excitability in KLHL1-KO POMC
neurons induced the loss of electrical sensitivity lo leptin,
contributing to alteration of the hypothalamic feeding and satiety
neuron network dynamics that caused dysregulating the energy
balance and the body weight. This work corroborates that T-type
currents are indispensable in POMC neuron excitability, which is
essential for transduction of the leptin cascade. Increased POMC
neuron excitability due to increased CaV3.1 T-type channel
activity in the KLHL1-KO mice resulted in electrical resistance
to leptin, which could be rescued by simply reducing T-type
channel activity.
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Obesity is a growing health concern, as it increases risk for heart disease, hypertension,
type 2 diabetes, cancer, COVID-19 related hospitalizations and mortality. However,
current weight loss therapies are often associated with psychiatric or cardiovascular side
effects or poor tolerability that limit their long-term use. The hypothalamic neuropeptide,
oxytocin (OT), mediates a wide range of physiologic actions, which include reproductive
behavior, formation of prosocial behaviors and control of body weight. We and others
have shown that OT circumvents leptin resistance and elicits weight loss in diet-induced
obese rodents and non-human primates by reducing both food intake and increasing
energy expenditure (EE). Chronic intranasal OT also elicits promising effects on weight
loss in obese humans. This review evaluates the potential use of OT as a therapeutic
strategy to treat obesity in rodents, non-human primates, and humans, and identifies
potential mechanisms that mediate this effect.

Keywords: obesity, food intake, energy expenditure, oxytocin - therapeutic use, adipose tissue

SOURCE AND FUNCTIONS OF OXYTOCIN

The obesity epidemic and its associated complications (Eckel et al., 2005; Cornier et al., 2008;
Grundy, 2008) increase the risk for cardiovascular disease, cancer, type 2 diabetes (T2D), and
death, including that from COVID-19 (Gao et al., 2020; Guo et al., 2020; Jordan et al., 2020;
Michalakis and Ilias, 2020; Targher et al., 2020; Zhou et al., 2020) and has become a major health
concern (Smyth and Heron, 2006). According to the National Center for Health Statistics, age-
adjusted obesity prevalence between 1999–2000 and 2017–2018 has increased in adults from 30.5
to 42.4% (Hales et al., 2020). More than 78 million adults and 12.5 million children and adolescents
in the United States are obese (Ogden et al., 2012) and the estimated annual medical cost of
obesity is $147 billion in 2008 United States dollars (Finkelstein et al., 2009). Some of the current
pharmacologic therapies to treat obesity [i.e., Qsymia (phentermine + topiramate) and Contrave
(naltrexone hydrochloride/bupropion hydrochloride)] can worsen sleep disturbance or worsen
depression and are not well tolerated (Hollander et al., 2013; Kusminski et al., 2016; Halseth et al.,
2018). While major advances in obesity pharmacotherapy have been made with semaglutide, a
glucagon-like peptide-1 receptor agonist, which provides significant weight loss of 15% (Wilding
et al., 2021), it has been associated with gastrointestinal side effects, including nausea and diarrhea,
in overweight and obese adults without diabetes (Rajagopal and Cheskin, 2021). Understanding
the unique contributing factors to obesity and designing targeted interventions to lower the disease
burden is an urgent need.
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While the neurohypophyseal hormone oxytocin (OT) is well
recognized for its role in osmoregulation (Verbalis et al., 1995b),
prosocial behavior (Striepens et al., 2011; Yamasue et al., 2012)
and reproductive behaviors, including lactation (Braude and
Mitchell, 1952) and uterine contraction (den Hertog et al., 2001),
it is also being tested as a potential therapy to treat post-traumatic
stress disorder (van Zuiden et al., 2017; Flanagan et al., 2018),
schizophrenia (Striepens et al., 2011; Montag et al., 2012), autism
spectrum disorder (Striepens et al., 2011; Yamasue et al., 2012;
Miller, 2013; Young and Barrett, 2015), and obesity (Zhang et al.,
2013; Lawson et al., 2015; Hsu et al., 2017). This excitement has
translated to 535 completed, ongoing, or pending investigations
in humans (ClinicalTrials.gov registry, National Institutes of
Health). Given the current state of the obesity epidemic and lack
of highly effective treatment options, this review focuses on OT as
an anti-obesity therapy and mechanisms that contribute to these
effects in genetically obese (Kublaoui et al., 2008; Tung et al.,
2008; Maejima et al., 2011; Morton et al., 2012; Altirriba et al.,
2014) and diet-induced obese (DIO) rodents (Deblon et al., 2011;
Maejima et al., 2011, 2017; Zhang and Cai, 2011; Zhang et al.,
2011; Morton et al., 2012; Edwards et al., 2021b) as well as in DIO
non-human primates (Blevins et al., 2015) and obese humans
(Zhang et al., 2013; Lawson et al., 2015; Thienel et al., 2016;
Hsu et al., 2017) and assesses the translational and therapeutic
potential of OT in humans. Due to the short duration of exposure
of OT in the majority of clinical trials, one of the challenges that
remains will be to examine the safety, tolerability, and efficacy
of chronic intranasal OT use and to identify optimal dosing
and frequency of administration to evoke clinically meaningful
weight loss in individuals with obesity in the absence of adverse
side effects (MacDonald et al., 2011; Tachibana et al., 2013; Zhang
et al., 2013; Hsu et al., 2017; Cai et al., 2018). The barriers
to the use of chronic treatment include concerns about OT-
elicited down-regulation of OT receptors (OTRs) (Insel et al.,
1992; Peters et al., 2014; Freeman et al., 2018), the potential
for increased anxiety (Peters et al., 2014; Winter et al., 2021),
impairments in partner preference (Bales et al., 2013), aggression
(Rault et al., 2013), hyponatremia (Bergum et al., 2009; Vallera
et al., 2017), adverse cardiovascular effects (Pinder et al., 2002;
Vallera et al., 2017; Snider et al., 2019) through interactions
with vasopressin receptors (Snider et al., 2019), and feelings of
distrust in humans with borderline personality disorder (Bartz
et al., 2011) (see Miller, 2013; Leng and Ludwig, 2016a; Leng and
Sabatier, 2017, for review).

The majority of central nervous system (CNS) OT is
synthesized by magnocellular and parvocellular neurons in the
paraventricular nucleus (PVN) as well as the magnocellular
neurons in the supraoptic nucleus (SON) in mice (Young et al.,
1996; Lein et al., 2007; Blouet et al., 2009; Maejima et al., 2009;
Zhang et al., 2011; Sutton et al., 2014), rats (Swaab et al., 1975a,b;
Sawchenko and Swanson, 1982; Sawchenko et al., 1984; Rinaman,
1998; Grinevich and Neumann, 2020), non-human primates
(Antunes and Zimmerman, 1978; Sofroniew et al., 1981; Kawata
and Sano, 1982; Ginsberg et al., 1994; Ragen and Bales, 2013),
and humans (Dierickx and Vandesande, 1977; George, 1978;
Paulin et al., 1978; Sukhov et al., 1993; Koutcherov et al., 2000)
(see Gimpl and Fahrenholz, 2001; Ragen and Bales, 2013, for

review). OT is also expressed in magnocellular neurons of the
PVN and SON of the prairie vole but it still not clear if OT
is expressed in parvocellular PVN neurons or whether OT
projections to the nucleus accumbens (NAcc) originate from
parvocellular or magnocellular neurons in prairie voles (Ross
et al., 2009). In addition to the PVN and SON, OT is found in
smaller amounts within magnocellular neurons in the anterior
commissural nuclei (mouse) (Castel and Morris, 1988), anterior
hypothalamus (mole-rat) (Rosen et al., 2008), accessory nuclei
(mouse/rat) (Castel and Morris, 1988; Rinaman, 1998), preoptic
area (mole-rat) (Rosen et al., 2008) and periventricular nuclei
(mouse) (Castel and Morris, 1988). OT is also expressed in
the bed nucleus of the stria terminalis (BNST; mole-rat/rat)
(Rinaman, 1998; Rosen et al., 2008), caudal subzona incerta
(hamsters) (Vaughan et al., 2011) dorsal hypothalamic area
(hamsters) (Shi and Bartness, 2001), mediobasal preoptic area
(mouse) (Castel and Morris, 1988), medial amygdala (mole-
rat/rat) (Rinaman, 1998; Rosen et al., 2008) and septal region (rat)
(Rinaman, 1998).

Mature OT and the carrier neurophysin are processed
from the OT/neurophysin 1 prepropeptide (Brownstein et al.,
1980) with both being stored in the axon terminals prior
to release (Renaud and Bourque, 1991). It appears that the
predominant role of neurophysin is to target, package and
store OT within secretory granules prior to release (see Gimpl
and Fahrenholz, 2001, for review). OT is released both locally
from somatodendrites from magnocellular OT neurons in the
SON and PVN (Pow and Morris, 1989; Zhang and Cai, 2011;
Zhang et al., 2011; Wu et al., 2017) (see Ludwig and Leng,
2006, for review) and distally at axon terminals within the
neurohypophysis that originate from magnocellular PVN and
SON OT neurons. Recent findings indicate that magnocellular
OT neurons also send collateral projections to a number of
distal extrahypothalamic sites (Zhang et al., 2021). Magnocellular
OT neurons within the PVN appear to send collaterals to the
amygdala, caudate putamen and NAcc while those in the SON
appear to send collaterals to the caudate putamen, NAcc, piriform
cortex and lateral septum (Zhang et al., 2021). In addition, OT is
also secreted from axon terminals from parvocellular PVN OT
neurons that project to the hypothalamic arcuate nucleus (ARC)
(Maejima et al., 2014) (mice), NAcc (Ross et al., 2009, prairie
voles)/(Knobloch et al., 2012, rats), midbrain ventral tegmental
area (VTA) (Shahrokh et al., 2010), hindbrain parabrachial
nucleus (PBN) (Ryan et al., 2017) (mice), dorsal motor nucleus
of the vagus (DMV) (Sawchenko and Swanson, 1982; Rinaman,
1998) nucleus tractus solitarius (NTS) (Sawchenko and Swanson,
1982; Rinaman, 1998; Sutton et al., 2014) (rats, mice), and
spinal cord (Sawchenko and Swanson, 1982; Sutton et al.,
2014) (rats, mice).

The extent to which OT is expressed in outgoing projections
from the PVN to hindbrain CNS sites linked to the control
of body weight appear to vary based on targets and species.
Kirchgessner and Sclafani initially proposed that OT projections
from the PVN to hindbrain were important in the control of
food intake and body weight based on findings from their lab
in which knife cuts that sever PVN-hindbrain projections were
found to disrupt OT fibers (Kirchgessner et al., 1988) and result
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in hyperphagia and obesity (Kirchgessner and Sclafani, 1988).
There is a large body of evidence linking hindbrain NTS OTRs
in the control of homeostatic food intake (Kirchgessner and
Sclafani, 1988; Kirchgessner et al., 1988; Blevins et al., 2003, 2004;
Blouet et al., 2009; Baskin et al., 2010; Ho et al., 2014; Ong
et al., 2015, 2017; Roberts et al., 2017; Edwards et al., 2021b).
Studies have suggested that OT acts, in part, at NTS OTRs, to
enhance the responsiveness of gastrointestinal satiation signals
(Olson et al., 1991b; Blevins et al., 2003, 2015; Baskin et al., 2010;
Ong et al., 2015, 2017) to limit meal size. More recent studies
have implicated NTS OTRs in the control of food motivation and
feeding reward (Wald et al., 2020). The role of hindbrain OTRs
in the control of energy balance is further reviewed in Blevins
and Ho (2013), Lawson et al. (2020), and McCormack et al.
(2020) (food intake) and Section “What Receptor Populations
Mediate Oxytocin’s Effects on Brown Adipose Tissue (BAT)
Thermogenesis and Energy Expenditure?”. OT has been found to
be expressed in up to (1) 6.3–10.1% of neurons with descending
projections from the PVN to the dorsal vagal complex (DVC)
(Olson et al., 1992) or (2) 11–16% of neurons with descending
projections the PVN to the medulla and spinal cord (Sawchenko
and Swanson, 1982) (rats). A recent paper found that OT may
be found in a substantially higher proportion of neurons that
project to the DVC (28.9%) in rats (Maejima et al., 2019). Current
findings indicate that species differences (mice vs. rats) could
account for the proportion or location where parvocellular PVN
OT neurons project to the NTS. Namely, the majority of PVN OT
neurons that project to the NTS appear to the reside within the
caudal parvocellular PVN in rats (Rinaman, 1998). One recent
study by Sutton et al. (2014) determined that there were few OT
projections from the rostral parvocellular PVN that terminated
within the NTS and that those that did exist were likely fibers
of passage. In addition, those OT neurons that are expressed in
the rostral PVN appear to project to spinal cord. These findings
raise two questions: (1) Do parvocellular PVN OT neurons
located within the caudal parvocellular PVN provide the bulk
of OT innervation to the NTS in both mice and rats? (2) Is the
parvocellular PVN OT projection to the NTS less dense in the
mouse model compared to the rat model? Existing findings at
least provide indirect evidence in support of a descending PVN
to NTS OT projection in a mouse model (Blouet et al., 2009;
Matarazzo et al., 2012; Ryan et al., 2017; Wu et al., 2017) and
implicate an important role for OTRs within the caudal hindbrain
in the control of body weight through reductions of food intake
(homeostatic and hedonic) and increases in BAT thermogenesis
or core temperature (as surrogate marker of energy expenditure)
in both mice (Blouet et al., 2009; Matarazzo et al., 2012; Ryan
et al., 2017; Edwards et al., 2021b) and rats (Baskin and Bastian,
2010; Blevins and Ho, 2013; Ho et al., 2014; Ong et al., 2015, 2017;
Roberts et al., 2017; Edwards et al., 2021a).

PVN spinally projecting neurons (SPNs) that express OT
appear to be involved with modulating cardiovascular function,
stress response, thermoregulation and energy expenditure (via
BAT thermogenesis) (see Hallbeck et al., 2001; Nunn et al.,
2011, for review). Chemogenetic activation of PVN OT neurons,
found to send dense projections to thoracic spinal cord in
close proximity to choline acetyltransferase (+) (ChAT; marker

of cholinergic neurons) neurons, increased energy expenditure
(oxygen consumption), tended to increase BAT temperature
(P = 0.13) and increased Fos (marker of neuronal activation)
within ChAT (+) neurons of the thoracic spinal cord (Sutton
et al., 2014) in Oxytocin-ires-Cre mice. The proportion of OT
found in these PVN SPNs range between 20 and 25% (Cechetto
and Saper, 1988) and approximately 40% (Hallbeck et al.,
2001) (rats). The lateral parvocellular subdivision contained the
highest proportion of PVN OT SPNs (47%), followed by the
dorsal parvocellular division (31%) and the medial parvocellular
division (24%). It will be helpful to direct future studies to
examine the extent to which OTRs within the spinal cord
and hindbrain NTS are activated in response to cold and
produce overlapping or distinct effects on BAT thermogenesis
and energy expenditure.

Data from a combination of pharmacological, microdialysis
and/or tract tracing studies suggest that PVN OT neuronal
projections to the NAcc are involved with modulating social
behavior and feeding reward (Ross et al., 2009; Herisson et al.,
2016). Herisson et al. (2016) found that direct injections of OT
into the NAcc core reduced intake of palatable sucrose and
saccharin solutions, thus providing some of the first evidence
linking OTRs within the NAcc core to feeding reward [see
Klockars et al., 2015; Lawson et al., 2020 for role of NAcc OTRs
in the control of food intake]. Based on the finding by Ross et al.
(2009), OT fibers within the NAcc appear to be well conserved in
terms of density and distribution in prairie voles, meadow voles,
mice and rats. OT has also been found to be expressed in 23%
of PVN neurons that project to the NAcc in prairie voles (Ross
et al., 2009). In the rat model, the number of fibers (and possibly
terminals) found within the NAcc that originate from the PVN
appear to vary based on region and if the analysis was done on
the side ipsilateral or contralateral to the tracer injection site.
Some reports indicate that the NAcc contains only a few OT fibers
and/or terminals (Sofroniew, 1983) (not determined if origin
was PVN or SON) but other reports that examined only those
projections originating from the PVN found there to be up to 50
OT fibers (NAcc core; Knobloch et al., 2012) or >50 OT fibers
(NAcc shell; Knobloch et al., 2012) with virtually no projections
originating from the SON. These latter findings are consistent
with a recent study in mice by Yao et al. (2017), who reported
the presence of a low density (∼10–20 fibers) in the NAcc. The
reason for the differences in OT fiber density within the NAcc
across studies is not clear and may be due, in part, to differences in
mouse strain, species and heterogeneity of neuronal projections
within a CNS site. A recent study suggests that a subset of these
projections may arise from either parvocellular PVN OT neurons
or magnocellular PVN or SON neurons. Zhang et al. (2021)
determined that a subset of magnocellular OT neurons within
the PVN and SON send collateral projections to NAcc. It remains
to be determined the extent to which such collateral projections
to the NAcc may be important in the control of social behavior
and feeding reward.

It is well established that the adiposity signal, leptin, acts,
in part, in the ARC to reduce body weight in lean animals by
activating anorexigenic [proopiomelanocortin (POMC)] neurons
while simultaneously inhibiting orexigenic [neuropeptide Y
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(NPY)/agouti-related peptide (AGRP)] neurons (see Schwartz
et al., 2000; Woods et al., 2000, for review). Several lines of
evidence implicate ARC POMC neurons and the endogenous
melanocortin 3/4 receptor (MC3R/MC4R) agonist, alpha-
melanocyte stimulating hormone (α-MSH; derivative of POMC),
as an important component relaying leptin input from the
ARC to PVN OT neurons that are positioned to project to
the hindbrain and enhance the hindbrain neuronal and satiety
response to cholecystokinin (CCK), ultimately resulting in
smaller meals (Seeley et al., 1997; Olszewski et al., 2001; Zhang
and Felder, 2004; Blevins et al., 2009; Baskin et al., 2010). What
remains unclear is the role of a recently identified OT projection
from the PVN or SON to the ARC in the control of energy
balance and whether this projection is primarily involved with
the control of food intake (Maejima et al., 2014; Liao et al.,
2020), energy expenditure, or both. Initially studies found that
OT administration into the ARC reduced food intake (Maejima
et al., 2014). Furthermore, chemogenetic stimulation of OTR-
expressing neurons in the ARC reduced food intake and fasting-
elicited refeeding in mice (Fenselau et al., 2017) implicating an
important role of endogenous OTR signaling within the ARC
in the control of food intake. ARC POMC neurons appear to
be downstream targets of OT action as POMC neurons express
OTRs and OT stimulates cytosolic Ca (2+) from POMC neurons
(Maejima et al., 2014). A complementary study by Fenselau
reported that ARC OTR-expressing neurons are glutamatergic
and that 50% of ARC OTR-expressing neurons expressed POMC
(Fenselau et al., 2017). In addition, bath application of OT
stimulated the firing rate of ARC OTR-expressing neurons
in Oxtr-Cre:tdTomato mice (Fenselau et al., 2017). Through
neuroanatomical tracing studies Maejima found that OT was
expressed in 29% and 24% of PVN and SON neurons that project
to the ARC, respectively (Maejima et al., 2014). In contrast,
Liao et al. (2020) indicated that while there was dense OT
fiber innervation of the ARC there appeared to be only “some
axon terminals in the arcuate hypothalamus nucleus (Arc)” in
OxtCre=C; Z/AP double-heterozygous mice. Yao et al. (2017)
examined the density of OT fibers that originate from PVN
OT neurons and found that OT fibers were found in medium
density (>20 fibers) in the ARC in mice. Fenselau also identified
that ARC-OTR expressing neurons also project to the PVN.
Furthermore, optogenetic stimulation of terminals that arise
from ARC-OTR (+) neurons that innervate the PVN result in
the suppression of food intake (Fenselau et al., 2017). Future
studies will need to determine the extent to which specific
ARC-OTR cell populations may regulate both food intake and
energy expenditure.

Existing data suggest that OTRs within the VMH are
important in both the control of food intake and energy
expenditure (see Sabatier et al., 2007; Sabatier et al., 2013; Lawson,
2017, for review). Noble and Klockars both demonstrated that
direct injections of OT into the VMH reduced chow intake but
had no effect on more palatable saccharin or sucrose solutions
(Klockars O. A. et al., 2017) in rats (Noble et al., 2014; Klockars
O. A. et al., 2017). These findings link VMH OTRs more so to
the control of homeostatic feeding rather than feeding reward.
While OT has been recently described in projections from the

PVN to the VMH (Nasanbuyan et al., 2018) in mice existing
data suggest that OT fibers within the VMH are likely fibers of
passage. These findings are also consistent with a recent report
by Yao et al. (2017), who reported the presence of low density
of OT fibers (∼10–20 fibers) within the VMH originated from
the PVN in mice. While OT fibers were detected within regions
of the ventrolateral VMH (Liao et al., 2020) that express OTRs
in mice (Nasanbuyan et al., 2018). Liao further determined that
there were “almost no axon terminals” within the VMH (Liao
et al., 2020). Leng et al. (2008) further commented that there
was “virtually complete absence of OT-containing fibres in the
VMH” and that “The VMH contains very few fibres that show
any immunoreactivity for either OT or vasopressin” and that “it
is not known whether the few OT fibres there are ‘stray’ axons or
dendrites of magnocellular neurons or come from parvocellular
neurons of the PVN.” In addition, Leng commented that “So
far, there has been no direct evidence of any projection to or
synaptic innervation of VMH neurons by OT neurons from the
parvocellular region of the PVN” (Leng et al., 2008). Thus, while
there does not appear to be data to support a PVN OT projection
to the VMH in mice or rats, direct administration of OT into
the VMH reduces food intake (Noble et al., 2014; Klockars O. A.
et al., 2017) and increases energy expenditure (Noble et al.,
2014). Leng and colleagues have postulated that OT, following
somatodendritic release from magnocellular OT neurons (within
the SON or PVN), could be an important source of endogenous
OT that could reach VMH OTRs by diffusion (1) to the ventricles
and subsequent transport through cerebrospinal fluid (CSF) or
(2) within the brain (Ludwig and Leng, 2006; Sabatier et al.,
2007) (see Leng and Ludwig, 2008; Leng et al., 2008; Sabatier
et al., 2013; Leng and Sabatier, 2017, for review). The hypothesis
that somatodendritic release of OT acts, in part, at VMH OTRs
to suppress food intake is particularly attractive as Leng and
Sabatier (2017) indicated that dendritic release is “delayed and
long-lasting, potentially contributing to post-prandial satiety.” In
addition, (1) large amounts of OT are released somatodentrically
from magnocellular OT neurons, (2) the SON and PVN are found
in close proximity to the VMH, (3) there is robust expression
of OTRs within the VMH, and (4) magnocellular OT neurons
within the SON and neurons within the VMH are activated in
response to food intake (Johnstone et al., 2006). Collectively,
these studies have begun to address the potential source of
endogenous OT to VMH OTRs and whether this source of
endogenous OT to the VMH may also be important in the control
of food intake (Leng et al., 2008; see Leng and Ludwig, 2008;
Sabatier et al., 2013; Leng and Sabatier, 2017, for review).

The OT projection from the PVN to the VTA has been
implicated in the control of social behavior and feeding reward
(Mullis et al., 2013; Liu et al., 2020b; Wald et al., 2020) (also
see Klockars et al., 2015; Lawson et al., 2020, for additional
information on VTA OTRs in the control of food intake).
Previous data from Mullis et al. (2013) indicate that direct
administration of OT into the VTA reduces consumption
of highly palatable 10% sucrose solution. Consistent with
these findings, Wald et al. (2020) recently found that OT
administration into the VTA reduced bar presses in order to
consume palatable sucrose pellets, a finding that suggests OT
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decreases the willingness to work to obtain sucrose pellets. In
addition, they found that VTA administration of OT also reduced
food seeking behavior toward palatable chocolate pellets (Wald
et al., 2020). Liu et al. (2020b) subsequently provided mechanistic
data using in vivo fiber photometry to suggest that OT reduces
food cue (sucrose)-elicited activation of dopamine neurons
within the VTA suggesting that OT may reduce reward intake,
in part, through an inhibitory effect on dopamine neurons and
their response to rewarding food cues. Eric Krause and colleagues
provided neuroanatomical confirmation that a subpopulation of
VTA OTR (+) neurons express dopamine (10%) [in addition to
glutamate (≈ 44%)], some of which project to the NAcc (Peris
et al., 2016). Recent reports indicate there is a direct projection
from the PVN to the VTA in rats (Shahrokh et al., 2010) and Liao
indicated there were “some branch-like terminals” within the
VTA in OxtCre = C; Z/AP double-heterozygous mice (Liao et al.,
2020). Yao et al. (2017) examined the density of OT fibers that
originate from PVN OT neurons and found that OT fibers were
found in medium density (>20 fibers) in VTA. A separate study
found that approximately 20% of PVN OT neurons were found
to project to the VTA following green retrobead injections into
mice expressing tdTomato under control of the Oxt promoter
(Xiao et al., 2017). Beier extended these findings and found that
approximately 6 and 13% of PVN OT neurons synapsed onto
VTA dopamine and GABA neurons in DAT-Cre and GAD2-
Cre mice, respectively (Beier et al., 2015). These findings are
consistent with those from Peris et al. (2016) who demonstrated
that approximately 5% of OTR (+) neurons within the VTA
co-localized with tyrosine hydroxylase in OTR-Cre mice.

Data from pharmacological and chemogenetic studies
implicate a role for the PVN OT projection to the PBN in the
control of fluid intake (Ryan et al., 2017). Ryan et al. (2017)
demonstrated that PBN OTR (+) neurons were activated by
NaCl or water repletion. In addition, chemogenetic activation
of PBN OTRs resulted in a suppression of fluid intake (Ryan
et al., 2017). Photostimulation of OT terminals within the PBN
also resulted in activation of 22% of PBN OTR (+) neurons
(Ryan et al., 2017). Ryan further demonstrated that PBN receives
direct innervation from PVN OT neurons (Ryan et al., 2017).
It is notable that Sutton et al. (2014) demonstrated very little
OT fiber innervation within the PBN that originated from the
rostral PVN although it might be possible that OT neurons in
more caudal regions of the PVN may innervate the PBN more
heavily. Collectively, the findings by Ryan demonstrate that
OTR-expressing neurons within the PBN are important in the
control of fluid homeostasis.

Similar to the VMH, the raphe pallidus is an area that receives
virtually little to no innervation from PVN OT neurons despite
receiving dense projections from other neuron subtypes within
the PVN (Luo et al., 2019). Sutton et al. (2014) reported the
existence of few OT terminals within the raphe pallidus. Despite
this, Kasahara et al. (2015) have determined that OTR (+)
neurons are activated in response to cold and that increased OTR
signaling within the rostral raphe pallidus helps restore deficits in
response to cold-induced thermogenesis in OT receptor deficient
mice (see sections “Does Endogenous Oxytocin Impact Cold-
Induced Thermogenesis and Energy Expenditure?” and “What

Receptor Populations Mediate Oxytocin’s Effects on Brown
Adipose Tissue Thermogenesis and Energy Expenditure?” for
additional information).

Data from pharmacological and chemogenetic studies
implicate a role for the PVN OT projection to the CeA in
the control of fear responses (Knobloch et al., 2012) and food
intake (Klockars et al., 2018) (also see Lawson et al., 2020, for
additional information on CeA OTRs in the control of food
intake). Klockars demonstrated that direct injections of OT into
the CeA reduced chow intake but had no effect on more palatable
saccharin or sucrose solutions in rats (Klockars et al., 2018) while
OT within the basolateral amygdala appeared to reduce intake of
both chow and palatable solutions. These findings suggest that
OTRs within the CeA may be more involved in the control of
homeostatic feeding while those in the basolateral amygdala may
participate in both homeostatic and feeding reward. Within the
CeA, Yao et al. (2017) examined the density of OT fibers that
originate from PVN OT neurons and found a small number
of fibers within the CeA (∼0–10 fibers) (mice). In contrast,
Liao et al. (2020) identified that there are “many axon terminal
branches cover the whole central amygdala region including the
central amygdala medial division (CeM), central amygdala lateral
division (CeL) and central amygdala capsular part (CeC)” using
a OxtCre/+; Z/AP mice. OT fibers from the PVN are also found
to innervate the CeA (∼12–36 fibers/side) and medial amygdala
(MeA) (∼30–59 fibers/side) in rats (Knobloch et al., 2012). The
reasons for the differences in OT fiber density within the CeA
between studies are unclear although differences with respect to
mouse strain, species, and heterogeneity of neuronal projections
within a CNS site may play a role.

Oxytocin is also expressed in peripheral tissues including
the heart (rats; Jankowski et al., 1998) and rat and human
gastrointestinal (GI) tract (Ohlsson et al., 2006; Welch et al.,
2009; Paiva et al., 2021) (including neurons of myenteric and
submucosal plexus of enteric nervous system) (Paiva et al., 2021)
as well as the islets of Langerhans of the pancreas and Leydig cells
of the testes in rats (Paiva et al., 2021), although the stimuli that
impact the release of OT within these areas, where it is released
and extent to which these peripheral sources of OT contribute to
energy balance is not clear.

OXYTOCIN RECEPTOR EXPRESSION IN
CENTRAL NERVOUS SYSTEM SITES
ASSOCIATED WITH ENERGY BALANCE
IN RODENTS, NON-HUMAN PRIMATES
AND HUMANS

There is widespread expression of OTRs in CNS sites that are
linked to the control of food intake or BAT thermogenesis
based on being anatomically positioned to control sympathetic
outflow to interscapular BAT (IBAT) to potentially control energy
expenditure. There is wide overlap in OTR distribution in
mice and rats in areas that include the forebrain hypothalamus
[ARC, MPA, suprachiasmatic nucleus, and VMH]/mouse (Gould
and Zingg, 2003; Yoshida et al., 2009; Hidema et al., 2016;
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Fenselau et al., 2017; Ryan et al., 2017)/rat (van Leeuwen et al.,
1985; Vaccari et al., 1998; Klockars O. A. et al., 2017)] and basal
ganglia [e.g., NAcc and CeA/mouse (Yoshida et al., 2009; Hidema
et al., 2016; Ryan et al., 2017)/rat (van Leeuwen et al., 1985;
Tribollet et al., 1992; Vaccari et al., 1998)], midbrain VTA [mouse
(Peris et al., 2017)/rat (Vaccari et al., 1998)] as well as hindbrain
PBN [mouse (Ryan et al., 2017)], rostral medullary raphe (raphe
pallidus) [mouse (Yoshida et al., 2009; Kasahara et al., 2015; Sun
et al., 2019)], AP [mice (Gould and Zingg, 2003; Yoshida et al.,
2009; Ryan et al., 2017)], DMV [mouse (Ryan et al., 2017)/rat
(Tribollet et al., 1992; Verbalis et al., 1995a; Vaccari et al., 1998)],
NTS [mouse (Gould and Zingg, 2003; Yoshida et al., 2009; Sun
et al., 2019)/rat (Verbalis et al., 1995b; Baskin and Bastian, 2010;
Ong et al., 2015, 2017)] and spinal cord [mouse (Wrobel et al.,
2011)/rat (Reiter et al., 1994)]]. OTRs are also found in the SON
and PVN in rats (Yoshimura et al., 1993) and subsequent studies
identified OTRs on the somata and dendrites of magnocellular
OT neurons in lactating female rats but not in male rats (Freund-
Mercier et al., 1994) although it is not yet certain if detectability
in the female rats is due, in part, to pre-treatment with the OTR
antagonist (Freund-Mercier et al., 1994). These autoreceptors are
not found in male rats or in untreated lactating rats and have been
proposed to contribute to the feed forward effect of OT on its own
release during the milk letdown reflex (Freund-Mercier et al.,
1994; Freund-Mercier and Stoeckel, 1995). In contrast to rodents,
OTRs appear to have a more restricted distribution in CNS sites
linked to energy balance within a variety of non-human primate
species (cynomolgus, rhesus macaque, and common marmoset)
[NAcc, preoptic area, VMH, DMV, and spinal cord (Boccia et al.,
2001; Schorscher-Petcu et al., 2009; Freeman et al., 2014)] and
humans (CeA, anterior hypothalamus, MPA, PVN, VMH, AP,
NTS and spinal cord) (Loup et al., 1989, 1991; Boccia et al., 2013).
OT fibers appear to be in proximity of OTR (+) neurons within
the ventrolateral VMH in the mouse (Nasanbuyan et al., 2018)
(suggesting the presence of synaptic terminals). Similarly, in the
rat, the ventrolateral VMH also expresses OT fibers (Daniels and
Flanagan-Cato, 2000; Flanagan-Cato et al., 2001) although there
appear to be very few OT fibers elsewhere within the VMH of
the rat (Caldwell et al., 1988; Jirikowski et al., 1988; Schumacher
et al., 1989, see Leng et al., 2008, for review). As mentioned earlier,
others have proposed that OT may reach OTRs by diffusion
(see Verbalis et al., 1995a; Verbalis, 1999, for review) from
magnocellular OT neurons within the SON (see Leng et al., 2008;
Sabatier et al., 2013, for review), through the third ventricle (3V)
following dendritic release of OT from the PVN or possibly by
axonal release within the VMH (Leng et al., 2008). It is important
to note that many of the more recent studies have utilized
more advanced and complementary screening tools to assess
OTR expression in mice compared to the earlier pharmacological
and/or antibody screening tools used to identify OTRs in rats in
the 1980s and 1990s. Questions about selectivity and specificity of
the antibodies and pharmacological tools used in earlier studies
limit our ability to more firmly identify species differences,
nonetheless, overlapping patterns of OTR distribution within
the basal ganglia, hypothalamus, midbrain, hindbrain and spinal
cord implicate potentially important roles of these areas in
contributing to the control of food intake (homeostatic and

hedonic feeding) and energy expenditure that appear to be well
conserved across species. OTRs are also found in peripheral sites
that include the GI tract (Qin et al., 2009), nodose ganglion
(Welch et al., 2009; Brierley et al., 2021), skeletal muscle (Elabd
et al., 2014; Gajdosechova et al., 2014, 2015) and bone (Copland
et al., 1999; Colucci et al., 2002; Tamma et al., 2009; Colaianni
et al., 2012) in rodents as well as white adipocytes or white
adipose tissue in both rodents and humans (Muchmore et al.,
1981; Schaffler et al., 2005; Tsuda et al., 2006; Altirriba et al.,
2014; Gajdosechova et al., 2014, 2015; Yi et al., 2015; Sun et al.,
2019). Recent findings by both Sun et al. (2019) and Yuan et al.
(2020) have also reported that OTRs are expressed on brown
adipocytes or brown adipose tissue. The potential role OTRs
on white and brown adipocytes, the GI tract, vagal sensory
afferent nerves, skeletal muscle and bone in contributing to the
effects of circulating OT in the control of energy balance, muscle
maintenance and bone mass is discussed in Section “How Does
Oxytocin Impact Body Composition”.

IS OXYTOCIN EFFECTIVE AT REDUCING
BODY WEIGHT IN RODENT MODELS OF
OBESITY?

Previous studies have shown that central, systemic
[intraperitoneal (IP), subcutaneous (sc) or intravenous],
intraoral (in combination with a proton pump inhibitor)
(Maejima et al., 2020) or intranasal administration of OT reduces
energy intake, body weight or weight gain in DIO mice and rats
(Deblon et al., 2011; Maejima et al., 2011, 2017; Zhang and Cai,
2011; Zhang et al., 2011; Morton et al., 2012; Roberts et al., 2017;
Labyb et al., 2018; Seelke et al., 2018; Snider et al., 2019; Edwards
et al., 2021b), genetically obese mice and rats [e.g., obese Zucker
fatty (fa/fa) rat, Koletsky (fak/fak) rat, ob/ob, db/db and Sim1±
mice] (Kublaoui et al., 2008; Maejima et al., 2009; Morton et al.,
2012; Altirriba et al., 2014; Iwasaki et al., 2015; Plante et al., 2015;
Balazova et al., 2016), ovariectomized rats (Iwasa et al., 2019b),
a rat model of dihydrotestosterone-induced polycystic ovary
syndrome (PCOS) (Iwasa et al., 2019a), as well as in DIO rhesus
monkeys (Blevins et al., 2015).

Numerous findings suggest that OT reduces body weight or
weight gain in rodents and non-human primates, in part, by
reducing energy intake (see Blevins and Baskin, 2015; Lawson
et al., 2020; McCormack et al., 2020, for review). It is well
documented that OT reduces food intake (including chow,
purified low and high fat diet or sucrose solution) following
systemic (Arletti et al., 1989, 1990; Deblon et al., 2011; Maejima
et al., 2011, 2015, 2017; Morton et al., 2012; Altirriba et al., 2014;
Ho et al., 2014; Blevins et al., 2015; Iwasaki et al., 2015, 2019;
Balazova et al., 2016; Klockars A. et al., 2017; Iwasa et al., 2019b,
2020; Erdenebayar et al., 2020), intranasal (Maejima et al., 2015)
or CNS administration (Arletti et al., 1989, 1990; Olson et al.,
1991a; Lokrantz et al., 1997; Rinaman and Rothe, 2002; Kublaoui
et al., 2008; Deblon et al., 2011; Morton et al., 2012; Mullis
et al., 2013; Ho et al., 2014; Noble et al., 2014; Ong et al., 2015;
Herisson et al., 2016; Klockars O. A. et al., 2017; Klockars et al.,
2018; Liu et al., 2020a; Edwards et al., 2021a,b). While many
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such investigations have targeted the lateral ventricles, 3V and
4V, which lack the anatomical resolution to differentiate receptor
populations, recent findings indicate that OT reduces food intake
following direct injections into the ARC (Maejima et al., 2014),
CeA (Klockars et al., 2018), basolateral amygdala (Klockars et al.,
2018), VMH (Noble et al., 2014; Klockars O. A. et al., 2017),
striatum (NAcc core) (Herisson et al., 2016), midbrain VTA
(Mullis et al., 2013) and hindbrain NTS (Ong et al., 2015),
many of which express OTRs (see section “Oxytocin Receptor
Expression in Central Nervous System Sites Associated With
Energy Balance in Rodents, Non-human Primates and Humans”)
and are also innervated by OT neurons within the PVN or
SON (see Figure 1 and see section “Source and Functions of
Oxytocin”). Importantly, OT, at doses that reduce food intake
when given into the CNS or periphery, is not associated with
increased kaolin diet intake (referred to as pica behavior/readout
of visceral illness) (Zhang et al., 2011; Blevins et al., 2016; Roberts
et al., 2017; Edwards et al., 2021b) or a conditioned taste aversion
test (Zhang et al., 2011; Noble et al., 2014; Iwasaki et al., 2015;
Blevins et al., 2016) in lean and obese mice (Zhang et al., 2011;
Iwasaki et al., 2014; Roberts et al., 2017; Edwards et al., 2021b) and
rats (Noble et al., 2014; Blevins et al., 2016; Roberts et al., 2017).
Together, these findings suggest that OT, either given alone, or in

FIGURE 1 | A schematic of circuitry that potentially contributes to the
effectiveness of CNS OT on energy homeostasis. OT release within the CNS
and spinal cord (shown in blue arrows) or periphery (shown in gray) may
impact metabolic processes that result in the reduction of body weight.
Dotted arrow represents implicated pathways from NTS to spinal cord and
from sympathetic preganglionic neurons in the spinal cord to BAT and WAT.
ARC, arcuate nucleus; BAT, brown adipose tissue; CeA, central nucleus of the
amygdala; DMV, dorsal nucleus of the vagus; NaCC, nucleus accumbens;
NTS, nucleus of the solitary tract; OT, oxytocin; PBN, parabrachial nucleus;
PP, posterior pituitary; PVN, paraventricular nucleus; SON, supraoptic
nucleus; VTA, ventral tegmental area; WAT, white adipose tissue.

combination with other drugs, could be an attractive anti-obesity
therapy in DIO and genetically obese rodents and DIO non-
human primates. In Section “Does Exogenous Oxytocin Increase
Energy Expenditure?,” we will review the potential role of energy
expenditure in contributing to the effects of OT on weight loss in
rodents and non-human primates.

DOES EXOGENOUS OXYTOCIN
INCREASE ENERGY EXPENDITURE?

Numerous studies provide both direct and indirect evidence
to indicate that OT is important in the control of energy
expenditure. Indirect evidence stemming from pair-feeding
studies (amount of food given to vehicle-treated animals is
equal to that of OT-treated animals) indicate that OT-treated
animals lose more weight relative to pair-fed control animals
(Deblon et al., 2011; Altirriba et al., 2014; Blevins et al., 2016).
These findings were evident following chronic lateral ventricular
infusions of OT (16 nmol/day) in high fat diet-fed male rats
(weeks 5 to 7 of high fat diet feeding) or chronic sc infusions
of OT (50 nmol/day) into male high fat diet-fed rats (weeks 5
to 7 of high fat diet, 45% kcal from fat) (Deblon et al., 2011),
male lean standard diet-fed rats (Deblon et al., 2011) as well as
in male ob/ob mice (Altirriba et al., 2014). Note that it is not
clear the extent to which the rats used in the study by Deblon
et al. (2011) were DIO without having the body weight and body
composition data pre- and post-dietary intervention and they
were only maintained on the high fat diet for a relatively short
period of time (5 to 7 weeks). However, similar findings have been
obtained following a single acute injection of OT (Morton et al.,
2012) in male low-fat diet-fed (10% kcal from fat) or high fat diet-
fed (45% kcal from fat) Sprague Dawley rats after having been
maintained on the respective diets for∼4 months. These findings
suggest that, in addition to reductions of food intake, other
mechanisms (including energy expenditure) also contribute to
OT-elicited weight loss. In addition, OT infusions over a 14-
day period were found to reduce body weight gain despite no
changes in cumulative 14-day food intake (Deblon et al., 2011).
Furthermore, the findings from long-term administration studies
suggest that OT appears to become less effective at reducing food
intake despite an unimpaired and persistent reduction of body
weight gain or body weight over this period of time (Deblon et al.,
2011; Maejima et al., 2011, 2017; Altirriba et al., 2014; Blevins
et al., 2016; Roberts et al., 2017).

The most direct evidence in support of an important role
for OT in the control of energy expenditure stems from
pharmacological studies that included measurements of energy
expenditure. Acute administration of OT into the 3V or
VMH boosted energy expenditure or oxygen consumption as
determined by indirect calorimetry in rodents (Zhang and Cai,
2011; Zhang et al., 2011; Noble et al., 2014). These effects
were recapitulated following peripheral administration in a
translational DIO non-human primate (rhesus monkey) model
(Blevins et al., 2015). In addition, other paradigms in which OT
was administered in a paradigm that elicited weight loss, OT
was not found to elevate energy expenditure (Blevins et al., 2016).
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One explanation for these findings might be that chronic
administration of OT could be important in attenuating the
counter-regulatory mechanisms that result in weight regain in
the setting of prolonged weight loss. Thus, OT, in the setting
of weight loss, might prevent the drop in energy expenditure
that accompanies prolonged weight loss and restore levels of
energy expenditure to that of control animals (Blevins et al., 2016)
and mice (Maejima et al., 2011). It is important to acknowledge
that energy expenditure was not measured throughout the extent
of the treatment period across the chronic treatment studies.
We have previously shown that chronic 3V infusions of OT
stimulate IBAT temperature during a time that coincides with
OT-elicited weight loss (days 2–3 of infusion period) (Roberts
et al., 2017) and that 3V OT appeared to maintain IBAT
temperature to that of control animals for the remainder of the
infusion period (unpublished findings). In addition, following
minipump removal and throughout the 4-week washout period,
IBAT temperature appeared to be slightly lower in rats that had
been previously treated with chronic 3V OT relative to vehicle
treated control rats (unpublished findings). It is possible that
timing of energy expenditure in relation to OT-elicited weight
loss is important and that chronic administration of OT may
stimulate BAT thermogenesis and energy expenditure at the
onset of OT-elicited weight loss and function, in part, to help
maintain weight loss by preventing a drop in BAT thermogenesis
and energy expenditure (Blevins et al., 2016) that accompanies
prolonged reductions of food intake and weight loss in animals
(Fosgerau et al., 2014) and humans (Rosenbaum et al., 2002,
2005, 2010; Schwartz and Doucet, 2010). Current studies are
underway to determine the extent to which SNS innervation
of BAT is required for OT to increase energy expenditure and
elicit weight loss.

Does Exogenous Oxytocin Increase
Brown Adipose Tissue Thermogenesis
and Browning of White Adipose Tissue?
We know from recent studies that acute forebrain (3V) and
hindbrain (4V) injections of OT stimulate IBAT temperature
[functional measure of BAT thermogenesis (Song et al., 2008;
Leitner and Bartness, 2009; Vaughan et al., 2011)] in both chow-
fed and DIO rats and mice (Roberts et al., 2017; Edwards
et al., 2021b). In addition, chronic infusions of OT into the
3V stimulates IBAT temperature at the start of OT-elicited
reductions of body weight in DIO rats (Roberts et al., 2017)
raising the possibility that BAT thermogenesis might contribute
to weight loss in response to OT treatment. OT injections into the
midbrain (median raphe) or 4V also stimulated core temperature
in mice (Yoshida et al., 2009) and rats (Ong et al., 2017).
These findings shed light on the potential contribution of OT in
stimulating BAT temperature to help maintain body temperature
(Cannon and Nedergaard, 2004) particularly during cold stress
(Kasahara et al., 2007, 2013, 2015; Xi et al., 2017). In addition to
maintaining core temperature during cold challenges, changes in
IBAT temperature are often found to precede and contribute to
changes in core temperature under conditions of fever and stress
(Kataoka et al., 2014).

The majority of studies indicate that the effects of OT
on IBAT temperature appear to contribute to non-shivering
thermogenesis (mediated by BAT thermogenesis) rather than
shivering thermogenesis (generated by movement of skeletal
muscle). Namely, chronic administration of OT is not associated
with elevations in locomotor activity in rats (Deblon et al.,
2011; Blevins et al., 2016; Iwasa et al., 2019b) or mice (Maejima
et al., 2011). Data from Carson et al. (2010) indicate that
peripheral administration of OT attenuated methamphetamine-
elicited increases in locomotor activity in rats. In addition,
peripheral administration of OT decreased locomotor activity
in rats; central administration of an OTR antagonist also
blocked this effect (Angioni et al., 2016). Furthermore, central
administration of OT blocked the ability of central delivery of an
OT receptor antagonist to stimulate locomotor activity. However,
two findings raise the possibility that increased locomotor activity
may contribute, in part, to the elevated IBAT temperature. Sutton
et al. (2014) found that DREADD-elicited stimulation of PVN
OT neurons in Oxytocin-ires-Cre mice was associated with a
small elevation of locomotor activity, energy expenditure and
sc IBAT temperature and a close to significant elevation of sc
IBAT temperature (P = 0.13). Another study found that VMH
administration of OT stimulated short-term physical activity in
rats for 1-h post-injection but these effects failed to coincide with
the more prolonged effects of 3V or 4V OT on IBAT temperature
that we have found in our studies in rats (Roberts et al., 2017)
and mice (Roberts et al., 2017; Edwards et al., 2021b). Yuan
et al. (2020) recently reported that OT may stimulate markers of
thermogenesis in skeletal muscle [including uncoupling protein-
3 (UCP-3)] and further work will need to be determined as to
what role this mechanism plays in contributing to the effects
of OT on energy balance given that OT has been found to
have (1) no impact on locomotor activity, (2) reduce locomotor
activity, or (3) produce only short-term changes in physical
activity that do not coincide with the temporal profile of OT on
IBAT temperature.

Previous studies indicate that OT may help stimulate the
transformation of white adipocytes to more metabolically active
“brown” adipocytes. The process of “browning” (Nedergaard and
Cannon, 2014) of WAT may involve the transdifferentiation or
de novo synthesis of brown adipocytes in white adipose tissue
(WAT) culminating with increased expression of uncoupling
protein-1 (UCP-1) and the production of heat (Cannon and
Nedergaard, 2004). We recently demonstrated that hindbrain
(4V) infusions of OT (16 nmol/day) elicit browning of inguinal
white adipose tissue (IWAT) (as indicated by increased UCP-
1 expression) in the IWAT of chow-fed mice (Edwards et al.,
2021b) but not in DIO mice. In addition, chronic sc OT infusions
(125 ng/kg/h or ≈ 66.2 nmol/day) also appeared to stimulate
UCP-1 expression in sc fat of db/db mice (Plante et al., 2015)
but the UCP-1 staining was not quantified. A more recent study
by Yuan et al. (2020) reported that chronic sc OT infusions
(100 nmol/day) increased UCP-1 expression in IWAT but not
in epididymal WAT (EWAT) of high fat diet-fed mice. It is not
clear why Yuan found elevated expression of UCP-1 in IWAT of
high fat diet-fed mice while we did not find a significant effect
of 4V OT to increase UCP-1 in IWAT from DIO mice in our
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study. It is important to note that the dose used in Yuan’s study in
DIO mice was approximately 6.25-fold higher than that found to
be effective following 4V infusions in our study and that higher
doses may be required to elicit “browning” of IWAT in DIO
mice relative to chow-fed mice. It is difficult to compare across
studies as chow-fed mice were also not examined in Yuan’s study.
Given the existence of outgoing polysynaptic projections from
the PVN OT neurons to IWAT (Shi and Bartness, 2001) and
EWAT (Shi and Bartness, 2001; Stanley et al., 2010), it is possible
that OT acts locally at hindbrain or spinal cord OTRs to elicit
browning. In addition, OT may also act peripherally to induce
browning of WAT through a direct action on OTRs found on
adipocytes (Muchmore et al., 1981; Schaffler et al., 2005; Tsuda
et al., 2006; Deblon et al., 2011; Yi et al., 2015) in either IWAT
(Gajdosechova et al., 2015) or EWAT depots (Muchmore et al.,
1981; Altirriba et al., 2014; Gajdosechova et al., 2014, 2015). Sun
et al. (2019) recently found that OT may suppress browning,
when it is applied directly to adipocytes in vitro as indicated by
reduced expression of brown adipocyte specific markers (Cox7a,
Cox8b, Cebpb, Retn, and Cidea). Further in vitro studies should
also include UCP-1 which was not examined in this study. It will
be important to determine if the conflicting data are due, in part,
to dose, route of administration, acute vs. chronic application,
in vitro vs. in vivo conditions, lack of overlap of brown adipocyte
specific markers between studies and if these effects can be
blocked by an OTR antagonist. These findings raise the possibility
that OT may stimulate energy expenditure through multiple CNS
and/or peripheral sites and raise the question as to the extent to
which BAT thermogenesis and “browning” of WAT contribute
to these effects.

Does Endogenous Oxytocin Impact
Cold-Induced Thermogenesis and
Energy Expenditure?
Oxytocin receptor or OT deficient mice are associated with adult-
onset obesity (Kasahara et al., 2007; Takayanagi et al., 2008;
Camerino, 2009; Sun et al., 2019) that appears at 8 (Tamma et al.,
2009), 10 (Kasahara et al., 2007) or 16 weeks (Camerino, 2009) in
OT null mice and 12 weeks in OTR null mice (Takayanagi et al.,
2008). The adult-onset obesity in the OT and OTR null mice is
characterized by increased body weight (Kasahara et al., 2007;
Takayanagi et al., 2008; Camerino, 2009), fat mass (Sun et al.,
2019) and/or fat pad weight (Takayanagi et al., 2008; Camerino,
2009). The finding that this occurs despite having no changes
in overall daily food intake (Kasahara et al., 2007; Takayanagi
et al., 2008; Camerino, 2009) suggests that other mechanisms
(such as impairments in energy expenditure) may contribute to
their obesity phenotype. Daily food intake in OT or OT receptor
deficient mice is normal regardless of whether the mice were
fed chow (Amico et al., 2005; Takayanagi et al., 2008; Camerino,
2009), sucrose-enriched chow (Amico et al., 2005) or high fat diet
(Takayanagi et al., 2008). These findings were confirmed in both
chow-fed and high fat diet-fed mice with diphtheria toxin-elicited
reductions of PVN and SON OT neurons (Wu et al., 2012; Xi
et al., 2017). While one other study also reported that OTR
deficient mice do not have any overall changes in daily food

intake, meal pattern analysis revealed that they have increased
meal size during the dark cycle (Yamashita et al., 2013). However,
these effects were offset by no change in meal size during the light
cycle as well as no change in meal frequency during the light or
dark cycle. Collectively, the findings provide strong evidence that
the obese phenotype observed in the OT or OT receptor deficient
mice can’t be explained by impairments in daily food intake.

The obesity phenotype observed in older OT and OTR
deficient mice does not appear in younger mice. For example,
there is no difference in body weight between OTR null mice and
wild-type mice that are younger [6–7 weeks (Welch et al., 2014)
or 10 weeks (Takayanagi et al., 2008)]. While Sun et al. (2019)
also found no difference in body weight between 12-week-old
OTR null mice and wild-type mice, the OTR null mice did have
increased fat mass raising the possibility that differences in body
weight may have been observed at a subsequent time. Camerino
(2009) also found no difference in body weight between OT null
and wild type mice at 8 weeks. It is not clear if differences in
background strain, housing conditions and/or thermoregulation
may have contributed to the differences in obesity phenotype at
specific ages between studies.

One factor that seems contrary to the adult-onset obesity
phenotype observed at 8, 10 or 16 weeks in OT null mice is that
finding that OT null mice tend to have a reduction in muscle
regeneration by 12 weeks of age and a significant defect in muscle
regeneration and a reduction of both muscle mass and fiber
size by 52 weeks of age (Elabd et al., 2014) (characteristic of
sarcopenia). These mice tended to have an increased number of
adipocytes near the site of muscle regeneration (non-significant)
but the hindlimb perimuscular and intramuscular adipose tissue
deposition of OT null mice was significantly increased relative
to wild-type mice (Elabd et al., 2014). While body weight and
body adiposity levels were not reported in these particular mice
it is possible that the increase in fat mass compensates for any
reduction in lean mass to help maintain the obesity phenotype as
OT null mice age and this may help to explain, in part, why the
obesity phenotype is not observed in younger OT null mice.

Consistent with a physiological role of endogenous OT
in the control of thermogenesis, cold has been found to
activate PVN OT neurons (Kasahara et al., 2007) and rostral
raphe pallidus OTR (+) cells (Kasahara et al., 2015) as
well as to increase expression of OT (hypothalamus) (Yuan
et al., 2020) and OTR (BAT and IWAT) (Yuan et al.,
2020) and levels of circulating OT (Yuan et al., 2020).
One study by Kasahara et al. (2013) reported no change of
PVN or SON OT mRNA expression in response to cold
but the data were not shown in the study. Mice that lack
OT or its receptor do have notable impairments in cold-
induced thermogenesis (Kasahara et al., 2007, 2013, 2015;
Takayanagi et al., 2008; Xi et al., 2017) and enlarged lipid
droplets in IBAT (suggestive of hypo-activity) (Takayanagi
et al., 2008) which would potentially contribute to impairments
in energy expenditure. Deficits in PVN OT signaling or
pharmacological blockage of OT receptors are associated with
defects in energy expenditure (Zhang and Cai, 2011; Zhang
et al., 2011; Wu et al., 2012). It is well appreciated that
BAT thermogenesis is important in the regulation of energy
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expenditure (see Cannon and Nedergaard, 2004; Morrison et al.,
2014, for review), but it is not clear if OT’s effects on energy
expenditure result from BAT thermogenesis. One recent report
measured both energy expenditure and BAT thermogenesis in
mice with diphtheria toxin-elicited reductions of PVN and SON
OT signaling and found reductions in both IBAT temperature
and core temperature in response to a cold stimulus, both of
which were attenuated by OT pre-treatment (1 mg/kg, IP).
However, there were no alterations in IBAT temperature, core
temperature or energy expenditure in mice that were housed
at 20–24◦C (Xi et al., 2017). Similar to the findings by Xi
et al. (2017), Kasahara et al. (2013) found a reduction in
core temperature in OTR deficient mice that were exposed
to cold and also no change in energy expenditure between
genotypes at room temperature. Whether their findings point
to a more important role of endogenous OT in the control
of cold-induced thermogenesis and cold-induced elevations of
energy expenditure will remain to be determined. It will be
important to determine in future studies if mice with global
loss of OT or OT receptors have impairments in both BAT
thermogenesis and energy expenditure in response to cold
exposure and whether pre-treatment with OT rescues both the
impairments in BAT thermogenesis and energy expenditure. This
could shed light on whether impairments in BAT thermogenesis
may also be linked to impairments in energy expenditure
in these animals.

What Receptor Populations Mediate
Oxytocin’s Effects on Brown Adipose
Tissue Thermogenesis and Energy
Expenditure?
Paraventricular nucleus OT neurons are anatomically positioned
to control BAT thermogenesis and energy expenditure through
polysynaptic projections to IBAT (Oldfield et al., 2002), stellate
ganglia (Jansen et al., 1995) [sympathetic ganglia known to
innervate IBAT (Oldfield et al., 2002)], as well as WAT depots
[EWAT (Shi and Bartness, 2001; Stanley et al., 2010) and
IWAT depots (Shi and Bartness, 2001)]. Oldfield et al. (2002)
determined that OT was expressed in approximately 10–15%
of PVN neurons that were also co-infected with pseudorabies
virus following injections into IBAT. This is in contrast to
vasopressin, cocaine and amphetamine-regulated transcript and
corticotropin-releasing factor, which were rarely found in PVN
OT neurons that were labeled with pseudorabies virus (PRV).
Similarly, Jansen et al. (1995) reported that OT was expressed in
10% of PVN neurons that were co-infected with PRV following
injections into stellate ganglia and was also found to be more
commonly expressed in PRV (+) neurons than vasopressin (2%),
CRH (5%) and thyrotropin-releasing hormone (<1%). Shi and
Bartness found that 3.49% of PVN OT neurons were co-labeled
with PRV following PRV injections into WAT (Shi and Bartness,
2001), higher than vasopressin (1.07%) and tyrosine hydroxylase
(2.62%). In a separate study, Stanley et al. (2010) administered
PRV into EWAT and determined that up to 17% of neurons that
expressed PRV also expressed OT compared to approximately 12,
4 and 26% for vasopressin, TRH and CRH. Collectively, these

findings suggest that OT is one of the more predominant peptides
found in outgoing projections to IBAT, IWAT and EWAT.

The extent to which specific OTR populations contribute to
BAT thermogenesis and energy expenditure have been examined
by determining (1) the effects of localized administration of
OT on BAT or core temperature, (2) the activation of regions
that express OTRs in response to cold and (3) whether deficits
in cold-induced thermogenesis in OTR deficient mice can be
restored by re-expression of OTRs into specific CNS sites.
Central (3V) administration of OT (which does not differentiate
forebrain receptor populations or a forebrain vs. hindbrain site
of action) has been found to increase BAT temperature in
both mice and rats (Roberts et al., 2017). Noble et al. (2014)
extended these findings by showing that OT administration
into the hypothalamus (VMH) stimulated energy expenditure
in rats, thereby providing more direct evidence in support of
a role of VMH OTRs in the control of energy expenditure. In
addition, Kasahara showed that cold exposure activates both
PVN OXT neurons (Kasahara et al., 2007) and neurons within
the dorsomedial nucleus (DMN), an area that expresses OTRs)
(Kasahara et al., 2013). Kasahara et al. (2013) also noted that cold
also stimulated number of c-Fos(+) neurons (marker of neuronal
activation) and that this effect was attenuated in OTR deficient
mice. Kasahara et al. (2013) further determined the extent to
which OTR signaling within the DMH/VMH was sufficient
to elicit BAT thermogenesis by measuring BAT thermogenesis
in OTR null mice that received adeno-associated viral vector
expression of OTRs in DMH/VMH (Kasahara et al., 2013). They
found that OTR expression within the DMH/VMH restored
deficits in cold-induced thermogenesis and corrected defects in
β3- and α2-adrenoceptor mRNA expression in IBAT. Together,
these findings indicate that OTR signaling within the DMH
and/or VMH is sufficient to elicit BAT thermogenesis.

The role of OTRs within the midbrain raphe nucleus (median
raphe) in the control of body temperature has also been explored.
Yoshida et al. (2009) found that direct injections of OT into the
median raphe increase body temperature supporting a role of
OTRs in this region in the regulation of BAT thermogenesis.

In addition to the midbrain raphe and hypothalamic OTRs,
several studies have suggested that hindbrain OTRs may also
be important in contributing to OT-elicited BAT thermogenesis.
Namely, 4V administration (to target hindbrain OTRs) of OT
increases BAT temperature in both rats (Roberts et al., 2017)
and mice (Edwards et al., 2021b). In addition, Ong et al. (2017)
found that 4V administration also increases core temperature
in a rat model. Kasahara extended these findings and probed
the role of hindbrain OTRs within the rostral raphe pallidus,
a region that receives dense innervation from the PVN (Luo
et al., 2019), is a component of rostral medullary raphe (RMR)
and contains premotor neurons with polysynaptic projections to
BAT (Oldfield et al., 2002) and to stellate ganglia that innervate
BAT (Jansen et al., 1995). They found that OTR (+) neurons
within the rostral raphe pallidus are activated in response to cold
exposure (Kasahara et al., 2015). They subsequently addressed if
OTRs within the RMR were sufficient to elicit BAT thermogenesis
and found that expression of OTRs within the RMR restored
deficits in cold-induced thermogenesis and reduced the size of
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the lipid droplets in IBAT tissue to that of control mice (Kasahara
et al., 2015). Kasahara et al. (2015) also addressed if OTR in the
RMR were necessary for thermoregulation by using an AAV-Cre
to delete OTR expression from the RMR of Oxtrfx/fx mice.
However, AAV-Cre- elicited deletion of OTRs within the RMR
was not effective in restoring impairments in core temperature
in response to cold stimulus. The NTS is another hindbrain site
that expresses OTRs and has outgoing polysynaptic projections to
IBAT (Oldfield et al., 2002) and to stellate ganglia that innervate
BAT (Jansen et al., 1995). It is not clear if OTR (+) neurons
project to rostral raphe pallidus or directly to the spinal cord.
Future studies assessing the impact of NTS OTR gain of function
and loss of function will help further delineate the role of NTS
OTRs in the control of BAT thermogenesis. Together, these
findings suggest that OTRs within multiple hindbrain areas may
contribute to the effects of OT on BAT thermogenesis.

In addition to acting at OTRs within the brain, OT may also
stimulate BAT thermogenesis and energy expenditure through
sympathetic pre-ganglionic OTR-expressing neurons within the
spinal cord. Chemogenetic stimulation of OT neurons within
the rostral PVN, some of which innervate the thoracic spinal
cord, increases c-Fos in thoracic spinal cord cholinergic neurons,
boosts energy expenditure and tends to elevate IBAT temperature
(P = 0.13) (Sutton et al., 2014), although the extent to which
these effects are attributed to endogenous OT or another
peptide/neurotransmitter within OT neurons has not been
determined. Finally, a recent study indicated that OT may also
have a direct action through OT on OTRs on brown adipocytes
within BAT (Yuan et al., 2020) where OTR expression is found
to be upregulated in response to cold (Yuan et al., 2020). Future
studies should address if targeted disruption of OTRs within the
forebrain hypothalamus, midbrain, hindbrain, spinal cord and
BAT decrease both cold-induced thermogenesis and elevations of
energy expenditure and elicit adult-onset obesity (similar to that
of global OT or OTR deficient mice).

DOES LOCOMOTOR ACTIVITY
CONTRIBUTE TO THE ABILITY OF
OXYTOCIN TO INCREASE
INTERSCAPULAR BROWN ADIPOSE
TISSUE TEMPERATURE AND ENERGY
EXPENDITURE AND EVOKE WEIGHT
LOSS?

In addition to BAT thermogenesis and heat production, increased
locomotor activity is another mechanism to stimulate energy
expenditure. However, current data suggest that OT’s effects
on locomotor activity are inconsistent and appear to vary
depending on how it was administered (chronic vs. acute)
and, in some cases, whether the animals were lean or obese.
We and others have also found that chronic infusions of
OT into the lateral ventricle or 3V, at a dose that was
sufficient to reduce body weight and elevate IBAT temperature
(16 nmol/day), had no effect on locomotor activity in DIO
rats (Deblon et al., 2011; Blevins et al., 2015; Roberts et al.,

2017). In addition, Maejima et al. (2011) have also found that
subcutaneous infusion of OT, at a dose that was sufficient to
reduce body weight, also had no effect on locomotor activity in
DIO mice (1.6 mg/kg/day or ∼56.4 nmol/day). Based on these
collective findings, OT-elicited increases in locomotor activity
do not appear to be a major contributor to OT-elicited weight
loss in DIO models.

Chemogenetic stimulation of PVN OT neurons or acute
CNS or systemic administration of OT has been found to
either stimulate, reduce or have no effect on locomotor activity.
Sutton et al. (2014) found that chemogenetic activation of PVN
OT neurons in Oxytocin-ires-Cre mice increased locomotor
activity and energy expenditure and resulted in a tendency
(non-significant) toward an increase in subcutaneous IBAT
temperature in animals with transponders implanted above the
IBAT depot. A recent study by Zhang et al. (2021) found
that chemogenetic activation of magnocellular OT neurons that
project to the striatum, results in stimulation of locomotor
activity over a 20-min period though an OTR-dependent
mechanism. Similar to the forementioned chemogenetic studies,
one study found that acute administration of OT into the
VMH stimulated physical activity in rats at 1-h post-injection
(Noble et al., 2014), but these effects were short-lived and
did not following the more prolonged effects of 3V or 4V
OT on IBAT temperature in rats (Roberts et al., 2017) and
mice (Roberts et al., 2017; Edwards et al., 2021b). Additional
findings indicate that systemic OT was found to (1) reduce
methamphetamine-elicited elevations in locomotor activity in
rats (Carson et al., 2010), (2) reduce locomotor activity in
rats in an OTR-dependent manner (Angioni et al., 2016), or
(3) have no significant effect on locomotor activity in female
ovariectomized (Iwasa et al., 2019b) or perimenopausal rats
(Erdenebayar et al., 2020). Consistent with the earlier reports
that systemic OT was able to reduce locomotor activity, CNS
administration of OT was also found to block the effects of CNS
administration of OTR antagonist to increase locomotor activity.
Maejima et al. (2015) also found that intranasal OT, at a dose that
reduces food intake, had no effect on locomotor activity while
systemic (IP) administration reduced locomotor activity but only
during the dark cycle (Maejima et al., 2015). Collectively, these
studies suggest that OT results in a brief elevation of locomotor
activity, has no effect or reduces locomotor activity. In order
to assess if locomotor activity may play a role in OT-elicited
elevations of IBAT temperature and/or energy expenditure,
IBAT temperature, energy expenditure and locomotor activity
should be measured in parallel in the same animals under the
same conditions.

IS OXYTOCIN EFFECTIVE AT REDUCING
BODY WEIGHT IN MALE AND FEMALE
RODENTS?

Much of the early historical work regarding the effects of OT in
the control of food intake has focused on male rodent models but
the few studies that have been completed in female rodents have
produced somewhat mixed results. One early study reported that
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acute central and peripheral administration of OT reduced food
intake similarly in both male and female rats (Benelli et al., 1991).
Subsequently, Maejima et al. (2017) examined the effects of
OT on body weight and adiposity and found that chronic sc
infusions of OT produced similar reductions on body weight and
adiposity in male and female DIO C57Bl/6J mice. In addition,
central [intracerebroventricular (ICV)] administration of OT
was found effective at reducing food intake and weight gain
in female genetically obese Sim1 haploinsufficient mice but
not in female wild-type counterparts (Kublaoui et al., 2008).
A recent study by Seelke et al. (2018) reported that intranasal
OT may have a more heightened response to reduce weight
gain in female DIO prairie voles but the sample size was small.
Iwasa et al. (2019b) reported that chronic systemic OT (1x
IP administration over 6 days) treatment reduced food intake
and body weight in female ovariectomized rats. One recent
study by Liu et al. (2020a) indicate that the effectiveness of
central OT (ICV) administration to reduce food intake in female
rats is influenced by estrous cycle (particularly proestrous) and
that estrogen replacement in ovariectomized rats inhibits OT’s
effects on food intake. In light of these recent findings and
the earlier work by Maejima in DIO mice, it will be important
to determine if other routes of administration are as impacted
by estrous cycle and whether the ability of chronic central or
systemic administration of OT to elicit weight loss in female
rodents can be optimized if given intermittently throughout
the estrous cycle.

The role of endogenous OT in the control of body weight
in female rodent models is not clearly understood due, in
part, to inconsistent results and data that has largely been
generated in male rodents. Previous studies indicate that male
OT null mice develop adult-onset obesity at 10 (Kasahara
et al., 2007) or 16 weeks (Camerino, 2009) while OTR
receptor null mice develop adult-onset obesity at 12 weeks
(Takayanagi et al., 2008). While female OT null mice also
develop adult onset obesity (Camerino, 2009; Tamma et al.,
2009) as early as 8 weeks (Tamma et al., 2009), female OTR
deficient mice fail to develop increased body weight relative to
control counterparts (Takayanagi et al., 2008; Sun et al., 2019).
However, both male and female OT [3–10 months: females;
8–11 months: males] and OTR null mice [3 months: males
and females] develop increased fat mass and/or percent fat
(Sun et al., 2019). In contrast to the findings from male and
female OT null mice, only male Oxytocin-IresCre:Rosa26iDTR/+

mice with diphtheria toxin-elicited ablations of PVN OT
neurons become obese relative to control Rosa26iDTR/+ mice
(Wu et al., 2012). In contrast to the study from Takayanagi
et al. (2008), male OTR−/− mice failed to show increased
body weight relative to wild-type controls (Sun et al., 2019)
(personal communication with Dr. Tony Yuen and Dr. Mone
Zaidi) although it is certainly possible that they would have
become obese over time. Further studies will be required
in order to provide more clarity on whether differences in
genetic background, housing, thermoregulation and/or age
might be contributing factors in terms of these apparent
differences across studies.

HOW DOES OXYTOCIN IMPACT BODY
COMPOSITION?

Oxytocin may impact body composition through a direct
effect on OTRs on adipocytes which express OTRs
(Muchmore et al., 1981; Schaffler et al., 2005; Tsuda et al.,
2006; Altirriba et al., 2014; Gajdosechova et al., 2014, 2015; Yi
et al., 2015) or through an indirect effect through outgoing
polysynaptic projections from the PVN to both IWAT (Shi
and Bartness, 2001) and EWAT (Shi and Bartness, 2001;
Stanley et al., 2010).

Chronic administration (repeated injections or minipump
infusions) into the CNS (lateral ventricle, 3V) or systemic
OT treatment was found to decrease fat mass relative to
baseline fat mass (pre-intervention) or decrease fat mass post-
treatment in lean (Deblon et al., 2011) and DIO rats (Sprague-
Dawley CD R© IGS, Long-Evans and Wistar rats) (Deblon et al.,
2011; Morton et al., 2012; Blevins et al., 2016; Roberts et al.,
2017), DIO C57BL/6J (Roberts et al., 2017) and C57BL/6
mice (Zhang and Cai, 2011; Snider et al., 2019), db/db mice
(Plante et al., 2015), and ob/ob mice (Altirriba et al., 2014)
without producing any significant reductions in lean mass. OT
(repeated IP administration) was also found to reduce percent
fat mass after only 1 week of treatment and these effects
were not associated with any effects on lean mass in lean
wild-type mice (Sun et al., 2019) (1 µg/mouse, IP, 3x/week).
These more selective effects on fat mass in the absence of
any adverse effects on lean mass have also been recapitulated
following chronic hindbrain (4V) infusions in DIO C57BL/6J
mice (Edwards et al., 2021b).

Oxytocin treatment appears to reduce sc (Maejima et al.,
2017), mesenteric (Maejima et al., 2011), EWAT (Maejima et al.,
2011; Altirriba et al., 2014) and visceral fat (Maejima et al.,
2017) in DIO C57Bl/6J (Maejima et al., 2011) and ob/ob mice
(Altirriba et al., 2014) as well as in female ovariectomized Wistar
rats (Iwasa et al., 2019b). In addition, OT reduced adipocyte
size across several fat depots including sc (Plante et al., 2015;
Iwasa et al., 2019b)/inguinal (Edwards et al., 2021b), visceral
(Iwasa et al., 2019b), perirenal (Plante et al., 2015), and epicardial
(Plante et al., 2015), EWAT (Eckertova et al., 2011; Maejima
et al., 2011; Balazova et al., 2016) and mesenteric (Maejima et al.,
2011) depots in C57BL/6J (Maejima et al., 2011) and db/db mice
(Plante et al., 2015) as well as obese Zucker rats (Balazova et al.,
2016) or female ovariectomized Wistar rats (Iwasa et al., 2019b).
Chronic sc OT treatment also reduced liver weight and fat in
hepatocytes in DIO C57BL/6J mice (Maejima et al., 2011) but
was found to have no effect on liver triglyceride content in
ob/ob mice (Altirriba et al., 2014). In contrast, some studies have
reported that chronic systemic or central (4V) OT administration
elicited a relative reduction in lean mass compared to vehicle
in lean C57BL/6J (Altirriba et al., 2014) and DIO C57BL/6
mice (Snider et al., 2019) as well as in DIO CD IGS rats
(Roberts et al., 2017) with or without any relative reductions
in fat mass raising the possibility that differential effects may
be attributed, in part, to rodent strain, dosing and/or route of
administration. While there are exceptions, overall OT treatment
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appears to preferentially reduce fat mass while preserving lean
mass across rodent models.

More recent studies have found that more translational
routes of administration (intranasal) have also yielded promising
effects on body composition in rodents and humans. Chronic
intranasal administration (8 IU/kg; 1x daily over 7 days)
tended to reduce carcass fat mass in DIO prairie voles without
negatively impacting lean mass (Seelke et al., 2018). Recent
translational studies in humans indicate that chronic intranasal
OT (24 IU; 4x daily for 8 weeks) administration also tended
to reduce fat mass in obese men and women (Espinoza
et al., 2021). Interestingly, it also produced a slight increase
in lean mass (Espinoza et al., 2021). These findings are in
agreement with previous studies that found both a reduction
in relative fat mass (pre- vs. post-intervention) and a slight
increase in relative lean mass (pre- vs. post-intervention)
following 3V administration (16 nmol/day; ∼3-week body
comp measurements) (Blevins et al., 2016) and subcutaneous
administration (50 nmol/day) in chow-fed and DIO rats (10-
day body comp measurements). Whether these effects on lean
mass are due, in part, to OT’s effects on muscle mass and/or
bone composition merit further investigation and is discussed
further in Section “Mechanism of Action Following Peripheral
Administration.”

Existing data suggest that OT may impact body composition
through increased lipolysis or reduced lipogenesis. In vitro
data indicate that OT stimulates glycerol and free fatty acids
and/or reduces triglycerides in 3T3-L1 adipocytes (Deblon et al.,
2011; Yi et al., 2015). These findings have been recapitulated
in vivo in rats (Deblon et al., 2011) and DIO non-human
primates (rhesus monkeys) (Blevins et al., 2015). Chronic
intranasal OT tended to reduce triglycerides in pre-diabetic
obese humans but these effects were not reach statistical
significance (Zhang et al., 2013). In addition, chronic ICV
infusions of OT (1.6 and 16 nmol/day) increases expression
of hormone sensitive lipase (an enzyme linked with lipolysis)
in DIO rats (Deblon et al., 2011) in EWAT. In addition,
these effects on EWAT were reproduced following chronic
sc infusions of OT (50 nmol/day) in ob/ob mice (Altirriba
et al., 2014) as well as direct application of OT to 3T3-
L1 adipocytes (5 µm OT over 24 h) (Deblon et al., 2011).
These findings implicate that these pro-lipolytic effects may
occur through both a direct and indirect mechanism. OT
was also found to decrease expression of fatty acid synthase
(an enzyme linked to lipogenesis) in ob/ob mice (Altirriba
et al., 2014), indicating that OT may also decrease lipogenesis.
Existing data from animal models suggest that chronic central
or systemic OT infusions reduce respiratory quotient in
DIO rats (Deblon et al., 2011) and mice (Maejima et al.,
2011) compared to vehicle treatment (Deblon et al., 2011;
Maejima et al., 2011) or pair-fed animals (Deblon et al., 2011).
These effects were also recently translated to humans as OT
was also found to reduce respiratory quotient in lean and
obese men (Lawson et al., 2015). Collectively, these findings
suggest that OT reduces body adiposity and adipocyte size
by increasing lipolysis and lipid utilization or oxidation and
reducing lipogenesis.

HOW DOES OXYTOCIN IMPACT
MUSCLE MASS AND BONE
COMPOSITION?

Effects of Oxytocin on Muscle Mass
Recent studies implicate a role for OT in the control of
thermogenesis in skeletal muscle and muscle regeneration. OTR
are expressed in skeletal muscle (Elabd et al., 2014; Gajdosechova
et al., 2014, 2015) and in C2C12 mouse myoblast cells (Lee
et al., 2008). Existing data suggest that OT may elicit direct
effects on OTRs in skeletal muscles as (1) OT was found
to stimulate intracellular calcium in C2C12 mouse myoblast
cells and (2) chronic sc infusions of OT stimulate markers of
thermogenesis in skeletal muscle (UCP-3 and Atb5a1) (Yuan
et al., 2020). In addition to recently recognized role of skeletal
muscle thermogenesis, OT has been found to have an important
role in muscle regeneration. Loss of function studies show that
OT deficient mice have impairments in muscle regeneration @
12 months of age, but such impairments were not observed in
younger animals (3 months of age) (Elabd et al., 2014). These
data are consistent with the finding that OTR deficient mice
at 3 months of age do not have any impairments in lean mass
relative to age-matched wild-type mice (Sun et al., 2019). In
addition, hind limb muscles (gastrocnemius and tibialis anterior)
in OT deficient mice are associated with reduced muscle mass.
The hind limb muscles (quadriceps, gastrocnemius, and tibialis
anterior) in OT deficient mice were found to be associated with
increased perimuscular and intermuscular adipose tissue (Elabd
et al., 2014), findings which are consistent with increased body
weight and/or fat mass in this mouse model (Kasahara et al., 2007;
Camerino, 2009; Sun et al., 2019).

Of translational importance is that finding that chronic
intranasal OT was found to increase lean mass in senior men
and women with sarcopenic obesity (discussed in section “Is
Oxytocin Effective at Reducing Body Weight in Male and Female
Rodents?”). This is consistent with the finding that positive
associations have been observed between overnight serum OT
concentrations and lean mass in premenopausal women (Schorr
et al., 2017). A separate study using animal models provided
potential mechanistic insights into these effects. Systemic (sc)
treatment with OT (1 µg/g) was able to improve muscle
regeneration in aged mice to a level that as comparable to that
of younger mice (Elabd et al., 2014). In these studies, OT was
found to increase (1) the proliferative capacity of old satellite
myogenic cells to that of young satellite myogenic cells and
(2) the proliferation of primary myogenic progenitor cells. The
effects of OT on satellite cells were also found to occur through
the MAPK/ERK signaling pathway. Collectively, these findings
provide supportive data for future mechanistic studies using
intranasal OT in humans with sarcopenia.

Effects of Oxytocin on Bone Composition
In animal models, OT has been found to have a critical role in
maintaining bone mass in both male and female mice as both
OT and OTR null mice develop osteoporosis (Tamma et al.,
2009) (see Colaianni et al., 2015; McCormack et al., 2020, for
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review). The effects of OT on bone formation are likely due to
a direct action of circulating OT as peripheral OTRs as OTRs
are expressed on both mouse (Tamma et al., 2009; Colaianni
et al., 2012) and human osteoblasts (Copland et al., 1999; Tamma
et al., 2009) and osteoclasts (Colucci et al., 2002; Tamma et al.,
2009). Furthermore, peripheral administration of OT (two IP
injections separated by 12 h; 4 µg/mouse) increased TRAP-
positive osteoclast formation while central administration was
ineffective (Tamma et al., 2009). Peripheral administration has
also been found to increase bone mineral density and osteoblast
formation, proliferation and differentiation (Tamma et al., 2009).
Sun et al. (2019) recently determined that OTRs on osteoblasts
were critically important in bone formation by ablating OTRs
in osteoblasts using Col2.3Cre mice. Male and female mice that
lack OTRs in osteoblasts were found to have low bone mass that
resembled that of the OTR null mice (Sun et al., 2019). Mice
that lacked OTRs in osteoclasts also developed high bone mass
in Acp5Cre mice suggests an important role of OT to increase
osteoclastogenesis. Collectively, the effects of OT on bone are
thought to occur through both osteoblast differentiation as well
as regulation of osteoclast development and function.

While less is known from a mechanistic standpoint about OT-
elicited regulation of bone mass in humans, human studies do
reveal that there is a positive association between bone mass and
levels of circulating OT in women (Schorr et al., 2017). While
Breuil et al. (2015) did not find this positive association in men, it
did find a weak negative association between circulating OT and
fracture risk. Breuil et al. (2011, 2014) also found that circulating
OT levels correlated with osteopenia or osteoporosis in post-
menopausal women. In particular, higher circulating levels of OT
were associated with high bone mineral density (hip) in women
with lower circulating levels of estradiol or higher circulating
levels of leptin (Breuil et al., 2014). Similar to what is observed
in OT and OTR null mice (Tamma et al., 2009) and in Col2.3Cre
mice that lack OTRs in osteoblasts (Sun et al., 2019), humans
with low OT serum levels display severe osteoporosis (Breuil
et al., 2011). Overall, the effects of OT on bone mineral density in
humans appears to be complicated and influenced by sex steroids
and metabolic status.

MECHANISM OF ACTION FOLLOWING
PERIPHERAL ADMINISTRATION

While systemic administration of OT may impact body adiposity
through a direct effect on white and brown adipocytes, it may
reduce food intake, in part, through a direct action on peripheral
OTRs in the GI tract (Wu et al., 2003, 2008; Monstein et al.,
2004; Ohlsson et al., 2006; Qin et al., 2009; Welch et al., 2009),
the enteric nervous system (Monstein et al., 2004; Welch et al.,
2009), smooth muscle cells (Monstein et al., 2004; Qin et al.,
2009) and the vagus nerve (Welch et al., 2009; Brierley et al.,
2021) as well as central OTRs (Ring et al., 2006, 2010; Ho et al.,
2014; Iwasaki et al., 2019). Peripheral administration of OTR
antagonists that are capable of crossing the BBB stimulate food
intake in rodents (Olszewski et al., 2010; Zhang and Cai, 2011)
which implicate OTRs within either the CNS or periphery in the

control of food intake. Subsequent studies showed that peripheral
administration of an OTR antagonist that is not thought to
readily cross the BBB (L-371,257) produced modest effects to
stimulate food intake and body weight gain in chow-fed rats (Ho
et al., 2014) suggesting the potential importance of peripheral
OTRs in the control of energy balance. Iwasaki et al. (2014, 2019)
extended these findings in two separate studies and found that
the ability of peripheral administration of OT to reduce food
intake and elicit Fos (marker of neuronal activation) in the PVN
and hindbrain was either attenuated (0.4 mg/kg, IP) or blocked
(0.2 and 0.4 mg/kg, IP) in capsaicin-treated and vagotomized
mice. Collectively, these findings suggest that OTR signaling
through vagal afferents contributes to the effects of peripheral
OT administration to reduce food intake. Furthermore, a recent
study found that NTS preproglucagon neurons are critical
downstream meditators of the feeding suppression in response
to systemic OT (0.4 mg/kg, IP) (Brierley et al., 2021). Together,
these findings are consistent with a role of peripheral OTRs in
contributing to the effects of systemic OT.

One potential mechanism by which peripheral OT may
reduce food intake is through the reduction of gastric emptying.
Peripheral OT treatment also decreases gastric emptying in
rodents [mice (Welch et al., 2014)/rats (Wu et al., 2003, 2008)]
and these effects are attenuated following treatment with an
OTR antagonist, Atosiban (Wu et al., 2003, 2008), indicating
that these effects are attributed to OTRs. In other cases, systemic
administration has been found to have effect on gastric emptying
rate [rats (McCann et al., 1989)/humans (Borg et al., 2011)] or
a stimulatory effect on gastric motility [rabbits (Li et al., 2007)].
Whether these effects can be attributed, in part, to dosing or
species differences awaits further investigation.

Whether the peripheral effects of OT on gastric emptying in
rodents is mediated, in part, through activation of peripheral
or central OTRs is still not known. CNS administration of OT
reduces gastric motility (Rogers and Hermann, 1987; Flanagan
et al., 1992) and these effects appear to be mediated by OTRs
in the dorsal vagal complex (Rogers and Hermann, 1987).
While circulating OT may inhibit gastric motility through a
central mechanism these effects may also be mediated through
stimulation of OTRs that are expressed in the enteric nervous
system (Monstein et al., 2004; Welch et al., 2009) on smooth
muscle cells (Monstein et al., 2004; Qin et al., 2009) or
nodose ganglion (Welch et al., 2009). As mentioned earlier,
systemic OT suppresses food intake, in part, through a vagal
mechanism (Iwasaki et al., 2015, 2019) and signaling through
NTS preproglucagon (PPG) neurons (Brierley et al., 2021).
Future studies that address if the ability of systemic OT to
decrease gastric emptying is impaired in capsaicin-treated or
vagotomized rodents will help to differentiate a central from
peripheral mechanism of action.

Oxytocin may also reduce gastric emptying through the
local release of cholecystokinin-8 (CCK-8) and subsequent
activation of vagal afferents that innervate the hindbrain.
Systemic administration of OT inhibits both gastric emptying
and stimulates the release of CCK-8 (Wu et al., 2003, 2008),
both of which occur within the time period that peripheral
administration of OT reduces food intake (Ho et al., 2014).
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In addition, the effects of systemic OT to reduce gastric
emptying are blocked by pretreatment with a CCK1 receptor
antagonist, devazepide (Wu et al., 2003, 2008). Furthermore,
Iwasaki showed that peripheral administration of OT and CCK-
8 both activate single vagal afferent neurons (Iwasaki et al.,
2014) further supporting both a direct and indirect action of
OT to activate vagal relays through activation of CCK1 receptors
(Wu et al., 2008). Further studies to determine if the effectiveness
of systemic OT to suppress food intake and reduce gastric
emptying is attenuated in animals with gastric fistulas that are
open (sham feeding; no gastric distension) relative to animals
with closed fistulas (real feeding; gastric distension) will be
helpful in determining if OT inhibits food intake, in part, by
suppressing gastric emptying.

The extent to which circulating OT may inhibit food
intake through suppression of the orexigenic signal, ghrelin, is
controversial. It has been reported that ghrelin administration
centrally can stimulate OT release in rodents (Szabo et al.,
2019) and heterocomplex formed by OT receptor and ghrelin
receptor can alter OT signaling (Wallace Fitzsimons et al.,
2019) (see section “Mechanism of Action Following Peripheral
Administration”). One study reported that peripheral OT
treatment decreased circulating levels of ghrelin in men (Vila
et al., 2009) during a time that is consistent with when OT reduces
food intake in rodents (Ho et al., 2014). In contrast, intranasal
administration of OT, at a dose that reduced total caloric intake
(Lawson et al., 2015), cookie consumption (Ott et al., 2013) and
increased circulating levels of OT in other studies (Burri et al.,
2008; Striepens et al., 2013), failed to reduce plasma ghrelin. It
will be helpful to examine the impact of chronic intranasal OT
on circulating levels of ghrelin in the setting of weight loss as
this could offer potential mechanistic insights into downstream
targets of OT action and additional insights into how OT reduces
energy intake in humans, perhaps impacting both homeostatic
and reward-based food intake in humans.

EFFECTS OF INTRANASAL OXYTOCIN
ON ENERGY HOMEOSTASIS IN RODENT
MODELS

The extent to which circulating OT may enter the CNS remains
controversial (Mens et al., 1983; Ermisch et al., 1985; Kendrick
et al., 1986; Ring et al., 2006, 2010; Neumann et al., 2013; Ho et al.,
2014). Circulating OT may have limited or restricted access to the
CNS although some studies suggest that OT does cross the BBB
(Mens et al., 1983; Ermisch et al., 1985), and CNS sites that are
leaky to BBB (e.g., median eminence and area postrema) might
serve as sites of OT uptake. It is also unclear whether transport
of OT across the BBB could be hampered in the DIO state as has
been proposed for other hormones such as leptin (Banks et al.,
1999). Leng and Sabatier (2017) have also raised the possibility
that with high peripheral doses, “some OT is likely to enter the
brain despite the presence of a very effective blood–brain barrier
to OT.” Consistent with this, Freeman et al. (2016) found elevated
levels of OT within the CSF following the highest intravenous
dose of OT used in their study (5 IU/kg or ∼29–36.5 IU). Lee

et al. (2018) also found that deuterated OT given intravenously
at a higher dose (80 IU) also resulted in elevated levels within
the CSF of rhesus monkeys. In addition, others found that
central administration of a non-penetrant OTR antagonist, L-
371,257, was able to block the anxiolytic effects of peripheral
administration of OT (Ring et al., 2006). In addition, we have
also generated data to suggest that hindbrain OTRs contribute,
in part, to the satiety response to peripherally administered OT
(Ho et al., 2014). In an effort to target the CNS more directly
using a minimally invasive route of administration, the majority
of clinical trials have administered OT by the intranasal route
of administration.

Intranasal administration enables relatively rapid uptake into
the CSF of several neuropeptides and hormones, including
insulin, vasopressin, and the melanocyte-stimulating hormone,
adrenocorticotrophic hormone (4–10), within 30 min in humans
(Born et al., 2002). Intranasal delivery into the cribriform plate
rather than the turbinates is one approach that has been proposed
to maximize delivery to the CNS and limit uptake into the
circulation (Meredith et al., 2015). Intranasal delivery appears
to effectively enable OT to enter the CSF in mice, rats, non-
human primates and humans within 30–45 min post-treatment
(Gossen et al., 2012; Neumann et al., 2013; Chang and Platt,
2014; Monte et al., 2014) although others have found that only
aerosolized OT (24 IU) reached the CSF of non-human primates
(Modi et al., 2014) while intranasal OT @ 24 IU and IV OT @
48 IU was ineffective. In addition, the extent to which intranasal
OT may reach the parenchyma from the CSF is being debated
(see Leng and Ludwig, 2016a,b; Leng and Ludwig, 2016c, for
review). As Leng and Ludwig (2016a) stated: “several recent
studies have looked at the effects of intranasal application of
OT on food intake in man. These involve very high doses of
OT that raise plasma concentrations to supraphysiological levels;
a small amount of the applied OT probably reaches the brain,
but whether it does so in effective amounts is uncertain.” In
addition, the degree to which the OT measured in CSF in
response to intranasal OT is due to elevations of exogenous
or endogenous OT is also controversial (Ludwig et al., 2013;
Neumann et al., 2013; Lee et al., 2018; Smith et al., 2019). Similar
to vasopressin (Gouzenes et al., 1998), OT is one of the few
hormones that is can stimulate its own release. This can occur,
in part, through magnocellular SON (Yamashita et al., 1987;
Moos and Richard, 1989) and PVN (Kendrick, 2000) OT auto-
receptors following either central or systemic administration.
Systemic OT can do this indirectly by activating vagal afferents
(Kendrick, 2000; Iwasaki et al., 2015, 2019) where OTRs are
expressed (Welch et al., 2009), increasing Fos within PVN OT
neurons (Carson et al., 2010; Hicks et al., 2012; Hayashi et al.,
2020) and stimulating release of OT within the CNS (Zhang
and Cai, 2011) and likely back into the peripheral circulation.
These findings have been recently extended to high fat diet-
fed mice where systemic OT treatment was recently shown to
increase Fos within PVN OT neurons (Hayashi et al., 2020)
and up-regulate hypothalamic OT mRNA. Similarly, chronic
CNS infusions of OT can up-regulate hypothalamic OT mRNA
and increase OT levels within the circulation (Miller, 2013).
The finding that circulating levels of OT are elevated at 15
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(Striepens et al., 2013), 30 (Striepens et al., 2013), 40 (Monte et al.,
2014), 45 (Striepens et al., 2013), 60 min (Striepens et al., 2013;
Kirkpatrick et al., 2014; Lee et al., 2018), or 90 min (Kirkpatrick
et al., 2014) following intranasal administration in non-human
primates (Monte et al., 2014; Lee et al., 2018) and humans
(Striepens et al., 2013; Kirkpatrick et al., 2014) raise the possibility
that intranasal OT may be either entering the circulation directly
or indirectly following the release of endogenous OT into the
CNS and peripheral circulation. To address the possibility that
the rise in CNS OT in response to intranasal OT might be a result
of endogenous release, Smith, Korgan and Young examined the
extent to which intranasal OT entered the CNS in OT null mice
(Smith et al., 2019). They found that intranasal OT elevated OT
levels within the left amygdala as well as blood (Smith et al.,
2019). Collectively, these findings extend the previous findings in
rodents, non-human primates and humans and suggest that OT is
capable of entering the parenchyma following intranasal delivery.

One question is how translatable are metabolic data that
are generated in animal models following central or peripheral
administration given that OT is largely being administered
intranasally in humans. As previously discussed, OT given by
peripheral route of administration is likely to act by both
peripheral and central OTRs (particularly at higher doses) to
inhibit food intake and potentially stimulate thermogenesis and
energy expenditure. There is a very limited amount of metabolic
data following intranasal administration in rodent models, but
it has been found to largely recapitulate the effects of central
and peripheral OT to reduce food intake (Maejima et al., 2015)
and/or weight gain (Seelke et al., 2018) in mice and DIO prairie
voles, respectively. While additional studies tracking the effects of
chronic intranasal administration on food intake, thermogenesis
and energy expenditure and weight loss need to be undertaken
in the rodent model, the data obtained from both central and
peripheral administration in animal models appears to translate
well to current findings following intranasal administration
in animal models.

EFFECTS OF OXYTOCIN ON
DYSLIPIDEMIA AND LIPOLYSIS IN
RODENT AND NON-HUMAN PRIMATE
MODELS

Both in vitro and in vivo data suggest that OT reduces
dyslipidemia and increases lipolysis in rodent and non-human
primate models. OT was found to stimulate glycerol in 3T3-L1
adipocytes (Yi et al., 2015), which express OTRs (Schaffler et al.,
2005; Yi et al., 2015), indicating that OT stimulates lipolysis in this
model through a direct action. In addition, OT also stimulated
glycerol release from epididymal fat pads ex vivo (Deblon et al.,
2011). ICV OT (1.6 nmol/day) also increased serum glycerol and
reduced serum triglycerides following 2-week treatment in rats
(Deblon et al., 2011). Chronic 3V infusions (16 nmol/day) over
21–28 days was found to reduce total cholesterol in DIO mice
(Roberts et al., 2017) and rats (Blevins et al., 2016; Roberts et al.,
2017). Recent findings indicate that in female perimenopausal

rats, systemic OT over 12 days was found to reduce triglycerides,
LDL and HDL cholesterol (Erdenebayar et al., 2020) raising the
possibility that OT could be beneficial in treating hyperlipidemia
at the time of menopause or post-menopause. Blevins extended
these findings in DIO non-human primates (rhesus monkeys)
where chronic 2 × daily subcutaneous injections of OT
reduced total cholesterol, Apolipoprotein C-III, high-density
lipoprotein, serum triglycerides and increased serum free fatty
acids and glycerol following 4-weeks of treatment. It was
also associated with a transient reduction of low-density
lipoprotein (Blevins et al., 2015). One additional study found
that chronic ICV (1.6 nmol/day) infusions of OT stimulated
EWAT mRNA expression of lipoprotein lipase (Lpl) and fatty
acid transporter (fat) (Deblon et al., 2011), which have both
been linked uptake of triglycerides and fatty acids, respectively.
While chronic ICV infusions of OT (1.6 nmol/day) did not
alter enzymes linked to triglyceride storage or lipogenesis
(diacylglycerol O-acyltransferase homolog 1, fatty acid synthase,
and acetyl-coenzyme A carboxylase alpha), it did stimulate
enzymes associated with lipolysis (hormone-sensitive lipase and
patatin-like phospholipase domain containing 2) (Deblon et al.,
2011). Chronic CNS [ICV, 3V; 16 nmol/day] or systemic OT
administration (1.6 mg/kg/day or ∼56.4 nmol/day) is also
associated with decreases in respiratory quotient in DIO rats
(Deblon et al., 2011; Blevins et al., 2016) and DIO mice (Maejima
et al., 2011) relative to vehicle treated animals (Deblon et al.,
2011; Maejima et al., 2011; Blevins et al., 2016) or pair-fed
control animals (Deblon et al., 2011). Taken together, these
findings suggest that OT-elicited lipolysis and lipid oxidation may
contribute to OT-elicited weight loss.

OXYTOCIN RECEPTOR DIMERIZATION

The OTR is a G protein-coupled receptor (GPCR) that is
coupled to the Gαq alpha subunit (Gαq) or the Gαi alpha
subunit (Busnelli and Chini, 2018). Given that the OTR is a
GPCR it is prone to the formation of heterodimers with other
GPCRs that are in close proximity. These heterodimers can
impact intracellular signaling pathways, allosteric interactions,
endocytosis, biological function and drug effects (Schellekens
et al., 2013; Wallace Fitzsimons et al., 2019). This is of particular
interest given that OT and ghrelin have opposing actions on
food intake and OTRs and the growth hormone secretagogue
receptor (GHS-R1a) have overlapping areas of expression in
many CNS sites linked to the control of food intake and/or
energy expenditure (including the ARC, VMH, NTS, and VTA)
(Abizaid et al., 2006; Zigman et al., 2006). Recent studies have
provided strong evidence for cross-talk between both receptors
and co-expression of OTR/GHSR resulted in an attenuation of
OTR-elicited signaling and potential heterocomplex formation
(Wallace Fitzsimons et al., 2019).

In addition to ghrelin, the OTR has been found to form homo-
and heterodimers with other receptors. OTRs and vasopressin
V1a and V2 receptors also form homo- and heterodimers
(Terrillon et al., 2003). In addition, OTR forms heterocomplexes
with dopamine D2 receptors which may potentially contribute
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to anti-anxiety actions of OT within the CeA (de la Mora et al.,
2016). Additional studies provide evidence for the presence
of dopamine d2-OTR heteromers located within the ventral
and dorsal striatum that may play a role with facilitatory
receptor-receptor interactive effects (Romero-Fernandez et al.,
2013). Recent studies also indicate that signaling through OT
and serotonin 2A receptors appears to be impaired through
heteroreceptor formation (Chruscicka et al., 2019). The extent
to which these homo- or hetero-complexes may contribute to
the effects of OT to reduce both anxiety and feeding reward
and potentially explain the ability of OT to produce a more
pronounced reduction of energy intake in DIO rodents (Deblon
et al., 2011; Maejima et al., 2011; Blevins et al., 2016; Roberts et al.,
2017; Edwards et al., 2021b) and obese humans (Thienel et al.,
2016) will be important questions for future investigation.

DOES OXYTOCIN REDUCE BODY
WEIGHT IN OBESE AND OVERWEIGHT
HUMANS?

The beneficial metabolic effects of OT have been recently
translated to DIO non-human primates (Blevins et al., 2015) and
obese humans (Zhang et al., 2013; Lawson et al., 2015; Thienel
et al., 2016). Several small clinical trials conducted in normal
weight or overweight/obese men have shown that a single-dose
intranasal OT acutely decreased food intake and hedonic eating
(Ott et al., 2013; Lawson et al., 2015; Thienel et al., 2016). Large
clinical trials of long duration to examine the effectiveness of
OT treatment in obesity is lacking but available clinical trial data
have revealed beneficial effects of OT on reducing body weight in
overweight/obese men and women as well as in an adolescent boy
with hypothalamic obesity (Zhang et al., 2013; Hsu et al., 2017).
In the first study to show that chronic intranasal OT elicited
weight loss in humans, 24 overweight/obese men and women
were randomized to receive OT nasal spray 24 international units
(IU) four times daily or placebo for 8 weeks (Zhang et al., 2013).
OT treatment led to a 8.9 ± 5.4 kg (p < 0.001) weight loss at
the end of the trial and the weight reduction was significantly
larger than the placebo at the end of the trial. No adverse events
(AEs) were reported during the trial. In addition, in a single case
study, chronic intranasal OT was found to reduce obesity and
food intake in an obese 13-year-old adolescent following removal
of a craniopharyngioma (Hsu et al., 2017), which speaks to the
generalized energy homeostatic action of OT independent of
obesity etiology. A more recent trial found that chronic intranasal
OT (24 IU four times daily for 8 weeks) tended to reduce body
adiposity and increase lean mass in a group of older adults
with sarcopenia and obesity but failed to produce any changes
in BMI (Espinoza et al., 2021). While these studies provided
preliminary evidence that OT treatment may have promising
metabolic benefits, including reduction of adiposity and/or body
weight, sufficiently powered and rigorously designed clinical
trials are still needed to confirm the effect of OT seen on energy
metabolism. In addition to homeostatic food intake, OT has also
been associated with limiting consumption of highly palatable
foods in rodent and non-human primate models (for review,

see Lawson, 2017; McCormack et al., 2020). These findings
also have translated to some extent in humans (Lawson et al.,
2015). Several labs have reported that intranasal OT reduced
chocolate cookie or biscuit consumption (Ott et al., 2013; Thienel
et al., 2016; Burmester et al., 2018). In addition, intranasal OT
enhances the cognitive control of food craving in women who
viewed images of candies and desserts (Striepens et al., 2016). To
evaluate the mechanism for these behavioral findings, Plessow
et al. (2018) observed that intranasal OT reduced activation of
both homeostatic and feeding reward centers in the CNS, in
response to images of highly palatable food during functional
MRI. While further studies need to be done to clarify if OT
modifies macronutrient preference in humans, these findings
together suggest that it may play a role in limiting consumption
of stress- or emotional-eating of food high in sugar or fat.

Thus, while several small clinical trials conducted in normal
weight or overweight/obese men have now shown that a single-
dose intranasal OT acutely decreased calorie intake (Lawson
et al., 2015; Thienel et al., 2016), hedonic eating (Ott et al.,
2013; Lawson et al., 2015; Thienel et al., 2016) and food craving
(Striepens et al., 2016) it is still unclear if these findings would
hold up in a paradigm of chronic administration or if they would
be correlated with clinically meaningful weight loss. While the
one study by Zhang et al. (2013) found that chronic intranasal OT
elicited weight loss in overweight/obese humans, the mechanism
of action of OT remains unexplored (e.g., associated with an
increase in energy expenditure and/or decrease in appetite/food
intake). Sufficiently powered, rigorously designed clinical trials
are needed to examine the efficacy, tolerability and safety of OT
use in humans. Based on our preclinical data and available clinical
observations, we argue that OT holds promise as an appealing,
non-invasive strategy to combat obesity though its CNS action
on regulating appetite (Striepens et al., 2013; Freeman et al., 2016)
and/or energy expenditure.

TRANSLATIONAL POTENTIAL

Intravenous/intramuscular OT is FDA-approved and has a
long track record of clinical use in parturition (Vallera et al.,
2017). Intranasal OT has been used clinically for over 50 years
(most commonly in the field of psychiatry) and has an excellent
safety profile (MacDonald et al., 2011). A systematic review
of 38 RTCs conducted between 1990 and 2010 on over 1500
individuals (79% men) showed that OT was not associated
with adverse outcomes when delivered at doses of 18–40 IU
for short term use in controlled research settings (MacDonald
et al., 2011). Mild side effects including drowsiness/sleepiness,
calm/relaxed/comfortable, lightheadedness, and feeling of
anxious/worried were reported by 279 out of 1529 participants
(18%). Since then, longer term studies have been conducted and
continued to demonstrate an excellent safety profile of intranasal
OT (Tachibana et al., 2013; Zhang et al., 2013; Hsu et al., 2017;
Cai et al., 2018). As mentioned earlier, the pharmacokinetics of
intranasal OT administration have been investigated. Striepens
et al. (2013) showed that, in subjects who received 24 IU of OT
intranasally (or placebo), OT levels increased significantly in
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plasma at 15, 30, 45, and 60 min after administration, and in
cerebrospinal fluid (CSF) at 75 min when the plasma level began
to decline. In another study by Gossen et al. (2012), following 26
IU of single intranasal OT administration in eight men plasma
OT concentrations increased over a period of 210 min, reaching
a peak at 30 min. Lawson et al. (2015) previously showed that
a single-dose (24 IU) intranasal OT acutely decreases food
intake; Zhang et al. (2013) reported that 24 IU given QID over
8 weeks reduced body weight in overweight/obese men and
women. The 40 IU dose has been used in clinical trials for up
to approximately 10 weeks at a frequency of once daily and
was well tolerated (van Zuiden et al., 2017; Flanagan et al.,
2018).

As discussed above, OT may increase BAT thermogenesis
through its action in the modulation of CNS sympathetic output
and on sympathetic pre-ganglionic OTR-expressing neurons
within the spinal cord to increase SNS outflow (see section
“Source and Functions of Oxytocin”). Collectively, this may
adversely affect cardiac function and hamper its translational
potential (Greenfield et al., 2009; Kievit et al., 2013) given
the high prevalence of hypertension and cardiovascular disease
among individuals who are overweight or obese (Nguyen et al.,
2008). However, studies in animals have generated mixed results
demonstrating an increase, decrease or no change in blood
pressure (Petersson et al., 1996; Nation et al., 2010; Maejima
et al., 2011; Ludwig et al., 2013; Yosten and Samson, 2014) or
heart rate (Petersson et al., 1996; Yang et al., 2009; Yoshida
et al., 2009; Nation et al., 2010; Maejima et al., 2011; Ludwig
et al., 2013; Hicks et al., 2014; Plante et al., 2015) depending
on route of OT administration and species studied (for review,
see Petersson, 2002; Gutkowska and Jankowski, 2012). Studies
using intranasal OT in humans have not reported adverse side
effects on heart rate (Burri et al., 2008; Kirkpatrick et al.,
2014; Lawson et al., 2015), blood pressure (Kirkpatrick et al.,
2014; Lawson et al., 2015) or cardiovascular dysfunction (Zhang
et al., 2013) in men (Burri et al., 2008; Zhang et al., 2013;
Kirkpatrick et al., 2014; Lawson et al., 2015) and non-pregnant
women (Zhang et al., 2013; Kirkpatrick et al., 2014). The
sample size of these studies was small, and the duration of
treatment was short (up to 8 weeks). Therefore, it will be
prudent to carefully monitor cardiovascular outcomes such
as heart rate and blood pressure with chronic OT treatment
in future studies.

CONCLUSION

Pre-clinical data in rodents and non-human primates
suggest that OT elicits weight loss, in part, by both
central and peripheral mechanisms to reduce food intake
(homeostatic and hedonic feeding) and impact energy
expenditure in the absence of visceral illness or tolerance.
While there is much enthusiasm over the potential use
of OT as a therapeutic strategy to treat eating disorders
and obesity, we await the results of ongoing clinical
trials in obese humans for additional confirmation of
its feasibility as a long-term weight loss strategy and

assessment of adverse side effects. There is an ongoing
need to identify an optimal dose, frequency, and duration
of administration and to examine the dose-response effects
of intranasal OT on body weight and adiposity in individuals
with obesity.

Combination drug treatment has demonstrated impressive
efficacy in inducing weight loss [(Frias et al., 2017; Chepurny
et al., 2018)] (for review, see Rodgers et al., 2012). We
think OT may be more optimal as an adjunct therapy for
obesity rather than a monotherapy. It is clear that OT is
effective as a monotherapy to elicit weight loss in DIO
rodents (Deblon et al., 2011; Maejima et al., 2011, 2017;
Zhang and Cai, 2011; Zhang et al., 2011; Morton et al.,
2012; Blevins et al., 2016; Roberts et al., 2017; Edwards
et al., 2021b), non-human primates (Blevins et al., 2015)
and humans (Zhang et al., 2013), but these effects (pre- vs.
post-intervention) appear to be modest even after sustained
treatments that last 4–8 weeks [≈ 4.9% in DIO mice (Roberts
et al., 2017), 8.7% in DIO rats (Roberts et al., 2017), 3.3%
in DIO rhesus monkeys (Blevins et al., 2015) and 9.3%
humans based on results from a proof of concept study with
short duration and small sample size (Zhang et al., 2013)].
The average weight loss with the currently FDA approved
medications (i.e., orlistat, liraglutide, naltrexone/bupropion,
phentermine/topiramate, semaglutide) ranges between 5 and
14.9% (Allison et al., 2012; Apovian et al., 2015; Bray et al., 2018;
Enebo et al., 2021).

Long-term efficacy of OT treatment for obesity remains to
be established. The effect of OT on thermogenesis, appetite
and stress reduction may offer unique properties that current
therapies do not have. OT as an adjunct therapy for obesity
is also worth exploring. For instance, pre-clinical and clinical
studies indicate that OT in combination with the opioid
antagonist, naltrexone, is an effective strategy to reduce food
intake (animals, humans) as well as body weight (humans).
Peripheral (intravenous) administration of OT and naltrexone
was recently found to be effective at reducing palatable 10%
sucrose solutions as well as intake of a high fat/high sugar
diet in rats (Head et al., 2021). Intranasal OT was also
found to be effective at reducing hyperphagia and maintaining
weight loss when given in combination with the opioid
antagonist, naltrexone, to a 13-year-old adolescent male with
craniopharyngioma related hypothalamic obesity (Hsu et al.,
2017). Thus, the combination of OT with other therapies that
act, in part to reduce food intake (hedonic and/or homeostatic
feeding) and increase energy expenditure may act in an
additive mechanism to elicit greater weight loss than either
treatment alone.
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Even though lifestyle changes are the mainstay approach to address obesity, Sleeve
gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB) are the most effective and
durable treatments facing this pandemic and its associated metabolic conditions.
The traditional classifications of bariatric surgeries labeled them as “restrictive,”
“malabsorptive,” or “mixed” types of procedures depending on the anatomical
rearrangement of each one of them. This conventional categorization of bariatric
surgeries assumed that the “restrictive” procedures induce their weight loss and
metabolic effects by reducing gastric content and therefore having a smaller reservoir.
Similarly, the “malabsorptive” procedures were thought to induce their main energy
homeostatic effects from fecal calorie loss due to intestinal malabsorption. Observational
data from human subjects and several studies from rodent models of bariatric surgery
showed that neither of those concepts is completely true, at least in explaining the
multiple metabolic changes and the alteration in energy balance that those two surgeries
induce. Rather, neuro-hormonal mechanisms have been postulated to underly the
physiologic effects of those two most performed bariatric procedures. In this review,
we go over the role the autonomic nervous system plays- through its parasympathetic
and sympathetic branches- in regulating weight balance and glucose homeostasis after
SG and RYGB.

Keywords: parasympathetic nervous system, sympathetic nervous system, energy balance, metabolic regulation,
bariatric/metabolic surgery

INTRODUCTION

Obesity is associated with several co-morbidities that carry a significant burden on the healthcare
system and quality of life of all affected subjects around the world. As of 2014, 13% of
adults worldwide were obese, with the most affected region being the American continent,
for the prevalence of obesity among adults in the United States increased from 33.7%
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in 2007–2008 to 42.4% in 2017–2018 (Hales et al., 2020).
Prediction models suggest that the prevalence of overweight
condition in the United States will surpass 75% and that of obesity
will be ∼50% by the year of 2030 (Wang et al., 2011). The
initial and conventional approach for managing obesity involves
multiple lifestyle modifications that implement changes in diet,
activity and behavior. However, these measures rarely result in
durable or drastic weight loss (Wadden et al., 2012). In the face
of this raging epidemic, bariatric and metabolic surgery remains
the most effective intervention to manage excess body weight
and adiposity and it significantly improves most obesity-related
morbidities with results lasting more than a decade. Needless to
say, because of its invasiveness as well as short and long-term
complications (though significantly improved) it is currently
offered for selected patients who are morbidly obese and who
meet certain specific criteria, after failing conventional therapy.
Several types of bariatric surgeries including SG, RYGB, and
other forms of gastric bypass, laparoscopic adjustable gastric
banding, and duodenal switch with biliopancreatic diversion, are
nowadays the most common surgical procedures being offered
to patients with obesity (English et al., 2020). Though RYGB
was traditionally considered by many to be the gold standard
weight loss procedure, SG had become the most commonly
performed bariatric surgery since 2013 after its reimbursement
was approved by Medicare and Medicaid in 2012 (English et al.,
2018). It has been demonstrated that sleeve and RYGB have
comparable weight loss outcomes, at least in the short-term
(Schauer et al., 2012).

The traditional theory which attributes “restriction” of gastric
pouch to reduced caloric consumption and small intestinal
bypass to decreased caloric absorption has been repetitively
evaluated. It was shown that gastric pouch or sleeve size did not
affect meal size or food intake reduction post-bariatric surgery
(Topart et al., 2011; McCracken et al., 2018). Additionally, the
amount or caloric malabsorption induced by gastric bypass
was very modest and cannot explain solely or be responsible
for the large amount of weight lost induced by this bariatric
procedure (Odstrcil et al., 2010). On the other hand, it was
previously shown that alteration in feeding behaviors, bile acid
signaling and flow, gut microbiota, as well as several neuro-
hormonal effects (through GLP-1, P-YY, Ghrelin, and leptin)
play an important role in inducing many of the beneficial effects
of bariatric surgery (le Roux et al., 2007; Stefater et al., 2012;
Liou et al., 2013; Yan et al., 2014). Obesity was previously
reported to be associated with an attenuated vagal tone and
a selective increase in sympathetic tone activity specifically to
musculoskeletal organs and peripheral arterial bed, predisposing
to obesity-associated hypertension (Landsberg, 1986, 2001;
Guarino et al., 2017). There is suggestive evidence that RYGB
transiently activates the systemic sympathetic nervous system,
leading to a subsequent relative enhancement in parasympathetic
over sympathetic activity, that seemingly lasts longer (Lips
et al., 2013). In addition, other studies suggested that the
gut-brain communications via parasympathetic or sympathetic
neuron fibers (afferent/sensory or efferent/motor) may also play a
differential role in regulating metabolic effects of bariatric surgery
(Berthoud, 2008; Ballsmider et al., 2015).

Both arms of the autonomic nervous system have been
postulated to play a metabolic regulatory role in bariatric
surgery. This review will review go over each system
(sympathetic and parasympathetic) in regulating variable
metabolic effects of RYGB and SG.

INTRODUCTION OF SYMPATHETIC AND
PARASYMPATHETIC NERVES AND
THEIR IMPLICATIONS IN METABOLISM

The autonomic neurons of the sympathetic and parasympathetic
nervous system innervate multiple organs and regulate their
many of their homeostatic functions. The autonomic nervous
system often works in a closed-loop feedback mechanism
where sensing of variable biological factors is transmitted via
afferent neurons to the brain or brain stem. Subsequently,
homeostatic centers or nuclei within the central nervous
system process these signals and transmit response orders via
efferent/motor neurons to target body organs. Both sympathetic
and parasympathetic nervous systems maintain whole-body
homeostasis (e.g., through their actions on circulation, energy
metabolism, thermal situation, respiration, and immunity) in
the face of both endogenous and exogenous perturbations
(Esler et al., 2003).

An earlier hypothesis postulated that weight gain in
obesity is partially due to sympathetic nervous underactivity
causing reduction in thermogenesis (Tremblay and Chaput,
2009). However, microneurography and regional noradrenaline
spillover measurements in obese individuals have disproven
this hypothesis, thus weakening the case for therapeutic use
of β3-adrenergic agonists to stimulate thermogenesis (Kamiya
et al., 2021). Interestingly, weight loss, secondary to lifestyle
interventions such as diet and exercise, improves sympathetic
and parasympathetic heart rate variability, which is an index
of autonomic control of cardiac activity. Bariatric surgery
also improves HRV through weight loss which might also
prevent cardiac autonomic neuropathy (CAN) in severe obesity
(Williams et al., 2019).

The peripheral nervous system is also involved in direct and
indirect regulation of food intake. Vagal afferent neurons in the
duodenum and stomach are shown to respond to mechanical
stretch by luminal nutrients while also integrating other visceral
sensory information along with metabolic, signals, through
neuronal projection into brain stem centers. After vagotomy,
neuroendocrine signaling pathways from gut hormones, such
as ghrelin, are disrupted. Although, celiac branch vagotomy
performed concomitantly with RYGB in rat model resulted in
a slightly lesser degrees of weight reduction compared to RYGB
without vagotomy, this effect seemed to be transient (Hao et al.,
2014). Weight loss outcome in human subjects who had RYGB
did not seem to be affected by having a vagotomy or not
(Okafor et al., 2015). This data suggest that vagal contribution
to RYGB-induced weight loss- if present- is already induced
at time of surgery, supporting in part the Phantom satiation
hypothesis by Gautron (2021). Tracer studies showed that RYGB
decreases the density of vagal sensory neurons and also activates
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microglia in the NTS, altering neuronal communication – and
assumingly energy signaling- between the gut and the CNS
(Mulla et al., 2018).

LAPAROSCOPIC SLEEVE
GASTRECTOMY AND ROUX-EN-Y
GASTRIC BYPASS

Weight Loss
Roux-en-Y gastric bypass, traditionally considered as the gold
standard weight loss procedure, has become the second most
performed bariatric procedure since 2013. Laparoscopic sleeve
gastrectomy (LSG) has become the most performed bariatric
procedure worldwide, because of its efficacy in achieving
weight loss results and improvements in obesity-associated
comorbidities that are comparable to those of RYGB with lower
operative and post-operative complications (Rosenthal et al.,
2012; Parikh et al., 2013). In comparison with other bariatric
surgeries, such as the laparoscopic RYGB, LSG is a shorter
and less technically challenging procedure that involves fewer
changes in gastrointestinal anatomy. Additionally, the stomach
is longitudinally dissected during LSG, with lesser disruption
of the distal fibers of gastric vagus, whereas the stomach is
transversely transected during RYGB and both the dorsal and
the ventral branches of the gastric vagus nerve are disrupted,
creating damage to preganglionic efferent and afferent fibers
(Berthoud et al., 2011; Saeidi et al., 2012; Browning et al., 2013;
Hao et al., 2014).

Glucose Control
Bariatric surgery, including RYGB and LSG, markedly ameliorate
glycemic control and may reverse or prevent T2DM in
individuals with obesity (Mingrone et al., 2015; Schauer et al.,
2017; Borgeraas et al., 2020; McTigue et al., 2020). The metabolic
benefits appear to be weight independent as they occur prior to
the onset of significant weight loss and are not correlated with
weight loss magnitude. The exact underlying mechanisms are
still unclear (Mingrone and Cummings, 2016). Multiple pathways
have been proposed to be involved in the positive metabolic
effects of RYGB, such as adipose function and morphology,
glucose turnover in the liver, altered route and timing of food
delivery to the small bowel, CNS control of metabolism and
nutrient intake, as well as altered hormonal signaling (Batterham
and Cummings, 2016). Following RYGB, there is a marked
and rapid increase in several gut hormones including glucagon-
like peptide-1 (GLP-1), and glucose-dependent insulinotropic
peptide (GIP), specifically in the postprandial state- and it
is thought the incretin effect of these hormones contributes
to improved glycemic control (Falken et al., 2011; Jorgensen
et al., 2012). There is also data suggesting that the incretin
effect of GLP-1 is not regulated through endocrine pathway
via beta cells, supporting the hypothesis that GLP-1 promotes
insulin secretions via paracrine and/or neurocrine action (Smith
et al., 2014). Rapid delivery to the distal small bowel with
ingested nutrients is thought to contribute to the increased

GLP-1 response (Salehi et al., 2011). The known incretin effect
of GLP-1 along with its central glucoregulatory effects (Parlevliet
et al., 2010) and its energy regulatory effect on food intake
(Ten Kulve et al., 2017), may partially explain improved glucose
profile following RYGB.

Comparing the early weight loss-independent and later
weight loss-dependent (after 1 year) glycemic controls of
these surgeries, LSG and RYGB showed similar changes on
glycemic control, despite lower concentrations of GLP-1 and
slightly less BMI reduction following LSG (Wallenius et al.,
2018). This is in line with the observation in rodents that
even complete absence of GLP-1 does not attenuate the LSG-
mediated effects on weight reduction and glucose metabolism
(Wilson-Perez et al., 2013).

The increased profile of GLP-1 after bariatric surgeries
is thought to be explained by the hind-gut theory, in
which stimulation of the distal intestine resulted from
rapid nutrient entry further down the gastrointestinal tract
such as ileum, where most of L-cells are found (Chambers
et al., 2014). In addition, it was suggested that intestinal
adaptation following chronic exposure to rapid nutrient
delivery may lead to expansion in enteroendocrine cell
population or nutrient-sensing capability, which contribute
to the exaggerated increase in levels of postprandial GLP-1
after LSG or RYGB. It has to be noted that this observation
is more consistent with RYGB than with LSG (Hutch and
Sandoval, 2017). Interestingly, there were studies showing
that LSG may lead to augmented elevation in postprandial
GLP-1 (Ramon et al., 2012; Yousseif et al., 2014) comparable
to that of RYGB.

Peptide YY (PYY), an anorexigenic peptide secreted by
L-cells mostly located in the ileum and colon, reduces
appetite, decreases the contraction of gallbladder, slows gastric
emptying, suppresses gastric and pancreatic secretion, and
increases nutrient absorption in the ileum. It was demonstrated
that reduced PYY secretion in obese patients significantly
increases after LSG, comparable to those observed after RYGB
(Benaiges et al., 2015).

SYMPATHETIC NERVOUS SYSTEM AND
ROUX-EN-Y GASTRIC BYPASS

Bariatric surgery improves metabolic abnormalities in morbidly
obese individuals. Hyperlipidemia, hypertension, T2DM,
and obstructive sleep apnea are improved substantially
following the surgery. Although improved blood pressure
following RYGB has been attributed to weight-loss, lower
blood pressure can occur before the reduction of body
weight (Ahmed et al., 2009). Therefore, the blood pressure
-lowering effect secondary to surgery may be weight
loss independent. The potential underlying mechanisms
of the blood pressure -lowering effects following RYGB
include enhanced secretion of incretins, such as GLP-
1 and PYY (Ochner et al., 2011), reducing leptin levels
(Rodriguez et al., 2012), alerting microbiota in the GI tract
(Lin et al., 2019), increasing excretion of urinary sodium
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(Docherty et al., 2017), and decreasing sympathetic nervous
system activity (Zhang et al., 2014).

It is recognized that obesity is characterized by
sympathetic nervous activation which contributes to
hypertension associated with obesity. The time course of
this change as well as the underlying mechanisms are not
completely understood (Lohmeier and Iliescu, 2013). In
addition, obesity and overweightness are characterized
by sympathetic overactivity which mirrors the severity of
the clinical condition and reflects metabolic alterations
(Grassi et al., 2019). In the context of obesity, it has been
hypothesized that increased resting sympathetic neural
activity (tone) occurring following weight gain could be an
adaptive mechanism to increase resting energy expenditure
therefore reset the body weight back to a given set-point
(Landsberg, 1986).

Using microneurography to directly measure sympathetic
activity, it was demonstrated that human subjects who
had undergone RYGB experience a reduced systemic
sympathetic tone, specifically a muscular sympathetic nerve
activity contributing (MSNA) to total energy expenditure
(Curry et al., 2013).

Endocannabinoids, originally believed to be primarily
central neuromodulators, can stimulate autonomic sympathetic
pathway, regulate fat intake, and enhance energy expenditure
(Quarta et al., 2010; DiPatrizio et al., 2011; Cardinal et al.,
2014). Our recent in vivo studies with mice suggested that
RYGB but not LSG increases splanchnic nerve activity,
which induces thermogenesis of visceral fat and enhances
resting metabolic rate (Ye et al., 2020). Furthermore, use
of an endocannabinoid receptor-1 (CB1) inverse agonist,
mirrors RYGB-specific effects on energy expenditure and gut’s
sympathetic nerve activity. Whereas arachidonoylethanolamide,
a CB1 agonist, attenuated the weight loss that was induced by
RYGB. Therefore, this “browning” of visceral fat post-RYGB –
which is mediated by sympathetic nerve activity- appears to
be CB1 signaling dependent. Our findings suggested that CB1
plays a pivotal role in energy balance following RYGB via
a pathway that the sympathetic nervous system is involved
(Ye et al., 2020).

In summary, obesity seems to be associated with a state of
increased sympathetic tone activity (in particular MSNA). RYGB
has shown to decrease systemic sympathetic nerve activity (SNA)
and likely to increase splanchnic sympathetic nerve activity,
selectively, to activate thermogenesis and lipolysis of visceral
white adipose tissue.

PARASYMPATHETIC NERVOUS SYSTEM
AND ROUX-EN-Y GASTRIC BYPASS

The vagus nerve can act on the stomach and affects weight
loss. The gastric sensory input is conveyed to the CNS via
gastric vagal afferents, the central terminals of which enter the
brainstem via the solitary tract and synapses of neurons on the
nucleus tractus solitarius (NTS) (Altschuler et al., 1989; Berthoud
and Powley, 1992; Fox et al., 2000; Czaja et al., 2006). ∼70%

of vagal afferents innervate the abdominal viscera, mostly the
intestines and stomach (Prechtl and Powley, 1990; Berthoud
and Powley, 1992; Powley and Phillips, 2002). Abdominal vagal
afferent signaling is important in the regulation of food intake
following gastrointestinal stimuli (Peters et al., 2005; Campos
et al., 2012, 2013). Efferent innervation to the stomach originates
from the dorsal motor nucleus of the vagus (Kirchgessner and
Gershon, 1989; Berthoud et al., 1991; Moran et al., 1997), which
then projects to the myenteric plexus, terminating in the stomach
with the highest density of efferent nerves (Berthoud et al.,
1991). Furthermore, NTS preganglionic neurons can control
the cholinergic excitatory and non-adrenergic non-cholinergic
(NANC) inhibitory postganglionic neurons (Broussard and
Altschuler, 2000). In vivo studies showed that RYGB causes a
significant reduction in the weight of rats with T2DM, augmented
the concentrations of serum insulin and GLP-1. These metabolic
effects following RYGB partially depend on hepatic branch of the
vagus nerve, as selective vagotomy of this nerve is associated with
weight regain and the relative lower levels of serum GLP-1 and
insulin (Qiu et al., 2014).

Ballsmider et al. (2015) found that LSG upregulated, whereas
RYGB downregulated the density of the vagal afferents on the
NTS in rats. In addition, RYGB, but not LSG, significantly
activated microglia in the NTS. These findings suggested that
RYGB, but not LSG, leads to vagal microglia activation and
remodels gut-brain actions (Ballsmider et al., 2015). In line
with this, it was recently demonstrated that subdiaphragmatic
vagotomy can remodel central vagal afferent terminals in the NTS
(Peters et al., 2013), and activate microglia in the DMV, NTS,
and nodose ganglia. This microglia remains markedly activated in
the DMV and nodose ganglia for 7 weeks after subdiaphragmatic
vagotomy (Gallaher et al., 2012). Based on this delineated role
of the vagus nerve mediating gut function and relaying sensory
input to feeding centers in the hindbrain, it was speculated
that these processes are remodeled after bariatric procedure
(Berthoud et al., 2011).

Melanocortin-4 receptors (MC4R) are expressed in the
hypothalamus and hindbrain as well as in autonomic
neurons including parasympathetic vagal sensory neurons
and preganglionic cholinergic motor neurons (parasympathetic
and sympathetic). They play an important role in regulation
food intake and energy expenditure in response to peripheral
energy signals such as micro-nutrients or gut hormones. In line
with these observations, severe obesity was found in humans
with naturally occurring Mc4r mutations and mice with Mc4r-
deficiency (Huszar et al., 1997; Vaisse et al., 1998). Moreover,
MC4Rs appear to be a mechanistic connection between the
digestive system, CNS, and autonomic signaling to brown
adipose tissue and the abdominal viscera (Zechner et al., 2013).

Furthermore, Zechner et al. (2013) found that MC4Rs in
cholinergic preganglionic vagal motor neurons mediated glucose
and lipid homeostasis improvements following RYGB and
this effect was weight independent. While MC4R signaling in
preganglionic cholinergic motor neurons (parasympathetic and
sympathetic) is crucial for the increased energy expenditure
and weight loss induced by RYGB (Zechner et al., 2013).
A rare variant of carriers of MC4R named I251L, was shown
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to have enhanced weight loss following RYGB and augmented
basal activity in vitro, as well as improved early diabetes
resolution following surgery that is weight-independent than
non-carriers. They suggested that MC4Rs mediated autonomic
efferent signaling is key to induce metabolic effects following
RYGB, including these weight-independent benefits such as
improved glucose profile (Zechner et al., 2013).

An endogenous agonist of the peroxisome proliferator-
associated receptor-α (PPAR-α), Oleoylethanolamide (OEA), is
produced by enterocytes of the upper small intestine. It was
shown that OEA can activate PPAR-α receptors via vagal sensory
output to suppress fat intake through striatal (Tellez et al.,
2013) and hypothalamic (Gaetani et al., 2010) feeding circuits.
Hankir et al. (2017) demonstrated that RYGB stimulated lower
small intestine production of OEA, and augmented lipid sensing
in the gut through PPAR-α, which subsequently relayed this
signal to the CNS via vagal afferents neurons. This vagal signal
led to increased dorsal striatal dopamine 1 receptor (D1R)
expression/and signaling (Hankir et al., 2017). It was suggested
that fat consumption post-RYGB is dependent on local OEA,
vagus nerve and dorsal striatal D1R signaling, as interfering with
them reversed the metabolic benefits of RYGB on fat preferences
and intake (Hankir et al., 2017).

Previous studies have shown a beneficial effect of weight
loss primarily on measures of parasympathetic activity after
RYGB (Maser et al., 2007; Perugini et al., 2010). Other studies
suggested that changes in autonomic tone after RYGB could
be secondary to a direct effect of weight loss (Wasmund et al.,
2011). It has been previously shown that glucose homeostasis and
insulin secretions could be mediated by autonomic nerve system
via neurotransmitters and GI peptides, which is thought to be
part of the brain-gut signaling pathway that regulate metabolic
effects following RYGB. For example, insulin and glucagon
release can be regulated by peptides and neurotransmitters
released from neurons innervating the islets (Ahren et al.,
2006; Sterl et al., 2016). Acetylcholine, pituitary adenylate
cyclase activating polypeptide, vasoactive intestinal polypeptide,
and gastrin releasing peptide released from parasympathetic
neurons all enhance insulin secretion (Bradley et al., 2012). It
was shown that patients with T2DM who underwent RYGB,
and experienced rapid remission of their diabetes not only
had increased actions of GI peptides, but also had increased
heart rate variability, particularly the high-frequency component,
suggesting an enhanced parasympathetic outflow after RYGB
as it has been demonstrated previously (Boido et al., 2015;
Katsogiannos et al., 2020). The results support involvement
of neuro-hormonal mechanisms in the rapid improvement of
glucose metabolism following RYGB in T2DM. This again
supports the theory of changes in autonomic nervous system
activity following RYGB in modulating the metabolic effects
of this surgery.

In summary, there is convincing evidence that the
parasympathetic nervous system activity – represented
mainly by the vagus nerve- is modulated after RYGB. This
alteration in vagal tone has been tightly connected to changes
in several gut hormones and early improvement in glucose
metabolism post-RYGB.

SYMPATHETIC NERVOUS SYSTEM AND
LAPAROSCOPIC SLEEVE
GASTRECTOMY

Reduced vagal function and increased sympathetic activity were
observed in obese subjects. The improvement in parasympathetic
tone following LSG was evidenced by enhanced heart rate
variability in women with obesity, as early as the first month
after surgery (Ibacache et al., 2020). LSG has shown a greater
effect on the parasympathetic tone than RYGB, probably because
LSG preserves the vagal trunk at the lesser curvature of stomach
(Geronikolou et al., 2017).

Using high-fat diet induced obese mice underwent sham or
LSG surgery and implantation of radio telemeters, McGavigan
et al. (2017) found LSG decreased blood pressure in LSG-
operated mice compared with both sham-operated groups
(ad libitum and pair feeding), which were associated with a body
weight-independent reduction in hypothalamic PERK-mediated
ER stress, inflammation of hypothalamus and sympathetic
nervous system tone.

The sympathetic nerve system is a key regulator in the
production of leptin by white fat. Leptin production is
extremely reduced in mice exposed to a cold environment,
when sympathetic stimulation of white fat was enhanced. This
can also occur after administration of norepinephrine and
isoproterenol. Thus sympathetic nerve excitement inhibits the
synthesis of leptin (Rayner and Trayhurn, 2001). In contrast, use
of methyltyrosine to interfere with catecholamine synthesis can
increase leptin levels in experimental animals. The sympathetic
nerve system not only regulates leptin production, but also
modulates its effects. In a mouse model where, sympathetic
nerves are chemically removed, the original leptin effects of
increased blood sugar, insulin, and glucagon were altered when
exogenous leptin was given to mice (Holzman et al., 1999; Palmen
et al., 2001). It was suggested that LSG-induced weight loss
results in profound sympathoinhibitor effects, accompanied by a
significant and stable attenuation in leptin levels of plasma, while
the improved insulin sensitivity was decayed with time regardless
(Seravalle et al., 2014).

Laparoscopic sleeve gastrectomy surgery reduces stomach
capacity and removes the fundus by excising the larger curvature
of the stomach, thereby reducing the level of circulating ghrelin,
which is predominantly secreted from the fundus and upper
gastric body. As the level of ghrelin is reduced, people are prone
to feeling full and reducing food intake, thereby reducing caloric
intake (Benaiges et al., 2015). It can also increase insulin secretion
to have anti-diabetogenic effects. In addition, the levels of the
insulin-promoting hormone GLP-1 and the appetite-suppressing
polypeptide PYY3-36 secreted by the gastrointestinal tract are
increased after the operation, which promotes the secretion of
insulin and increases cellular insulin sensitivity. In addition, LSG
surgery regulates blood sugar and triglyceride levels, reduces
the secretion of antibiotic peptides such as leptin or monocyte
chemoattractant protein 1, and increases anti-inflammatory
mediators such as adiponectin.
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Sympathetic neuron-associated macrophages (SAMs) are
subset of macrophages recently characterized and identified
within the white adipose tissue and long the sympathetic fibers
innervating fat cells. They express SLC6A2 transporter which
is responsible for noradrenaline degradation and consequently
decreasing SNS- mediated thermogenesis. SAMs have been
observed to be elevated in state of obesity and eliminating them
or their degradation enzyme (SCLC6A2) results in activated
thermogenesis. We do not know yet, the effect of either RYGB or
SG on SAMs level or activity within WAT (Larabee et al., 2020).

In summary, LSG seems to have an early systemic neuro-
inhibitory sympathetic effect that might be responsible for the
blood pressure, and leptin reduction effects. There is limited
proof that LSG (like RYGB) can induce activation of selective
autonomic sympathetic nerves or tracts (such as the splanchnic)
or augment sympathetic-mediated thermogenesis.

Bariatric surgery might also change taste acuity an/or
olfaction, and potentially influence food preference and caloric
consumption, which in turn leads to weight loss. Heightened
sensitivity to sweetness could also be altered by the increase in
GLP-1, P-YY and changes in other regulators hormones (such
as insulin, ghrelin and leptin) that occur post RYGB and LSG.
Several gut hormones and their receptors are expressed within the
taste buds themselves, suggesting a possible role in palatability in
addition to their known metabolic functions (Mulla et al., 2018).

PARASYMPATHETIC NERVOUS SYSTEM
AND LAPAROSCOPIC SLEEVE
GASTRECTOMY

Variable gastrointestinal signaling inputs are thought to be
involved in ingestion of food, which can directly- or indirectly-
activate vagal afferent nerve endings in a predominantly
paracrine fashion to induce gastric relaxation, and pancreatic
exocrine secretion. Circulating neurohormones such as CCK
and GLP-1 act directly at the brainstem to modulate vagal
afferent and efferent activity in addition to their potential
actions as neurotransmitters within these neurocircuits (Grayson
et al., 2014). One of the hypotheses regarding resolution of
T2DM following bariatric procedures (specifically LSG) has
been attributed to changes in gut hormone and alteration
in anatomy. The rearrangement of gastrointestinal anatomy
enhances simultaneous increase of GLP-1, P-YY, adiponectin
and post-prandial insulin, and reduction in leptin as a result
of fat mass reduction (Borges Mde et al., 2015). Other
hypotheses suggest that elevated levels of bile acid, diet-induced
thermogenesis, altered gut microbiome, or even changes in
energy balance (due to reduction in food intake) per say
leads to weight loss and consequently improvement in glucose
homeostasis (Pournaras and le Roux, 2013; Hao et al., 2014).
Short-term weight loss seems to be comparable between LSG and
RYGB (Sjostrom et al., 2012; Boido et al., 2015; Cho et al., 2015),
but long term data seems to be in favor of RYGB from the weight
loss as well as from the T2DM resolution stand point (O’Brien,
2015). Medications for T2DM and hypertension were decrease
or withdrawn for those undergoing bariatric surgery, as early as

prior to hospital discharge (Tritsch et al., 2015). In line with this,
Ching et al. (2016) found a 60% remission rate of T2DM after
LSG that did not correlate with weight loss.

Weight loss and improved glycemic profile following LSG
have been attributed to a theory denominating the “gastric
hypothesis,” which asserts that alterations in the secretion/action
of gut hormones such as GLP-1, GIP, leptin, and PYY triggered
by direct stomach manipulation are responsible for the rapid
restoration of insulin secretion and sensitivity (Yousseif et al.,
2014). Ghrelin, released by the gastric fundus, which is normally
excised during LSG (de Oliveira et al., 2015; Yang et al.,
2015). Thus, decreased levels of ghrelin were also proposed
to be one of the mechanisms that result in metabolic benefits
following LSG. However, similar weight loss and improved
glucose profile following LSG were found in ghrelin-deficient
mice that was genetically modified compared to that in wild type
mice (Chambers et al., 2013), suggesting that decreased ghrelin is
not a critical factor in T2DM remission (Ching et al., 2016).

In summary, glucose regulation after LSG seems to be partially
medicated by the changes in gut hormones post-surgery and
partially by the weight loss itself. The role of parasympathetic
nervous system in regulating glucose homeostasis post-sleeve
gastrectomy is less defined or data is lacking at least. It is
more likely; however, that the parasympathetic nervous system
is more involved (directly or indirectly) in changes in food intake
behavior after LSG.

CONCLUSION

Bariatric surgery achieves sustainable improvements in treating
metabolic dysfunction related to obesity and improves overall
health. The underlying mechanisms by which these procedures
cause weight loss and metabolic improvement appear to be
diverse and are not yet fully identified. Current evidence suggests
that the autonomic parasympathetic nervous system (mainly
through its vagus arm) contributes to food intake reduction
and improvements in glucose homeostasis following bariatric
surgeries. The sympathetic nervous system is also altered after
bariatric surgery, with human models showing decrease in
systemic tone to the that might correlates with improvement in
blood pressure and other homeostatic patterns. Rodent models of
RYGB suggest a selective increase in the splanchnic sympathetic
nerve activity of the gut, innervating the visceral fat and leading to
augmented sympathetic-mediated thermogenesis. Future studies
that further unfold details about the underlying molecular
mechanisms communicating new energy signals from the gut to
the brain along a neuro-hormonal pathway is essential to help us
understand how this procedure induces its powerful metabolic
effects. Development of effective and less-invasive therapies for
weight-management (being surgical or pharmacological) would
highly benefit from this information.
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Compulsive eating is the most obstinate feature of binge eating disorder. In this study,
we observed the compulsive eating in our stress-induced binge-like eating rat model
using a conflicting test, where sucrose and an aversively conditioned stimulus were
presented at the same time. In this conflicting situation, the binge-like eating prone rats
(BEPs), compared to the binge-like eating resistant rats (BERs), showed persistent high
sucrose intake and inhibited fear response, respectively, indicating a deficit in palatability
devaluation and stronger anxiolytic response to sucrose in the BEPs. We further
analyzed the neuronal activation with c-fos mRNA in situ hybridization. Surprisingly,
the sucrose access under conditioned fear did not inhibit the activity of amygdala;
instead, it activated the central amygdala. In the BEPs, sucrose reduced the response
of the paraventricular hypothalamic nucleus (PVN), while enhancing activities in the
lateral hypothalamic area (LHA) to the CS. The resistance to devaluating the palatable
food in the BEPs could be a result of persistent Acb response to sucrose intake and
attenuated recruitment of the medial prefrontal cortex (mPFC). We interpret this finding
as that the reward system of the BEPs overcame the homeostasis system and the
stress-responding system.

Keywords: binge eating disorder, compulsive eating, reward devaluation, c-fos expression, fear conditioning,
nucleus accumbens

INTRODUCTION

Binge eating disorder (BED) is characterized by discrete episodes of overeating within a short
period of time, usually less than 2 h, even when not feeling hungry (Bogduk, 2013). People
with BED will continuously eat until physically feeling uncomfortable. In humans, negative
consequences associated with overeating include social impairment, emotional disturbances,
psychiatric disorders, and life-threatening medical conditions associated with weight gain
(Moore et al., 2017).

Stress is one of the main inducers of BED in human patients. Evidence from both human and
animal studies revealed that stress could have bidirectional influence on feeding behaviors, either
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inhibiting or stimulating food intake (Maniam and Morris,
2012). The direction of this changing effect of stress on feeding
is dependent on the palatability of the food following stress
(Pecoraro et al., 2004). A variety of rodent models of the BED
have been developed by using food deprivation and/or stress. Our
lab previously developed a binge-like eating rat model through
intermittent foot shock stress followed by 1-h sucrose access
(Calvez and Timofeeva, 2016). In this model, the binge-eating
prone rats (BEPs) consume more sucrose solution than the binge-
eating resistant rats (BERs) both in normal condition and after
stress, and the BEPs further increase their sucrose intake after the
stress stimulation.

Another hallmark of the BED is the compulsive eating,
demonstrated as repetitively returning into engorging unhealthy
food with full knowledge of the hazardous physical and
psychological consequences. Both our BED rat model and the
animal models stated in other literature noticed compulsive
eating, in a modified Light/Dark box test (Calvez and Timofeeva,
2016) and unconditioned stimulus (US) such as foot shock
(Oswald et al., 2011), respectively. The BEPs consumed larger
amount of sucrose than the BERs in the intensively illuminated
light box. In response to stress, the BEPs demonstrated a
hyporeactivity of the hypothalamic–pituitary–adrenal (HPA) axis
compared with the BERs (Calvez et al., 2016).

To gain a better understanding of the compulsive eating in
the BED, we adopted the fear conditioning paradigm. Aversively
conditioned stimuli have an inhibitory effect on the feeding
behavior, and this effect can be abolished by lesions of the
central nucleus but not the basolateral nucleus of the amygdala
(Petrovich et al., 2009). Thus, the first objective of this study is
to observe compulsive eating in our BED rat model by creating a
conflicting situation with simultaneous presence of a 10% sucrose
solution and an aversively conditioned stimulus. Based on that,
we hypothesized that (1) the abnormally intense motivation for
palatable food in the BEPs would attenuate the inhibitory effect
of the CS on feeding, and (2) the BEPs would show less fear
response to the CS because of a stronger anxiolytic effect of
palatable food on the BEPs relative to BERs. The second objective
is to explore the underlying neural mechanisms via analyzing
the c-fos mRNA expression in different brain regions related
to feeding, reward processing, and stress responding. The c-
fos gene is one of the immediate early genes widely used as a
marker of early neuronal activation (Kovács, 1998), because its
expression is correlated with the functional activation of neurons.
As a result, we hypothesized that different levels of c-fos mRNA
expression in brain regions underlying food intake and stress
response would be observed between the BEPs and BERs after
fear conditioning test.

MATERIALS AND METHODS

Animals
Young (PD 45, 151–175 g) female Sprague Dawley rats (n = 170)
were purchased from Charles River. All rats were individually
housed in transparent plastic cages, lined with wood shavings and
crinkle paper. The rats were maintained on a 12-h light/dark cycle

(lights on from 2:00 to 14:00), and provided with ad libitum access
to standard laboratory rat chow (Teklad Global 18% Protein
Rodent Diet; 3.1 kcal/g, Harlan Teklad, Montreal, QC, Canada)
and tap water, unless noted otherwise. All rats were acclimated
to the housing conditions and handling procedures for at least
1 week prior to the experiments.

Classification of the Binge-Like Eating
Prone Rats and Binge-Like Eating
Resistant Rats
Rats were classified as the BERs or the BEPs according to the
procedures previously described (Calvez and Timofeeva, 2016).
All rats were given a 24-h access to a 10% sucrose solution
in their home cages to decrease their neophobia to sucrose.
Then, we assessed the consumption of 10% sucrose solution
(0.4 kcal/ml) during several intermittent 1-h sessions starting
from the beginning of the dark phase in home cages, with
random intertrial intervals (ITIs) of 1 or 2 days. When the
sucrose intake became stable for three consecutive No Stress
sessions, three Stress sessions were conducted with intervals
of 2 or 3 days. In the Stress sessions, 1-h sucrose access was
provided in home cages immediately after four rounds of mild
foot shock in a procedure room (0.6 mA DC impulse, 3 s
duration, with inter-shock intervals of 15 s). The second and third
Stress sessions were separated by a No Stress session to prevent
the rats from associating the sucrose access with foot shock.
The food pellets were removed during sucrose access in home
cages, and put back immediately after each session ended. Sucrose
intake of all animals in each Stress session was divided into high,
intermediate, and low intake tertiles. Rats with sucrose intake in
the high tertiles at least twice and never in the low tertiles were
sorted as binge-like eating prone, while rats with sucrose intake
in the low tertiles at least twice and never in the high tertiles were
classified as binge-like eating resistant. After the phenotyping,
42 rats were categorized into the BEP group and 44 rats into
the BER group. In order to keep this animal model consistent
with our previously published studies, sucrose intake without
normalization by body weight was used for the phenotyping.

The Fear Conditioning Test
The fear conditioning test was composed of three parts:
Habituation and Appetitive sessions, Fear Conditioning sessions,
and the Test session (Figure 1A). All sessions lasted for 15 min,
and were videotaped (Logitech HD Webcam C270) from the
top of the sound-attenuating cubicle (Med Associates inc.;
ENV-022V, 55.9 cm × 38.1 cm × 35.6 cm) containing the
behavioral test chamber (Med Associates inc.; ENV-007-VP,
30.5 cm × 24.1 cm × 29.2 cm). The test chamber had a grid
floor and aluminum sides, and there were Plexiglas in the front
and the top sides, except for the back side. The test chamber
was illuminated with a light (4 W) placed 25 cm above the floor.
A speaker (Med Associates inc.; ENV-224AM) was installed on
the left wall, 20 cm above the floor. Two photobeam lickometers
(Med Associates inc.; ENV-251L) were installed on the front and
back parts of the right wall, 3 cm above the floor, supplied with
a bottle of 10% sucrose solution and water, respectively. A door
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FIGURE 1 | Diagram of treatments and groups in the Fear Conditioning test. (A) Diagram of fear conditioning test procedures. (B) Number of animals in each group
at each step during the fear conditioning test.

in front of the sucrose lickometer was controlled by a custom-
designed program (Med-PC V, Med Associates inc.) to start and
end the sucrose access.

Habituation and Appetitive Sessions
For the Habituation and Appetitive sessions, the test chamber was
arranged as context A. In this context, a white plastic panel was
installed on the grid floor and apple-scented beads were placed
in the sound attenuating box. The light was placed on the top
right corner of the left wall. Furthermore, the test chamber was
cleaned with Percept cleaner between each rat, and the animals
were transported from the housing room to the test room on a
cart. In this context, the rats were habituated to drink 10% sucrose
solution in the behavioral test chamber with ITIs of 1 or 2 days at
random, until the sucrose intake became stable for three sessions.
Thus, the last three sessions during which the sucrose intake of
BER and BEP groups showed no significant changes were defined
as Appetitive sessions (Figure 1A).

Fear Conditioning Sessions
In Fear Conditioning sessions, the behavioral cage was modified
into context B to be different from the context of Appetitive
sessions. The plastic floor and apple-scented beads were removed.

The light was moved to the top right corner of the right wall.
A piece of curved white plastic board was placed to serve as the
back and sidewalls of the test chamber and there was neither
sucrose nor water access for the rats. The test chamber was
cleaned with Citrosol cleaner between each rat and the BEPs and
BERs were transported by the experimenter. In this stage, we
divided rats of both phenotypes into three groups (Control, Tone,
and Paired groups; Figure 1B).

(a) For the Paired groups, a mild foot shock (1 s, 0.6 mA, DC
impulses) was delivered through the grid floor during the
last second of each of the six tones (the first tone started 20 s
after the onset of the trial, 20 s, 2 kHz, 75 dB), separated by
125-s no-stimulus periods.

(b) For the Tone groups, the same condition was applied, but
no foot shock was delivered in these sessions.

(c) For the Control groups, no tone or foot shock was applied
during each 15-min Fear Conditioning session.

Between the second and third Fear Conditioning sessions, an
Appetitive session was inserted to prevent the rats from losing
their phenotype (Figure 1A). In this Appetitive session, the
behavioral cage was arranged as context A.
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The Test Session
The test cage was arranged as context A in the Test
session. During the Test session, context A was used as
in the Appetitive session. We divided rats of each group
in the Fear Conditioning sessions into two groups (No
Sucrose and Sucrose; Figure 1B). Sucrose groups had
access to 10% sucrose solution throughout the Test session,
while the No Sucrose groups did not. For the Tone and
Paired groups, six rounds of the same tones as in Fear
Conditioning sessions were presented, but without foot shock
stimulus (Figure 1A).

During the Appetitive sessions and the Test session, sucrose
intake was assessed by weighing the bottle before and after
the experiment, and the licking events were detected by the
lickometer and recorded with a multichannel system (Tucker-
Davis Technologies) and the Med Associates system (Med
Associates inc.). Freezing behavior of the Paired groups was
observed on video and quantified by the experimenter during the
tones in Fear Conditioning sessions and the Test session.

Licking Microstructure Analyses
The licking events were analyzed in all 12 groups (Figure 1B).
In No Sucrose groups, the licks were too scarce for licking
microstructure analysis and further statistical analysis, which
was the reason that these licking misstructure results were
absent for these groups in the Test session. The first lick
latency was defined as the time in seconds between the
beginning of the session, and the first lick of sucrose solution.
A licking cluster was defined as a burst of three or more
licks with inter-cluster intervals of 500 ms or longer. The
meal duration was calculated as the total duration in seconds
of all clusters during the 15-min access to sucrose solution.
The cluster size was defined as the average number of
licks per cluster, and the cluster duration was defined as
the average duration of all clusters in seconds. The total
number of licks, meal duration, number of clusters, cluster
size, cluster duration, and first lick latency were computed for
each session with a customized MATLAB script (R2014a, The
MathWorks, inc.).

Brain Preparation
Immediately after the Test session, each rat was returned to
its home cage, with access to neither chow nor water for
30 min. Then, the rats were anesthetized with a mixture
of ketamine (60 mg/kg) and xylazine (7.5 mg/kg) and
intracardially perfused with ice-cold saline followed by 4%
paraformaldehyde (PFA) in phosphate buffer. The brains
were removed from the skulls and fixed in 4% PFA for
1 week before being transferred to a PFA (4%)/sucrose (20%)
solution. After freezing, brains were conserved in −80◦C.
Each brain was cut into 30-µm coronal sections using
a microtome (Histoslide 2000, Reichert Jung, Heidelberger,
Germany). All sections from each brain were distributed
into a 24-well plate filled with a cold sterile cryoprotecting
solution containing ethylene glycol (30%), glycerol (20%), and
sodium phosphate buffer (50 mM, pH 7.2), and stored at
−30◦C.

In situ Hybridization for c-fos mRNA
The protocol of in situ hybridization we used to localize the c-
fos mRNA in this study was largely adapted from the method
described by Simmons et al. (1989). The procedures have been
described in detail previously (Poulin and Timofeeva, 2008).
Briefly, brain sections were mounted onto poly-L-lysine-coated
slides and conserved in 100% ethanol. After the slides dried up,
they were successively fixed in 4% PFA for 20 min, digested with
proteinase K (0.01 mg/ml) at 37◦C for 25 min, acetylated with
acetic anhydride (0.25% in 0.1 M triethanolamine, pH 8.0), and
dehydrated through ethanol gradient (50, 70, 95, and 100%).
After the slides dried up, 90 µl of the hybridization solution
containing a 35S labeled antisense cRNA probe against c-fos
mRNA (De Ávila et al., 2018) was spread on each slide. All slides
were then covered with coverslips and incubated overnight in
a slide warmer at 60◦C. After the coverslips were removed, the
slides were rinsed four times with 4 × saline sodium citrate
buffer (SSC, 0.6 M NaCl, 60 mM trisodium citrate buffer, pH
7.0), digested with RNase-A (20 µg/ml in 10 mM Tris–500 mM
NaCl containing 1 mM EDTA) for 30 min at 37◦C, rinsed in SSC
with descending concentrations (2×, 1×, 0.5×, and 0.1×), and
finally dehydrated through ethanol gradient. Thereafter, the slides
were defatted in toluene, dipped in nuclear emulsion (Kodak),
and exposed for 7 days before being developed in the developer
(Kodak) and fixed in rapid fixer (Kodak). Finally, slides were
rinsed in running cold tap water for 1 h, stained with thionin,
dehydrated through an ethanol gradient, cleared in toluene, and
coverslipped with DPX.

Relative c-fos mRNA Expression
Analyses
The slides were analyzed under a light microscope (Olympus)
equipped with a camera coupled to a computer with Stereo
Investigator software (v1103). The luminosity of the system was
set to the maximum. To avoid saturation, the exposure time for
each region was adjusted with the section that had the strongest
hybridization signal. For every area of interest, two photos were
taken under both bright-field and dark-field illumination without
moving the slides at a magnification of 4×. Thus, the position of
the area of interest on both images are exactly the same. When
the borders of the area of interest were not clear on the dark-
field images, the light-field images were used to assist drawing the
contours on the dark-field image.

There are many brain regions related to BED. In this study, we
want to explore the neural mechanism of compulsive property of
binge eating. For this purpose, we created a conflicting situation
and allowed the stress-induced binge-like eating rats to make
the decision between responding to stress or palatable food.
Thus, we examined the c-fos mRNA expression in brain regions
closely related to stress responding, food intake regulation, and
decision-making, namely, the amygdala (2.16–3.48 mm caudal
to the bregma), the paraventricular hypothalamic nucleus (PVN,
1.56–1.80 mm caudal to the bregma), the lateral hypothalamic
area (LHA, 2.28–3.48 mm caudal to the bregma), the nucleus
accumbens (Acb, 2.28–1.08 mm rostral to the bregma), the bed
nucleus of the stria terminalis (BNST, 0.36 mm rostral to 0.36 mm
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caudal to the bregma), and the medial prefrontal cortex (mPFC,
3.72–2.52 mm rostral to the bregma).

The area of interest was outlined on each photo by the
experimenter with Stereo Investigator. The hybridization signal
was quantified by calculating the optical density (OD) in the
contour on the dark-field image with a customized MATLAB
script (R2014a, The MathWorks, inc.). The OD of each area
of interest was corrected by subtracting the background signal,
which was determined by three small contours on the unlabeled
areas around the area of interest.

Brain slices from different brain regions were labeled in
different batches of in situ hybridization. Moreover, the exposure
parameters were constant only for slices from the same brain
region, while different from region to region. Thus, the optical
densities were comparable only between images from the same
brain region, but not between different brain regions.

Statistical Analyses
Results are presented as mean ± standard deviation (SD). The
phenotype effects on first lick latency in Appetitive sessions and
the Test session were analyzed using one-way ANOVA. Two-
way ANOVA with Bonferroni post hoc test was used for all other
statistical analyses. A difference was considered significant when
p-values < 0.05. Statistical analyses were performed using the
Prism 6.04 (GraphPad Software inc., La Jolla, CA, United States),
and graphs were made with Prism 6.04 and arranged into figures
with Adobe Illustrator R© CS.

RESULTS

Classification of the Binge-Like Eating
Resistant Rats and Binge-Like Eating
Prone Rats
The difference in sucrose intake between the BEPs and BERs
during the phenotyping in our study was similar to previously
published results (Calvez and Timofeeva, 2016). The BEPs had
significantly higher sucrose intake than the BERs both in the
non-stressful situation (p < 0.0001) and after foot shock stress
(p < 0.0001). Moreover, the BEPs consumed even more sucrose
after stress (p < 0.0001), but the stress showed no significant
impact on the sucrose intake of the BERs (p = 0.998). Two-way
ANOVA assessed the effect of stress (F1,168 = 24.530, p< 0.0001),
phenotype (F1,168 = 168.400, p < 0.0001), and their interaction
(F1,168 = 25.220, p < 0.0001) on the 1-h sucrose intake in both
non-stressful and after stress situations (data not shown).

Sucrose Intake Behavior During the
Appetitive and Test Sessions
There was no significant difference in the body weight between
BER and BEP rats throughout the fear conditioning test (data
not shown). Anyway, to eliminate the potential influence of
body weight on the sucrose intake, the quantity of sucrose
intake during Appetitive and Test sessions of each rat was
calculated as the energy of the consumed sucrose normalized
by its body weight (kcal/kg body weight). As the BEPs and

BERs were accommodated in the behavioral test chamber, the
15-min sucrose intake of both phenotypes gradually reached a
plateau. The last three sessions with stable sucrose consumption
of the BEPs and BERs were defined as the Appetitive sessions
(Figure 2A). Two-way ANOVA revealed a significant effect of
phenotype on the sucrose intake in the Appetitive sessions. The
BEPs took more sucrose than the BERs in all Appetitive sessions,
which is consistent with their phenotypes in the home cage
during the binge eating classification (Figure 2A). Analysis of the
microstructure of licking events showed that the total number
of licks was significantly higher in the BEPs than the BERs for
the three Appetitive sessions (Figure 2B). The meal duration
was also significantly higher in the BEPs than the BERs in the
first and second sessions, and close to the significance in the
third (Figure 2C). The number of clusters (Figure 2D), cluster
size (Figure 2E), and cluster duration (Figure 2F) were not
significantly different between the BEPs and BERs. Finally, the
BEPs showed significantly lower average first lick latency in three
Appetitive sessions than the BERs rats (two-tailed unpaired t-test,
p = 0.003, data not shown).

In the Test session, because of the scarcity of licks in the
no-sucrose groups, we only considered the sucrose intake of
the groups with sucrose access. To diminish the individual
differences, we normalized the sucrose intake/body weight of
each rat to its average sucrose intake/body weight in the
Appetitive sessions. Two-way ANOVA revealed a significant
effect of stress (F2,47 = 14.180, p < 0.0001) on the sucrose
intake in the Test session, and a close to significant effect of its
interaction with phenotype (F2,47 = 3.117, p = 0.054) but not
of the phenotype itself (F1,47 = 0.481, p = 0.491). The result
demonstrated that the unconditioned tones failed to change the
sucrose intake of either the BEPs or the BERs (Figure 3A).
When the tones were previously associated with foot shocks,
they prominently decreased the sucrose intake of the BER-Paired-
Sucrose group compared with the BER-Control-Sucrose group
and the BER-Tone-Sucrose group (Figure 3A). The aversive
CS slightly decreased the sucrose intake of BEPs, but without
reaching a significant level (Figure 3A). We also analyzed the
first lick latency in the Test session showing that the conditioned
fear significantly increased the first lick latency of BER-Paired rats
(n = 18) compared with the BEP-Paired rats (n = 17) (two-tailed
unpaired t-test, p = 0.047, data not shown).

Next, we analyzed the licking microstructures during tones
and between tones separately, in Tone and Paired groups. During
tones, two-way ANOVA revealed a substantial effect of the CS
on all licking microstructures, namely, the number of licks,
licking duration (F1,31 = 20.280, p < 0.001), number of clusters
(F1,39 = 0.038, p = 0.003), cluster size, and cluster duration,
without the effect of phenotype or their interaction. Between
tones, the CS only showed a significant effect on the number
of licks and licking duration, while the interaction between CS
and phenotype displayed a major influence on the number of
licks, licking duration, cluster size, and cluster duration. For the
BERs, both during tones and between tones, the conditioned
fear significantly decreased the number of licks (Figures 3B,C),
licking duration (Figures 3D,E), cluster size (Figures 3H,I),
and cluster duration (Figures 3J,K). The number of clusters
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FIGURE 2 | Feeding behavior during appetitive sessions. Binge-like eating prone (BEP) rats showed constant higher sucrose intake during the Appetitive sessions
compared to binge-like eating resistant (BER) rats. (A) Sucrose intake normalized to body weight. Licking microstructures during the Appetitive sessions: total
number of licks (B), meal duration (C), number of clusters (D), cluster size (E), and cluster duration (F). *Significantly different (p < 0.05) between the BEP group and
BER group. **p < 0.01, ****p < 0.0001.

only decreased during tones (Figures 3F,G). In the BEPs, the
conditioned fear only decreased the number of licks (Figure 3B)
and the licking duration (Figure 3D) during tones, and the other
analyzed licking microstructures were not significantly changed
by the conditioned fear.

Freezing Behavior During Fear
Conditioning Sessions and the Test
Session
The fear response of each rat was measured as the average
freezing time during six tones in each session. In the Fear
Conditioning sessions, the BER-Paired and BEP-Paired groups
had similar acquisition efficiency and showed no phenotype
difference throughout all four sessions (Figure 4A). The freezing
time significantly increased in the second Fear Conditioning
session compared with the first and became relatively stable
afterward. Two-way ANOVA revealed a significant effect of the
session number (F3,99 = 23.750, p < 0.0001) on the freezing
behavior, but not the phenotype (F1,33 = 0.365, p = 0.550) or their
interaction (F3,99 = 0.659, p = 0.579).

Again, to diminish individual differences, we normalized the
freezing time of each rat in the Test session to its average freezing
time of the last three Fear Conditioning sessions (Figure 4B).
With the absence of foot shock during the Test session, the
BER-Paired-No Sucrose and BEP-Paired-No Sucrose rats slightly
reduced their freezing behavior in response to the CS, and
no significant difference between phenotypes was detected. The

presence of sucrose decreased the freezing behavior in both
BER-Paired-Sucrose and BEP-Paired-Sucrose rats compared with
the No Sucrose groups, but only the diminution in BEP-Paired
rats was statistically significant. Moreover, the freezing time of
BEP-Paired-Sucrose rats was significantly different compared
with BER-Paired-Sucrose rats. Two-way ANOVA revealed the
significant effect of the sucrose (F1,31 = 15.170, p = 0.001) on the
freezing behavior, but not the phenotype (F1,31 = 2.928, p = 0.097)
or their interactions (F1,31 = 1.429, p = 0.241).

c-fos Analyses in Different Brain Regions
Involved in Feeding, Stress, and Reward
The c-fos mRNA expression was detected by in situ hybridization
and quantified as the OD. To simplify the presentation, we
reduced the number of groups by combining the Control and
Tone groups into Non-Paired ones for each phenotype when
analyzing the correlation between sucrose intake and c-fos
mRNA expression.

Activation of the Amygdala by the CS Was Not
Inhibited by Sucrose Intake
It has long been known that the amygdala plays an important
role in the fear conditioning learning and expressing process.
The basolateral amygdala (BLA) is the primary site where the
association between the CS and US is formed, while the output
projections from the central amygdala (Ce) control the freezing
behavior and feeding inhibition in response to an aversive CS.
Two subregions of the amygdala were analyzed: the Ce and BLA.
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FIGURE 3 | Feeding behavior during the Test session. (A) Sucrose intake
during the Test session normalized to the average intake of each animal
during all appetitive sessions. ##Significantly different (p < 0.01) from the
BER-Control group. ****Significantly different (p < 0.0001) from the BER-Tone
group. Licking microstructures during the Test session: number of licks (B,C),
licking duration (D,E), number of clusters (F,G), cluster size (H,I), and cluster
duration (J,K). *Significantly different (p < 0.05) from the Tone group with the
same phenotype. **p < 0.01, ****p < 0.0001. $Significantly different
(p < 0.05) from the BER-Tone group.

FIGURE 4 | Conditioned fear response in training sessions and the test
session. (A) Freezing behavior during the Training sessions. *Significantly
different (p < 0.0.5) from the F1 session within the BER group. ***p < 0.001;
****p < 0.0001. $$$$Significantly different (p < 0.0001) from the F1 session
within the BEP group. (B) Freezing behavior during the Training sessions
normalized to the average freezing behavior of each animal during F2–4.
F1–4, Fear Conditioning sessions 1–4. **Significantly (p < 0.05) different from
the BER-Sucrose group. #Significantly (p < 0.01) different from the BEP-No
Sucrose group.

In both Ce and BLA of both BEPs and BERs, the c-fos mRNA
expression was more prominent in Paired groups compared
with Non-Paired groups, as shown in the representative photos
(Figure 5A). Statistical analysis revealed that the Paired groups
had higher c-fos mRNA expression than the Control and Tone
groups in the BLA (Figure 5B) and Ce (Figure 5C) of both
phenotypes whether or not there was sucrose access.

The Lateral Hypothalamic Area Was Activated by the
CS
The LHA is located anterior to the ventral tegmental area (VTA),
and posterior to the preoptic area. It integrates information
from cortical and subcortical regions, such as the amygdala
and basal forebrain networks, and consequently mediates some
specific behaviors via projecting to downstream circuits involved
in reward (e.g., the VTA) and feeding regulation (e.g., brain
stem motor pattern generator). Two subregions of the LHA were
analyzed: the perifornical part (PeFLH) and the posterior lateral
part (PLH). In both subregions of both BEPs and BERs, the
c-fos mRNA expression was higher in the Paired groups than
the Non-Paired groups (Figure 5D), whether or not there was
sucrose access. The c-fos mRNA levels in the PLH (Figure 5E)
and the PLH (Figure 5F) demonstrated a significant increase
in the Paired groups compared with Non-Paired groups in
both phenotypes, whether or not there was sucrose access in
the Test session.

The Activation of the Paraventricular Hypothalamic
Nucleus by the CS Was Inhibited by Sucrose Intake in
the Binge-Like Eating Prone Rats
The PVN is the initiating site of the HPA axis, and neurosecretory
neurons in the parvocellular PVN (PVNp) are mainly responsible
for the release of corticotropin-releasing factor (CRF) through
median eminence in response to stress. The magnocellular
component of the PVN (PVNm) releases vasopressin and
oxytocin into the systemic circulation upon stress exposure. Two
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FIGURE 5 | Effects of fear conditioning on the c-fos mRNA expression in the amygdala, LHA, and PVN. Representative images of the c-fos mRNA in situ
hybridization signals in the central amygdala (Ce), basal lateral amygdala (BLA), perifornical (PeFLH), and peduncular part (PLH) of the lateral hypothalamus, and
parvocellular part (PVNp) and magnocellular part (PVNm) of the paraventricular hypothalamic nucleus marked with broken contours (A,D,G). Relative c-fos mRNA
expression of No Sucrose and Sucrose groups in the amygdala (B,C), LHA (E,F), and PVN (H,I) of BERs and BEPs. 3V, 3rd ventricle; ec, external capsule; f, fornix;
opt, the optic tract; rf, rhinal fissure. *Significantly different (p < 0.05) from the Control group within the same phenotype. **p < 0.01, ***p < 0.001, ****p < 0.0001.
#Significantly different (p < 0.05) from the Tone group within the same phenotype. ##p < 0.01, ###p < 0.001, ####p < 0.0001. $Significantly different (p < 0.05) from
the BER group with the same treatment.
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subregions of the PVN were analyzed: the PVNp and PVNm.
In both subregions of both BEPs and BERs, the c-fos mRNA
expression was obviously higher in Paired groups compared
with Non-Paired groups, as shown in the representative photos
(Figure 5G). Regardless of sucrose access, the c-fos mRNA
expression in the PVNp (Figure 5H) and the PVNm (Figure 5I)
displayed a significant increase in the Paired groups in both
phenotypes. With the access to sucrose, the BEP-Paired-Sucrose
group had lower c-fos mRNA expression than the BER-Paired-
Sucrose group in the PVNp (Figure 5H-right), while sucrose did
not significantly change c-fos mRNA expression in the PVNm
(Figure 5I-right).

Persistent Acb Response to Sucrose in the
Binge-Like Eating Prone Rats Under Conditioned
Fear
The dorsal striatum is the central component in the neural circuit
of processing the information about the contingencies of the
reward stimulus and controlling goal-directed learning process,
such as instrumental conditioning. It integrates and processes
all reward-related information and subsequently optimizes the
reward-related responses. As part of the ventral striatum, the
Acb makes the outcome-based predictions. It is responsible for
predicting the error-based outcome and constantly updating the
predictions about reward and punishment. Two subregions of
the Acb were analyzed: the core part (AcbC) and the shell part
(AcbSh) of the Acb (Figure 6A). Without sucrose access, the
BEP-Non-Paired group had higher c-fos mRNA expression in the
AcbC and AcbSh than the BER-Non-Paired group. Moreover, the
CS pointedly decreased the c-fos mRNA expression in the AcbC
and AcbSh of the BEP-Paired group compared with the BEP-
Control group (AcbC: p< 0.001; AcbSh: p = 0.007; Figures 6B,C).
With the presence of the CS, the BEP-Paired-Sucrose group
had significantly lower c-fos mRNA expression in the AcbC and
AcbSh than the BER-Paired-Sucrose group (Figure 6B-right,
Figures 6C-right).

The mPFC Was Less Recruited in Response to the
CS in Binge-Like Eating Prone Rats With Access to
Sucrose
The choice of appropriate defensive behavior (e.g., fight/flight)
in a dangerous situation is very important for a better chance
of surviving. It has been found that the medial prefrontal cortex
is involved in shifting from one strategy to another in various
kinds of tasks, including selecting proper defensive responding
strategies in stressful situations. Two subregions of the mPFC
were analyzed: the prelimbic part (PrL) and the infralimbic part
(IL) (Figure 6D). Without access to sucrose, the c-fos mRNA
expression in both PrL and IL of the BER-Tone-No Sucrose group
was significantly lower than the BER-Control-No Sucrose and
BER-Paired-No Sucrose groups (Figures 6E,F).

The Bed Nucleus of the Stria Terminalis Responded
to the CS Only in the Binge-Like Eating Prone Rats
The BNST is composed of a large number of subregions
with different functions in stress responding. For example, the
anteroventral BNST is highly involved in HPA axis activation.

Lesions of this subregion diminish the PVN activation and
compress the HPA axis response to restrain the impacts of stress.
The anterolateral BNST CRF-expressing neurons project to the
PVN, indicating a central modulation action of CRF on the HPA
axis. Two subregions of the BNST were analyzed: the dorsal part
(STD) and the ventral part (STV) (Figure 6G). The BEP-Paired
groups showed significantly lower c-fos mRNA expression in the
STD (Figure 6H) and STV (Figure 6I) than the BEP-Control
groups, regardless of sucrose access.

Sucrose Showed Differentiated Effects on the Neural
Activities Between Binge-Like Eating Resistant Rats
and Binge-Like Eating Prone Rats
Sucrose intake had a tendency to increase c-fos mRNA expression
in the Ce of both BEPs (p = 0.060) and BERs (p = 0.060) under
conditioned fear (Figure 7A2), but this tendency was not as
obvious in the BLA (Figure 7A1) as in the Ce. Therefore, the
amygdala only responded to the CS, and it was not influenced
by the phenotype or sucrose intake. The LHA has long been
known as a feeding regulation center. Under conditioned fear,
the BEPs responded to sucrose access with increased c-fos mRNA
expression in the PLH (p = 0.046), which was not found in the
BERs (Figure 7B2). This differentiation between BERs and BEPs
was not observed in the PeFLH (Figure 7B1). Moreover, sucrose
intake decreased the c-fos mRNA expression in response to the
CS in the BEPs relative to the BERs in the PVNp (Figure 7C1),
but not in the PVNm (Figure 7C2).

The BEP-Paired group responded to sucrose with significantly
lower c-fos mRNA expression in the AcbC and AcbSh compared
with the BER-Paired group (Figures 7D1, D2). Moreover, sucrose
access decreased the c-fos mRNA expression in the BEP-Paired-
Sucrose group relative to the BEP-Paired-No Sucrose group in
the PrL (p = 0.028; Figure 7E1), but not in the IL (Figure 7E2).
Finally, the sucrose did not change the c-fos mRNA expression in
the STD and STV of both phenotypes (data not shown).

DISCUSSION

Compulsive Eating Was Confirmed in
Our Binge-Like Eating Rat Model
In this study, a conflicting situation was created with an
aversive CS and palatable food. Consistent with our first
hypothesis in the Section “Introduction,” the BEPs showed higher
sucrose consumption and lower fear response relative to the
BER rats in the presence of the CS during the Test session.
However, there actually existed two possible explanations for
this result: (1) The higher sucrose intake in BEPs relative
to BERs was a result of lower sensitivity to the CS in
BEPs. (2) The BEPs had higher motivation for sucrose than
the BERs, which overcame the fear for the CS and sucrose
had a stronger anxiolytic effect on the BEPs relative to the
BERs, which diminished their fear response to the CS. The
second explanation was exactly our hypothesis. To confirm
our hypothesis, we had to exclude the possibility of the first
explanation. To solve this problem, we set the No Sucrose
groups as a control. We can see that the freezing behavior was
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FIGURE 6 | Effects of fear conditioning on the c-fos mRNA expression in the Acb, mPFC, and BNST. Representative images of the c-fos mRNA in situ hybridization
signals with the core (AcbC) and shell (AcbSh) part of the nucleus accumbens (Acb), the prelimbic part (PrL), and infralimbic (IL) part of the medial prefrontal cortex
(mPFC), and the dorsal part (STD) and ventral (STV) part of the bed nucleus of stria terminalis (BNST) marked with broken contours (A,D,G). Relative c-fos mRNA
expression of No Sucrose and Sucrose groups and Paired groups in the Acb (B,C), mPFC (E,F), and BNST (H,I) of BERs and BEPs. ac, anterior commissure; aca,
anterior part of the anterior commissure; LV, lateral ventricle; ic, internal capsule; fmi, forceps minor of the corpus callosum; Cl, claustrum. *Significantly different
(p < 0.05) from the Control group with the same phenotype. **p < 0.01, ***p < 0.001. #Significantly different (p < 0.05) from the Tone group with the same
phenotype. ##p < 0.01. $Significantly different (p < 0.05) from the BER group with the same treatment. $$p < 0.01.
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FIGURE 7 | Sucrose changed the c-fos expression in response to the fear conditioning in the amygdala (A1,A2), LHA (B1,B2), PVN (C1,C2), Acb (D1,D2), and
mPFC (E1,E2). Acb, nucleus accumbens; AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; BLA, basolateral amygdala; Ce, central amygdala; IL,
infralimbic mPFC; LHA, lateral hypothalamus; mPFC, medial prefrontal cortex; PeFLH, perifornical part of the lateral hypothalamus; PLH, peduncular part of the
lateral hypothalamus; PrL, prelimbic mPFC; *significantly different (p < 0.05) from the BEP-No Sucrose group. ##Significantly different (p < 0.01) from the
BER-Sucrose group.

comparable between BEPs and BERs when they had no access
to sucrose during both Fear Conditioning training sessions and
the Test session. This finding perfectly confirmed that BERs
and BEPs had comparable sensitivity to the CS and that the
attenuated effects of the CS were indeed a result of abnormally
high motivation for sucrose in the BEPs. Combined with the
decreased freezing behavior in BEP-Paired-Sucrose rats, it also
indicated a stronger anxiolytic effect of sucrose on the BEPs
relative to the BERs.

Until now, we have observed all aspects of compulsive eating
in the BEPs in our BED rat model: habitual overeating in the
Appetitive sessions, as well as overeating to relieve negative
sensation and overeating despite aversive consequences in the
Test session. In an acute stressful environment, the animals
have to recruit their energy and attention for a swift and
proper response, and concurrently inhibit other housekeeping
activities such as food intake, digestion, and reproduction. In
the BERs, the conditioned fear inhibited the licking behavior
not only during tones but also between tones, a relatively
less stressful but uncertain situation. In the BEPs, the licking
behavior was not affected between tones, suggesting a deficiency
of devaluating the palatable food when confronted with potential
dangers. Similarly, both humans and animals with eating
disorders appear to have some struggles in suppressing food-
seeking and -taking in an emergent situation (Oswald et al.,
2011). Overeating of palatable food despite aversive consequence
happens when an abnormally high motivation for palatable food
inhibits the normal function of the stress-responding system
(Voon, 2015).

Exploration of Neural Mechanisms
Underlying the Compulsive Eating
To understand the neural mechanisms underlying the different
feeding and freezing behavior under conditioned fear, we
analyzed the c-fos mRNA expression in brain regions involved
in stress responding, feeding regulation, and reward processing.
In Figures 5, 6, we tested two factors, phenotype and fear
conditioning, to see whether the analyzed brain regions of BER
and BEP respond differently to fear conditioning when they had
no access to sucrose, or when they had access to sucrose. In
this way, we can know if there is a difference between BER and
BEP rats in their brain activities in response to fear conditioning,
without considering the effect of sucrose access. In Figure 7, we
put together all four Paired groups and tested two other factors,
phenotype and sucrose, to see if sucrose can change the brain
activities in response to fear conditioning and if this effect is
different between BER and BEP rats. Consistent with our second
hypothesis in the Section “Introduction,” we found different
neuronal activities in many brain regions between BERs and BEPs
that could be underlying their different sucrose consumption and
freezing behavior under conditioned fear.

The Acb, Medial Prefrontal Cortex, and Lateral
Hypothalamic Area Were Possibly Underlying the
Abnormally High Motivation for Sucrose in the
Binge-Like Eating Prone Rats
Higher tonic Acb activity might be underlying the habitual
overeating of the BEPs. Distinct cell types and input projections
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in the Acb are in charge depending on the availability
of palatable food, representing productive and unproductive
rewarding seeking (Lafferty et al., 2020). A popular hypothesis
is that the hyperpolarization of medial spinal neurons (MSNs)
in the Acb is primarily underlying the appetitive motivation
(wanting), and inhibition of these GABAergic neurons can
disinhibit the downstream targets, such as the ventral pallidum,
VTA, and LHA, and promote hedonic responses (liking)
and continuation of feeding behaviors (Castro et al., 2015).
Extended access to palatable food can induce hyperphagia and
compulsive eating in rats, accompanied by gradually worsened
responsiveness of reward system, decreased baseline extracellular
dopamine in the Acb (van de Giessen et al., 2014), and
downregulated striatal dopamine D2 receptors (D2Rs) (Johnson
and Kenny, 2010). Considering the inhibitory function of the
D2Rs, these changes could decrease the tonic inhibition of
the Acb, and possibly contributed to the higher baseline Acb
activity in the BEPs.

Consistently, without the stimulation of CS and sucrose, the
BEPs showed a higher baseline activity in the Acb compared
with the BERs, indicating a stronger motivation for palatable
food in an environment where sucrose was usually available.
Thus, we propose that tonic reward response was diminished in
the BEPs, and consequently, they had to eat more and faster to
activate the reward system. It could drive a higher motivation
and expectation for sucrose in the BEPs, which could explain
the shorter first lick latency of the BEPs when they got access
to sucrose. We hypothesize that the hyperactivity of the Acb
of BEPs in “resting state” reflected higher motivation (wanting)
for sucrose when it is unavailable (unproductive seeking), while
the larger amplitude of decrease of the Acb activation might
exaggerate hedonic rewarding value of sucrose (liking) in BEPs.

The persistent hedonic response in the Acb and diminished
recruitment of the mPFC in the presence of palatable food in
the BEPs were possibly underlying their deficient devaluation of
palatable food in face of aversive consequences. It is also well
known that inhibition of the Acb increased, and stimulation
decreased, intake of food (Chometton et al., 2020; Yang, 2021).
Under conditioned fear, the sucrose failed to significantly inhibit
the activity of the Acb in BERs. It indicates that the dynamic
function of the Acb depends on the current salience of stimuli and
that the hedonic value of sucrose for BER decreased in the face
of the CS. We can comprehend this disrupted hedonic response
as an evidence of devaluation of palatable food in the presence
of aversive stimuli. Increased activity of the projection from the
AcbSh D1R (dopamine type 1 receptor expressing) MSNs to the
LHA GABA neurons has been proven underlying the inhibition
of feeding behavior by salient external stimuli (O’Connor et al.,
2015). On the contrary, the CS did not change the pattern of
responding to sucrose in the BEPs, suggesting a resistance to the
devaluation of palatable food by potential aversive consequences.

Considering its reciprocal connections with the amygdala and
dense projections to the LHA and Acb, the mPFC may also
play an important role in devaluating the palatable food under a
stressful situation, and modulating value-based decision-making.
A recent study (Christoffel et al., 2021) found that anterior
paraventricular thalamus (aPVT) and mPFC projections to the

Acb differentially regulate the rewarding properties of high-
fat food. Inhibition of the glutamatergic mPFC-Acb projection
promotes the acquisition of binge eating on high-fat food, while
stimulating the same project would suppress the hedonic feeding.
Consistently, the BEPs in this study displayed inhibited PrL
activity with access to sucrose under conditioned fear, but not
the BERs. This decreased PrL activity in the BEPs was very likely
responsible for their deficient decision-making adjustment and
persistent sucrose intake under the conditioned fear.

The PVNp Was Likely an Important Target of Sucrose
for Its Stronger Anxiolytic Effects on the Binge-Like
Eating Prone Rats
The amygdala and BNST were not likely the target of sucrose
for its anxiolytic effects. For many years, the amygdala has
been considered as the emotional center, especially for coding
the conditioned fear response. Consistent with the functions
of the BLA and Ce in the fear conditioning acquisition and
expression, respectively, the CS activated both of them without
any difference between the BERs and BEPs. This is consistent
with the comparable fear response of the BEPs and BERs in
Fear Conditioning sessions and the Test session when they had
no access to sucrose. Petrovich previously showed that lesions
of the Ce, not the BLA, abolished the feeding-inhibiting effect
of an aversive CS (Petrovich et al., 2009). Consistent with this
special function of the Ce, this study found that the Ce further
increased its activity in response to sucrose access in the presence
of an aversive cue, compared with the cue itself. It indicated the
involvement of the Ce in the devaluation of palatable food in face
of potential aversive consequences. Surprisingly, compared with
Paired-No Sucrose groups, the activities of the BLA and Ce in
Paired-Sucrose groups of BER and BEP rats were not inhibited
by sucrose intake in this study, suggesting that the amygdala is
not likely the functioning site of the anxiolytic effects of palatable
foods, or at least indicating that we need to look into the activities
of subtypes of neurons for the underlying mechanisms.

The BNST is part of the “extended amygdala,” along with
the Ce and caudal Acb. Substantial evidence supports the
involvement of the BNST in the fear and anxiety response to
conditioned and unconditioned stimuli. The BNST controls the
stress-induced seeking and consumption of drugs and palatable
food by receiving stress information from the Ce (Erb et al.,
2001) and projecting to the VTA (Kudo et al., 2012). In human
patients, the severe obsessive–compulsive disorder could be
alleviated by electrical deep brain stimulation in the BNST
(Luyten et al., 2016).

In this study, sucrose intake inhibited the c-fos mRNA
expression in the Acb of the BEPs, but not in the BERs. The
BEPs showed decreased BNST activity in response to the CS, but
not BERs. Lesions of the BNST did not affect the fear response
to an aversively conditioned sound, but decreased the response
to another unconditioned sound, indicating a fear-generalization
function of the BNST (Duvarci et al., 2009). Considering this
discrimination inhibitory effect of the BNST, its lower activity
in the BEPs during the Test session might explain the unaffected
licking behavior of BEP-Paired rats between tones compared with
BER-Paired rats. This different BNST response to the CS between
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the BEPs and the BERs was observed even without sucrose
access, suggesting different stress responding strategies between
phenotypes, which might be involved in the development of
stress-induced overeating in BEPs. Anyway, the sucrose access
failed to induce significant change in the activity of the BNST in
BERs and BEPs under conditioned fear, excluding it as a direct
functioning site of sucrose for an anxiolytic effect.

The enhanced anxiolytic effect of sucrose on the BEPs was
regulated by diminished PVNp response to the CS by sucrose
access. As part of the HPA axis, the neuroendocrine neurons of
the PVN are responsible for the secretion of CRF and vasopressin
in response to stress stimuli. Not surprisingly, in Paired groups,
the CS significantly upregulated the c-fos mRNA expression in
the PVN of both BEPs and BERs, which is consistent with many
previous IEG-based (immediate early gene-based) mapping
studies (Honkaniemi et al., 1994). It is also known that palatable
food, such as sucrose and lard, could attenuate the stimulating
effect of stress on the HPA axis (Foster et al., 2008). In this study,
sucrose ingestion attenuated the PVNp response to stress in the
BEPs compared with the BERs. This result is consistent with the
freezing behavior. However, similar to the amygdala, there is no
evidence showing that the PVNp directly controls the freezing
behavior. Nevertheless, we can still hypothesize that sucrose has
a stronger anxiolytic effect on the BEPs than the BERs, which
can also explain the higher sucrose intake of the BEPs during the
phenotype classification. Decreased HPA axis response to stress
in the BEPs has been observed in another study with the BED
rat model, demonstrating as attenuated plasm corticosterone, and
CRF mRNA expression in the PVN in response to the foot shock
stress (Calvez et al., 2016). The parvocellular part of the PVN
sends glutamatergic projections to the Acb, and pharmacogenetic
stimulation of the PVN–Acb projections can decrease the intake
of highly palatable food (Smith et al., 2020). These findings are
consistent with results in this study. In conclusion, the hedonic
value of palatable food has strong anxiolytic effect via inhibiting
the PVN activity; conversely, the mental status regulates the
hedonic value of palatable food via the PVN–Acb pathway.

The Feeding Center Lateral Hypothalamic Area Was
Possibly an Integrating Site of Rewarding and Stress
Responding Information to Regulate the Compulsive
Eating in the Binge-Like Eating Prone Rats
Studies with the retrograde tracing technique revealed that the
BLA and Ce send projections to the ventral and dorsal LHA,
respectively (Reppucci and Petrovich, 2016). Noxious stimulation
increases c-fos expression in the LHA (Bullitt, 1990), and lesions
of the LHA significantly decrease arterial pressure response to a
CS (LeDoux et al., 1988). The activation of the LHA by CS in
this study was likely induced by activating projections from the
amygdala and might play a role in the devaluation of sucrose
by projecting to the ventral tegmental area (VTA) (Nieh et al.,
2015, 2016). Moreover, the LHA is recognized as the feeding
center, and it receives the leptin information from the arcuate
nucleus (ARC) and changes the hedonic value of the nutrition,
which is important for the regulation of homeostatic feeding, via
projections to the reward areas, such as the VTA (Domingos et al.,
2013). The post-ingestive rewarding effect of sucrose might be

the response for the increase of PLH activity of the BEPs under
conditioned fear that likely contributed to the inhibiting effect of
sucrose on the freezing behavior. Thus, we conclude that the CS
also had a strong impact on the activity of the LHA, and under
the conditioned fear, the abnormally higher PLH activity in the
BEPs finally drove their compulsive eating.

In conclusion, the response of Acb and mPFC to the palatable
food is dynamically modulated by the current value of the
food and that the Acb and mPFC participate in coding for the
devaluation of palatable food in the face of potential aversive
consequences. The compulsive eating observed in the BEPs
was likely facilitated by deficits in devaluating the rewarding
effects of sucrose, represented by attenuated recruitment of
the mPFC, persistent Acb response to sucrose intake, and
increased LHA activity in stressful situations. The interaction
between the rewarding system and the stress responding system
facilitates the development of the BEP phenotype, leading to
abnormally high motivation for binging on high-sugar and
high-fat diet over healthier food. When the hedonic system
hijacks the homeostatic system and the stress-responding system,
compulsive eating will attenuate the normal response to potential
aversive consequences.

Drawbacks of This Study
This study used female rats, rather than male rats, because the
prevalence of the BED is higher in women compared to men
(Cossrow et al., 2016). However, this choice leads to an inevitable
problem—the estrus cycle and hormone fluctuations in female
animals. The fear response and food intake of the female rats
in this study might have been influenced by the estrous phase of
individual animals in the Test session. Unfortunately, the estrous
phase was not taken into consideration in this study, because
excluding some animals from each group, especially the control
groups, or separating them into subgroups according to their
estrous phases would make the sample size too small for statistical
analysis. Future studies with a larger number of animals are
necessary to solve this problem.

Fear Conditioning Test as a Good
Paradigm for Analyzing Compulsive
Eating
To our knowledge, this is the first study that combined the
fear conditioning and binge eating animal model to observe the
impulsivity of binge eating, and explored the neuronal activities
underlying the regulation of feeding behavior, fear response,
and compulsive eating under a stressful situation. The fear
conditioning paradigm has many advantages over direct foot
shock. For example, if we want to do some electrophysiological
recording during the aversive stimulus, the foot shock will
generate noise in the signals, and even damage the amplifiers,
which can be avoided with the conditioned cues, such as light
and sound. Our findings indicate some potential targets for the
treatment of the BED. For example, we can suppress the craving
for palatable food by decreasing the baseline activity of the Acb
and enhance the devaluation of palatable food by increasing
the recruitment of the mPFC, and modifying the Acb response
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to palatable food. The conflicting test with fear conditioning
paradigm developed in this study can provide a useful tool to
explore the brain and endocrine mechanisms of the occurrence
of the BED, and may provide a platform to test and compare
the pharmacotherapies to suppress the compulsive eating of
palatable foods.
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Anterior Bed Nucleus of the Stria
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The bed nucleus of the stria terminalis (BNST) is a telencephalic structure well-
connected to hypothalamic regions known to control goal-oriented behaviors such as
feeding. In particular, we showed that the dorsomedial division of the anterior BNST
innervate neurons of the paraventricular (PVH), dorsomedial (DMH), and arcuate (ARH)
hypothalamic nuclei as well as the lateral hypothalamic area (LHA). While the anatomy of
these projections has been characterized in mice, their ontogeny has not been studied.
In this study, we used the DiI-based tract tracing approach to study the development
of BNST projections innervating several hypothalamic areas including the PVH, DMH,
ARH, and LHA. These results indicate that projections from the dorsomedial division of
the anterior BNST to hypothalamic nuclei are immature at birth and substantially reach
the PVH, DMH, and the LHA at P10. In the ARH, only sparse fibers are observed at
P10, but their density increased markedly between P12 and P14. Collectively, these
findings provide new insight into the ontogeny of hypothalamic circuits, and highlight
the importance of considering the developmental context as a direct modulator in their
proper formation.

Keywords: DiI-based tract tracing, ontogeny, bed nuclei of the stria terminalis, PVH, DMH, ARH, LHA

INTRODUCTION

The bed nucleus of the stria terminalis (BNST), a complex forebrain structure, has long been
involved in stress- and anxiety-related behaviors (Walker et al., 2003). The BNST receives strong
connections from the prefrontal cortex and the amygdala (Dong et al., 2001), and project in
turn onto hypothalamic nuclei that mediate goal-oriented behaviors (Dong and Swanson, 2006;
Barbier et al., 2021). Indeed, the dorsomedial part of the anterior BNST strongly projects onto
the paraventricular (PVH), the dorsomedial (DMH), the arcuate (ARH) nuclei, and the lateral
hypothalamic area (LHA). In particular, nociceptin-expressing neurons of the dorsomedial part
of the BNST control feeding throughout arcuate AgRP neurons (Smith et al., 2019). In addition,
corticotropin-releasing hormone (CRH)- and cholecystokinin (CCK)-expressing neurons of the
dorsal part of the anterior BNST regulate aversive and appetitive behaviors via neurons of the
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LHA, including Orexin-expressing neurons (Jennings et al., 2013;
Giardino et al., 2018). While we start to know more about the
anatomy and the functional role of these projections, when the
projections from the dorsomedial part of the anterior BNST to the
aforementioned hypothalamic nuclei develop is still unknown.

Our work highlighted a postnatal formation of the
neurocircuits arising from the dorsomedial part of the anterior
BNST and innervating the PVH, DMH, ARH, and LHA. This
study will serve as a developmental basis to further evaluate
long-lasting functions supported by these neuronal networks,
and how alteration of maternal environment can precipitate the
onset of metabolic and anxiety-related disorders in adulthood.

MATERIALS AND METHODS

Animals and Tissue Preparation
All experimental procedures were approved by the Veterinary
Office of Canton de Vaud (#VD3193). Mice were housed in
individual cages and maintained in a temperature-controlled
room with a 12 h light/dark cycle and provided ad libitum access
to water and standard laboratory chow (Kliba Nafag). C57Bl6/J
neonatal mice (Charles River) were anesthetized with sodium
pentobarbital (150 mg/kg) and perfused on P4, P8, P10, P12, P14,
P16, P18, P20, and P22 with 4% paraformaldehyde solution in
phosphate buffer (Applichem, PFA), pH 7.4. The brains were then
embedded in 3% agarose, and sectioned from rostral to caudal
to expose the anterior BNST without affecting the hypothalamic
nuclei. Each brain block was stained with 2% Chicago Blue to
visualize anatomic features. A small cristal of DiI (SantaCruz
Biotechnology) was placed into the dorsomedial part of the
anterior BNST under binocular loup (Zeiss). After implantation,
brains were stored in 4% PFA for 6 weeks in the dark at 37◦C.
There were 70 µm-thick sections that were then cut through
the hypothalamus using a vibratome. Sections were mounted
on Superfrost slides and cover slipped with DAPI-Fluoromount
(SouthernBiotech).

Analysis
Confocal images of DiI-labeled fibers were observed and/or
acquired through the hypothalamus of P4 (n = 4), P8 (n = 3–
4), P10 (n = 3–4), P12 (n = 3–6), P14 (n = 4–6), P16
(n = 3–8), P18 (n = 3–7), P20 (n = 3–6), and P22 (n = 3–
6) male mice using a Zeiss LSM 710 confocal microscope
equipped with a 20X objective. Brains were collected from 2 to
4 independent litters. The following regions were analyzed: (1)
the neuroendocrine PVH, (2) the autonomic posterior PVH, (3)
dorsomedial (DMHdm) and ventrolateral (DMHvl) parts of the
DMH, (4) dorsomedial (ARHdm) and ventromedial (ARHvm)
parts of the ARH, and (5) LHA (perifornical area) at the
level of the DMH and ARH. DAPI-labeled nuclei allowed a
clear morphological delimitation. For the quantification of DiI-
positive fiber density, each image was binarized and integrated
intensity (total numbers of pixels) was then calculated for each
image using Image J (NIH). For this purpose, regions of interest
(ROI) with the following dimensions were centered over each
region studied: 150 × 150 µm for the neuroendocrine PVH;

FIGURE 1 | (A) Low magnification confocal image showing the distribution of
DiI in the dorsomedial part of the anterior BNST (BNSTdm) of a P20 male
mouse. (B) Low magnification image of a DAPI staining showing the
cytoarchitectonic purposes of the BNSTdm. Dashed lines indicate the limit of
the BNSTdm. ac, anterior commissure; LV, lateral. Scale bars are shown in the
figure.

243 × 70 µm for the posterior PVH; 115 × 115 µm for the
DMHdm and DMHvl; 90 × 90 µm for the ARHdm and ARHvm;
and 100 × 100 µm for the LHA (perifornical area). These ROI
have been chosen based on the size of the ARH in early ages, and
to be able to compare fiber density in both ARHdm and ARHvm.

Statistics
Statistical analyses were conducted using GraphPad Prism
(version 9). Statistical significance was determined using one-
way ANOVA and two-way ANOVA followed by Tukey’s post hoc
test. P ≤ 0.05 was considered statistically significant. Graphs
have been generated using Prism 9 software and all values were
represented as mean ± SEM.

RESULTS

To examine the development of projections from the
dorsomedial division of the anterior BNST to hypothalamic
nuclei in male mice, we used the well-described DiI lipophilic
fluorescent tracer. A representative injection site into the
dorsomedial division of the anterior BNST is shown in Figure 1.
Correct injection sites were obtained in 49 cases from P4 to P22
in which DiI crystal was centered in the dorsomedial division of
the anterior BNST. Descending projections from the dorsomedial
division of the anterior BNST follow distinct trajectories to reach
several hypothalamic nuclei mostly localized in periventricular
zone, but not exclusively. From the dorsomedial division of the
anterior BNST, DiI-positive fibers follow a periventricular route,
and travel ventrally and caudally to reach the PVH, and then
the ARH as described in rats (Dong and Swanson, 2006; Barbier
et al., 2021). To reach the LHA, fibers can either extend from the
DMH that does not display clear neuroanatomic border with the
LHA, or follow the medial forebrain bundle in very lateral parts
of the LHA to reach the caudal part of the brainstem (Dong and
Swanson, 2006; Barbier et al., 2021).

While DiI tracer is known to mostly display anterograde
diffusion, it has already been described to diffuse from terminals
to cell bodies. In our samples, we observed retrogradely labeled
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neurons, notably in the PVH (Figure 2A), and in the ARH
(Figure 3A), but this was in a very limited number of samples,
and it concerned only a few neurons.

Development of the Projections From the
Dorsomedial Division of the Anterior Bed
Nucleus of the Stria Terminalis to the
Paraventricular Nucleus of the
Hypothalamus
The PVH is composed of a rostral division that mostly contains
neuroendocrine neurons, and one caudal part where the majority
of intermediolateral column-projecting neurons are found (Biag
et al., 2012). Both are innervated by fibers arising from the
dorsomedial division of the anterior BNST (Dong and Swanson,
2006; Barbier et al., 2021). We thus assessed the ontogeny of
fibers coming from the dorsomedial division of the anterior
BNST by quantifying the DiI-positive fiber density in both PVH
divisions (Figure 2).

Regardless the PVH subdivisions, this nucleus is among the
first studied hypothalamic nuclei to receive inputs from the
dorsomedial division of the anterior BNST (Figure 2). At P4, no
DiI-positive fibers were observed in the PVH. At P8, only a few
DiI-positive fibers were observed in the rostral part of the PVH
(Figures 2A–C), while none were seen in the autonomic part
at more posterior level (postPVH) (Figures 2D–F). At P10, the
density of DiI-positive fiber substantially increased in the rostral
part (Figure 2C, 96.7-fold-change between P8 and P10), and
rapidly reached a plateau as we only observed a twofold change
between P10 and P22 (Figure 2C). On the contrary, DiI-positive
fiber density was gradually increasing between P10 and P20-P22
in the autonomic part of the PVH (Figure 2F, 25.6-fold change
between P10 and P22).

Development of the Projections From the
Dorsomedial Division of the Anterior Bed
Nucleus of the Stria Terminalis to the
Dorsomedial Nucleus of the
Hypothalamus
The DMH can be subdivided in dorsomedial and ventrolateral
parts, and we recently showed that the ventrolateral part received
greater inputs from the dorsomedial division of the anterior
BNST compared to the dorsal part (Barbier et al., 2021). We
quantified the DiI-positive fiber density in both dorsomedial and
ventrolateral parts of the DMH (Figure 3). Like the PVH, at P4,
no DiI-positive fibers were observed in the DMH but this nucleus
also appears as being among the first studied hypothalamic
nuclei to receive projections from the dorsomedial division of the
anterior BNST (Figure 3). At P8, we did not detect fibers coming
from the dorsomedial division of the anterior BNST in both
studied parts of the DMH (Figure 3C). While the projections
into the dorsomedial part gradually increased from P10 to P22
(Figures 3A,C, 3.2-fold change between P10 and P22), the first
DiI-positive fibers were observed at P10 in the ventrolateral part
and reached a plateau from P12 until P22 (Figure 3C, ranging
from 88 552 AU at P10, to 320 334 AU and 341 676 AU at

P12 and P22, respectively, corresponding to a 3.6-fold change
between P10 and P12).

Development of the Projections From the
Dorsomedial Division of the Anterior Bed
Nucleus of the Stria Terminalis to the
Lateral Hypothalamic Area
LHA extends from anterior hypothalamus in PVH-containing
sections until the posterior part of the tuberal hypothalamus
(Franklin and Paxinos, 2008). In this study, we chose to
specifically assess DiI-positive fiber density in perifornical area
(at the level of the ARH and DMH corresponding to Bregma -1.7
mm in adult), as abundant fibers coming from the dorsomedial
division of the anterior BNST are observed, particularly dorsally
to the fornix (Dong and Swanson, 2006; Barbier et al., 2021).
At P4, no fibers coming from the dorsomedial division of the
anterior BNST were observed in the LHA. At P8, only a few fibers
were detected in some cases, and substantially increased at P10
(Figure 4C, 106.9-fold change between P8 and P10), to reach a
plateau around P12 (Figure 4C, DiI-fiber density was comprised
between 171 479 AU and 140 694 AU, at P12 and P22).

Development of the Projections From the
Dorsomedial Division of the Anterior Bed
Nucleus of the Stria Terminalis to the
Arcuate Nucleus of the Hypothalamus
Out of the studied hypothalamic nuclei, the ARH is the last
nucleus that received projections from the dorsomedial part of
the anterior BNST (Figures 5, 6). However, like PVH, DMH, and
LHA, no DiI-positive fibers were observed at P4, as well as at P8
(Figure 5C). A 2-day delay was observed in the DiI-positive fiber
detection between the dorsomedial and ventromedial part of the
ARH with only a few fibers observed in the dorsomedial part at
P10, and almost none in the ventromedial part of the ARH at
the same age (Figures 5A,C). Between P12-P14, fibers coming
from the dorsomedial part of the BNST first enter dorsally
into the ARH by following a periventricular route (Figure 5A),
and gradually increased until P20 to reach a postnatal peak
of intensity (Figures 5A,C, 15.2-fold change between P12 and
P20). At P22, the dorsomedial part of the ARH showed less
DiI-positive fibers than observed at P20. This was not the case
in the ventromedial division of the ARH. We used the same
surface area to quantify DiI-positive fiber densities in both ARH
parts (Figure 5B), and the density observed in dorsomedial
part compared to ventromedial part was 2.8-fold lower at P22
(Figures 5A,C).

Control Injections
For each crystal we implanted, we assessed the final localization,
and we only used those that were DiI crystal which was
restricted to the dorsomedial part of the anterior BNST for
quantification. In these cases, and as we already described
(Barbier et al., 2021), the VMH was devoid of DiI-positive
fibers (data not shown). In some cases, the dorsomedial part
of the anterior BNST was missed, and DiI crystal was observed
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FIGURE 2 | (A) Confocal images showing DiI-positive fibers in the neuroendocrine part of the PVH of P8, P12, P18, and P22 male mice. (B) Scheme illustrating the
region of interest (ROI in light green, 150 × 150 µm) used to quantify the DiI-positive fiber density in the neuroendocrine part of the PVH. (C) Quantification of
DiI-positive fiber density is summarized in the graph. (D) Confocal images showing DiI-positive fibers in the posterior part of the PVH of P8, P12, P16, and P20 male
mice. The density of DiI-positive fibers gradually increases over postnatal ages. (E) Scheme illustrating the region of interest (ROI in dark green, 243 × 70 µm) used
to quantify the DiI-positive fiber density in the autonomic part of the PVH. (F) Quantification of DiI-positive fiber density is summarized in the graph. 3V, third ventricle.
Scale bars are shown in the figure. Values are shown ± SEM. Statistical significance was determined using one-way ANOVA (C,F). aP ≤ 0.05, aaP ≤ 0.01,
aaaP ≤ 0.001, aaaaP ≤ 0.0001 vs. P8; bP ≤ 0.05, bbbP ≤ 0.001 vs. P10; ccP ≤ 0.01, cccP ≤ 0.001 vs. P12; dP ≤ 0.05, ddP ≤ 0.01 vs. P14.

in the adjacent septohypothalamic nucleus (ventral part of the
lateral septum). In these cases, DiI-positive fibers were also
observed in the PVH, ARH, DMH, and LHA, as described in rats
(Risold and Swanson, 1997).

DISCUSSION

BNST is usually considered as a hub for the integration of
stress- and anxiety-related behaviors (Walker et al., 2003; Daniel
and Rainnie, 2016). Its strong connections to hypothalamic
nuclei known to control goal-oriented behaviors (Dong and

Swanson, 2006; Boutrel et al., 2010; Bi et al., 2012; Diniz and
Bittencourt, 2017; Timper and Brüning, 2017; Smith et al., 2019;
Barbier et al., 2021) revealed putative functions of these circuits
in the stress-related control of feeding. Whereas we recently
described the anatomy of the projections from the dorsomedial
part of the anterior BNST to hypothalamic nuclei such as
the PVH, DMH, ARH, and LHA (Barbier et al., 2021), there
is no evidence on the developmental period in which these
circuits develop. In this study, we focused our interest only in
males, but we are currently assessing the sexually dimorphic
aspect of these circuits using both developmental and functional
approaches. Here, by using the well-described DiI-based tract
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FIGURE 3 | (A) Confocal images showing DiI-positive fibers in the DMH of P12, P16, and P20 male mice. The density of DiI-positive fibers gradually increases over
postnatal ages. (B) Scheme illustrating the regions of interest (ROI, 115 × 115 µm) used to quantify the DiI-positive fiber density in the dorsomedial part (DMHdm,
yellow) and in the ventrolateral part (DMHvl, orange) of the DMH. (C) Quantification of DiI-positive fiber density is summarized in the graph. fx, fornix; 3V, third
ventricle. Scale bars are shown in the figure. Values are shown ± SEM. Statistical significance was determined using two-way ANOVA (C). aP ≤ 0.05, aaP ≤ 0.01,
aaaP ≤ 0.001, aaaaP ≤ 0.0001 vs. P8; bP ≤ 0.05, bbP ≤ 0.01 vs. P10.

FIGURE 4 | (A) Confocal images showing DiI-positive fibers in the LHA of P10, P16, and P22 male mice. (B) Scheme illustrating the regions of interest (ROI in
purple, 100 × 100 µm) used to quantify the DiI-positive fiber density in the perifornical area (Pfx) of the LHA. (C) Quantification of DiI-positive fiber density is
summarized in the graph. fx, fornix. Scale bars are shown in the figure. Values are shown ± SEM. Statistical significance was determined using one-way ANOVA (C).
aP ≤ 0.05, aaP ≤ 0.01, aaaP ≤ 0.001, aaaaP ≤ 0.0001 vs. P8.

tracing approach we showed that these projections, immature
at birth, develop progressively during postnatal life (Figure 6)
to form similar neurocircuits to that described in adult male

mice. Despite DiI molecules are known to diffuse in the lipidic
layer of the axonal membrane in both anterograde and retrograde
direction (Makarenko, 2014), our data support the predominant
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FIGURE 5 | (A) Confocal images showing DiI-positive fibers in the ARH of P10, P12, and P22 male mice. The density of DiI-positive fibers gradually increases over
postnatal ages. (B) Scheme illustrating the regions of interest (ROI, 90 × 90 µm) used to quantify the DiI-positive fiber density in the dorsomedial part (ARHdm, dark
blue) and in the ventromedial part (ARHvm, light blue) of the ARH. (C) Quantification of DiI-positive fiber density is summarized in the graph. 3V, third ventricle. Scale
bars are shown in the figure. Values are shown ± SEM. Statistical significance was determined using two-way ANOVA (C). aaaaP ≤ 0.0001 vs. P8; bbbP ≤ 0.001,
bbbbP ≤ 0.0001 vs. P10; cccP ≤ 0.001, ccccP ≤ 0.0001 vs. P12; dP ≤ 0.05, dddP ≤ 0.001, ddddP ≤ 0.0001 vs. P14; eeP ≤ 0.01, eeeP ≤ 0.001 vs. P16; gP ≤ 0.05
vs. P20.

anterograde property of the DiI. Indeed, in our materiel we
observed intense DiI-positive fibers in the PVH, DMH, ARH,
and LHA, and only a few retrogradely labeled neurons. Some
studies limited the retrograde property of the DiI to the absence
of reciprocal projections (Makarenko, 2014), it is clearly not the
case in our study as it has been clearly established that the anterior
part of the BNST receive reciprocal connections from the ARH
(Bouret et al., 2004a; Betley et al., 2013; Steculorum et al., 2016),
and the DMH (Thompson et al., 1996) where we observed only a
few retrogradely labeled neurons.

In this study, we analyzed the DiI fiber density only every
2 days from P4 to P22, and we are aware that the described
developmental time-course could present a 1-day delay/bias.
Thus, out of the four studied areas, the projections from the
dorsomedial division of the anterior BNST first reach the more
dorsal structures of the hypothalamus including the PVH, DMH,
and LHA at P10–P12. Later, the projections reach ventral
hypothalamic structures following a periventricular route and
enter the dorsal part of the ARH (P12–P14) to finally reach
its ventral part (P14–P16). These dorsal to ventral gradient
and time-course are consistent with the path followed by the

projections coming from the dorsomedial part of the anterior
BNST (Dong and Swanson, 2006; Barbier et al., 2021) to reach
the PVH, DMH, ARH, and LHA.

In rodents, the formation of long projections has been
primarily thought of as developing during embryonic life,
when the brain is smaller, and local and shorter projections
developing during postnatal ages. The formation of short
intrahypothalamic projections is not necessarily consistent with
this description as previous studies in rodents have shown that
a few intrahypothalamic circuits are already developed at birth
(Polston and Simerly, 2006) while others are still immature,
notably the projections from the ARH to the PVH, DMH, and
LHA (Bouret et al., 2004a). In our study, we showed that longer
BNST to ARH projections were also immature at birth and
precede the development of the reciprocal ARH to anterior BNST
projections (Bouret et al., 2004a), and could serve as scaffold
for the development of ARH to BNST projections by following
this breadcrumb trail. Finally, other studies have shown that
extrahypothalamic projections can form during embryonic life,
notably the projections from the LHA to the posterior part
of the brain (Croizier et al., 2011), and from the ARH to the
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FIGURE 6 | Brain coronal (A) and sagittal (B) section views showing the developmental time-course during postnatal ages of projections coming from the
dorsomedial part of the anterior BNST (BNSTdm) to innervate several hypothalamic nuclei including the neuroendocrine and autonomic parts of the PVH, the DMH,
the perifornical area (Pfx)/LHA and the ARH. The projections first reach dorsal parts of the hypothalamus to innervate the PVH, DMH, and LHA, to reach later the
ARH by taking a periventricular and dorsal route.

upper thoracic spinal cord (personal data not shown). These
data suggest no clear rules in the timing of the establishment of
hypothalamic circuits per se, but could reflect the involvement
of other factors such as the level of circulating hormones with
leptin (Bouret et al., 2004b; Croizier et al., 2016), and ghrelin
(Steculorum et al., 2015), or testosterone that directly influences
the development of neuronal circuits and structures, notably the
formation and differentiation of the sexually dimorphic BNST
(Chung et al., 2002).

Developing environment is critical for the overall formation
of neurocircuits, and this extended developmental window may
increase the vulnerability of key hypothalamic circuits, and
subsequently long-lasting neuronal functions. Here, all studied
projections from the dorsomedial part of the anterior BNST
to hypothalamic area develop when pups are on lactation as
the switch from suckling to solid food occurs around P17 in
mice (König and Markl, 1987). When lactating dams are fed a
high fat diet, milk is enriched in insulin, leptin, glucose, and

free fatty acids (Vogt et al., 2014), and the development of
hypothalamic circuits is altered in offspring (Vogt et al., 2014;
Park et al., 2020). Such changes in developing environment and
in milk content in particular, could directly affect the expression
of key guidance proteins, and subsequently the formation of
hypothalamic circuits. However, while alteration of maternal
metabolism and nutrition with maternal obesity, and maternal
exposure to high fat diet interfere with the proper formation
of the ARH to hypothalamic nuclei projections, including
the PVH (Vogt et al., 2014; Park et al., 2020), there is no
clear evidence on how maternal stress can impinge on the
development of hypothalamic circuits and in particular, the BNST
to ARH projections. Based on the literature, we can suspect that
alteration of maternal environment notably maternal stress and
early life stress could trigger developmental outcomes leading
to metabolic dysfunctions and anxiety-like behaviors in the
offspring (Delpierre et al., 2016; Derks et al., 2016; Romaní-Pérez
et al., 2017). Regarding the physiological role of the anterior
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BNST projections to key hypothalamic circuits, deciphering how
and when these circuits develop is a step forward toward a better
understanding of the developmental origin of metabolic diseases.
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Aging in modern societies is often associated with various diseases including metabolic
and neurodegenerative disorders. In recent years, researchers have shown that both
dysfunctions are related to each other. Although the relationship is not fully understood,
recent evidence indicate that metabolic control plays a determinant role in neural
defects onset. Indeed, energy balance dysregulation affects neuroenergetics by altering
energy supply and thus neuronal activity. Consistently, different diets to help control
body weight, blood glucose or insulin sensitivity are also effective in improving
neurodegenerative disorders, dampening symptoms, or decreasing the risk of disease
onset. Moreover, adapted nutritional recommendations improve learning, memory, and
mood in healthy subjects as well. Interestingly, adjusted carbohydrate content of meals
is the most efficient for both brain function and metabolic regulation improvement.
Notably, documented neurological disorders impacted by specific diets suggest that
the processes involved are inflammation, mitochondrial function and redox balance as
well as ATP production. Interestingly, processes involving inflammation, mitochondrial
function and redox balance as well as ATP production are also described in brain
regulation of energy homeostasis. Therefore, it is likely that changes in brain function
induced by diets can affect brain control of energy homeostasis and other brain
functions such as memory, anxiety, social behavior, or motor skills. Moreover, a defect in
energy supply could participate to the development of neurodegenerative disorders.
Among the possible processes involved, the role of ketone bodies metabolism,
neurogenesis and synaptic plasticity, oxidative stress and inflammation or epigenetic
regulations as well as gut-brain axis and SCFA have been proposed in the literature.
Therefore, the goal of this review is to provide hints about how nutritional studies could
help to better understand the tight relationship between metabolic balance, brain activity
and aging. Altogether, diets that help maintaining a metabolic balance could be key to
both maintain energy homeostasis and prevent neurological disorders, thus contributing
to promote healthy aging.

Keywords: nutrition, aging, neurological disorder, nutrient sensing, cognition, metabolism

INTRODUCTION

Modern societies experience a surge in their aging population due to improved medicine that
led to extended life expectancy. However, in parallel with aging of the population, age-related
disorders are also on the rise (Thane, 2013; Vilić, 2017). Those age-related disorders include notably
metabolic and neurodegenerative disorders as well as cancer (Finkel et al., 2007; Wyss-Coray, 2016;
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Meldrum et al., 2017). Interestingly, recent research has
demonstrated the key role of metabolic regulations on both
neurological disorders and cancer. Moreover, the aging process
appears to be affected by metabolic control (Yates et al., 2012;
World Health Organization [WHO], 2015; Luengo et al., 2017).
Therefore, diet is a key element in healthy living and healthy
diet as defined by WHO1 is of great importance for global
health. Hence, it is now admitted that healthy aging can
be promoted by a balanced energy homeostasis that can be
defined by an equilibrium between energy intake and energy
expenditures that allows body weight and internal parameters
(glycemia, temperature, pH) to remain constant. In support
of this concept, different types of diet have been linked to
healthy living. For instance, Japanese and Mediterranean diets are
found in populations known for their lower metabolic disorders’
incidence or a higher life expectancy (Martinez-Gonzalez and
Martin-Calvo, 2016; Poli et al., 2019; Tomata et al., 2019).
Noteworthily, these benefits are well known examples described
not only in scientific journals but emerging also among the
lay public communication media. Other diet changes for lipid,
carbohydrates or protein content or caloric supply, or special
diets s (e.g., ketopgenic diet, medium Chain triglycerides diet,
caloric restrictions, intermittent fasting. . .) have been developed
to prevent or treat certain disorders including cancer, as well
as metabolic or neurodegenerative disorders (Amine et al.,
2003; World Health Organization [WHO], 2003; Moynihan and
Petersen, 2004; Gano et al., 2014; D’Alessandro et al., 2016;
Billingsley et al., 2018; Duan et al., 2018; Reddavide et al.,
2018; Klement and Pazienza, 2019; Mittelman, 2020). Ketogenic
diet (KD), low glycemic index diet (LGI), or adjusted diets
(for polyunsaturated fatty acids, medium chain triglycerides or
other, proteins. . .) are the most documented (Apekey et al.,
2009; Kanoski and Davidson, 2011; Paoli, 2014; Sanders, 2014;
Vergati et al., 2017; Abdelhamid et al., 2018; Dohrmann et al.,
2019; Włodarek, 2019; Carneiro and Leloup, 2020; van Name
et al., 2020). However, little is known about the mechanisms
involved in the beneficial effects of diets on health. Of note,
neurological disorders are often targeted by diet interventions.
Therefore, diet utilization in neurological conditions has led
to numerous publications on the putative role of diets. Such
an observation is of interest since the brain is the highest
energy consumer of the body. Indeed, at least 20% of the total
body glucose consumption at rest occurs in the brain for its
normal activity. In addition, the brain can rapidly adjust energy
supply to keep a constant level of nutrient availability (Peters,
2011; Pellerin and Magistretti, 2012). Overall, it appears clear
that brain activity and energy homeostasis of the body are
tightly linked. Hence, brain 60 disorders are associated with
dysregulated energy balance. In addition, obesity or diabetes have
been 61 shown to contribute to brain disorders development
(Murakami et al., 2010; Val-Laillet et al., 2011; Castanon et al.,
2015; Bogdanov et al., 2020; Bremner et al., 2020; Tanaka et al.,
2020). In fact, neurological disorders studies provided interesting
mechanistic hypotheses thanks to the disease mechanisms
knowledge (Gómez-Pinilla, 2008; Gano et al., 2014; Li et al., 2017,

1https://www.who.int/news-room/fact-sheets/detail/healthy-diet

2020; Williams and Cervenka, 2017; Gomez-Pinilla et al., 2021).
These observations reinforced the relationship between aging
and associated disorders with metabolic regulation. Furthermore,
it also indicates that metabolic balance is a key component
of healthy aging. It is worth to note that the hypothesized
mechanisms involved in the beneficial effect of diets on brain
function have also been described in the brain control of energy
homeostasis (Carneiro and Leloup, 2020). Therefore, it is likely
that disturbed energy balance will contribute to dysfunction of
brain control of energy homeostasis. In turn, this dysregulated
brain energy homeostasis control would alter brain metabolism
and participate to brain disorders. Hence, it is important to fully
understand the mechanisms involved in dietary beneficial effects
on brain activity to better understand brain control of energy
homeostasis as well as brain function and diseases.

In this review, we thus aim to summarize the recent
knowledge about the impact of diet on neurological function and
disorders. The putative mechanisms at play will be presented,
and the relationships with brain regulation of energy homeostasis
will be discussed.

DIET AND BRAIN FUNCTION OF
HEALTHY POPULATIONS

Cognitive responses are dependent on adequate brain function.
Exposure to a high fat diet (HFD) has been described to decrease
cognitive performances in various tests probing different aspects
including working and spatial memory, mood, or spatial memory
(Cordner and Tamashiro, 2015). Similarly, a high sucrose diet
has also negative impact on cognitive responses (Davis et al.,
2020). Therefore, these studies have permitted to demonstrate the
deleterious effect of non-healthy diets on cognition. Altogether,
obesogenic/diabetogenic diets induce a negative alteration of
cognitive functions. However, it remains difficult to discriminate
the cognitive decline from obesity or diabetes development.
Therefore, to determine the impact of a diet on cognitive function
independently of any other metabolic effect, it is necessary to
study first the impact of healthy diets on healthy populations.

Among the so-called healthy diets, the Mediterranean diet
is described to prevent cognitive decline during aging (Safouris
et al., 2015; Aridi et al., 2017). However, these studies only report
a decreased risk of developing dementia, and thus a decline in
cognitive functions (Safouris et al., 2015; Charisis et al., 2021). In
contrast, little is known of the effect of a healthy diet in young
healthy people and their cognitive functions. In fact, attempts to
determine the impact of a Mediterranean diet on young adult’s
cognitive performances led to interesting results (McMillan et al.,
2011). In their study, McMillan et al. (2011), gave a specific
diet regimen to one group while the control group had no diet
changes from their habits. In their study, the authors report an
improvement in reaction time during a spatial memory test as
well as an increase of accuracy scores. However, other cognitive
tests did not show any change after the Mediterranean diet. This
restricted impact makes it difficult to conclude on a clear effect
of the diet on cognitive function. One possible pitfall is the
duration of diet exposure in the study of McMillan et al. (2011).
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Indeed, in this study, the Mediterranean diet was given for a
short period of 10 days. Therefore, a longer term follow up
must be done to clearly address the impact of the Mediterranean
diet on cognition of healthy adults. In addition, in their study,
McMillan et al. (2011) observed a significant improvement of
mood. This strong effect following short-term exposure to a
diet in a relatively small group of subjects supports the idea of
a potentially larger impact of healthy diets on brain function.
Altogether, while encouraging, this study needs to be pursued
with a larger group and on a longer period. It would be also of
interest to compare different dietary habits to identify the factors
involved in the putative improvements. Therefore, retrospective
and intervention studies could help to determine specific diet
composition patterns. Prospective studies would also help to
determine chronic effects of diet on health during aging. Indeed,
healthy aging could be defined as aging without loss of autonomy
due to a disease as oppose to unhealthy aging when a disorder
development leads to a loss of independence due to treatments
and the need of assistance. Indeed, it is unlikely that aging with
complete absence of disease could be considered. However, it is
worth to note that healthy aging according to such a definition
would be hard to achieve. Nevertheless, a delay in the onset of
certain diseases would still help people live longer in healthy
conditions. In addition to clearly address the diet effect and test
the putative role of specific nutrients or foods, an experimentally
controlled diet should be provided to both control and treated
groups. Therefore, intervention studies are also necessary.

In another study, the Christian Orthodox Church (COC)
fasting diet led to significant results on health and cognition.
This specific diet implies a limited intake of animal-based
products and a significant increase in fruit and vegetables. Such
a nutrient composition makes the diet enriched in fibers and
folates while the amount of saturated fatty acids is significantly
lowered (Rodopaios et al., 2019). Spanaki et al. (2021) evaluated
the cognitive profile of people following the COC fasting
diet vs a group not adhering to it. The authors reported
decreased levels of anxiety and depression and better cognitive
performances in the COC fasting diet group. This result supports
a beneficial effect of a healthy diet on healthy populations.
Indeed, the COC fasting diet is an isocaloric diet, derived
from the Mediterranean diet. In addition to prioritizing healthy
nutrients (unsaturated fatty acids, complex sugars, fibers. . .),
the COC fasting diet is also classified as an intermittent
fasting. Intermittent fasting has been described for its potent
impact on metabolic improvements and global health benefits
(Mattson et al., 2017, 2018; Mattson, 2019). The study of Spanaki
et al. (2021) on COC fasting diet resumes the intermittent
fasting benefits while also providing evidence for a cognitive
improvement even in healthy people.

On the other hand, other studies of intermittent fasting habits
failed to report any positive role on cognition. Thus, studies
of individuals that follow Ramadan practices (a fasting during
daylight period followed during 28 consecutive days with no food
or drink consumption) do not report cognitive improvement
although sleep and arousal are positively affected (Dolu et al.,
2007; Tian et al., 2011; Meo and Hassan, 2015; Chamari et al.,
2016). Nevertheless, few of the studies related to Ramadan fasting

focused on cognitive function including memory, attention, or
test accuracy for instance. In addition, it is worth to note that
the population studied often includes athletes and thus, the
effect of exercise and training could mask the impact of diet.
Finally, it is important to note that this religious practice of
intermittent fasting only lasts one month. Hence, it is possible
that significant effects on cognition would only appear after a
longer period. Indeed, other intermittent fasting studies show
that neurogenesis and brain plasticity, two mechanisms highly
involved in cognition, are significantly affected. However, it is
important to recall that studies on healthy populations are rare,
which makes it difficult to clearly conclude on intermittent fasting
and cognition interaction.

In fact, there is very few studies really testing cognitive
function in relation with the diet in healthy adults. However,
schoolchildren are a healthy population whose cognitive function
has been tested in relation with the diet. Interestingly, in these
schoolchildren, the diet appears to significantly affect cognitive
results (Naveed et al., 2020). Several studies in adolescents show
a positive relationship between a low glycemic index breakfast
and learning, attention, stress, and even mood (Micha et al.,
2010, 2011; Cooper et al., 2011, 2012, 2015; Edefonti et al., 2014).
Noteworthily, when compared to adolescents without breakfast,
both low and high glycemic index breakfast provide a beneficial
impact on cognition. Such an observation indicates that cognitive
improvement needs a high energy amount (Cooper et al., 2011).
However, the fact that the low glycemic index breakfast is more
beneficial indicates that the quality of the nutrients ingested has
also a significant impact on brain activity. Thus, low glycemic
index foods containing fibers or non-digestible carbohydrates,
or low carbohydrates seems to have a better impact. This result
supports a role for products of gut metabolism for the non-
digestible carbohydrates or from other sources of energy than
glucose: SCFA and ketone bodies that we will discuss in section
“Putative Mechanisms at Play to Explain the Beneficial Roles of
Certain Diets on Brain Function.”

Overall, it is difficult to clearly address whether diet can affect
cognitive function in healthy populations after adolescence. On
the other hand, there is no doubt that unhealthy dietary habits
induce cognitive decline during aging and increase the risk of
dementia and age-related neurological disorders. In this regard,
a better knowledge of the effects of healthy diets on cognition
in healthy adults becomes necessary. Such understanding would
help to make better dietary recommendations toward the
prevention of age-related disorders. In addition, schoolchildren
studies indicate that the diet can significantly affect school
performances. Hence, it should be of interest to determine
whether such a role is specific to learning processes in young
populations or can also influence cognitive performances in
adults. It is of interest to note the results obtained on
mood improvement as well. Indeed, mood disorders represent
an increasing concern in modern societies and working
environment (Kessler, 2006; Woo and Postolache, 2008; Hannerz
et al., 2009; Firth et al., 2020). Thus, dietary improvements could
be an important step to prevent the onset of depression and
anxiety symptoms and contribute to better life conditions in a
large part of the population.
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HEALTHY DIETS AND BRAIN
DISORDERS

A certain number of brain disorders have been targeted by
specific dietary interventions since decades and even centuries.
For instance, the ketogenic diet (KD) is given to epileptic
patients since more than 100 years (Williams and Cervenka,
2017). Furthermore, treatment for several other brain conditions
now include dietary interventions (Carneiro and Leloup, 2020).
Noteworthily, the knowledge of mechanisms disrupted in the
disorders studied have led to several hypotheses on the diet
induced mechanisms at play in the beneficial effects observed. In
this section, we will describe recent research on brain disorders
and the impact of food on the symptoms, progress, and outcome
of the diseases. The putative mechanisms will be presented as well
as the diet composition with the most significant impact.

Epilepsy is a neurological condition characterized by recurrent
spontaneous seizures. These seizure episodes result from
hypersynchronous discharges of neurons (Thijs et al., 2019).
Notably, epileptic persons have been treated with ketogenic diets
for more than 100 years with significant decreases in seizure
events (Williams and Cervenka, 2017). This beneficial effect is
of particular interest in drug resistant patients. Indeed, ketogenic
diet intervention is associated with up to a 60% decrease of
seizures in drug resistant individuals (Levy et al., 2012; Sharma
and Jain, 2014a; Martin et al., 2016). Ketogenic diets have
been initially used as a replacement for a fast (Wheless, 2004).
Indeed, the classical ketogenic diet is a very high fat content
diet (70% and above of energy from fats) and low protein and
carbohydrate (10% or less). Therefore, the limited availability
of sugars as energy source forces the body to use fat as the
primary source of energy as it would happen during a fasting
period. In the liver, this metabolic shift leads to the formation
of ketone bodies from β-oxidation. However, this diet also
produces long term side effects including ketoacidosis, liver lipid
accumulation in long term diet, weight loss, diminished growth,
kidney stones, increased blood cholesterol and fatty acid levels,
while it also bears disadvantages such as a poor taste and thus
aversive effects, among others. To counter those effects, several
modified ketogenic diets have now been developed. Although
these diets still induce ketogenesis, most of the negative effects
can be dampened (Sharma and Jain, 2014b). For instance, a
modified Atkins diet (the other name for the ketogenic diet), a
low glycemic index diet, and medium chain triglycerides diets
have also been tested with good results on epileptic patients.
Although less restrictive on carbohydrates, all these modified
ketogenic diets still lead to increased circulating ketone bodies
levels (Verrotti et al., 2020). Mostly, these modified ketogenic
diets include higher amounts of carbohydrates although still
at very low levels compared to a normal diet (up to 20%
instead of 55%). In addition, protein levels are less restricted
and medium chain triglycerides are preferred. Overall, the
amount of sugars as well as their type (complex sugars are
not absorbed, but metabolized by the microbiota, therefore
making glucose availability limited for host cells) appear to
be key in the effect of the ketogenic diet to obtain a positive
outcome on epileptic populations. These ketogenic diets have

provided significant results on epileptic individuals in multiple
clinical studies. Notably, the results presented show beneficial
effects of the diets in a wide range of populations. Indeed,
this is the case for epileptic children, adults, but also patients
with GLUT1 deficiency syndrome or pyruvate dehydrogenase
deficiency (both diseases are associated with seizures) (D’Andrea
Meira et al., 2019). Finally, it is worth to note that if ketogenic
diets are used on drug resistant patients, in regard of the
significantly positive effects measured, it would be of interest
to expand the ketogenic diet use to all categories of epileptic
patients. However, one limitation to this global use is the poor
understanding of the mechanisms involved. In addition, the
ketogenic diet presents numerous negative effects that need to be
considered (migraines, keto-acidosis, liver steatosis, fatigue, but
also poor taste).

Interestingly, many other brain disorders have been shown
to improve in patients following a similar low carbohydrate
availability induced by diet strategies. Such observations support
the idea of a brain metabolic shift that would compensate for
decreased glucose supply.

First, high fat diet has been previously described as
increasing the risk of brain stroke (Haley et al., 2019). In
accordance, adjustments of the diet composition would prevent
the occurrence of stroke. Thus, some studies have attempted
to determine the impact of a healthy diet on stroke prevention
but also during recovery. Results of such investigations clearly
support a beneficial effect of adjusted diet on stroke events.
Interestingly, as observed for epilepsy, low carbohydrate,
ketogenic, or low glycemic index diets led to the most significant
benefits (Ayuso et al., 2017). Here though, a high fructose diet
is also described as a potent enhancer of stroke risk. This
observation suggests that blood glucose level alone is highly
important in stroke prevention. Therefore, diets with a lowering
effect on glycemia or lipidemia would be beneficial for stroke
prevention. In addition, the importance of a low level of blood
glucose is also supported by the impact of low carbohydrate, or
low glycemic index diets since they are expected to only slightly
alter blood glucose levels. Accordingly, the Mediterranean diet is
shown to promote stroke prevention, as well as reduce severity
(Psaltopoulou et al., 2013; Lakkur and Judd, 2015; Tuttolomondo
et al., 2015). Further, the vegetarian diet, a low glycemic index
diet, is also associated with a decreased risk of stroke (Chiu et al.,
2020). Finally, the ketogenic diet that limits the use of sugars as
energy source, is described as participating to the improvement
of the outcome following a stroke (Shaafi et al., 2014, 2019).

Overall, since high blood glucose is linked to an earlier
stroke onset and worst outcome, a diet intervention targeting
glycemia would be of interest in stroke management. Further,
dietary habits that limit blood glucose increase would also help
prevent stroke accidents. Hence, more research on the role of
diets in stroke outcome and prevention is required. Indeed,
currently, only descriptive studies have been performed. Notably,
no mechanistic studies have really permitted to identify the
cellular pathways involved in the positive role of healthy diets.
Furthermore, in addition to diet intervention, the description
of the mechanisms could help identify better pharmacological
targets to improve stroke recovery.
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When considering age-related disorders in general,
Alzheimer’s disease (AD) is the most common cause of
dementia (García-Casares et al., 2021). More recently, AD has
been linked to metabolic disorders. Notably, individuals with
type 2 diabetes or obesity present a higher risk of AD (Sims-
Robinson et al., 2010). In addition, AD patients are characterized
by a glucose uptake defect in brain cells. Interestingly, a lower
risk of AD development is associated with the Mediterranean
diet (Scarmeas et al., 2007). In another study, Gu et al. (2010)
assessed the association of different nutrients with the prevention
of AD. The authors described the putative role of ω3 and 6
polyunsaturated fatty acids (PUFA), Vitamin E and folates
in the protective role of the Mediterranean diet (Gu et al.,
2010). Interestingly, here, the lipid profile seems to play a key
role. However, it is worth to note that the low glycemic index
of such a diet could still be involved in the protective effect.
Nevertheless, these results strongly support a role of brain
energetics. Indeed, ω3 and 6 are well known for their role in
brain activity (Yehuda, 2003). Thus, here PUFA could act as
alternative energy sources for the brain in a diet limiting glucose
availability. Similarly, Bayer-Carter et al. (2011), demonstrated
a strong relationship between diet composition and both risk
and progress of AD. As observed before, the low saturated
fat diet is beneficial here as well. In addition, the authors also
showed that the low fat associated to a low glycemic index diet
displays the best results on cognition and AD markers measured
(Bayer-Carter et al., 2011).

Similar observations can be found for Parkinson’s disease (PD)
(Maraki et al., 2019). Furthermore, diet-induced hyperketonemia
was described as providing benefits to PD patients (VanItallie
et al., 2005). Such results confirm a key role of low glucose for
brain disorders improvement. Interestingly, the Mediterranean
diet is also known to decrease the risk of PD (Jackson
et al., 2019). It is interesting to note the beneficial effect
of the Mediterranean diet on such a wide range of brain
disorders. Overall, it suggests that common mechanisms are
most likely involved in the development of cognitive deficits,
and putatively in aging, affecting important metabolic processes
for general brain function. In support of this hypothesis, mood
disorders also can be addressed through a nutritional approach
showing here as well a tight relationship with metabolic control
(Pervanidou et al., 2013; Hajebrahimi et al., 2016). Thus, high
glycemic index diets are correlated with an increased risk
of depressive disorder as well as to an increased severity of
the disease (Salari-Moghaddam et al., 2019). Autism Spectrum
disorder (ASD) is another neurological disorder with both
behavioral and metabolic dysregulations since obesity and type
2 diabetes during pregnancy represent risk factors for this
disease (Lyall et al., 2011; Krakowiak et al., 2012). Furthermore,
ASD risk is expected to increase with a high glycemic index
diet while a low glycemic index should decrease this risk
(Currais et al., 2016; Carneiro and Leloup, 2020). After birth,
dietary intervention in ASD affected newborns have shown
good results. For instance, in rodent models, a ketogenic diet
improves social interactions and dampens repetitive behaviors
(Ruskin et al., 2013). Noteworthily, low glycemic index diets
also improved ASD behaviors. Such an effect involved a change
in gut microbiota which is known to be associated with ASD

(van de Sande et al., 2014; Berding and Donovan, 2020; Kandeel
et al., 2020).

The benefits of a low glycemic index ketogenic diet on brain
function are not limited to neurodegeneration, stroke or ASD that
are associated with cell death and/or cell dysfunctions. Indeed,
mood disorders can also be improved by dietary interventions
(Arab et al., 2019). In this situation, carbohydrates levels appear
as key in the effect of the diet (Firth et al., 2020). Therefore, a long-
term low carbohydrate diet exhibits positive effects on mood and
cognition (Brinkworth et al., 2009).

Overall, it is interesting to note that many brain disorder
conditions can be targeted by imposing a particular diet to
improve the symptoms, help recovery, or prevent the onset of
the disease. In addition, it appears clear that the impact of a diet
on glycemia will have strong effects on brain function. However,
such a result is not surprising since the brain represents at least
20% of the total body glucose consumption at rest. Hence, it is
interesting to note that decreasing the availability of glucose has
a positive impact on brain function in pathological conditions.
Knowledge of the mechanisms at play would provide a better
understanding of the diet effect but also of the disease itself.
Furthermore, it could also provide a better understanding of the
relationship between brain function and metabolic regulations
and disorders. Furthermore, it is interesting to note that gut-
brain communication seems to be central to the interaction
brain function-metabolism. Indeed, several studies report the
involvement of gut products in brain function and disease.

Among the different types of diet, it is interesting to note
that low glycemic index (GI) diets are described as the most
beneficial on health (Carneiro and Leloup, 2020). Such diets
are enriched in foods with low GI, meaning that the effect
on blood glucose is limited. Noteworthily, Mediterranean diet,
ketogenic diet and modified ketogenic diets are all considered
as low GI. Furthermore, among the diets described in the
literature, these diets are the most frequently used. In fact, those
diets present similar metabolic effects including gut microbiota
changes favoring short Chain Fatty Acids (SCFA) production,
and liver ketogenesis. Altogether, the mechanisms involved are
linked to the action of these molecules in the body that will
affect brain function.

PUTATIVE MECHANISMS AT PLAY TO
EXPLAIN THE BENEFICIAL ROLES OF
CERTAIN DIETS ON BRAIN FUNCTION

Studies made in the context of epilepsy have led to several
hypotheses about the mechanisms involved in the effect
of the ketogenic diet to reduce seizures. Some suggested
mechanisms directly involve the end product of lipid oxidation,
whose synthesis is stimulated by the decrease in carbohydrate
availability: ketone bodies (Guzmiirp and Geefen, 1993; Gano
et al., 2014). In addition, mitochondria and gene regulation are
also expected to be involved.

Inflammation
Inflammation is a common marker found in many brain
disorders including epilepsy, stroke, AD and PD. ASD is also
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considered at higher risk for the fetus in women suffering from
inflammatory diseases during pregnancy (Theoharides et al.,
2016; Raj et al., 2017; Siew et al., 2019). Interestingly, ketone
bodies that are produced under most diets used in clinical studies
have been demonstrated to present anti-inflammatory properties.
This direct effect has been demonstrated in ischemia-induced
seizures. Here, the activation by ketone bodies of the GPR109
receptor located on infiltrated macrophages in brain, stimulates
the production of prostaglandins. In turn, this induces an anti-
inflammatory response that protects against seizures (Rahman
et al., 2014; Vezzani et al., 2016). Further, Youm et al. (2015)
also observed a reduction in ischemic seizures in mice fed a
ketogenic diet or receiving a brain infusion of ketone bodies. In
addition, they also demonstrated that ketone bodies inhibit the
assembly of NLRP3 inflammasomes by blocking the K+ efflux
(Youm et al., 2015).

Alzheimer’s disease is also linked with inflammation (Hascup
et al., 2019). Indeed, the accumulation of Aβ stimulates the
recruitment of microglia and astrocytes. In parallel, interferon
gamma (IFNγ), interleukin 1β (IL1β), and tumor necrosis factor
α (TNF α) are secreted leading to a local inflammation (Sastre
et al., 2006; Tan et al., 2013). Since microglial cells are from the
same lineage than macrophages, therefore it is possible that a
direct mechanism as described for stroke could also occur in
AD. In fact, high caloric diets known to induce inflammation
are also described to exacerbate AD. In addition, since healthy
diets can decrease the Aβ accumulation, it is expected that
inflammation will also be lower by dampening the recruitment
of immune cells (Samadi et al., 2019). However, it is worth
to note that in this case, the effect seems indirect. Thus, as
suggested by Samadi et al. (2019), the effect of a normal diet
compared to a healthy diet (such as Mediterranean diet) should
be studied to clearly address the issue of the impact of a healthy
diet independently of the high caloric negative effect already
described. Autism is a neurological disorder whose risk for the
offspring is increased by obesity or diabetes during pregnancy
(Lyall et al., 2011; Krakowiak et al., 2012). In fact, the chronic
inflammation induced by these metabolic disorders plays an
important role in the increased risk of autism (Vargas et al.,
2005; Patterson, 2009; Michel et al., 2012). Interestingly, this
inflammatory grade can be decreased by a low glycemic index
diet while a high glycemic index diet is shown to participate
to the inflammatory processes (Fleming et al., 2011; Neuhouser
et al., 2012; Uchiki et al., 2012). Again, in mouse models, a
ketogenic diet was able to improve social behaviors (Ruskin
et al., 2013). In addition, gluten-free food was shown to decrease
the inflammatory grade and improved autism symptoms (Karhu
et al., 2020; Sumathi et al., 2020).

However, it is difficult to clearly identify the mechanisms
regulating inflammation. Indeed, the diets used in the studies
differ widely, which makes it difficult to attribute the effects to
ketone bodies only. Furthermore, some studies described direct
effects while others indicated an indirect action of ketone bodies.
Therefore, further investigations are essential to demonstrate the
interactions between inflammation and diet since it is clear that
the inflammatory grade plays an important role in neurological
disorders (Figure 1).

FIGURE 1 | Food intake of a diet rich in low glycemic index food is shown to
have a positive impact on health (1). The composition of such a diet enriched
in non-digestible fibers leads to the production of SCFA (Short Chain Fatty
Acids) by gut bacteria (2). In addition, the low impact on glycemia (3) will
trigger an increase in KB (Ketone Bodies) production through the induced lipid
oxidation increase (4). In turn, both ketone bodies and SCFA are expected to
act on brain function (5) by stimulating the transcription of genes (6) involved
in the reduction of inflammation (7) and ROS production (8). SCFA and KB
also modulate mitochondrial activity (9) to reduce ROS production. In addition,
the reduced mitochondrial respiration will diminish ATP levels (10) that would
inhibit neuronal activity (11). Finally, other studies indicate increased GABA
levels also contribute to the inhibition of neuronal activity (12). Altogether, such
a global effect on brain bioenergetics could participate to brain benefits of
healthy diet in the context of brain disorders whose neuronal function is
altered.

Redox Balance Regulation
Oxidative stress is often found in brain areas affected in the
different aforementioned brain disorders (Frustaci et al., 2012;
Pearson-Smith and Patel, 2017; Carneiro and Leloup, 2020).
Interestingly, reactive oxygen species (ROS) production can vary
depending on nutrient fluxes (Leloup et al., 2011). Therefore, not
surprisingly, several studies suggested that the impact of a diet on
neurological disorders involves changes in the Redox balance that
could participate in the positive outcome.

Ketone bodies in particular can alter the Redox balance
since they can directly enter mitochondria where a large
amount of ROS can be produced within cells. In mitochondria,
ketone bodies stimulate mitochondrial respiration and NADH
oxidation. This in turn reduces ROS production while increasing
ATP synthesis (Izzo et al., 2016). These events will prevent the
mitochondrial permeability transition (mPT) and thus prevent
cell death (Kim et al., 2015). Since ketone bodies affect mPT,
this mechanism could participate to the anti-epileptic effect of
the ketogenic diet. Indeed, mouse models of epilepsy present an
increase in the threshold of mPT. In addition, mPT prevention
involves modulation of cyclophilin D. Finally, in these mice
it is observed a decrease of long-term potentiation and of
learning and memory capacities, supporting a role in cognition
(Zhou et al., 2018).

Another possible regulatory mechanism of ROS production
can be due to the improved mitochondrial activity induced by
ketone bodies (Cooper et al., 2018). Noteworthily, mitochondrial
activity is associated with neuronal function and diseases.
In addition, mitochondria are a main contributor of ROS
production within cells. Therefore, the ability of ketogenic diets
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to decrease mitochondrial ROS production when compared
to a normal chow diet is of great interest. This antioxidant
property appears to come from changes in the expression
of genes coding for the oxidative pathway. In addition, the
NAD/NADH ratio is increased by ketone bodies. This increased
ratio will in turn reduce ROS production in mitochondria
and participate to the improvement of epilepsy management
(Pearson-Smith and Patel, 2017).

In fact, ketone bodies can directly increase O2 consumption at
the mitochondrial respiratory chain level. This O2 consumption
increase will reduce ROS production. Therefore, the decrease
oxidative stress associated with a lower ROS level is likely to
be at play in the improvement of epilepsy observed following a
ketogenic diet. Indeed, oxidative stress is associated with epileptic
seizures, and therefore a decrease in oxidative stress should also
help decrease the frequency of seizures (Knowles et al., 2018). In
addition of decreasing ROS production, it has been also shown
that a ketogenic diet stimulates the expression level of catalase.
Catalase is the main antioxidant enzyme and thus participate
to convert ROS into non-reactive species. Catalase expression
is stimulated by the transcription factor peroxisome proliferator
activated receptor γ2 (PPARγ2) (Knowles et al., 2018). In fact,
in this study the authors demonstrated a regulation of the PPAR
gene through histone hyper-acetylation. More precisely, it is
suggested that ketone bodies inhibited histone deacetylases. In
turn, PPAR upregulates antioxidant genes and downregulates
pro-inflammatory genes (NFKappaB, cyclooxygenase 2, and
iNOS). This hypothesis is supported by the successful use of
histone deacetylase inhibitors as anti-inflammatory and anti-
epileptogenic molecules (Jeong et al., 2011; Shimazu et al., 2013;
Damaskos et al., 2017; Simeone et al., 2017a,b).

Stroke studies have also demonstrated the increased risk as
well as the negative impact on recovery caused by high glycemia
and therefore diabetes (Sander and Kearney, 2009; Lee et al.,
2018). Oxidative stress is also associated with diabetes (Leloup
et al., 2011). Furthermore, hyperglycemia-induced oxidative
stress is expected to participate to the poor outcome following
stroke. Thus, a well-balanced blood glucose level is important in
the treatment and prevention of stroke (Robbins and Swanson,
2014). In this regard, diets that help maintain a low level of blood
glucose contribute to a better outcome in patients with acute
ischemic stroke independently of diabetes (Song et al., 2018).
In the same study however, the authors suggested that chronic
hyperglycemia is the main cause of stroke as it was previously
proposed (Kamouchi et al., 2011; Luitse et al., 2017). Although
no direct evidence related to the Redox balance is provided, it is
worth to note that chronic hyperglycemia is expected to induce
a chronic increase in ROS production. On the other hand, a
better control of glucose levels would prevent an excessive ROS
increase. Therefore, ROS levels could likely participate in the
observed effects.

Finally, a similar involvement of ROS level regulation can
be found in AD (Prins, 2008; Achanta and Rae, 2017). Several
reports suggest that ROS production could be inhibited by
an increased expression level of uncoupling proteins (U) as
previously shown independently of the diet (Sullivan et al., 2004;
Klaus and Ost, 2020). Therefore, the expression level of UCPs
needs to be determined in healthy diets fed individuals to evaluate

whether it could be another player involved in the beneficial
effect of such diets. Alternatively, the ketogenic diet could also
participate in the reduction of ROS production by upregulating
the expression of antioxidant proteins (MnSOD, Glutathione,
and Nrf2) (Taylor et al., 2019). Lastly, the decrease in neuronal
activity induced by a lower energy amount provided by the diet
is also hypothesized to contribute to lower ROS production and
thus potentially neuroprotection (Ma et al., 2007; Figure 1).

Blood Glucose Level
Aside end products of metabolism such as ketone bodies, the
blood glucose level appears to play an important role in diseases’
risk, progress, and outcome. In fact, a rapid rise in glycemia is
associated with increased oxidative stress as well as endothelial
dysfunction in diabetes (Ceriello et al., 2008). Even more than
hyperglycemia, excessive blood glucose level variations are more
deleterious. Such high variability is one of the consequences
of high glycemic index foods that induce a rapid increase in
glycemia but only transiently since it is quickly regulated to
reestablish a normal glycemia. This rapid rise is shown as negative
for stroke recovery due to endothelial dysfunction (Santos-
García et al., 2009). Furthermore, high glycemic index diets are
responsible for insulin resistance that will increase serum levels
of fibrinogen and von Willebrand factor involved in endothelial
function, which will contribute to increase the risk of stroke
(Meigs et al., 2000; Raynaud et al., 2000; Schothorst et al., 2009).
In fact, a high glycemic index diet induces hypercoagulability
associated with increased thrombosis risk. In parallel, small
vessel diseases are also increased and participate to a negative
outcome after a stroke (Song et al., 2018). Interestingly, the low
glycemic index Mediterranean diet is linked to a lower risk of
stroke (Spence, 2019). It was also shown that chronic episodes
of hyperglycemia are associated with a decrease in cognitive
function recovery. In this context, diets limiting the amplitude
of glycemic variations are more beneficial on both vascular and
cognitive function recovery following stroke (Lim et al., 2018).

Neuronal Activity
Neurological disorders can be defined as brain diseases affecting
neuronal activity. Such disorders are often associated with
a decrease of glucose utilization. Since glucose is the main
energy source for brain cells, it is thus not surprising that
brain function will be altered. Therefore, diets providing
ketone bodies could partly compensate this decreased glucose
utilization. Indeed, it was previously observed that during
glucose utilization limitation, ketone bodies can be used by
the brain as an alternative energy source (Mergenthaler et al.,
2013). More precisely, ketone bodies reaction with oxaloacetate
produces acetyl-coA that will then stimulates the Krebs cycle.
In turn, the Krebs cycle activity will increase the production
of α-ketoglutarate. Then α-ketoglutarate reaction consumes
aspartate, whose level is decreased in cells, and produces large
amounts of glutamate. This glutamate is then decarboxylated by
a glutamic acid decarboxylase which results in the synthesis of
GABA (γ-aminobutyric acid), the inhibitory neurotransmitter
found in the brain (Hartman et al., 2007). This metabolic loop
might be very interesting in the context of stroke or epilepsy
since GABA is a known anti-seizure substance targeted by some
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drugs that enhance GABA action (Petroff et al., 1996; Homanics
et al., 1997; Olsen and Avoli, 1997; Treiman, 2001; Chuang and
Reddy, 2020; Sills and Rogawski, 2020). This mechanism of action
is strongly supported by the finding of high levels of GABA in
the cerebrospinal fluid of children treated with low carbohydrate
diets (Dahlin et al., 2005).

In addition to this indirect mechanism, ketone bodies
are also expected to directly enter mitochondria and the
tricarboxylic acid cycle (TCA) where they will be oxidized
and thus stimulate oxidative phosphorylation. This in turn
inhibits phosphofructokinase 1 and glycolysis, decreasing ATP
production. A decreased ATP level will lead then to the opening
of ATP-sensitive potassium channels (KATP) and thus a decrease
of neuronal activity (Ma et al., 2007). Such a hypothesis has
been tested in a genetic model of drosophila presenting seizure-
like activity when mechanically stimulated. This fly displays
decreased seizures when given ketone bodies. Furthermore,
the blockade of KATP channels or administration of a GABA
antagonist partially reverses decreased seizure induced by ketone
bodies (Li et al., 2017). However, this partial recovery suggests
that other mechanisms are at play as well. Among possible
mechanisms, blockade of the transfer of the vGLUT transporter
(vesicular glutamate transporter) to the synapse by ketone bodies
is suggested by some studies. Such a transfer inhibition would
cause a decrease in glutamate excitatory activity, and thus
neuronal activity inhibition (Juge et al., 2010; Omote et al.,
2011). Another possible mechanism could involve the synaptic
vesicle recycling. In fact, the authors showed that mice treated
with ketone bodies present a reduction of both endocytosis and
exocytosis combined with a misbalance between endocytosis
and exocytosis. This effect is hypothesized by the authors to
participate to the anticonvulsant activity of the ketogenic diet in
epilepsy (Hrynevich et al., 2016; Figure 1).

Short Chain Fatty Acids
Lastly, it is interesting to note that if most research results
suggest a role for ketone bodies in the beneficial effects
provided by low carbohydrate diets, other factors have more
recently been suggested to play a key role as well. Therefore,
microbiota has been shown to interact with brain function
through the metabolism of dietary fibers in certain bacteria that
produce propionate or butyrate, two SCFA (short-chain fatty
acids). In fact, these SCFA exert various actions in the brain
by regulating histone deacetylases, transcription factors, and
antioxidant regulations. Noteworthily, all of these processes have
been described to play a role in neuronal function regulation
and neurodegenerative disorders. The healthy diets providing
the most benefits in the context of neurological disorders are
adjusted for carbohydrate contents and often enriched in dietary
fibers. Therefore, it is expected that such diets could involve
SCFA positive regulations while processed foods and non-healthy
diets would rather have a negative impact. Indeed, many diets in
industrialized countries contain high amounts of processed food,
and also lead to a decrease in the number of bacteria producing
SCFA. These diets are also known for their negative impact on
neurodegeneration (Martínez Leo and Segura Campos, 2020). In
addition, highly processed foods are likely to have a high glycemic
index and therefore induce large rises in blood glucose when
ingested. On the other hand, dietary fibers are low glycemic index
carbohydrates which support a protective role of low glycemic
index foods against neurodegenerative diseases.

In addition to neurodegenerative disorders, the gut-brain
axis related to nutrition has been shown to participate in
the pathophysiology of Autism, suggesting a role for the gut
in general brain function and diseases (van de Sande et al.,
2014; Berding and Donovan, 2020; Kandeel et al., 2020).
For instance, dietary fibers induced SCFA production in the

FIGURE 2 | Left panel represents the effect of a low carbohydrate/glycemic index diet known for its beneficial impact on energy homeostasis. The low levels of
digestible sugars are responsible for increased SCFA produced within the gut, paralleled by stimulated lipid oxidation leading to the production of ketone bodies.
Both nutrients exhibited a putative beneficial role on metabolism and brain function leading to the prevention of cognitive deficits. On the other hand, represented in
the right panel, a high carbohydrate/glycemic index diet will favor obesity and associated metabolic disorders. Interestingly, such diets dampen the production of
ketone bodies and SCFA and are associated with decreased cognitive function.
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Mediterranean diet is believed to participate in the protection
against Parkinson’s disease. First, SCFA can improve insulin
sensitivity and reduce inflammation while stimulating BDNF
(brain-derived neurotrophic factor) production. All of these
factors contribute to the protection against Parkinson’s disease.
The antioxidant properties of the Mediterranean diet are also
expected to participate to this protection since antioxidant
products can stimulate SCFA production (Jackson et al., 2019).

Nevertheless, despite several encouraging results linking
gut microbiota, SCFA and brain, no clear pathway and/or
mechanisms have been identified. However, it is worth to note
that most of the hypotheses come back to inflammation, Redox
balance or epigenetic gene regulations that have been strongly
suggested as involved in the nutritional benefits to brain function
and diseases. Thus, it appears worthwhile to pursue research
efforts in this direction to putatively identify possible therapies
or so-called “nutri-therapies.”

Gut Microbiota
It is worth to note that diet change will affect gut microbiota
composition. In recent years, many reports have highlighted
the role of the microbiota on brain function and notably
during brain disorders. Mediterranean diet for instance which
is enriched in plant foods will likely modify the microbiome
to favor fiber processing bacteria (Akkermansia municiphilla,
Ruminococcus bromii, Faecalibacterium prausnitzii, Eubacterium
rectale, Eubacterium hallii, and R. bromii. . .) (Morrison and
Preston, 2016; Harris et al., 2021) and therefore produce SCFA.
Similarly, low GI diet is a diet containing a high number of
fibers. This specific composition will also favor fiber processing
bacteria that will again release SCFA. Thus, the shift toward
a SCFA producing microbiome would likely be beneficial in a
context of neurological disorders as discussed above. Bile acids
are also products affected by food composition. Briefly, high
fat content increases bile acid production. These biliary acids
can then be transformed by bacteria from the gut producing
molecules that can interact with specific receptors found in brain
to modulate satiety. Interestingly, studies have also suggested
that bile acids can display antioxidant and anti-inflammatory
properties. Thus, we cannot exclude a putative role of bile
acids and gut microbiome in the dietary effect (Huang et al.,
2022). Finally, microbiota can also produce tryptophan whose
anti-inflammatory action has also been demonstrated. Overall,
it is thus very likely that other factors produced by the new
microbiome selected by the diet could impact brain health.

Hence, although largely studied now, the role of microbiota
on brain disorders would need further attention especially in
the context of diet intervention. Moreover, a specific review of
the literature would be needed to extensively present the recent
progress made on this topic (Yu et al., 2016; Barber et al., 2020;
Beam et al., 2021; Huang et al., 2022).

CONCLUSION

Altogether, it is rather likely that nutritional approaches
could be significantly beneficial in a wide range of brain

disorders. However, although a quite large number of studies
suggests effects involving inflammation, Redox balance and
mitochondrial activity, gene regulations, and neuronal activity
regulation, no direct demonstration has been made so far.
Furthermore, it appears that ketone bodies and SCFA produced
in response to specific diets, are at the origin of the beneficial
effects. However, it is important to stay cautious since ketone
bodies impact on health is still not completely understood.
Particularly, discrepancies exist in the literature about their
positive or negative impact on metabolism. Among the putative
explanations for these contradictory results, the amount of
ketone bodies could play a role. In fact, a dose-dependent
effect is among the hypotheses to be tested. Therefore, with the
current understanding of ketone bodies effect on physiological
processes, it is not possible to target the biological pathways
involving ketone bodies. Nevertheless, ketogenic diets or low
glycemic index diets are widely used with little side effects.
Thus, focusing on the clinical outcome following such diets
for individuals suffering from neurological disorders could
be an interesting future research axis. Furthermore, a better
understanding of the negative effects on the risks for certain
disorders is also of great importance. This knowledge would
be needed in order to adapt nutritional facts especially
regarding sugars to improve health of aging populations in our
societies (Figure 1).

Finally, although promising, the use of diets against diseases
is also to be consider with care. Indeed, diets described in this
review can also be associated with negative side effects to be
taken into account. Among those negative effects, sarcopenia,
weight loss, ketoacidosis, fatigue are well known. Ketogenic
diets are especially known for those effects that need to be
carefully controlled. In this regard, modified ketogenic diets
have been recently developed to include higher amounts of
carbohydrates in order to limit some of the side effects. Metabolic
overload or nutritional biases are also to be mentioned when
looking at these specific diets. Indeed, the high amount of
fats associated with decreased carbohydrates can be either
regarded as unbalanced diets. In fact, these “healthy” diets
are biased since they force the organism to switch to an
unnatural metabolism. Lastly, it is worth to note the aversive
effect of such diets due to a low amount of carbohydrate.
Indeed, taste and hedonic aspects of food intake are both
part of a normal healthy feeding behavior. Therefore, use
of such diets come along with increased use of non-caloric
sweeteners whose effects on health are still poorly documented.
Altogether, research is needed not only to completely understand
the mechanisms at play in healthy diet benefits, but also to
clearly determine the balance between positive and negative
effects of such dietary changes in populations either healthy
as preventive action, or unhealthy to provide a reduction of
symptoms (Figure 2).
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