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Activation of the nucleus accumbens promotes
place preference and counteracts
stress-induced hyperthermia

Honami Setoyama,’ Shintaro Ota,’ Mayuko Yoshida," Shigetaka Kawashima," lkue Kusumoto-Yoshida,’
Hideki Kashiwadani,” and Tomoyuki Kuwaki'-?*

SUMMARY

Positive affect promotes mental health and physical well-being, which may involve modifications in the
autonomic nervous system activity. Here, we examine, using chemogenetic techniques, the effects of nu-
cleus accumbens (NAc) activation on affect and body temperature regulation as a proxy of autonomic
function. A conditioned place preference test revealed that nucleus accumbens activation induced posi-
tive affect. Chemogenetic and natural activations inhibited intruder stress-induced hyperthermia and
prostaglandin E,-induced fever. Chemogenetic inhibition did not show a negative affect but canceled
the positive affect induced by the natural stimulus of chocolate or sucrose. Counting of c-Fos expression
confirmed chemogenetic and sucrose-induced activation of the NAc. Our findings indicate that nucleus ac-
cumbens activation modifies a component of autonomic nervous activity and that this mechanism may un-
derscore the link between positive affect and physical well-being. Applying our observations to humans
may reduce fever side reactions of vaccines by employing preventive treatments that induce positive
affect.

INTRODUCTION

The term “affect” encompasses mental events and physical changes in heart rate and skin temperature.’ Sensory inputs simultaneously
induce psychological and physical changes via neural circuits to promote survival.”® Positive affect benefits mental health and physical
well-being by modifying endocrine and autonomic nervous system activities.” While several words express one's state of mind, such as emo-
tions, feelings, motivations, and moods, their critical definition is a matter of debate and out of the scope of this study. This paper uses the
term “affect” as a hypernym of these concepts.’ Brain imaging studies in humans® have identified several brain structures involved in happi-
ness, including the nucleus accumbens (NAc), ventral pallidum, and anterior cingulate cortex. However, information on the neural pathways
involved in mental and physical health interactions is lacking. In this regard, cataplexy in patients or animals with narcolepsy may provide crit-
ical insights given that cataplexy is triggered during behaviors associated with positive emotions, such as laughter in humans®’ and palatable
food intake in mice.®” Cataplexy is an abrupt and transient loss of muscle tone and a primary symptom of type 1 narcolepsy, a sleep disor-
der.“ We previously reported that ultrasound vocalizations during courtship behavior (also called “love song”) in male mice were strongly
associated with cataplexy attacks.” In addition, we identified the rostral part of the NAc shell as a critical region in eliciting cataplexy.'®"" Using
avirus-mediated designer receptor exclusively activated by designer drugs (DREADD) system, chemogenetic activation of the NAc increased
the number of cataplexy attacks in an animal model of narcolepsy.'® These findings suggest that the rostral part of the NAc shell elicits a pos-
itive affect, at least in animal models of narcolepsy.

NAc is a region in the basal forebrain rostral to the preoptic area of the hypothalamus. It is a component of mesocorticolimbic circuits
involved in the reward pathway.'? Various neuronal subtypes within the NAc mediate different cognitive functions.*'* Several roles are attrib-
uted to the NAc, such as the regulation of motivation to rewards, aversion, incentive salience, pleasure, positive reinforcement, drug abuse,
response to stress, and regulation of depressive behavior.'”° Furthermore, a previous study revealed rostrocaudal segregation of emotional
behavior regulation in the NAc.?' Rostral NAc is implicated in positive emotions, such as feeding, whereas caudal NAc is involved in negative
emotions, such as defensive treading in rats.”"*” These reports collectively highlight the critical role of NAc in mental health, although the
contributions of NAc to bodily health have not been investigated in detail.

In this study, we examined the effects of NAc activation on emotion and body temperature regulation as a measure of autonomic nervous
function in wild-type (WT) mice. We chemogenetically manipulated mice expressing DREADD-Gq or DREADD-Gi exclusively in the NAc to
examine the effects of artificial activation or inhibition of the NAc on the magnitude of stress-induced hyperthermia induced by an intruder to
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the home cage. In addition, we examined the possible effect of perturbation of the NAc on another stress-induced body temperature regu-
lation, namely, fever induced by intracerebroventricular (icv) injection of prostaglandin (PG) E,. We selected PGE,-induced fever since it would
be a good model of the side reaction of vaccinations. Furthermore, we examined the impact of naturally induced positive emotions following
sucrose ingestion on intruder-induced hyperthermia and PGE;-induced fever.

RESULTS
NAc activation induced a positive affect

We first examined whether activation or inactivation of the NAc in WT mice would elicit or inhibit positive affect, similar to observations in
orexin neuron-ablated (ORX-AB) mice, a mouse model of narcolepsy.'” WT mice do not typically exhibit cataplexy like ORX-AB mice, so
we used the conditioned place preference paradigm. Adeno-associated virus (AAV)-Gi/Gq was injected into the NAc (Figure 1A). mCherry
expression in NAc neurons confirmed the success of injections (Figure 1A, middle and right panels). The overall distribution of mCherry was
centered on and overlapped with the rostral NAc shell region (Figure 1B). The maximum rostrocaudal distribution was +0.8 mm from the
center. Mice were subjected to a conditioned place preference test 2 weeks after AAV injection (Figure 1C). None of the mice demonstrated
initial bias (Figure 1D, pre-values), indicating that the Gi/Gqg expression in the NAc did not result in nonspecific effects on behavior. Admin-
istration of clozapine to Gg-expressing mice resulted in a significant preference for the clozapine-associated chamber (effect size [Cohen's
d] = 1.088, p = 0.0445, n = 6, paired t test) (Figure 1D, left panel), indicating that clozapine injection during the conditioning period induced
positive affect. Gi-expressing mice did not exhibit constant avoidance or preference for the clozapine-associated chamber (effect size = 0.160,
n =6, Figure 1D, middle panel). Clozapine administration did not affect place preference in naive, non-AAV mice (effect size = 0.032, n = 6,
Figure 1D, right panel), indicating negligible emotional effects of clozapine at the dose (0.1 mg/kg) used in this study.

We also examined whether the inactivation of the NAc by AAV-Gi inhibits chocolate-induced place preference (Figure 1E). Conditioning
with vehicle injection and chocolate resulted in a significant preference for the chocolate-associated chamber over the standard chow-asso-
ciated chamber (effect size [Cohen’s d] = 1.984, p = 0.0046, n = 6, paired t test) (Figure 1E, left panel). A similar preference for the chocolate-
associated chamber was observed in the WT mice without preceding AAV injection (Figure S1, left panel), indicating the negligible emotional
effect of Gi expression per se in the NAc. Inhibition of the NAc by clozapine injection canceled or even tended to decrease the preference for
the chocolate-associated chamber (effect size [Cohen’s d] = 0.909, p = 0.0765, n = 4, paired t test) (Figure 1E, right panel), while the same
conditioning procedure in the non-AAV WT did not (Figure S1, middle panel). As a positive control for the conditioned place preference
test paradigm, we also confirmed conditioning with methamphetamine (2 mg/kg, ip) resulted in a significant preference for the methamphet-
amine-associated chamber in the non-AAV WT mice (Figure ST, right panel).

These results indicated that activation of the NAc induced a positive affect, and inactivation of the NAc suppressed a positive affect but did
not induce an adverse affect.

Clozapine altered NAc neuronal activity

Next, we examined whether intraperitoneal injection of clozapine affected neuronal activity in the NAc using c-Fos immunohistochemistry.
Brains were sampled 90 min after clozapine or vehicle injection. The number of c-Fos-positive cells in the NAc was quantified (Figure 2A).
Significant differences were observed among the non-AAV-vehicle, non-AAV-clozapine, AAV-Gi-clozapine, and AAV-Gq clozapine groups
(effect size [eta square] = 0.7376, F3, 35 = 33.73, p < 0.0001, n = 10 per group) (Figure 2B). The number of c-Fos-positive cells was significantly
higher in clozapine-treated AAV-Gq mice (p < 0.0001, Holm-Sidak multiple comparison test) than in non-AAV mice and significantly lower
(p = 0.0005) in AAV-Gi mice than in non-AAV mice (Figure 2B). We also confirmed chocolate-induced activation of the NAc (effect size [Co-
hen's d] = 1.87, p = 0.046, Welch's t test) (Figure S2).

Activation of the NAc prevented intruder-induced hyperthermia

Next, we examined the effects of artificial NAc activation on autonomic function using body temperature as a representative measure in a
cohort of mice different from those in the conditioned place preference test. In addition to the AAV-Gq injection, mice were implanted
with a transponder for body temperature measurement (Figure 3A). In total, 10 mice received AAV-Ggq, and all the injections were successful
(Figure 3B) based on mCherry expression examined after the experiment. On an experimental day, mice were moved to the experimental
room and allowed to acclimatize for 60 min (Figure 3C).

In control (non-AAV) mice (n = 10), body temperature increased by approximately 1.5°C-2 °C at the end of 10 min intruder introduction. It
returned to the baseline value at approximately 30 min (Figure 3E, upper panel). Pre-treatment with clozapine did not affect intruder-induced
hyperthermia. Locomotor activity of the mice increased by intraperitoneal injection of vehicle/clozapine and introduction of an intruder but
soon returned to the baseline level after removal of the intruder (Figure 3E, lower panel). There was no difference between vehicle-injected
and clozapine-injected groups as determined by the area under the curve (AUC) value 20 min after introducing an intruder (Figure 3E, right
panels; see also Figure 3C). During the intruder test period, resident (experimental) mouse showed aggressive behavior, such as sniffing,
chasing, fighting, and shaking tail.

In AAV-Gq mice pre-treated with vehicle (n = 10) (Figure 3D), an intruder increased body temperature with a magnitude and time course
similar to that in non-AAV mice. Clozapine pre-treatment almost completely abolished intruder-induced hyperthermia as determined by the
area under the curve (AUC) value 20 min after introducing an intruder (p = 0.0430). Without an intruder, clozapine alone did not affect body
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Figure 1. NAc activation induced positive affect as revealed by conditioned place preference test in AAV-Gi/Gq-expressing mice

(A) The left panel depicts the experimental protocol. AAV-Gi or AAV-Gq was stereotaxically injected bilaterally into the rostral part of the NAc.

Middle: Representative image of successful injection. The scale bar indicates T mm. The right panel shows an enlarged image of the area enclosed by the white
rectangle in the middle panel. The scale bar indicates 100 um.

(B) An expression marker, mCherry, in brain coronal sections from AAV-Gq (n = 6) and AAV-Gi (n = 6).

(C) Procedure for conditioned place preference test. On the 1st day, mice were placed in the chambers connected by a tunnel, and initial place preference was
observed for 15 min to calculate pre-values. The two chambers were identical in size but different in floor texture and wall color. On days 2-5, mice received either
clozapine or vehicle and were confined to one chamber with the tunnel closed for 30 min. Mice were randomly assigned to clozapine/vehicle and chambers. On
day 6, the two chambers were connected, and place preference was observed for 15 min.

(D) Three groups of mice (AAV-Gg, AAV-Gi, and non-AAV, n = 6 per group) were subjected to the conditioned place preference test in which clozapine was used
as a conditioning stimulus. Gray dots and lines indicate individual data and black ones are mean + SEM. Preference scores at pre- and post-conditioning were
compared using paired t tests and indicated by asterisks when statistically significant. Only AAV-Gq mice formed a preference for the clozapine-associated
chamber.

(E) In the AAV-Gi group (n = 6), we also examined conditioning to chocolate/standard chow with pre-treatment with clozapine/vehicle. Pre-treatment with a
vehicle induced a preference for the chocolate-associated chamber, but pre-treatment with clozapine failed. See also Figure S1.

temperature in AAV-Gg mice. Locomotor activity of the mice increased by intraperitoneal injection of vehicle/clozapine and introduction of an
intruder similar to the non-AAV mice (Figure 3D, lower panel). However, in the case of the clozapine pre-treated and intruder-introduced
group, time spent in locomotion was more prolonged than that in the vehicle + intruder group, resulting in a higher AUC value (Figure 3D,
lower right panel) (p = 0.0316). Clozapine pre-treated mice showed aggressive behavior as the vehicle-treated mice. Lower body temperature
and higher locomotion in the clozapine-treated AAV-Gq mice indicate that suppression of hyperthermia was not caused by suppression of
locomotor activity.

NAc inactivation canceled sucrose-induced prevention of intruder-induced hyperthermia

Since the results in the conditioned place preference test (Figure 1E) indicated that inactivation of the NAc suppresses a positive emotion
rather than induces a negative emotion, we examined the possible effect of inactivation of the NAc on body temperature regulation in a
similar context. Specifically, we gave sucrose (20%) water as a natural stimulant to activate the NAc after vehicle/clozapine treatment and
compared the body temperature change in response to intruder stress (Figure 4C). In total, 7 mice received AAV-Gi (Figure 4A), but 1 mouse
was excluded from later examination due to mistargeted injections based on unilateral mCherry expression (Figure 4B).

Inactivation of the NAc did not suppress nor exaggerate the intruder-induced hyperthermia, as revealed by a comparison between the
vehicle + tap water group and clozapine + tap water group (p = 0.4249, Figure 4D upper panel). Meanwhile, inactivation of the NAc canceled
the suppressive effect of sucrose on the intruder-induced hyperthermia, as revealed by a comparison between vehicle + sucrose group and
clozapine + sucrose group (p = 0.0272, Figure 4D). Canceling effect was almost complete since there was no difference between vehicle + tap
water group and clozapine + sucrose group (p = 0.6656). Sucrose per se did not affect body temperature (vehicle + sucrose + no intruder
group). Still, it successfully suppressed the intruder-induced hyperthermia, as revealed by comparing the vehicle + tap water group and
the vehicle + sucrose group (p = 0.0377, Figure 4D).

Although sucrose ingestion successfully suppressed intruder-induced hyperthermia, it did not prevent intruder-induced increase in loco-
motion (p = 0.2198, Figure 4D lower panel). Inactivation of the NAc did not induce any changes in the rise of locomotor activity in response to
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Figure 2. NAc activation in AAV-Gq mice and inhibition in AAV-Gi mice by clozapine

(A) Representative images of c-Fos expression in the NAc. Only a green channel was shown to compare AAV and non-AAV mice better.

(B) The number of c-Fos-expressing neurons in the rectangle area (400 X 1,000 um, white dotted rectangle in A) in the NAc was quantified in vehicle-injected non-
AAV mice (Non AAV-vehicle), clozapine-injected non-AAV mice (Non AAV-cloz), clozapine-injected AAV-Gi mice (Gi-cloz), and clozapine-injected AAV-Gqg mice
(Gg-cloz). Bars indicate mean + SEM (n = 10 per group). p values were obtained using one-way ANOVA followed by Holm-Sidak’s multiple comparison test and
indicated by asterisks when statistically significant. See also Figure S2.
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Figure 3. NAc activation prevents intruder-induced hyperthermia

(A) Mice underwent two operations under isoflurane anesthesia. Bilateral AAV-Gq injections and transponder implantation for body temperature measurement.
(B) Injection sites were identified by histological examination after the experiment. Only data from successful AAV injections were analyzed.

(C) Schedule of the experiment. The body temperature of mice was repeatedly measured using a transponder at 10-min intervals. Ten min after i.p. administration
of clozapine or vehicle, a male intruder mouse was introduced into the resident animal’s home cage for 10 min.

(D and E) Time-related changes in body temperature (upper panels) and locomotor activity (lower panels) in (D) AAV-Gqg mice (n = 10) and (E) non-AAV mice
(n = 10). Lines indicate mean + SEM, and symbols indicate individual values. Each animal was tested three (AAV-Gq) or two (non-AAV) times in random
order with an interval of more than 3 days. The right panels show the area under the curve (AUC) values calculated between 0- and 20-min. Among
treatments in the AAV-Gq mice, AUC values were significantly different for the body temperature (effect size [eta square] = 0.3372, F1 751, 1576 = 6.591,
p = 0.0102, repeated-measures one-way ANOVA) and locomotor activity (effect size = 0.7314, Fy 495 5477 = 24.65, p = 0.0004). In non-AAV mice, AUC values
were not different for the body temperature (effect size = 0.6156, p = 0.0834, paired t test) and locomotor activity (effect size = 0.115, p = 0.7241). p values
between the treatments were obtained using Holm-Sidak’s multiple comparison test, and the only significant pairs were indicated in the figure with asterisks.

the introduction of an intruder either when drinking tap water (p = 0.6985, vehicle + tap water group vs. clozapine + tap water group) or su-
crose (p = 0.2470, vehicle + sucrose group vs. clozapine + sucrose group). Sucrose ingestion did not prevent aggressive behavior during the
intruder test. Although sucrose groups showed tendency to drink more than tap water groups, no significant difference was noted in the
amount of water ingested during the 70-min observation period among the 5 groups (vehicle + tap water group; 0.66 + 0.09 mL, clozapine +
tap water group; 0.62 £ 0.09 mL, vehicle + sucrose group; 0.95 £ 0.16 mL, clozapine + sucrose group; 1.02 + 0.22 mL, vehicle + sucrose + no
intruder group; 0.93 &+ 0.17 mL, n = 6, F2326 1163 = 1.470, p = 0.2718, repeated measures one-way ANOVA).

NAc activation prevented PGE,-induced fever

As chemogenetic (Figures 2 and 3) and natural (Figure 4) activation of the NAc prevented intruder-induced hyperthermia, we next examined
whether the role of the NAc in the thermoregulatory system could be generalized to another form of stress-induced hyperthermia, precisely,
inflammatory fever mimicking central injection of PGE,. For this purpose, mice were implanted with cannulas for intracerebroventricular in-
jection and a transponder for body temperature measurement in addition to the AAV-Gi/Gq injection (Figure 5A). In total, 6 mice received
AAV-Gg and é mice received AAV-Gi, but 1 mouse was excluded from each group due to mistargeted injections based on unilateral mCherry
expression. Therefore, we analyzed the data of 5 AAV-Gqg mice and 5 AAV-Gi mice that were successfully injected (Figure 5B). On an exper-
imental day, mice were moved to the experimental room and allowed to acclimatize for 60 min (Figure 5C).

In control (non-AAV) mice (n = 5), body temperature increased by approximately 3 °C at 40 min post-intracerebroventricular injection of
PGE; and returned to the baseline value at approximately 90 min (Figure 5F). Repeated PGE; injections with an interval of more than 3 days
resulted in a similar increase in body temperature, indicating no adaptation in PGE,-induced fever. Pre-treatment with clozapine did not affect
PGE,-induced fever, and clozapine alone did not affect body temperature.

In AAV-Gqg mice (n = 5) (Figure 5D), when pre-treated with the vehicle, PGE; increased body temperature with a magnitude and time
course similar to that in non-AAV mice. Clozapine pre-treatment almost completely abolished PGE-induced fever as determined by the
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Figure 4. NAc inactivation canceled sucrose-induced prevention of intruder-induced hyperthermia

(A) Mice underwent two operations under isoflurane anesthesia. Bilateral AAV-Gi injections and transponder implantation for body temperature measurement.
They were acclimatized to a reverse light/dark cycle (lights off at 07:00 and lights on at 19:00) for more than 1 week before the experimental day.

(B) Injection sites were identified by histological examination after the experiment. Only data from successful AAV injections (n = 6) were analyzed.

(C) Schedule of the experiment. The body temperature of mice was repeatedly measured using a transponder at 10-min intervals. Ten min after i.p. administration
of clozapine or vehicle, a bottle of 20% sucrose or tap water was supplied. An intruder mouse was introduced into the experimental animal’s home cage after
another 10 min for 10 min. All the mice at least once licked the nozzle of a water bottle before introducing an intruder.

(D) Time-related changes in body temperature (upper left panel) and locomotor activity (lower left panel) for the five treatments. Lines indicate mean + SEM, and
symbols indicate individual values. Each animal was tested five times in random order with an interval of more than 3 days. The right panels show the area under
the curve (AUC) values calculated between 0- and 20-min. AUC values were significantly different for the body temperature (effect size = 0.6523, F, 483, 1242 =
12.21, p = 0.0008, repeated-measures one-way ANOVA) and locomotor activity (effect size = 0.4970, F 405, 5025 = 8.678, p = 0.0121). Holm-Sidak’s multiple
comparison tests revealed a significant hyperthermia preventive effect of sucrose (p = 0.0377; vehicle + tap water vs. vehicle + sucrose) and a significant
canceling impact of it by NAc inactivation (p = 0.0272; vehicle + sucrose vs. clozapine + sucrose). Inactivation of the NAc did not modify intruder-induced
hyperthermia (p = 0.4249; vehicle + tap water vs. clozapine + tap water). Although sucrose ingestion suppressed intruder-induced hyperthermia, it was not

associated with changes in locomotor activity.

area under the curve (AUC) value from 0 to 90 min after PGE; injection (p = 0.0422). In AAV-Gi mice (n = 5) (Figure 5E), clozapine pre-treatment
did not affect PGE,-induced fever. Locomotor activity increased by a similar magnitude for both artificial cerebrospinal fluid (ACSF) and PGE,
injections (Figures 5D-5F, right panels), indicating that the increase was caused by the intracerebroventricular injection procedure but not by
the pharmacologic effect of PGE,. Changes in locomotor activity cannot explain fever suppression by activating the NAc, as was the case for
intruder-induced hyperthermia.

Sucrose ingestion prevented PGE-induced fever

Next, we examined whether natural activation of the NAc by sucrose ingestion could prevent PGE,-induced fever, as was the case for chemo-
genetic (Figure 5) activation of the NAc. For this experiment, we used 5 animals with an indwelling icv cannula and a transponder (Figure 6A).
After confirming stable body temperature, a bottle containing 20% sucrose or tap water (control) was introduced into the animal’s home cage.
All the animals started licking sucrose/tap water within a minute and received an intracerebroventricular injection of PGE, or ACSF (Figure 6B)
after 10 min. Each animal was tested in random order thrice with an interval of more than 3 days.

Body temperature in the tap water + PGE; group increased by approximately 2°C and returned to baseline at approximately 90 min (Fig-
ure 6C upper left panel). Ingestion of sucrose almost completely prevented PGE,-induced fever (p = 0.0140, Holm-Sidak’s multiple compar-
ison test) (Figure 6C upper right panel). Sucrose ingestion did not affect body temperature when ACSF was injected instead of PGE,. Loco-
motor activity increased, peaking at 10 min after the icv injection of the drugs, and then decreased in all the groups (Figure 6C lower panel). It
decreased under the baseline value at 30 min after the injection of PGE, and 60 min after the infusion of ACSF. In any way, the changes in
locomotor activity did not parallel with the changes in body temperature, and there was no significant difference among the treatment groups
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Figure 5. NAc activation prevented PGE,-induced fever

(A) Mice underwent three operations under isoflurane anesthesia. Bilateral AAV injections, cannula implantation for intracerebroventricular (icv.) injection, and
transponder implantation for body temperature measurement.

(B) Injection sites were identified by histological examination after the experiment. Only data from successful AAV injections were analyzed.

(C) Schedule of the experiment. The body temperature of mice was repeatedly measured using a transponder at 10-min intervals. Ten min after i.p. administration
of clozapine or vehicle, PGE; (2 ng) or ACSF was injected icv.

(D-F) Time-related changes in body temperature (left panels) and locomotor activity (right panels) in (D) AAV-Gq mice (n = 5), (E) AAV-Gi mice (n = 5), and (F) non-
AAV mice (n = 5). Lines indicate mean £+ SEM, and symbols indicate individual values. Each animal was tested three (AAV-Gi/Gq) or four (non-AAV) times in
random order with an interval of more than 3 days. Bar graphs show the area under the curve (AUC) values calculated between 0 and 90 min. AUC values
were significantly different among body temperature in AAV-Gq (effect size [eta square] = 0.7010, Fyg11, 7.245 = 12.70, p = 0.0047, repeated-measures one-
way ANOVA), AAV-Gi (effect size = 0.6012, F1 122, 4.490 = 7.553, p = 0.0438), and non-AAV (effect size = 0.8110, Fy 47, 7.469 = 21.36, p = 0.0009) groups. AUC
values in locomotor activity were not statistically different among the treatments in AAV-Gq (effect size = 0.3037, F1 427, 6507 = 2.162, p = 0.1913), AAV-Gi
(effect size = 0.083, F1 253 2891 = 0.8726, p = 0.4183), and non-AAV (effect size = 0.2086, Fi ges, 7.463 = 1.234, p = 0.3407). p values between the treatments
were obtained using Holm-Sidak’s multiple comparison test, and the only significant pairs were indicated in the figure with asterisks. Only in the AAV-Gq
group did clozapine treatment successfully prevent PGE,-induced fever.
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Figure 6. Sucrose ingestion prevents PGE,-induced fever
(A) Mice were implanted with a cannula for intracerebroventricular (icv.) injection and a transponder for body temperature measurement.
(B) Mice were acclimatized to a reverse light/dark cycle (lights off 07:00 and lights on 19:00) for more than 1 week. Experiments were conducted in a dark room

between 10:00 and 16:00. Nocturnal mice hardly ingested sucrose during the light period. Mice were allowed to freely ingest 20% sucrose or tap water for an
observation period of 160 min.

(C) Time-related changes in body temperature (upper panel) and locomotor activity (lower panel) (n = 5 animals). Lines indicate mean + SEM. Symbols indicate
individual values. Each animal was tested in random order thrice with an interval of more than 3 days. The right panel shows the area under the curve (AUC) values
calculated between 0- and 90-min. AUC values in body temperature were significantly different among treatments (effect size [eta square] = 0.833, F1.177, 4707 =
29.36, p=0.0031, one-way repeated-measures ANOVA). AUC values in locomotor activity were not significantly different among treatments (effect size = 0.4410,
F1.0s9, 4.231 = 5.823, p = 0.0691). p values between the treatments were obtained using Holm-Sidak’s multiple comparison test, and the only significant pairs were
indicated in the figure with asterisks. See also Figure S3.

as evaluated by AUC (Figure 6C lower right panel). The amount of sucrose ingested after PGE; and ACSF treatment and the amount of tap
water ingested after PGE; treatment during the 160-min observation period were 1.64 + 0.25 mL, 1.56 + 0.17 mL, and 1.36 + 0.10 mL
(mean + SEM), respectively, with no significant differences among the groups (effect size = 0.09, Fy 137, 4.548 = 2.053, p = 0.2207).

We also examined the possible effect of honey and chocolate ingestion on PGE-induced fever (Figure S3). As in sucrose water, honey and
chocolate successfully suppressed PGE,-induced fever, indicating a positive emotion was the key.

Sucrose ingestion activated the NAc

Finally, we confirmed activation of the NAc by sucrose and examined the possible interaction of sucrose ingestion and stress exposures using
c-Fos immunohistochemistry (Figure 7). Mice were divided into 8 groups (n = 6 per group) and allowed free access to tap water or sucrose
water for 90 min (Figure 7A). Mice ingested more sucrose water than the tap water (Figure 7B). Still, no difference was observed among
stressors or interaction. Without any stressor (no intruder group), sucrose ingestion significantly increased c-Fos-positive cells in the NAc
(Figures 7C and 7D), as was the case in AAV-Gq injected with clozapine (Figure 2). Even when an intruder was introduced for 10 min, tap water
and sucrose groups showed similar activation levels of the NAc to those corresponding controls in the no intruder groups. When ACSF was
intracerebroventricularly administered, c-Fos levels were identical to the no-intruder groups, and sucrose significantly activated the NAc.
When PGE, was administered, c-Fos expression in the NAc of the sucrose group was considerably smaller than those in the no intruder group

and ACSF group. However, within PGE,-administered groups, the sucrose group still showed greater c-Fos expression than the tap water
group, indicating a limited activation by sucrose.

DISCUSSION

Positive affect prevents fever

Positive emotion and food hedonics reduce pain sensation by activating descending pain inhibitory pathways initiated in the brainstem.”®
However, the effects of positive emotion on bodily health have yet to be examined in detail. Here, we demonstrate that the activation of
the NAc by viral expression of DREADD-Gq induced conditioned place preference (Figures 1 and 2), indicating the generation of positive
affect. This result agreed with our previous study,'”'" which demonstrated increased chocolate-induced cataplexy by NAc activation in a
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Figure 7. Sucrose ingestion activates the NAc

(A) Experimental design. Mice were divided into 4 X 2 groups: no intruder, with an intruder, ACSF icv, or PGE; icv x tap water or sucrose water.

(B) Amount of water ingestion during the observation period of 90 min. Mice ingested more sucrose water than the tap water (effect size [eta square] = 0.14,
F1, 40 = 7.330, p = 0.0099, two-way ANOVA). Still, no difference was observed among stressors (effect size = 0.03, F3, 40 = 0.4977, p = 0.4977) or interaction
(effect size = 0.04, F3 40 = 0.6486, p = 0.5885).

(C) Representative images of c-Fos expression in the NAc.

(D) The number of c-Fos-expressing neurons in the rectangle area (400 X 1,000 um, shown in a white dotted rectangle in (C) in the NAc was quantified. Bars
indicate mean + SEM (n = 6 per group). two-way ANOVA (water x stressor) revealed a significant difference between drinking water (effect size = 0.62,
F1, 40 = 133.3, p < 0.0001), among stressors (effect size = 0.14, F3, 40 = 9.791, p < 0.0001) and interaction (effect size = 0.06, F3 40 = 4.309, p = 0.01). p value
was obtained using Fisher's multiple comparison test, and the only significant pairs were indicated in the figure with asterisks.
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narcolepsy mouse model. The current study showed that NAc activation by the same method successfully suppressed intruder-induced hy-
perthermia (Figure 3) and PGE,-induced fever (Figure 5). An intruder-induced hyperthermia and PGE,-induced fever was also suppressed with
naturally occurring positive affect induced by sucrose ingestion (Figures 4, 6, and 7). Even though chemogenetic activation of the NAc did not
directly equal the generation of positive affect, sucrose experiments support our view.

Meanwhile, artificial NAc inactivation did not elicit negative affect (Figures 1 and 2) but canceled the naturally occurring positive affect-
induced suppression of stress-induced hyperthermia (Figure 4). We measured locomotor activity in addition to the body temperature since
body temperature would be affected by the animals’ movement. However, suppressing hyperthermia and fever was not associated with in-
hibition of locomotion, denying an indirect effect on thermoregulation by a change in locomotor activity. The current study demonstrates the
possible modifying effects of positive affect elicited in the NAc on body temperature regulation.

Methodological considerations

Our previous study used clozapine-N-oxide (CNO, 0.45 mg/kg, i.p.) as an artificial agonist to stimulate DREADD-Gi/Gq.'® However, in the
current study, we used clozapine (0.1 mg/kg, i.p.) rather than CNO based on a report demonstrating low penetration of CNO through the
blood-brain barrier and low binding affinity of CNO to DREADD-Gi/Gq.”* Nevertheless, we exercised caution when administering clozapine,
given that it is an antipsychotic drug and may affect place preference and body temperature.?>?® We thus established a clozapine control in
the non-AAV group (Figures 1, 2, 3, and 5) and in the clozapine + no intruder and the clozapine + ACSF groups (Figures 3 and 5). In any of these
experiments, clozapine did not affect preference score, c-Fos expression in the NAc, and body temperature at the administered dose. The
clinical dose of clozapine is 12.5-600 mg/day,”’ corresponding to 0.2-10 mg/kg when assuming a human body weight of 60 kg. When body
surface area is considered in dose translation,” it may be equivalent to 2.5-123 mg/kg in mice. We conclude that 0.1 mg/kg of clozapine was a
subthreshold dose that affected the measured parameters in the control group. In line with our conclusion, clozapine does not affect condi-
tioned place preference at 10 mg/kg, s.c.”” or body temperature at a dose of 0.5 mg/kg, s.c.”°

The observations of naturally occurring positive affect concerning sucrose ingestion and body temperature (Figures 4, 6, and 7) were ob-
tained during the dark phase when mice were most active. Circadian rhythms in autonomic activity and consciousness are well-established but
tend to be overlooked due to convenience. In this regard, we employed a reverse light/dark cycle to minimize confounding effects.

NAc activation modulates body temperature regulation

We expected the opposite effect of DREADD-Gi and DREADD-Gq on conditioned place preference test, intruder-induced hyperthermia, and
PGE-induced fever based on our previous study using a narcolepsy mouse model'” that demonstrated the opposite effect on the number of
cataplexy-like behaviors. In our earlier model, NAc activation increased while NAc inhibition decreased, cataplexy-like behavior. This study
used WT mice, NAc activation, but not inhibition, modified conditioned place preference, intruder-induced hyperthermia, and PGE,-induced
fever. There are at least two possible explanations for these findings. First, we used CNO in the previous study and clozapine in the current
study, and CNO and clozapine have different potency for activating DREADDs. The clozapine dose required to induce behavioral changes
in vivo through hM4Di is 10-100 times more potent than the CNO dose.** The equivalent clozapine dose to our previously used CNO
(0.45 mg/kg) is estimated to be 0.005-0.05 mg/kg, while we used 0.1 mg/kg of clozapine in this study. Therefore, insufficient clozapine dosage
in the current study is unlikely to underscore the results. Clozapine significantly decreased c-Fos expression in the NAc of AAV-Gi-expressing
mice (Figure 2), indicating sufficient dosage. Second, inhibiting positive affect may not necessarily induce negative affect. The place prefer-
ence test can also be used as a place aversion test,””*° but no such effect was observed in the current study. Inactivation of the NAc instead
elicited suppression of positive affect induced by chocolate (Figure 1) or sucrose ingestion (Figure 4). Our previous study using narcolepsy
model mice'® showed that inactivation of the NAc decreased cataplexy-like behavior in the presence of chocolate. We did not examine cat-
aplexy-like behavior in the absence of chocolate at that time. Thus, the current result did not contradict the previous result. In this regard, the
activation of negative affect-provoking brain sites is required to examine the effects of negative affect on body temperature regulation.

Psychostimulant drugs such as methamphetamine are known to increase the activity of the NAc, place preference, and body tempera-
ture.”’= Other notable addictive drugs such as opioids and alcohol produce hypothermic responses while also increasing the activity of
the NAc.”" These literatures apparently contradict our conclusion. However, those reports showed the coincidence but not the causative
relationship between the activity of the NAc and the changes in body temperature. Although our sucrose experiment also showed coinci-
dence, the results of chemogenetic activation indicated a more direct causative relationship between the activity of the NAc and body tem-
perature regulation.

Interaction of sucrose ingestion and stress exposures on activities of the NAc

Sucrose ingestion activated NAc irrespective of the presence of stressors (Figure 7D). In a quantitative point of view, PGE; injection signifi-
cantly blunted the sucrose-induced increase of c-Fos expression in the NAc (Figure 7D). However, this group ingested a similar amount of
sucrose water to the other groups (Figure 7B) and fever response was inhibited (Figure 6C). This observation may corroborate the close rela-
tionship between inflammatory sickness and depressive feeling.?’” In the case of the intruder test, sucrose increased c-Fos expression in a
similar magnitude to that without an intruder (Figure 7D). Apparent discrepancy between PGE; and intruder may be explained by the different
time course of the effect of the two stressors. Body temperature peaked at 10 min in the intruder test and returned to the baseline about
20 min (Figures 3 and 4). Whereas the PGE; injection, body temperature peaked at 30-40 min after the injection and returned to the baseline
about 100-150 min (Figures 5 and 6). Thus, the fixed brain sampling at 90 min (Figure 7A) might bring different results.

10 iScience 27, 111197, November 15, 2024



iScience ¢? CellPress
OPEN ACCESS

Downstream mechanisms of fever prevention

There is extensive literature on the neural mechanisms of PGE,- and stress-induced fever®®*': however, little is known of the neural mechanisms
underlying body temperature reduction. Recently, body temperature-lowering neurons have been identified in the hypothalamic preoptic area
(POA).**~** Activation of these neurons induces a long-lasting (over several hours) decrease in body temperature and is considered to be respon-
sible for hibernation and torpor. Although the POA (—0.2 to 0.6 mm anterior to bregma)45 lies caudal to the NAc (0.7-1.9 mm anterior to bregma),
our AAV injections were centered on the rostral part of the NAc (approximately 1.5 mm anterior to bregma) and distributed +0.8 mm rostro-
caudally from the center. Therefore, it is unlikely that temperature-lowering neurons in the POA would have been activated in this study.

The NAc shell predominantly comprises two types of GABAergic output neurons or medium spiny neurons (MSNs) and, to a lesser extent,
cholinergic interneurons. One population of the MSNs contains enkephalin and dopamine D2 receptors and projects to the pallidum; the
other contains substance P and dopamine D1 receptors and projects to the substantia nigra.”® D1-type MSNs are involved in reward and
drug addiction, whereas D2-type MSNs underscore avoidance and ambivalence.”’ It remains unclear which neuronal types mediate a reduc-
tion in intruder-induced hyperthermia and PGE,-induced fever. The distribution of CaMKIl is restricted to D1-type MSNs,*® indicating a
possible involvement of this population. D1-type MSNs project predominantly to the substantia nigra, which is implicated in motor planning
and reward seeking. In this regard, the substantia nigra is involved in body temperature regulation. Electrical or kainic acid-induced chemical
stimulation of the substantia nigra produced hypothermia in rats when the ambient temperature was below 22°C and hyperthermia when the
ambient temperature was 30°C."” Recently, a paper showed the expression of CaMKIl in the striatal cholinergic interneurons.”® Therefore, a
possible contribution of the cholinergic interneurons in the current results cannot be excluded. Nevertheless, further studies are warranted to
verify the mechanisms by which NAc outputs modify the thermoregulatory system.

Conclusion

Our findings indicate that NAc activation induces positive affect and modifies a component of the autonomic nervous activity. This mechanism
may underscore the link between positive affect and physical well-being. Applying our observations to humans may reduce fever side reac-
tions of vaccines by employing preventive treatments that induce positive affect.

Limitations of the study

Although the increased place preference due to NAc activation can be interpreted as indicating the occurrence of positive affection, it can
also be interpreted as indicating an operational behavior due to an expectation of reward associated with that place. Whether a positive
feeling accompanies this artificially induced reward expectation is still being determined from the current study using the place preference
test. However, the sucrose experiment in this study lends support to our interpretation, and our previous report'® showing an increase of cat-
aplexy in the animal model of narcolepsy also supports the occurrence of positive affection by artificial activation of the NAc. Nevertheless, we
should be open to the possibility that while NAc activity correlates with positive affect and autonomic outputs, it does not cause them—it may
indirectly modulate them. Therefore, further studies are warranted to clarify this issue.

In this study, we intended to inject AAV into the shell subregion of the NAc, but the results overlapped shell and core subregions
(Figures 1B, 3B, 4B, and 5B). We cannot exclude the possible involvement of the NAc core in the present results. However, we counted acti-
vated cells in only the shell subregion (Figures 2 and 7; S2) and revealed consistent results to our conclusion. Therefore, we can say that at least
the NAc shell neurons’ activity is related to the positive affect and body temperature regulation. Nevertheless, as mentioned above, we do not
have direct evidence of whether D1-MSNs or cholinergic interneurons mediate a reduction in intruder-induced hyperthermia and PGE,-
induced fever. Therefore, further studies are warranted to clarify this issue.

We only examined body temperature as an autonomic output in this study. However, cardiovascular and immune systems may also be
modified by positive affect elicited by NAc activation, which should be discussed in future studies. We selected PGE,-induced fever as
COVID-19 vaccinations can result in side effects such as fever. Extrapolation of our observations to humans needs a lot of caution since arti-
ficial excitation of NAc cannot be applicable in humans; moreover, in this study, the mice ingested sucrose for the first time in their lives,
whereas humans are already aware of the fact that sucrose induces positive affect in most cases and negative affect in some cases, such
as in those who want to reduce body weight. Such preconceptions may interfere with humans’ affective states. Nevertheless, testing whether
positive affect reduces fever in the human population is worth testing.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-c-Fos rabbit antibody Millipore Corp. ABE457, RRID: AB_2631318
Anti-rabbit IgG conjugated with CF488 fluorescent dye Biotium Catalog #20015, RRID: AB_10559669

Bacterial and virus strains

AAV5-CaMKlla-hM4Di-mCherry Addgene 50477-AAVS5, Lot v4493
AAV5-CaMKlla-hM3Dg-mCherry Addgene 50476-AAVS5, Lot v9235

Chemicals, peptides, and recombinant proteins
Clozapine Tocris 0444, Cas: 5786-21-0
Prostaglandin E2 Nakalai 29334, Cas: 363-24-6

Experimental models: Organisms/strains

Mouse: CBA/C57BL6 hybrid Kagoshima University N/A

Experimental Animal Facility

Software and algorithms

Prism GraphPad v.10, RRID: SCR_002798
EthoVision XT Noldus Information Technology RRID: SCR_000441

Other

Place preference test chambers This paper, Figure 1C N/A, home made

Guide cannula Plastics One Inc. C315GS-5/2.5

Wireless passive transponder system Bio Medic Data Systems, Inc. DAS7007R, Electric Laboratory

Animal Monitoring System

Video camera with an infrared lamp Ailipu Technology ELP-USBFHDO6MT-KL36IR

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We used WT male CBA/C57BL6 hybrid mice (24—31 g, bred in Kagoshima University’s animal facility), as we considered a hybrid strain a better
representation of “wild type” than an inbred strain. Only male mice were used because aggressive behavior in the resident-intruder test
dramatically differs between the sexes,”' and therefore, intruder-induced hyperthermia may be different between the sexes. All mice were
housed in a room maintained at 22°C-24°C with lights on at 07:00 and off at 19:00 unless otherwise stated. Mice were provided food and
water ad libitum. We used mice individually housed after the surgery to minimize initial differences in body temperature. In experiments using
sucrose as a natural stimulant to evoke positive affect, mice were housed in a room with lights on at 19:00 and off at 07:00 at least 2 weeks
before experimentation commenced. We selected a reversed light/dark cycle to enable experimenters to observe mice in their active
nocturnal behavior during the daytime. Our pilot experiments revealed that mice did not consume sucrose during the light phase without
prior water restriction; hence, we selected a reversed light/dark cycle rather than water restriction since the latter may influence the affect.

When an animal received more than two treatments (such as vehicle and the drug), the order of the treatments was randomized. Whenever
possible, the investigators were blinded during the experiments. Every effort was made to minimize the number of animals suffering.

All experiments were conducted at Kagoshima University following the guiding principles for the care and use of animals in the field of
physiological sciences published by the Physiological Society of Japan (2015) and were approved by the Experimental Animal Research Com-
mittee of Kagoshima University (MD17105, MD19102).

METHOD DETAILS
Intra-NAc stereotaxic injection of AAV

Surgeries for injections were performed under isoflurane anesthesia (3% inhalation) using a stereotaxic instrument (SR-8N, Narishige, Tokyo,
Japan). A 30-G needle was filled with recombinant AAV (serotype 5)-CaMKlla-hM4Di-mCherry (50477-AAV5, Addgene, Cambridge, MA, USA,
Lot v4493, 4.4 x 10'2 GC/mL, 300 nL/side over 3 min) or AAV(5)-CaMKlla-hM3Dg-mCherry (50476-AAV5, Addgene, Lot v9235, 3.1 x 10'2 GC/
mL, 300 nL/side over 3 min). AAVs were stereotaxically injected bilaterally into the NAc. The needle was connected with polyethylene tubing
(PE20, Braintree Scientific, Braintree, MA) to a micro syringe (model 7001 for 1 plL, Hamilton, Reno, NV) that was set on a syringe pump (11Elite,
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Harvard Apparatus, Holliston, MA). Injection coordinates were anterior 1.50 mm, lateral £0.8 mm, and ventral 4.80 mm from bregma. Before
and after injection, the needle tip was left in place for 5 min. After surgery, mice were administered antibiotics (penicillin G, 40,000 U/kg) and
analgesics (buprenorphine, 0.05 mg/kg). They were individually housed to avoid scratching by mates and potential social ranking effects on
male behavior.”

Most neurons in the NAc are GABAergic.”® Seminal reports demonstrated that CaMKIl is almost exclusively expressed in excitatory neu-
rons, except in the olfactory bulb.>**> Nevertheless, we selected the CaMKlla. promoter as CaMKIl expression has been reported in NAc
GABAergic neurons.’®*** We previously demonstrated that AAV injections into the NAc of narcolepsy model mice and DREADD activa-
tion/inhibition successfully modulated the number of cataplexy attacks, indicating the emotional modulatory effects of CaMKll-expressing
neurons in the NAc."”

Conditioned place preference test

The conditioned place preference test was performed as described previously.”®*” A custom-made place preference apparatus was used to
examine the effects of artificial activation/inactivation on place preference (Figure 1C). Two plastic chambers (12 x 15 X 11 cm) were con-
nected via a tube that allowed animals to move freely between chambers. The floor of one chamber was filled with wooden mesh and the
other with a plastic board, while the wall of one chamber contained black stripes. Thus, the two chambers contained distinct tactile and visual
cues. The test chambers were thoroughly cleaned after each test to avoid any odorous cues.

Mice were first allowed to explore the apparatus for acclimatization freely. The next day, we tested whether mice preferred a specific side
chamber or floor material without administration of clozapine/vehicle for 15 min. The time spent in each chamber was recorded to assess
basal preference (pre-value). The preference score was calculated by dividing the time spent in the treatment-paired chamber by the total
time spent in both chambers. None of the animals exhibited an initial bias (preference score >0.7 or <0.3) for either chamber. Conditioning
sessions were conducted for 4 consecutive days. In the first conditioning session in the morning, mice were intraperitoneally injected
(10 mL/kg) with clozapine (Tocris 0444) and confined to one chamber for 30 min. In the afternoon, the mice were administered with the vehicle
(1% DMSO in phosphate-buffered saline [PBS]) and confined to the other chamber. The interval between injections was more than 4 h. On the
second day, mice received vehicle treatment in the morning session and clozapine treatment in the afternoon session. The same treatments as
those on conditioning days 1 and 2 were repeated. A combination of floor texture and treatment was randomly assigned to the mice. The day
after the final conditioning session, a preference test was conducted as the basal preference assessment. In both basal and test sessions,
preference score was calculated and compared.

The clozapine solution was prepared by dissolving 1 mg of clozapine in 1 mL of DMSO (Sigma-Aldrich 472301) and stored in a deep freezer
(=70°C). On the day of use, the solution was diluted 100 times with PBS to make 10 pg/mL in 1% DMSO.

Body temperature and locomotor activity measurements
The abdominal temperature was measured using a wireless passive transponder system (Electric Laboratory Animal Monitoring System,
Bio Medic Data Systems, Inc., Seaford, DE, USA). At least 7 days before experimentation, the transponder was implanted in the abdom-
inal cavities of mice under isoflurane anesthesia (3% inhalation). On the measurement day, the animals’ home cage was moved onto the
shelf in the experimental room. The system’s scanner (DAS7007R) advanced toward the mouse underneath the shelf to minimize visual
stimulation as a potential stressor. The experiment started once 3 consecutive body temperature measurements exhibited stable values
within 0.5°C.

During the experiment, the mice’s behavior was continuously video-recorded using a video camera with an infrared lamp (ELP-
USBFHDO6MT-KL36IR, Ailipu Technology, Shenzhen, China) and stored in a computer. After the experiment, locomotor activity was deter-
mined by video tracking software (EthoVision XT, Noldus Information Technology, Wageningen, The Netherlands; RRID: SCR_000441).

Intruder test

The mice were implanted with a transponder for body temperature measurement and acclimatized to a reverse light/dark cycle (lights off at
07:00 and on at 19:00) for more than 1 week before the experimental day. Experiments were conducted between 10:00 and 16:00 in a dark
room with dim red lights. After confirming the stabilization of body temperature (<0.5°C during three consecutive measurements), the mouse
received an intraperitoneal injection of clozapine or vehicle. Ten minutes later, an intruder male mouse was introduced into the resident
mouse’s home cage for 10 min. Each animal was tested more than twice in arandom order (vehicle + intruder/clozapine + intruder/clozapine +
none) with an interval of more than 3 days. The intruder mouse was changed between the sessions to avoid possible acclimatization to each
other.

Intracerebroventricular injection of PGE,

For intracerebroventricular injection of the pyrogen PGE,, a guide cannula (C315GS-5/2.5; Plastics One Inc., Roanoke, VA, USA) was im-
planted in the lateral ventricle (0.8 mm lateral to bregma, 2.5 mm beneath the skull) under isoflurane anesthesia (3% inhalation). The guide
cannula was closed with a cannula dummy cap and firmly fixed to the skull with dental cement. Antibiotics and analgesics were administered
as described above. PGE, was dissolved in artificial CSF (1 mg/mL) and injected at 2 pL.*’
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Immunohistochemistry

Mice were deeply anesthetized with urethane (1.8 g/kg, i.p.) and transcardially perfused with 25 mL of PBS (0.01 M, pH 7.4), followed by 25 mL
of 4% paraformaldehyde (PFA) solution. The brain was removed, post-fixed in 4% PFA solution at 4°C overnight, and immersed in 30% sucrose
in PBS at 4°C for 2 days. A series of 40-um sections were obtained with a vibratome (SuperMicroSlicer Zero1; DOSAKA EM, Kyoto, Japan), and
every fourth section was used for immunostaining. The brain sections were immersed in a blocking solution (1% normal horse serum and 0.3%
Triton X- in 0.01 M PBS) for 1 h at room temperature (20°C-24°C). The sections were incubated overnight with anti-c-Fos rabbit antibody
(ABE457, Millipore Corp., RRID: AB_2631318, at 1/1000 in blocking solution). The sections were washed with PBS and then incubated with
anti-rabbit IgG conjugated with CF488 fluorescent dye (raised in donkey, Biotium 20015, RRID: AB_10559669, 1/500) for 90 min. The number
of c-Fos-positive cells in the NAc was quantified in a manner blinded to treatment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism software v.10 (GraphPad, RRID: SCR_002798). We used repeated-measures one-way ANOVA
with Geisser-Greenhouse correction to avoid assuming sphericity or one-way ANOVA for comparing three or more groups. When ANOVA
revealed a significant main effect, pairwise comparisons were followed by Holm-Sidak’s multiple comparison test. A paired or unpaired t-test
(two-tailed) was used according to the data structure. Kolmogorov-Smirnov tests tested the normality of residuals, and all the data passed the
tests (o = 0.05). In the AAV-Gg/Gi manipulation test on body temperature, only the data from the successful injection of AAV into NAc were
analyzed. In other experiments, no attempt was made to exclude the possible outliers. No statistical methods were used to predetermine the
sample size. P-values <0.05 were considered statistically significant. Data are presented as mean + SEM. The effect size was reported as eta
square for ANOVA and Cohen’s d for pairwise comparison.
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