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Oxytocin activation of paraventricular thalamic neurons
promotes feeding motivation to attenuate stress-induced

hypophagia

Lily R. Barrett', Jeremiah Nunez' and Xiaobing Zhang'

The neuropeptide oxytocin (OT) regulates important brain functions including feeding through activating OT receptors in multiple
brain areas. Both OT fibers and OT receptors have been reported in the paraventricular thalamus (PVT), an area that was revealed to
be important for the control of emotion, motivation, and food intake. However, the function and modulation of PVT OT signaling
remain unknown. Here, we used a progressive ratio (PR) schedule of reinforcement to examine the role of PVT OT signaling in

regulating the motivation for food and patch-clamp electrophysiology to study the modulation of OT on PVT neurons in brain

slices. We demonstrate that PVT OT administration increases active lever presses to earn food rewards in both male and female
mice under PR trials and OT receptor antagonist atosiban inhibits OT-induced increase in motivated lever presses. However, intra-
PVT OT infusion does not affect food intake in normal conditions but attenuates hypophagia induced by stress and anxiety. Using
patch-clamp recordings, we find OT induces long-lasting excitatory effects on neurons in all PVT regions, especially the middle to
posterior PVT. OT not only evokes tonic inward currents but also increases the frequency of spontaneous excitatory postsynaptic
currents on PVT neurons. The excitatory effect of OT on PVT neurons is mimicked by the specific OT receptor agonist [Thr4, Gly7]-
oxytocin (TGOT) and blocked by OT receptor antagonist atosiban. Together, our study reveals a critical role of PVT OT signaling in

promoting feeding motivation to attenuate stress-induced hypophagia through exciting PVT neurons.

Neuropsychopharmacology (2021) 46:1045-1056; https://doi.org/10.1038/s41386-021-00961-3

INTRODUCTION

Oxytocin (OT), a neuropeptide synthesized by neurons in the
paraventricular nucleus (PVN) and supraoptic nucleus of the
hypothalamus, plays important roles in the regulation of stress
response and food intake. Central OT signaling reduces food
intake by activating OT receptors in multiple brain areas, including
the ventral tegmental area (VTA) and the nucleus of the solitary
tract (NTS) [1-6]. Although OT has been reported to primarily
reduce food intake, the inhibitory effect of OT on food intake has
been found to be conditional as it can be modified by factors such
as social hierarchy, anxiety, and pregnancy of female [7-9]. For
instance, intraperitoneal injection of the OT receptor agonist
alleviates anxiety-induced hypophagia in a novel environment
[10]. Although these findings point out that the regulation of OT
on food intake is conditional, it remains unknown whether
activation of central OT signaling in specific brain regions
increases the motivation for food to promote food consumption
in the condition of stress and anxiety.

Emerging evidence confirms that the paraventricular thalamus
(PVT) plays an important role in controlling motivated behaviors
including feeding [11-22]. To exert their control in food intake,
PVT connects extensive feeding-related projections from the
hypothalamus and zona incerta to the brain's emotion and
motivation centers [18, 22-27]. Although the majority of PVT
neurons use glutamate as the neurotransmitter, findings from
previous studies have suggested the diversity of PVT neurons

across the anteroposterior axis in the control of the motivation for
food rewards. For instance, optogenetic activation of some PVT
glutamate neurons or their projections to the NAc inhibits food-
seeking and consumption [18, 22, 28], while activation of specific
glutamate neurons by orexin or decreased glucose level promotes
food motivation [19, 26, 29]. In addition, manipulation of different
PVT subregions produced differential effects on food-seeking and
consumption [15, 25, 30, 31]. Indeed, the diversity of PVT neurons
is supported by a recent study that neurons in the anterior PVT
(@PVT) and the posterior PVT (pPVT) are genetically and
functionally distinct [32]. Thus, further studies about the functional
modulation of PVT neurons by various neural signals such as
neuropeptides are important for understanding the diversity of
PVT neurons in the regulation of food motivation.

Previous studies have identified both high-density OT fibers and
OT receptors in the PVT [33-35]. A recent study also reported that
OT receptor-expressing PVT neurons in prairie voles project to NAc
[36], a brain area that was found to mediate the regulation of PVT
neurons in the motivation for food rewards [26, 29]. Although
both OT projections and OT receptor expression have been
identified in the PVT, the function and modulation of PVT OT
signaling remain largely unknown. Given the importance of the
PVT in controlling both stress and the motivation for food rewards,
we hypothesized that PVT OT signaling regulates feeding
motivation in stress-associated conditions. The present study
investigated the effect of PVT OT signaling on food motivation
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using a progressive ratio (PR) schedule of reinforcement, and
hypophagia induced by acute stress and anxiety. Also, we
investigated the modulatory effect of OT on the activity of PVT
neurons using slice electrophysiology and compared the func-
tional OT modulation in aPVT, middle PVT (mPVT), and pPVT of
both male and female mice at different ages.

MATERIALS AND METHODS

Animals

Both C57BL/6J and Swiss Webster mice were purchased from the
Jackson Laboratory. All mice were housed in a climate-controlled
vivarium on a 12:12 h light/dark cycle and ad libitum access to
food and water. All animals and experimental procedures in this
study were approved by the Florida State University Institutional
Animal Care and Use Committee.

Drugs

OT (051-01) and [Thr4, Gly7]-oxytocin (TGOT, 051-04) were
purchased from Phoenix Pharmaceuticals Inc. Atosiban (Ato,
6332/10), D-2-amino-5-phosphonovalerate (AP5, 0106), bicuculline
methiodide (Bic, 2503), and 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 0190) were purchased from Tocris Bioscience. For
electrophysiological experiments, all drugs were dissolved in
water and aliquoted as stock solutions that are stored at —80 °C.
On the day of recording, the stock solutions were diluted to final
concentrations in ACSF (at least 1:1000 dilution) for the experi-
mental test. For behavioral tests, OT (1.0 and 2.0 pg/pl) and
atosiban (2.0 ug/pl) were dissolved in saline for the direct intra-
PVT infusion (0.5 pl) on the day with drug treatment [5, 37, 38].

Slice preparation and patch-clamp recording

Both C57BL/6J and Swiss Webster mice of 2-10 weeks old were
used for preparing coronal brain slices (300 um thick) containing
the PVT (aPVT: —0.2 to —0.8 mm; mPVT: —1.0 to 1.8 mm; pPVT:
—1.9 to —2.2 mm from bregma) as detailed in our previous studies
[22, 39]. For the whole-cell recording of PVT neurons, fresh brain
slices were transferred to a recording chamber mounted on a
Zeiss upright microscope (Zeiss, Berlin, Germany) and perfused
with a continuous flow of gassed ACSF solution containing (in mw)
124 Nadl, 3 KCl, 2 MgCl,, 2 CaCl,, 1.23 NaH,PO,, 26 NaHCOs;, and
10 glucose (gassed with 95% 0,/5% CO, 300-305mOsm).
Pipettes used for whole-cell recording had resistances ranging
from 4 to 7 MQ when filled with pipette solution containing (in
mm) 145 potassium gluconate, 1 MgCl,, 10 HEPES, 1.1 EGTA, 2 Mg-
ATP, 0.5 Na,-GTP, and 5 disodium phosphocreatine (pH 7.3 with
KOH; 290-295 mOsm). The recording was performed at 33+ 1 °C
using a dual-channel heat controller (Warner Instruments,
Holliston, MA, USA). EPC-10 USB amplifier (HEKA Instruments,
NY, USA) and PatchMaster 2 x90.5 software (HEKA Elektronik,
Lambrecht/Pfalz, Germany) were used to acquire and analyze the
data. For voltage-clamp recording, the membrane potentials were
held at —70mV. Traces were processed using Igor Pro 6.37
(Wavemetrics, OR, USA). Spontaneous postsynaptic currents were
analyzed with MiniAnalysis 6.03 (Synaptosoft Inc., GA, USA).

Stereotactic surgery for cannula implantation

Naive male and female C57BL/6J mice of 8-10 weeks old were
anesthetized with intraperitoneal injections of ketamine (100 mg/
kg) and xylazine (10 mg/kg) and placed on a stereotaxic apparatus
(David Kopf Instruments, CA, USA). After exposing the skull via a
small incision and drilling a hole in the skull, a 26-gauge guide
cannula (P1 Technologies, VA, USA) was inserted into the brain to
target the mPVT (coordinates related to bregma: AP; —1.4 mm, DV:
2.9 mm, L: 0.05 mm). The guide cannula was then fixed by dental
cement with surgical screws. Mice were returned to their single-
housed cages for recovery of 10-14 days before they were used
for operant conditioning training or food intake tests.

SPRINGERNATURE

Progressive-ratio (PR) schedule of reinforcement

Before operant conditioning training in mouse operant chambers
(Med Associates, VT, USA), all C57BL/6J mice were food-restricted
(70% of their daily food intake) to facilitate the acquisition of lever-
press responding until they learned to press the lever to obtain
the food pellet in 3-5 days. Mice were provided their daily quota
of food in the home cage after the termination of the training
session. We used a program designed by our programming
engineer for data acquisition. During the training, mice were
initially trained under fixed-ratio 1 (FR1) sessions for 45 min daily.
Animals had a choice between two press levers, an active lever
press associated with a 3 s light cue, and a concomitant delivery of
high-fat high-sucrose (HFHS) pellets (20 mg, 48.9% Kcal as fat, Bio
Serv, NJ, USA) and an inactive lever press that remained
inoperative and served as a control for general activity. Each
active lever press triggered the delivery of one pellet during
FR1 sessions. The lever remained inactive for 5 s after each food
delivery so that mice were able to retrieve the pellet and
supplementary presses during the inactive period did not drive
food delivery. After a training period of about 7-10 days when
three successive sessions of obtaining equal and more than 20
pellets during the FR1 session of 45 min, mice were then engaged
in consecutive PR sessions of 45 min. For the PR session, the
number of lever presses required for one food pellet delivery
followed the order (calculated by the formula [5e #°?]—5 where
R is equal to the number of food rewards already earned plus 1): 1,
2,4,6,9,12,15, 20, and so on [40]. The maximal number of active
lever presses performed to reach the final ratio was defined as the
breakpoint, a value reflecting animals’ motivation to get the food
reward.

Intra-PVT drug infusion

When FR1 or PR performance was maintained stable for at least
three successive FR1 or PR sessions (the variation of the averaged
daily active lever presses was less than 10% for FR1 sessions and
less than 20% for PR sessions), mice were ready for testing the
effect of intra-PVT drug infusion on the FR1 or PR. To do the intra-
PVT infusion, an infusion cannula (2mm longer than guide
cannula, P1 Technologies, VA, USA) was connected to a Hamilton
syringe (10 pl) using a clear plastic tubing. The syringe and the
tubing were backfilled with mineral oil and the drug solution was
sucked through the infusion injector into the tubing. Forty-five
minutes before FR1 or PR sessions on test days of drug treatments,
mice were shortly anesthetized by isoflurane, and the infusion
injector was then quickly inserted into guide cannula for intra-PVT
injection of 0.5ul drug solutions at a rate of 0.1pul per min
controlled by a syringe pump. Injectors were left in place for an
additional 2-3min to allow for a complete drug infusion.
Treatments were counterbalanced based on the experimental
design.

Regular food intake test

Naive male C57BL/6J mice with cannula targeting PVT were singly
housed for the experiments. Regular chow intake over 4h was
measured daily from 11:00 a.m. to 3:00 p.m. in their home cages.
When the daily regular chow intake over 4 h was relatively stable
for at least three successive days, mice were ready for food intake
tests with drug treatment. On test days, regular chow intake was
measured 45 min after intra-PVT drug infusion.

Stress-induced hypophagia

Naive male C57BL/6J mice with cannula targeting PVT were singly
housed for the experiments. Mice had ad libitum access to regular
mouse chow except during the test with HFHS food intake over 3
h in their home cages. When the daily HFHS food intake over 3 h
was relatively stable for at least three successive days, mice were
ready for food intake tests following acute restraint stress [41, 42].
On test days with drug treatment, mice were randomly assigned
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into four groups. Mice in group 1 received intra-PVT saline infusion
45 min before the HFHS food intake test. Mice in group 2 received
intra-PVT saline infusion 45 min before the HFHS food intake test.
15min after saline infusion, mice were kept immobilized in
transparent plastic tubes with breathing holes for 30 min. Mice in
group 3 received intra-PVT OT (1.0 pg) infusion 45 min before the
HFHS food intake test. Mice in group 4 received OT (1.0 ug)
infusion 45 min before the HFHS food intake test. Fifteen minutes
after OT infusion, mice then received restraint stress in plastic
tubes for 30 min. HFHS Food intake over 3 h was measured in their
home cage immediately after restraint stress.

Light/dark box test with HFHS food

C57BL/6J mice were exposed to HFHS food pellets 2 h daily, for at
least 3 days, before food intake was tested in the light/dark box
where HFHS pellets were placed in a plastic dish in one corner of
the light compartment. On the experimental test day, mice
received an intra-PVT infusion of either saline or OT (1.0 pg) 45 min
before the 30-min test. At the beginning of the test, mice were
placed in the light compartment, facing the entry to the dark
compartment. A digital camera over the light/dark box was used
to track and record the activity of mice in the light compartment.
Latency to first exit, total entries to the light compartment,
percentage of time spent in the light compartment, food
approaches, and food intake over the 30 min test was recorded
for testing the effect of intra-PVT OT infusion on the exploratory
behaviors of mice and food consumption in an anxiety-like
condition. In addition, we observed mouse behavior in the
absence of food in the food zone.

Statistical analysis

Data are expressed as mean + SEM. Statistical significance was
assessed using a two-sided Student’s t-test and Chi-squared test
for comparison of two groups, and one-way, two-way, or three-
way ANOVA followed by a Bonferroni post hoc test for three or
more groups. Prism 8 (GraphPad, CA, USA) was used for statistical
analysis and figure making.

RESULTS

Intra-PVT OT infusion promotes the motivation for food rewards
through activating OT receptors

To study whether OT controls the motivation for food through
activating OT receptors in the PVT, we used a PR schedule of
reinforcement to test the behavioral response of mice to HFHS
food reward. Intra-PVT infusion of both doses of OT (0.5 and
1.0ug) promoted breakpoints (F(;3 7102052 = 11.45, p=0.0007,
one-way ANOVA repeated measures, Fig. 1b) to increase reward
earned (F(1.917,2325 = 19.17, p < 0.0001, one-way ANOVA repeated
measures, Fig. 1b) in male mice during 45-min PR trials. We next
compared the effect of intra-PVT OT infusion between male and
female mice. Generally, male mice had significantly higher levels
of both breakpoints (F;30=5.99, p=0.020, two-way ANOVA
repeated measures, Fig. 1c) and rewarded earned (F(;30)=5.79,
p = 0.023, two-way ANOVA repeated measures, Fig. 1¢). However,
we did not observe significant sex difference in OT-induced
increase of either breakpoint (Sex x OT interaction: F;30) = 0.80,
p = 0.38, two-way ANOVA repeated measures, Fig. 1¢) or reward
earned (Sexx OT interaction: F(;30=0.07, p=0.79, two-way
ANOVA repeated measures, Fig. 1c). Intra-PVT OT (1.0 pg) infusion
significantly promoted breakpoints (Male: p < 0.0001, female: p =
0.0042, Bonferroni post hoc test, Fig. 1c) to increase reward earned
(Male: p<0.0001, female: p<0.0001, Bonferroni post hoc test
Fig. 1¢) in both male and female mice. In addition, OT infusion did
not affect inactive lever presses in both male and female mice
(p > 0.9999, Bonferroni post hoc tests), suggesting increased active
lever presses are specifically associated with the motivation for
food rewards. These data together suggest that activation of PVT
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OT signaling promotes the motivation for food in both male and
female mice.

We then examined the effect of intra-PVT OT (1.0 ug) infusion
in the absence and presence of OT receptor antagonist
atosiban (1.0 ug). Intra-PVT OT infusion increased both break-
points (F1,12)=17.49, p=0.0013, two-way ANOVA repeated
measures, Fig. 1d) and reward earned (F(; 12 = 22.67, p = 0.0005,
two-way ANOVA repeated measures, Fig. 1d). However, intra-PVT
atosiban infusion decreased breakpoints (F(12=19.87, p=
0.0008, two-way ANOVA repeated measures, Fig. 1d) and reward
earned (F(12=26.50, p=0.0002, two-way ANOVA repeated
measures, Fig. 1d). In addition, intra-PVT atosiban infusion
attenuated OT-induced increase in breakpoints (Ato x OT interac-
tion: F(1,12 = 5.58, p = 0.036, two-way ANOVA repeated measures,
Fig. 1d). We further analyzed the effect of atosiban in the absence
and presence of OT infusion. In the absence of OT, intra-PVT
atosiban infusion had no significant effect on breakpoints (p =
0.75, Bonferroni post hoc test, Fig. 1d) or reward earned (p = 0.20,
Bonferroni post hoc test, Fig. 1d). However, intra-PVT atosiban
infusion decreased both breakpoints (p = 0.0019, Bonferroni post
hoc test, Fig. 1d) and reward earned (p =0.012, Bonferroni post
hoc test, Fig. 1d) in the presence of OT. Together, these data
indicate that the activation of PVT OT receptors contributes to an
OT-induced increase in food motivation.

Intra-PVT OT infusion attenuates hypophagia in the condition of
stress and anxiety

Based on the effect of intra-PVT OT signaling on food motivation,
we asked whether activation of PVT OT signaling regulates food
intake. We first applied the FR1 task in operant chambers to test if
the intra-PVT infusion of OT increases food intake following a
simple operant task. OT administration selectively increased active
lever presses (p<0.0001, Bonferroni post hoc test, Fig. 2a).
However, the pellet consumption was not significantly different
from that with saline infusion (t6 = 1.93, p = 0.072, paired t-test,
Fig. 2b) since some pellets were delivered to the receptacle but
not consumed by mice with OT administration, suggesting
activation of PVT OT signaling increases the motivation to obtain
food but not food consumption when food is easily available. To
further confirm this possibility, we then tested regular chow intake
of mice in their home cage and found that intra-PVT OT infusion
produced no obvious effect on normal food consumption over 4 h
(F1,48 = 1.31, p=0.258, one-way ANOWA, Fig. 2c).

To test whether the PVT OT-evoked increase in food motivation
affects food intake in the condition of stress, we measured the
HFHS food intake of mice following acute restraint stress of
30 min. Restraint stress decreased cumulative food intake in mice
with intra-PVT saline infusion (1 h: p <0.0001; 2 h: p =0.025; 3 h:
p = 0.082, Bonferroni post hoc test, Fig. 2d-f), suggesting acute
restraint stress produced hypophagia as reported by previous
studies [41, 42]. However, no stress-induced decrease in food
intake was observed in mice with intra-PVT OT injection (1 h: p =
0.610; 2h: p=0.746; 3h: p>0.999, Bonferroni post hoc test,
Fig. 2d-f). Together, these data indicate intra-PVT OT infusion
attenuates acute stress-induced hypophagia.

The light/dark test has been used to induce anxiety in mice
based on the innate aversion of rodents to brightly illuminated
areas [43]. The light/dark box was thus used to test food-seeking
and consumption of mice in the condition of anxiety [22, 44, 45].
Specifically, we used the light/dark box to study the effect of PVT
OT administration on HFHS food intake of mice in an anxiety-like
condition (Fig. 2g). Intra-PVT OT infusion decreased the latency to
the first exit from the dark compartment to the light side (t40) =
3.20, p=0.0027, unpaired t-test, Fig. 2h) and increased total
entries to the light compartment (t40) = 3.31, p = 0.002, unpaired
t-test, Fig. 2i) as well as total time spent in the light compartment
(to) = 2.36, p = 0.023, unpaired t-test, Fig. 2j). Furthermore, intra-
PVT infusion increased both food approaches (tuo =492, p<
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Fig. 1 Intra-PVT OT infusion increases motivation for HFHS food through activating PVT OT receptors. a Schematics of the PVT location
targeted by drug infusion. b Effects of intra-PVT OT (0.5 and 1.0 pg) infusion on breakpoints and reward earned in male mice (n = 13). One-way
ANOVA repeated measures followed by Bonferroni post hoc tests for multiple comparisons. 0.5 and 1.0 pg OT vs. saline infusion: **p < 0.01,
**¥p < 0.001. ¢ Effects of intra-PVT OT (1.0 pg) on breakpoints and reward earned in both male (n =20) and female (n = 12) mice. Two-way
ANOVA repeated measures followed by Bonferroni post hoc tests for multiple comparisons. OT vs. saline infusion: **p < 0.01, ***p < 0.001.
d Effects of OT (1.0 pg) infusion on breakpoints and reward earned in the absence (n = 13 male mice) and presence (n = 13 male mice) of OT
receptor antagonist Ato (1.0 pg). Two-way ANOVA repeated measures followed by Bonferroni post hoc tests for multiple comgarisons. OT vs.
saline infusion in the absence and presence of Ato: *p < 0.05, **p < 0.01, ***p < 0.001; OT plus Ato vs. OT infusion: *p < 0.05, *p < 0.01.

0.0001, unpaired t-test, Fig. 2k) and food intake (40 =3.35, p= responded to OT with excitation (Fig. 3a, b) in C57BL/6J mice. OT
0.0018, Fig. 2l) during the 30-min test in the light/dark box. application (1 uM, 1 min) depolarized the membrane potential of
However, intra-PVT OT infusion did not affect the percentage of OT-responsive PVT neurons from —53.6+ 1.1 mV to —44.6 + 1.1
time spent on the light side (t;g =0.75, p = 0.46, unpaired t-test, mV (tq7)= 12.91, p < 0.0001, paired t-test, Fig. 3¢). The firing rate of
Fig. 2m) when no food was placed in the light compartment. OT-responsive PVT neurons was significantly increased from 0.56
These data together suggest that activation of PVT OT signaling +0.19 Hz to 3.63 £ 0.36 Hz during OT application (1 uM, 1 min) and
promotes the motivation for food consumption in mice in a light/ 2.65 + 0.55 Hz after 30-min washout (F(; 592537y = 17.82, p < 0.0001,

dark conflict environment. one-way ANOVA repeated measures, Fig. 3d). We also examined
the effect of OT on PVT neurons in Swiss Webster mice. 56.0% (14
OT produces long-lasting excitatory effects on PVT neurons of 25) of recorded neurons responded to OT with excitation

We next used whole-cell patch-clamp recordings to examine the (Fig. 3e, f). Similar to C57BL/6J mice, OT application (1 uM, 1 min)
effect of OT on the activity of PVT neurons in slices of mice. In depolarized the membrane potential of PVT neurons in Swiss
current-clamp mode, 58.1% (18 of 31) of recorded PVT neurons Webster mice from —53.0+ 1.5mV to —46.9+ 1.1 mV (p < 0.0001,
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Fig. 2 Intra-PVT OT infusion attenuates acute stress-induced hypophagia and increases food intake of mice in light/dark conflict
environment. a Effects of intra-PVT OT (1.0 pg) infusion on both active and inactive lever presses during an FR1 task. n = 17 mice for each
group. Two-way ANOVA followed by Bonferroni post hoc tests for multiple comparisons. OT vs. saline infusion on active lever presses: ***p <
0.001. b Effect of intra-PVT OT (1.0 pg) infusion on HFHS pellet consumed during an FR1 task. n = 17 mice. Paired t-test, p = 0.07. ¢ Effect of
intra-PVT OT (1 pg) infusion on regular chow intake. n =9 mice for each group. Two-way ANOVA followed by Bonferroni post hoc tests for
multiple comparisons. d Effect of intra-PVT OT (1.0 pg) infusion on 1 h palatable HFHS food intake in normal mice and mice after restraint
stress of 30 min. n =9 mice for each group. Two-way ANOVA followed by Bonferroni post hoc tests for multiple comparisons. OT vs. saline
infusion in normal mice: ***p < 0.001; OT vs. saline infusion in stressed mice: n.s. no significant difference. e Effect of intra-PVT OT infusion on
2 h palatable food intake in both normal and stressed mice. n =9 mice for each group. Two-way ANOVA followed by Bonferroni post hoc tests
for multiple comparisons. OT vs. saline infusion in normal mice: *p < 0.05; OT vs. saline infusion in stressed mice: n.s., no significant difference.
f Effect of intra-PVT OT infusion on 3 h palatable food intake in both normal and stressed mice. n =9 mice for each group. Two-way ANOVA
followed by Bonferroni post hoc tests for multiple comparisons. OT vs. saline infusion in both normal mice and stressed mice: n.s. no significant
difference. g A diagram of the light/dark conflict box that was used for testing. h-l Effects of intra-PVT OT (1.0 pg) infusion on latency to the
first exit from the dark compartment (h), total entries to the light compartment (i), percentage of time spent in the light compartment (j), total
food approaches (k), and food intake (I) when food was placed in the food zone. n = 21 mice for each group. Unpaired t-test, OT vs. saline: *p <
0.05, **p < 0.01, ***p < 0.001. m Effect of intra-PVT (1.0 pg) infusion on the percentage of time spent in the light compartment in the absence of
food in the food zone. n = 10 mice for each group. Unpaired t-test, n.s. no significant difference.

Bonferroni post hoc test, Fig. 3h) and increased the firing rate from
0.27 £0.10 Hz to 2.78 £ 0.28 Hz (OT effect: p <0.0001, Bonferroni
post hoc test, Fig. 3i) in normal ACSF. In the presence of AP5 (50
puM), CNQX (10 pM), and Bic (30 uM) to block synaptic transmission
(Fig. 39), OT still depolarized the membrane potential (p = 0.0001,
Bonferroni post hoc test, Fig. 3h,) and increased the firing rate of
PVT neurons (OT effect: p<0.0001, Bonferroni post hoc test,
Fig. 3i). Overall, these data indicate that short-time OT application
produces long-lasting excitatory effects on PVT neurons in both
C57BL/6J and Swiss Webster mice.

OT activates tonic inward currents and potentiates excitatory
glutamate transmission on PVT neurons

To determine whether OT directly evokes inward current on PVT
neurons to exert excitatory modulation, we used voltage-clamp
recordings to examine the effect of OT on membrane currents of
PVT neurons in Swiss Webster mice. OT application (1 uM, 1 min)

Neuropsychopharmacology (2021) 46:1045 - 1056

evoked an inward current of 6.1+ 1.1 pA (Fig. 4b) when the
membrane potential was held at —70 mV. Similarly, OT receptor-
selective agonist TGOT (1 uM, 1 min) evoked an inward current of
5.9+ 1.1 pA on (Fig. 4b). However, OT (1 uM, 1 min) failed to evoke
obvious inward current (p=0.0078 compared to OT alone,
Bonferroni post hoc test, Fig. 4b) in the presence of OT receptor
antagonist Ato (1 uM). In addition, OT evoked an inward current of
6.2 £ 1.1 pA in the presence of AP5 (50 uM), CNQX (10 uM), and Bic
(30 uM), suggesting the tonic outward current did not result
directly or indirectly from ionotropic glutamatergic or GABAergic
transmission. Together, these data indicate that OT activates OT
receptors on PVT neurons to produce inward currents for the
depolarizing effect.

We further recorded spontaneous excitatory postsynaptic
currents (sEPSCs) of PVT neurons to test whether OT excites PVT
neurons partially through potentiating glutamate neurotransmis-
sion. OT (1 uM, 1 min) increased sEPSC frequency from 4.17 £ 0.53
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Fig. 3 OT excites PVT neurons in both C57BL/6J and Swiss Webster mice. a A representative current-clamp trace shows the membrane
potential and action potentials of a PVT neuron in a C57BL/6J mouse before, during, and after OT (1 pM) application of 1 min. Expanded
sections (10s) are shown underneath the trace. b Percentage of recorded PVT neurons (n=31) in slices of 15 C57BL/6J mice. If the
depolarization was more than 1.5 mV and/or the firing rate was increased at least 20% by OT treatment, we considered those neurons as OT-
excited or OT-responsive neurons. ¢ Effect of OT on the resting membrane potential of responsive PVT neurons in C57BL/6J mice. n =18 cells
from nine mice. Paired t-test, ***p < 0.0001 compared with control before OT application. d Long-lasting effect on firing rate of responsive PVT
neurons in C57BL/6J mice. n = 17 cells from nine mice. Firing rates of 1 min were measured at each time point for the recording of at least 30
min. One-way ANOVA repeated measures followed by Bonferroni post hoc tests for multiple comparisons: **p < 0.01, ***p < 0.001 compared
with control at the time point before OT application. e Percentage of recorded PVT neurons (n = 25) in slices of 12 Swiss Webster mice. f A
representative trace shows the membrane potential and action potentials of a PVT neuron in a Swiss Webster mouse before, during, and after
OT (1 pM) application of 1 min. g A representative trace shows the membrane potential and action potentials of a PVT neuron before, during,
and after OT (1 pM) application of 1 min in the presence of AP5 (50 pM), CNQX (10 uM), and Bic (30 pM). h A bar graph shows the effect of OT
on the membrane potential of PVT neurons in Swiss Webster mice in the absence (n = 14 cells from nine mice) and presence of AP5, CNQX,
and Bic (n =8 cells from four mice). Two-way ANOVA repeated measures followed by Bonferroni post hoc tests for multiple comparisons:
**¥p < 0.001 compared with control before OT application. i OT effect on the firing rate of PVT neurons in Swiss Webster mice in the absence
(n = 14 cells from nine mice) and presence of AP5, CNQX, and Bic (n = 8 cells from four mice). Two-way ANOVA repeated measures followed by
Bonferroni post hoc tests for multiple comparisons: ***p < 0.001 compared with control before OT application.

Hz to 5.78 £ 0.96 Hz (t7, = 2.59, p = 0.036, paired t-test, Fig. 4d) but
not sEPSC amplitude (tz =1.91, p=0.10, paired t-test, Fig. 4e).
Similarly, selective OT receptor agonist TGOT (1 uM, 1 min)
increased sEPSC frequency from 4.41+0.80Hz to 6.82+ 1.39Hz
(tas)=2.97, p=0.010, paired t-test, Fig. 4g). These data thus
indicate that OT potentiates excitatory neurotransmission through
increasing synaptic glutamate release onto PVT neurons.

SPRINGERNATURE

Age and subregional differences in PVT OT modulation

In mice, the PVT OT receptor density was reported to be higher in
juveniles (21-22 day-old) than adults (60-65 day-old) [46]. To
explore whether functional PVT OT receptor signaling is devel-
opmentally changed, we tested the effect of TGOT on the activity
of PVT neurons in Swiss Webster mice at ages of 2-3 and
7-10 weeks. In male mice, TGOT-excited PVT neurons were

Neuropsychopharmacology (2021) 46:1045-1056
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Fig. 4 OT receptor is responsible for the OT excitation of PVT neurons. a Representative voltage-clamp traces show the inward currents
evoked by the application of OT (1 pM, top), selective OT receptor agonist TGOT (1 pM, second), OT (1 pM) in the presence of AP5 (50 pM), and
CNQX (10 pM, third trace), and OT (1 pM) in the presence of OT receptor antagonist atosiban (1 uM, bottom). b The amplitudes of inward
currents evoked by OT, TGOT, OT plus Ato, and OT in the presence of AP5 (50 pM), CNQX (10 pM), and Bic (30 pM) on all sampled PVT neurons.
OT group: n =6 cells from two mice, TGOT group: n = 12 cells from four mice, OT in the presence of AP5, CNQX, and Bic: n = 6 cells from two
mice, OT + Ato group: n = 13 cells from three mice. One-way ANOVA followed by Bonferroni post hoc tests for multiple comparisons: **p < 0.01
compared with OT application only. ¢ Representative traces show sEPSCs in the absence (top) and the presence of OT (1 pM, bottom). d OT
increases the sEPSC frequency of all sampled PVT neurons (n =8 from two mice). Paired t-test, *p < 0.05 compared with control before OT
application. e OT has no obvious effect on the sEPSC amplitude of all sampled PVT neurons (n =8 from two mice). Paired t-test, p =0.10.
f Representative traces show sEPSC in the absence (top) and the presence of TGOT (1 pM, bottom). g TGOT increases the sEPSC frequency of
all sampled PVT neurons (n = 16 from eight mice). Paired t-test, *p < 0.05 compared with control before OT application. h TGOT has no obvious
effect on the sEPSC amplitude of all sampled PVT neurons (n = 16 from eight mice). Paired t-test, p = 0.09.

decreased from 78.6% (22 of 28 cells) at age of 2-3 weeks to
54.5% (24 of 44 cells) at age of 7-10 weeks (p = 0.039, Chi-square
test, Fig. 5b). Similarly, TGOT-excited PVT neurons in female mice

responsive neurons (Age x TGOT interaction: Fj93 =233, p=
0.13; sexx TGOT interaction: F( 93y =273, p=0.10; Three-way
ANOVA repeated measures, Fig. 5d). These data together suggest

were decreased from 79.3% (23 of 29 cells) at age of 2-3 weeks to
57.1% (28 of 49 cells) at age of 7-10 weeks (p = 0.046, Chi-square
test, Fig. 5b). TGOT (1 uM, 1 min) produced depolarization (Fig. 5¢)
and increased firing rate (Fj.93 = 199.2, p<0.0001, Three-way
ANOVA repeated measures, Fig. 5d) of TGOT-responsive neurons
in mice of both sexes at different ages. However, both the mouse
age and sex did not cause a significant difference in TGOT-
induced depolarization (Age: F103y=0.13, p=0.72; sex: F1.03 =
0.02, p=0.90; Two-way ANOVA, Fig. 5¢) or excitation of TGOT-

Neuropsychopharmacology (2021) 46:1045 - 1056

that more PVT neurons in mice of 2-3 weeks are excited by OT
than those of 7-10 weeks of age.

We further tested the effect of TGOT on the activity of neurons
located in different PVT subregions of Swiss Webster mice at age
of 7-10 weeks. TGOT excited 34.3% of aPVT neurons, 57.6% of
mPVT neurons, and 60.0% of pPVT neurons (aPVT vs. mPVT: p =
0.029; aPVT vs. mPVT: p = 0.048, Chi-square test, Fig. 5f). However,
no subregional difference was observed in TGOT depolarization of
TGOT-responsive PVT neurons (Fs8 = 1.85, p=0.17, two-way
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ANOVA repeated measures, Fig. 5g). TGOT also increased the firing
rate of TGOT-responsive PVT neurons in all subregions (F(; 58 =
67.3, p <0.0001, two-way ANOVA repeated measures, Fig. 5h). In
the absence of TGOT treatment, the firing rate of aPVT neurons
was not different from those of mPVT and pPVT neurons (p >
0.999, Bonferroni post hoc test, Fig. 5h). However, in the presence
of TGOT, the firing rate of TGOT-responsive aPVT neurons was
lower than those of TGOT-responsive mPVT (p = 0.0025, Bonfer-
roni post hoc test, Fig. 5h) and pPVT (p = 0.021, Bonferroni post hoc
test, Fig. 5h) neurons. Together, these data indicate that more
neurons in both the mPVT and the pPVT respond to TGOT with a
stronger excitatory effect than neurons of the aPVT.

DISCUSSION

Our data provide clear evidence that activation of PVT OT
signaling increases the motivation for food rewards and attenu-
ates stress-induced hypophagia. Using a PR schedule of reinforce-
ment, we found that intra-PVT OT infusion increased motivated
lever presses to earn food rewards. The effect of OT on the
motivated lever presses was significantly inhibited by OT receptor
antagonist atosiban, suggesting activation of PVT OT receptors
contribute to the OT-induced increase in food motivation. PVT OT
administration did not affect normal food consumption in mice
with readily available food in their home cage. However, PVT OT
infusion attenuated hypophagia induced by acute restraint stress
and increased food consumption of mice in a light/dark conflict
environment. Using slice patch-clamp recordings, we revealed
that short-time application of both OT and selective OT receptor
agonist TGOT produced long-lasting excitatory effects on PVT
neurons.

PVT OT signaling regulates food motivation

Central OT administration was reported to reduce food intake and
the motivation for food through activating OT receptors in
multiple brain regions such as VTA and NTS [5, 6]. Surprisingly, our
present findings indicate that PVT OT administration significantly
increased active lever presses, breakpoints, and food rewards
earned and consumed during PR schedule of reinforcement trials
of 45 min, suggesting activation of PVT OT signaling promotes
feeding motivation. OT produced similar effects in both male and
female mice, suggesting no sex difference in the OT regulation.
We also tested the effect of OT receptor antagonist atosiban and
found that intra-PVT atosiban administration alone had no
significant effect on active lever presses to obtain palatable food.
However, intra-PVT infusion of atosiban significantly inhibited the
enhancement of OT on active lever presses and reward earned.
These findings thus suggest that OT promotes food motivation
through exciting PVT neurons following the activation of OT
receptors. According to previous studies, OT primarily reduces the
motivation for food and inhibits food consumption by targeting
other brain areas [1-6]. Two recent studies reported that
intracerebroventricular injection of OT reduced food motivation
and food-seeking [5, 6], arguing against the possibility that OT
increases the motivation for food through targeting other brain
areas after leaking out into the brain ventricle following PVT OT
infusion. Therefore, our findings reveal a different but novel role of
OT in the regulation of food motivation by specifically activating
PVT neurons. PVT has been found to play an important role in
controlling  food motivation and food consumption
[15,18, 19, 22, 471. Activation of PVT neurons and their projections
to NAc by both neuropeptide orexin and changed glucose levels
increases the motivation for food [26, 29]. Inhibition of NAc-
projecting PVT neurons by glucagon-like peptide (GLP-1) signaling
reduces food motivation and inhibits food intake [20]. In addition,
OT receptor-expressing PVT neurons have been recently reported
to project to NAc in prairie voles [36]. Therefore, OT may share a
similar neural target with orexin, glucose, and GLP-1 receptor
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signaling to promote food motivation by activating NAc-
projecting PVT neurons [20, 26, 29].

Our results also indicate that PVT OT administration produced
no obvious effect on either regular chow or palatable HFHS food
intake tested in normal conditions. These findings suggest that
the increased motivation for food will promote the efforts to earn
food rewards but will not necessarily increase normal food
consumption. This is consistent with previous findings that
activation of mesolimbic dopamine projections increases moti-
vated food reward-seeking but not reward retrieval and con-
sumption [48-51]. Chemogenetic activation of VTA DA neurons
increased active lever presses to earn food rewards during PR
schedule of reinforcement trials, while activation of DA neurons
and their projections to NAc produced no significant effect on
normal food consumption [50, 51]. Similarly, activation of VTA DA
neurons by a melanocortin-3 receptor (MC3R) agonist increased
the motivation for food rewards but did not change normal food
intake [49]. In addition, previous studies already indicated that PVT
glutamate neurons regulate motivated behaviors through increas-
ing VTA DA neuronal activity and DA release in the NAc by
targeting presynaptic DA axonal terminals [52, 53]. In addition,
orexin activation of PVT neurons increases DA levels in the NAc for
the regulation of hedonic feeding [21, 54]. Therefore, PVT OT
signaling may play a similar role as orexin to increase the
motivation for food through activating mesolimbic DA release in
the NAc.

In our present study, PVT OT administration increased active
lever presses and breakpoints to earn food rewards and reward
consumption during the PR schedule of reinforcement trials,
where obtaining rewards progressively increases in difficulty. To
ease the operant task for mice to earn food rewards, we also used
FR1 trials in which each active lever press evoked the delivery of
one pellet reward. Despite the PVT OT administration promoting
the motivation to earn food rewards during FR1 trials, it did not
increase reward consumption. Compared to PR trials, control mice
consumed more than twice the food pellets during FR1 trials (FR1:
about 24 pellets; PR: about 9 pellets). It is possible that increased
basal food consumption in mice during FR1 trials produces
negative feedback to terminate further food intake though they
continuously work to obtain food rewards.

Stress and anxiety are important factors that cause hypophagia
in patients with anorexia nervosa, a common eating disorder
characterized by severe hypophagia, high anxiety, and social
deficits [55-57]. Brain circuitry dysfunction in patients with
anorexia reduces the patients’ sensitivity to food rewards and
homeostatic hunger thus does not produce a strong motivation to
eat due to stress, anxiety, and cognitive changes [58-60]. OT
dysfunction has been reported to be involved in anorexia nervosa.
In patients with anorexia nervosa, OT levels in both cerebrospinal
fluid and blood plasma are lower than control subjects [61, 62].
Also, OT has been tested to treat anorexia nervosa in clinical trials
[63-67]. Although our study indicates that PVT OT signaling has no
obvious effect on normal food intake, it increases food consump-
tion in stressed mice and mice in a novel light/dark conflict
environment. However, intra-PVT infusion did not affect the
exploratory behaviors of mice in the light compartment in the
absence of food rewards during the light/dark conflict test. These
findings thus suggest that activation of PVT OT signaling increases
feeding motivation to attenuate hypophagia induced by stress
and anxiety. Therefore, our present study suggests a potential
central target for future studies to reveal the role of OT signaling
in the control of anorexia nervosa.

In rodents, PVT neurons are activated following a wide variety of
stressors including conditioned restraint, foot shock, and sleep
deprivation [12]. Due to the heavy projections of PVT glutamate
neurons to the prefrontal cortex (PFC), NAc, and amygdala, stress-
induced activation of PVT neurons may participate in the
expression of both positive and negative emotion and motivation

Neuropsychopharmacology (2021) 46:1045-1056
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[12]. Therefore, it is possible that OT activation of PVT neurons
after acute stress contributes to increased feeding motivation. In
future studies, it should be interesting to know if acute stress
activates hypothalamic OT neurons to increase PVT OT signaling
for the regulation of feeding motivation and food intake.

Functional modulation of OT on the activity of PVT neurons

OT exerts its excitatory effect on neurons in many regions through
activating OT receptors [39, 68-70], the G4-type G-protein coupled
receptors. Following the activation of OT receptors and the
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intracellular second messengers, it depolarizes the neurons
through opening transient receptor potential C (TRPC) channels
and Na'/Ca®" exchangers [68, 69]. Using patch-clamp recording
in the present study, we found that local OT application for 1 min
produced a long-lasting excitatory effect on PVT neurons in brain
slices of both C57BL/6J and Swiss Webster mice. In most
responsive PVT neurons, OT-evoked increase in firing rate
remained at least 30 min following application of only 1 min.
The excitatory response to OT is mediated primarily by activation
of OT receptors since the OT-evoked inward currents were
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Fig. 5 Age and subregional differences in TGOT modulation of PVT neuron. a Representative traces show TGOT (1 pM) excites PVT neurons
of mice at postnatal 2-3 and 7-10 weeks. b Percentage of TGOT-responsive PVT neurons in both male and female mice at postnatal 2-3 and
7-10 weeks. Chi-square test, *p < 0.05 compared with postnatal 2-3 weeks. ¢ TGOT evoked depolarization on TGOT-responsive neurons in
both male and female mice at postnatal 2-3 weeks (n = 22 cell from ten male mice, n = 23 cells from ten female mice) and 7-10 weeks (n = 24
cells from 22 male mice, n =28 cells from 20 female mice). Two-way ANOVA followed by Bonferroni post hoc tests for multiple comparisons.
2-3 vs. 7-10 weeks in both male and female mice: n.s., no significant difference. d Effect of TGOT on firing rate of TGOT-responsive PVT
neurons in both male and female mice at postnatal 2-3 weeks (n =22 cell from ten male mice, n= 23 cells from ten female mice) and
7-10 weeks (n =24 cell from 22 male mice, n =28 cells from 20 female mice). Three-way ANOVA followed by Bonferroni post hoc tests for
multiple comparisons. TGOT vs. Ctrl: ***p < 0.001. e Representative traces show TGOT (1 pM) excites neurons in aPVT, mPVT, and pPVT of mice
at postnatal 7-10 weeks. f Percentage of TGOT-excited neurons in aPVT, mPVT, and pPVT of mice at postnatal 7-10 weeks. Chi-square test, *p <
0.05 compared with aPVT area. g Effect of TGOT on the membrane potential of TGOT-responsive neurons in aPVT (n =12 cells from eight
mice), mPVT (n =34 cells from 18 mice), and pPVT (n =15 cells from 12 mice) of mice at postnatal 7-10 weeks. Two-way ANOVA repeated
measures followed by Bonferroni post hoc tests for multiple comparisons. TGOT vs. Ctrl: ***p < 0.001. h Effect of TGOT on firing rate of TGOT-
responsive neurons in aPVT (n =12 cells), mPVT (n =34 cells), and pPVT (n =15 cells) of mice at postnatal 7-10 weeks. Two-way ANOVA
repeated measures followed by Bonferroni post hoc tests for multiple comparisons. TGOT vs. Ctrl in various PVT subregions: *p < 0.05, ***p <
0.001. mPVT and pPVT neurons with TGOT treatment vs. aPVT neurons with TGOT treatment. *p < 0.05, *p < 0.01.

blocked by OT receptor antagonist atosiban. Selective OT receptor
agonist TGOT induced similar inward currents and excitatory
effect on PVT neurons as OT. Both OT and TGOT not only evoked
tonic inward currents but also increased sEPSC frequency of PVT
neurons, suggesting that OT excites PVT neurons through
activating OT receptors in these neurons for a direct depolariza-
tion and also OT receptors in presynaptic glutamate terminals that
innervate these neurons for an indirect excitation. However, it is
unclear whether the OT receptor-expressing axonal terminals are
from local PVT neurons or neurons in other brain regions such as
PFC that were found to send excitatory projections to PVT
[18, 22, 32, 711.

Neurons in different PVT subregions are genetically and
functionally distinct based on the protein expression and neural
circuit connections [32]. Our findings indicate that selective OT
receptor agonist TGOT activated neurons in all PVT subregions.
Compared to aPVT, both mPVT and pPVT have almost double the
percentage of neurons that respond to TGOT with excitatory
responses. In addition, TGOT produced a significantly stronger
increase in the firing rate of both mPVT and pPVT neurons than
those of aPVT neurons. These results together suggest that more
neurons in the mPVT and pPVT express OT receptors with a higher
density compared to the aPVT. This is consistent with a recent
study that found more OT receptor-expressing neurons in the pPVT
than the aPVT identified by in situ hybridization [35]. In addition to
subregional differences, OT receptor expression was found to be
higher in juvenile mice [46]. Indeed, the present study provides
direct evidence that more PVT neurons in mice of 2-3 weeks of age
excited by TGOT compared to mice aged 7-10 weeks. However, no
sex difference in OT modulation of PVT neurons was observed in
mice of any age. Together, these findings suggest that PVT OT
signaling may play a significant role during early postnatal
development. However, the potential role of PVT OT signaling
during development should be investigated in future studies.

In summary, our present findings provide evidence that
activation of PVT OT signaling promotes the motivation for food
rewards and attenuates stress and anxiety-induced hypophagia
through exciting PVT neurons. Moreover, more mPVT and pPVT
neurons respond to OT with excitatory responses, suggesting OT
signaling may play a different role in functions mediated by aPVT
and pPVT neurons. Given the importance of the PVT in controlling
emotion- and motivation-related behaviors, it should be important
to know if PVT OT signaling also regulates fear and drug addiction
in future studies.
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