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ARTICLE INFO ABSTRACT

Keywords: Major depressive disorder (MDD) is among the most common mental disorders worldwide and is characterized
Serotonin by dysregulated reward processing associated with anhedonia. Selective serotonin reuptake inhibitors (SSRIs) are
Antidepressant the first-line treatment for MDD; however, their onset of action is delayed. Recent reports have shown that se-
;fv‘e;r[:jhotometry rotonin neurons in the dorsal raphe nucleus (DRN) are activated by rewards and play a vital role in reward

processing. However, whether antidepressant treatment affects the DRN serotonin neuronal response to rewards
in awake animals remains unknown. In this study, we measured the activity of DRN serotonin neurons in awake
mice and determined the effects of antidepressants and chronic stress on DRN serotonin neuronal activity. We
found that acute treatment with citalopram, an SSRI, significantly decreased sucrose-induced activation of DRN
serotonin neurons. The decrease in response to acute citalopram treatment was attenuated by chronic citalopram
treatment. Acute treatment with (S)-WAY100135, a 5-HTja receptor antagonist, dose-dependently inhibited the
response to acute citalopram treatment. These results indicate that autoinhibition by activating 5-HT14 receptors
via acute SSRI treatment may blunt the reward response, which can be recovered after chronic SSRI treatment.

1. Introduction

Major depressive disorder (MDD) is characterized by the persistence
of negative thoughts and emotions that disrupt mood, cognition, moti-
vation, and behavior. It is among the most common mental disorders
and is the leading cause of disability worldwide, affecting approximately
280 million people.’ Although patients with MDD are often treated with
antidepressants such as selective serotonin reuptake inhibitors (SSRIs),
chronic administration for 4-12 weeks is required to achieve therapeutic
effectiveness.” Moreover, approximately one-third of the patients with
MDD are resistant to conventional drug treatments.> > Therefore, based
on the biological insights of MDD and its therapeutics, the development
of rapid-acting antidepressants with higher efficacy is urgently needed.

Accumulated evidence has implicated the critical role of 5-HTj4 re-
ceptors in the pathophysiology of depression. Although both serotonin
neurons and their postsynaptic neurons express 5-HT4 receptors, pre-
synaptic and postsynaptic 5-HT;a receptors have contrasting roles in

stress response.6 Postsynaptic 5-HTj5 receptors mediate serotonergic
neurotransmission, thereby inducing antidepressive effects. In fact, a
5-HTj 5 receptor agonist, buspirone, is used to treat anxiety and effective
for depression.7 In contrast, presynaptic 5-HT;p receptors (autor-
eceptors) inhibit the activity of serotonin neurons and limit the efficacy
of antidepressants.® Antidepressants such as SSRIs increase the extra-
cellular serotonin concentration by inhibiting serotonin reuptake,
leading to the stimulation of autoreceptors and postsynaptic receptors.”®
Previous electrophysiological experiments on anesthetized animals have
demonstrated that slow- and regular-firing neurons in the dorsal raphe
nucleus (DRN), presumably serotonin neurons, are suppressed by acute
treatment with SSRIs via the activation of 5-HT 4 autoreceptors, which
reverts after chronic SSRI treatment.” ' Consistent with this evidence,
mice expressing high 5-HTj 4 autoreceptor levels are more vulnerable to
stress than those expressing low levels.'? Therefore, downregulation of
autoreceptors is thought to underlie the mechanism of action of the
antidepressants. Although the electrophysiological experiments
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described above presumably identified serotonin neurons based on
electrophysiological characteristics, other reports suggest the difficulty
of performing such experiments on the DRN,'®!* indicating the neces-
sity for analyzing genetically identified serotonin neurons.

Moreover, serotonin neurons also play a critical role in reward pro-
cessing. Researchers have demonstrated that optogenetic activation of
serotonin neurons in the DRN, especially those projecting to the ventral
tegmental area (VTA), acts as positive reinforcement in operant con-
ditioning'®"'” and induces an antidepressant-like effect in rodents.'®*°
Moreover, activity measurements using genetically encoded calcium
sensors, such as GCaMP6,%” have revealed that DRN serotonin neurons
are activated by rewards, including sucrose and interaction with other
mice, especially those of the opposite sex.?! These observations high-
light the importance of DRN serotonin neurons in reward processing.
However, it is unclear whether the reward response of DRN serotonin
neurons is affected by acute and chronic antidepressant treatment
because previous electrophysiological studies analyzed anesthetized
animals, making it impossible to determine the response to rewards.

Stress modulates the activity of DRN serotonin neurons. Ex vivo
electrophysiological experiments have shown that chronic social defeat
stress (CSDS) decreases DRN serotonin neuronal activity in stress-
vulnerable (susceptible) mice but not in stress-resilient mice.?>%?
Moreover, chronic stress attenuates the preference for rewards in ro-
dents and humans, resulting in anhedonia.’*?° However, the effect of
chronic stress on the reward response of DRN serotonin neurons remains
to be elucidated.

In this study, we investigated the effects of acute and chronic anti-
depressant treatment and chronic stress on the reward response of DRN
serotonergic neurons in awake animals using fiber photometry. We
found that acute treatment with citalopram, an SSRI, suppressed the
reward response of DRN serotonin neurons via 5-HT74 receptor activa-
tion, but this suppression disappeared after chronic citalopram
treatment.

2. Materials and methods
2.1. Animals

The experiments were conducted in accordance with the ethical
guidelines of the Kyoto University Animal Experimentation Committee
(approval number: 19-41) and the guidelines of the Japanese Pharma-
cological Society. Adult male C57BL/6JmsSlc mice (8-12 weeks old,
Nihon SLC, Shizuoka, Japan) were housed in a plastic cage with wooden
bedding and allowed free access to food (MF, Oriental Yeast, Tokyo,
Japan) and water unless otherwise stated. They were kept under con-
stant ambient temperature (22 + 2 °C) and humidity (55 + 10%), with
12 h light-dark cycles. In this study, mice that showed abnormal
behavior after stereotactic surgery, such as tilting their heads or rotating
their bodies, were excluded from all experiments. Chronic social defeat
stress was performed according to the previous reports’’>? and
described in Supplementary Methods.

2.2. Stereotactic surgeries

Stereotactic surgeries were conducted using a small-animal stereo-
tactic frame (Narishige, Tokyo, Japan) according to the Brain Atlas.”’”
The animals were anesthetized with a mixture of medetomidine hy-
drochloride (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan; 0.75
mg/kg), midazolam (Astellas Pharma Inc, Tokyo, Japan; 4 mg/kg), and
butorphanol tartrate (Meiji Seika Pharma Co., Ltd, Tokyo, Japan; 5
mg/kg). One microliter of AAV vector (Supplementary Methods;
mTPH2::Venus, mTPH2::GCaMP6s, and mTPH2::axon-GCaMP6s) was
microinjected targetting the ventral part of DRN (AP -4.6 mm, ML
+1.15 mm, depth +3.7 mm at 20° angles from the bregma. After viral
injection, the animals were implanted with a fiber-optic cannula above
the DRN (AP -4.6 mm, ML +1.15 mm, DV +3.6 mm at 20° angles from
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the bregma) and VTA (AP -3.1 mm, ML +0.7 mm, DV +4.5 mm from the
bregma).

2.3. Fiber photometry

Calcium transients were measured using a custom-built fiber
photometry system fabricated according to previous reports.”*?° The
detail was described in Supplementary Methods. Fiber placement and
AAV infection were confirmed by immunohistochemical analysis (Sup-
plementary Methods).

2.4. Sucrose-licking test

The mice were deprived of water for 16-24 h before testing. On the
test day, a mouse was placed in a chamber (136 x 208 x 115, W x L x H,
in mm) equipped with a bottle filled with 10% sucrose solution (w/v).”®
The test was conducted for 10 min using a free-moving setup. The time
points for sucrose licking were manually curated by analyzing the
recorded movies.

2.5. Drug treatment

For acute antidepressant treatment, citalopram hydrobromide (FWD
Chemicals, Shanghai, China, 10 mg/kg) was dissolved in saline and
intraperitoneally injected into the mice 30 min before the behavioral
tests. For chronic antidepressant treatment, citalopram hydrobromide
was dissolved in drinking water (0.2 mg/mL) and administered for 28
days.’>*® Water consumption was approximately 3-4 mL/day/mouse,
resulting in doses of ~24 mg/kg/day. Drug-containing drinking water
was shielded from light and changed every 3-5 days. For acute 5-HT5
receptor antagonist treatment, (S)-WAY 100135 dihydrochloride (Tocris
Bioscience, Bristol, UK) was dissolved in saline and intraperitoneally
injected into mice 30 min before the behavioral tests.

2.6. Statistical analysis

Statistical analyses were performed using Prism 9 software (Graph-
Pad Software, San Diego, CA, USA). The detail was described in Sup-
plementary Methods.

3. Results

3.1. Serotonin neuron-specific gene expression transduced by AAVs
bearing mouse TPH2 promoter

To confirm the specificity of the mouse TPH2 promoter, we injected
AAV-expressing Venus* into the DRN under the control of the TPH2
promoter (AAV-mTPH2-Venus-WPRE).'”-?%%> The specificity of the
promoter was immunohistochemically examined in
AAV-mTPH2-Venus-WPRE (mTPH2::Venus)-injected mice (Fig. 1A and
B), and high specificity (88.5 + 2.7%) and coverage (90.1 + 2.5%) were
confirmed (n = 3 mice, Fig. 1C and D).

3.2. Reward activates DRN serotonin neurons

To measure the activity of serotonin neurons using fiber photometry,
we injected AAV-mTPH2-GCaMP6s-WPRE (mTPH2::GCaMP6s) into the
DRN and implanted a fiber optic cannula immediately above the DRN.
After recovery, we measured GCaMP fluorescence before and after
intake of 10% sucrose solution, a representative reward (Fig. 2A-C).
GCaMP fluorescence increase was reliably observed shortly before the
licking (AF/Fp = 0.046 + 0.011, mean =+ SEM, p < 0.05 by permutation
test, n = 4, Fig. 2D and E), consistent with previous reports.”>° The
fluorescence intensity increased slightly but significantly decreased
when the concentration of sucrose decreased (R? = 0.1456, p < 0.0001,
Fig. 2F). Therefore, these results suggest successful recording of DRN



M. Koda et al.

mTPHZ C

Venus
Promoter -

e

DRN:Dorsal Raphe Nucleus

Journal of Pharmacological Sciences 157 (2025) 113-123

O TPH+ GFP+ D & TPH+, GFP+
B GFP+ only

B TPH+ only

88.5+2.7% 90.1 £2.5%

B

Low
magnification

GFP

High
magnification

TPH

Merge

Fig. 1. Immunohistochemical validation of the AAV bearing the mouse TPH2 promoter. (A) Schema showing the sites of AAV (mTPH2Venus) injection. (B)
Representative immunostaining images of DRN regions after AAV injection and staining with anti-green fluorescent protein (GFP) and anti-tryptophan hydroxylase
(TPH) antibodies. Scale bars are 200 pm (Low) and 20 pm (High). (C) Data represent the mean + SEM percentage of double-positive cells in GFP-positive cells (n = 3
mice). (D) Data represent the mean + SEM percentage of double-positive cells in TPH-positive cells (n = 3 mice).

serotonin neurons in free-moving mice.

3.3. DRN serotonin neuronal activity after CSDS exposure

To determine whether the reward responses of DRN serotonin neu-
rons were affected by CSDS, we measured the response of DRN serotonin
neurons to spontaneous sucrose-licking behavior before and after CSDS
exposure in free-moving mice using fiber photometry (Fig. 3A and B).
We examined whether defeated mice showed depression-related
behavior in the social interaction test (Supplementary Fig. 1A). Based
on previous studies,>”*? we classified the defeated mice into two groups
based on the SI ratio, an index of antidepressant-like effects
(Supplementary Fig. 1B): susceptible mice (Sus) and resilient mice (Res).
We found that sucrose licking-induced Ca®* responses were not signif-
icantly changed by CSDS in all groups (naive: peak AF/Fy = 0.0867 +
0.0167 (before), 0.076 + 0.0188 (after), p = 0.649, t9 = 0.471 by
two-tailed paired Student’s t-tests, n = 10 mice; resilient: peak AF/Fy =
0.0609 + 0.0140 (before), 0.0757 + 0.0184 (after), p = 0.264, tg = 1.19
by two-tailed paired Student’s t-tests, n = 10 mice; susceptible: peak
AF/Fy = 0.0994 + 0.0181 (before), 0.0812 + 0.0239 (after), p = 0.464,
ti0 = 0.761 by two-tailed paired Student’s t-tests, n = 11 mice, Fig. 3C).
The percentage change in peak AF/F, before and after the CSDS session
and sucrose licking did not differ significantly among the three groups

(naive: 23.3 + 23.4%; resilient: 37.7 + 16.2%; susceptible: 23.6 +
29.3%, p = 0.891, F3 28 = 0.116 by one-way ANOVA, n = 10-11 mice,
Fig. 3C and D).

A previous study showed that the activity of DRN serotonin neurons
is also induced by social interaction.?! Therefore, we determined
whether the responses of DRN serotonin neurons to social interactions
were affected by CSDS. The ratio of peak AF/F after CSDS to that before
CSDS in susceptible mice tended to be higher than that in naive mice
(naive: —33.8 + 12.0%; resilient: —20.5 + 13.4%); susceptible: 43.7 +
33.2%, p = 0.0550, F2,27 = 3.61 (susceptible vs. naive) by one-way
ANOVA, Bonferroni’s multiple comparisons test, n = 10 mice, Supple-
mentary Fig. 1E). These results suggest a negligible effect on the reward
response of DRN serotonin neurons.

3.4. Acute SSRI treatment decreases the reward response of DRN
serotonin neurons, whereas chronic SSRI treatment recovers the response

We measured GCaMP fluorescence in DRN serotonin neurons during
sucrose licking (Fig. 4) and social interaction tests (Supplementary
Fig. 2) before and after acute and chronic citalopram treatment in free-
moving mice. First, we measured the response of DRN serotonin neurons
to sucrose licking (before SSRI administration; Fig. 4B, C, and E). One
day later, half of the mice were administered saline and the other half
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Fig. 2. Serotonin neuron-specific Ca>" imaging in free-moving animals. (A) Schematic of the fiber photometry setup. Ca®* transients were recorded from GCaMP6s-
expressing DRN serotonin (5-HT) neurons in male C57BL/6JmsSlc mice that had free access to a sucrose solution in a test chamber. (B) Schema showing the sites of
AAV (mTPH2::GCaMP6s) injection and optic fiber implantation. (C) Representative immunostaining image of the DRN after injection of mTPH2::GCaMP6s and fiber
implantation (white line). Scale bar is 200 pm. (D) Ca* signals associated with sucrose lick bouts during behavioral sessions. Upper panel: heatmap illustration of
Ca®* signals aligned with the initiation of sucrose-licking bouts. Each row is plotted as a bout. Five bouts from one animal are shown. The color scale at the right
indicates AF/F,. Lower panel: peri-event plot of average Ca®" transients and lick frequencies. The thick lines and shaded areas indicate the mean and SEM,
respectively. Red segments indicate a statistically significant increase from baseline (p < 0.05, permutation test). (E) Mean Ca?* transients associated with sucrose
licking in the entire test group (n = 4). Red segments indicate a statistically significant increase from baseline (p < 0.05, permutation test). (F) Dose-response curve of
the fluorescence changes with sucrose concentration. Values are presented as the mean + SEM.

were administered citalopram (10 mg/kg, i.p.). The sucrose-licking test
was performed 30 min later (Fig. 4C and D). We found that acute cit-
alopram treatment significantly attenuated the sucrose-induced increase
in GCaMP fluorescence (change rate of peak AF/Fj: saline: 39.2 +
21.9%, acute citalopram: —42.5 + 9.86%, p = 0.0039, t153 = 3.40 by
unpaired t-test with Welch’s correction; change rate of AUC: saline: 58.1
+ 34.3%, acute citalopram: —41.0 + 20.2%, p = 0.0209, ty» = 2.49 by
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unpaired t-test; n = 12 mice, Fig. 4C and D).

Mice injected with saline were provided drinking water, and mice
injected with citalopram were provided drinking water containing cit-
alopram (0.2 mg/mL, ~24 mg/kg/day) for 28 days.>® After this chronic
treatment, the sucrose-licking test was performed again (Fig. 4E and F).
We chose this dosing strategy based on our previous report showing that
this protocol sustainedly increases active-coping behaviors in the tail
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Fig. 3. Measurement of DRN serotonin neuronal activity after chronic social defeat stress (CSDS) based on sucrose licking. (A) Schema showing the sites of AAV
(mTPH2::GCaMP6s) injection and optic fiber implantation. (B) Experimental timeline. For the CSDS, C57BL/6JmsSlc mice were exposed to 5 min of physical

aggression by an aggressive ICR mouse for 10 consecutive days. (C) Ca®*

signals associated with bouts of sucrose licking in a behavioral session: left, naive mice;

middle, resilient mice; right, susceptible mice. The light and dark lines indicate the values before and after the CSDS session, respectively, in the sucrose-licking test.
(D) Percentage change in peak AF/F, before and after CSDS session followed by sucrose licking. Values are presented as the mean + SEM. p = 0.891, F 5 = 0.1156

by one-way ANOVA (n = 10-11 mice per group).

suspension test.>? The sucrose-induced GCaMP fluorescence increase in
mice with chronic citalopram treatment was similar to those in mice
given water (change rate of peak AF/Fy: water: 31.7 £+ 21.3%, chronic
citalopram: 6.91 + 23.1%, p = 0.437, t3» = 0.791 by unpaired t-test;
change rate of AUC: water: 52.1 £+ 37.9%, chronic citalopram: 22.5 +
31.0%, p = 0.552, toy = 0.604 by unpaired t-test; n = 12 mice, Fig. 4E
and F).

In contrast, the responses of the DRN serotonin neurons to social
interactions were not significantly affected by acute or chronic cit-
alopram treatment (Supplementary Figs. 2D-G). Collectively, our results
suggest that the response of DRN serotonergic neurons to appetitive
rewards, but not to social rewards, was suppressed by acute SSRI
treatment, whereas the response recovered after chronic SSRI treatment.
Moreover, we investigated whether the response changes to sucrose
affected the number of sucrose licking behavior after acute and chronic
citalopram treatment. However, there were no significant difference
among groups (Supplementary Fig. 3A).

3.5. 5-HT14R antagonist reverses the reduced response to sucrose induced
by acute SSRI treatment

To elucidate how acute SSRI treatment reduced the response of DRN
serotonin neurons to sucrose, we investigated the effects of 5-HT1pR
antagonists. (S)-WAY100135, a 5-HTjpR antagonist, was co-
administered with citalopram during the sucrose-licking test. A few
days after recording the response to sucrose (before administering SSRI),
citalopram (10 mg/kg, i.p.) were co-administered with increasing doses
of (S)-WAY100135 (0-20 mg/kg, i.p., every alternate day) 30 min
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before the test (Fig. 5). This co-treatment restored the decreased
response of DRN serotonin neurons to sucrose licking induced by acute
citalopram treatment in a dose-dependent manner (Fig. 5C).

No significant difference was observed between mice with cit-
alopram alone and those with citalopram and low dose (3.0 mg/kg) of
(S)-WAY100135 (change rate of peak AF/Fy: saline: 36.1 + 36.5%, (S)-
WAY (3.0 mg/kg): 20.7 + 15.0%, citalopram: —63.1 + 5.21%, cit-
alopram + (S)-WAY (3.0 mg/kg): —26.4 + 20.9%, p = 0.0077 (saline vs.
citalopram), p = 0.720 (citalopram vs. citalopram + (S)-WAY), p =
0.161 (saline vs. citalopram + (S)-WAY), F3 3, = 4.35; change rate of
AUC: saline: 49.9 + 38.6%, (S)-WAY (3.0 mg/kg): 10.1 + 21.5%, cit-
alopram: —93.0 £ 9.11%, citalopram + (S)-WAY (3.0 mg/kg): —50.5 +
36.1%, p = 0.00530 (saline vs. citalopram), p > 0.999 (citalopram vs.
citalopram + (S)-WAY), p = 0.106 (saline vs. citalopram + (S)-WAY),
F337 = 5.12 by one-way ANOVA, Bonferroni’s multiple comparisons
test, n = 10-11 mice, Fig. 5D and E). By contrast, co-treatment with
citalopram and high dose (20 mg/kg) of (S)-WAY100135 significantly
mitigated the reduced response of DRN serotonin neurons induced by
citalopram only (change rate of peak AF/F: saline: 7.80 + 30.8%, (S)-
WAY (3.0 mg/kg): —13.2 + 8.82%, citalopram: —63.1 + 11.6%, cit-
alopram + (S)-WAY (3.0 mg/kg): 13.1 £+ 22.0%, p = 0.0370 (saline vs.
citalopram), p = 0.0229 (citalopram vs. citalopram + (S)-WAY), p >
0.999 (saline vs. citalopram + (S)-WAY), F3 27 = 3.62; change rate of
AUC: saline: —0.12 + 21.5%, (S)-WAY (3.0 mg/kg): —33.4 + 9.88%,
citalopram: —117.8 + 21.3%, citalopram + (S)-WAY (3.0 mg/kg):
—43.3 £ 17.6%, p = 0.0006 (saline vs. citalopram), p = 0.0448 (cit-
alopram vs. citalopram + (S)-WAY), p = 0.756 (saline vs. citalopram +
(S)-WAY), F327 = 7.79 by one-way ANOVA, Bonferroni’s multiple
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acute citalopram in sucrose licking. *p = 0.0209, t» = 2.49 by unpaired t-test, n = 12 mice. (F) Left: percentage change in peak AF/F0 before and after chronic
citalopram in sucrose licking. p = 0.437, to» = 0.791 by unpaired t-test, n = 12 mice. Right: percentage change in AUC before and after chronic citalopram in sucrose
licking. p = 0.552, ty; = 0.604 by unpaired t-test, n = 12 mice. Values are presented as the mean + SEM.

comparisons test, n = 7-9 mice, Fig. 5F and G). Furthermore, we
investigated whether the response changes to sucrose affected the
number of sucrose licking behavior with or without 5-HT;, receptor
antagonist. However, there were no significant difference among groups
(Supplementary Figs. 3B and C). These results suggest that acute SSRI
treatment reduces sucrose licking-induced activation of DRN serotonin
neurons by activating 5-HT; 4 autoreceptors.

3.6. Effect of SSRI on the reward response of VTA-projecting DRN
serotonin neurons

The DRN generates neuronal projections to various brain re-
gions.®*” To compare the projection densities among brain regions that
receive input from the DRN,*” we measured the fluorescence intensities
of mTPH2Venus in the VTA, lateral hypothalamuc (LH), central nucleus
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of amygdala (CeA), ventral pallidum (VP), and nucleus accumbens
(NAc). The fluorescence intensity in the VTA was significantly higher
than that in the other regions, indicating dense innervation of the VTA
(p < 0.0001; VTA vs. other regions, Fy ;7 = 32.3, one-way ANOVA,
Bonferroni’s multiple comparison post hoc test; n = 4-5 mice, Fig. 6).
The VTA is among the most important brain nuclei involved in
reward processing. The optogenetic stimulation of DRN serotonin neu-
rons projecting to the VTA reinforces behaviors associated with stimu-
lation.'®!” Here, we measured the activity of DRN serotonin neurons
projecting to the VTA to examine the effect of rewards on DRN serotonin
neuronal activity. We injected AAV-mTPH2-axon-GCaMP6s-WPRE
(mTPH2::axon-GCaMP6s), which is more efficiently transported to the
axon-terminal region.>® A fiber optic cannula was implanted above the
VTA. We then measured the fluorescence changes in the VTA before and
after sucrose consumption (Fig. 7A and B). Sucrose licking increased
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Fig. 5. 5-HT; AR antagonist restores the decreased response to sucrose induced by acute SSRI treatment. (A) Schema showing the sites of AAV injection and optic fiber
implantation. (B) Experimental timeline. (S)-WAY100135 was administered every alternate day, starting with the lowest concentration. (C) Dose-response curve of
the change rate of Ca®" signals against (S)-WAY100135 concentration in sucrose-licking test. Values are presented as the mean + SEM, n = 7-11 mice. (Left: peak
AF/Fy, Right: AUC). (D, E) Representative figure for low dose of (5)-WAY100135 (3.0 mg/kg i.p.). (F, G) Representative figure for high dose of (S)-WAY100135 (20
mg/kg i.p.). A single administration of citalopram (10 mg/kg, i.p., Cit) significantly decreased sucrose licking-induced activation of serotonin neurons in the DRN.
Moreover, cotreatment with citalopram and (S)-WAY100135 (WAY) restored the decreased response to sucrose induced by acute citalopram treatment alone. Values

are presented as the mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s multiple comparisons test; n = 10-11 (3.0 mg/kg) and n
= 7-9 (20 mg/kg) mice.

A | [ TmTPR2
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Fig. 6. Immunohistochemical examination of neuronal projection density of DRN serotonin neurons. (A) Schema showing the sites of AAV (mTPH2::Venus) injection
and neuronal projection area. (B) Images of axon terminals of DRN serotonin neurons in the VTA, lateral hypothalamuc (LH), central nucleus of amygdala (CeA),
ventral pallidum (VP), and nucleus accumbens (NAc). Scale bar is 200 pm. (C) Quantification of the fluorescence at each terminal area. Of the five regions, DRN
serotonin neurons were projected the most densely into the VTA. ****p < 0.0001 vs. VTA by one-way ANOVA, Bonferroni’s post hoc test; n = 4-5 mice. Values are
presented as the mean + SEM.

GCaMP fluorescence in naive mice (AF/Fp = 0.0025 + 0.00061, p < 0.05 4. Discussion
by permutation test, n = 3 mice, Fig. 7C). This result indicates that

VTA-projecting serotonin neurons in the DRN are activated by rewards. DRN serotonin neurons are activated by various stimuli, including
Next, to determine the effects of acute and chronic antidepressant use on appetitive rewards, social rewards, and reward-associated cues after
VTA-projecting DRN serotonin neuronal activity, we measured the learning.”"* Although this has been confirmed in free-moving animals
response to rewards in SSRI-treated mice. The GCaMP fluorescence was using fiber photometry, the effects of chronic stress and antidepressants
not significantly changed during sucrose consumption in the mice on serotonin neuronal activity have been identified using ex vivo slice
acutely treated with citalopram (10 mg/kg, i.p.) (AF/Fp = 0.0010 + electrophysiology, in which the response to rewards cannot be exam-
0.00078, p > 0.05 by permutation test, n = 3 mice, Fig. 7C). In contrast, ined.?>*3 Although fiber photometry has been widely used to measure
the GCaMP fluorescence was significantly increased during sucrose the activity of certain sets of neurons in free-moving animals, relatively
consumption in the mice chronically treated with citalopram (0.2 few studies have used this technique to investigate the effects of ther-
mg/mL, ~24 mg/kg/day, 28 days) (AF/Fp = 0.0040 £+ 0.00060, p < apeutic/illicit drugs on neuronal activity.’®*! In this study, we used
0.05 by permutation test, n = 3 mice, Fig. 7C). fiber photometry to measure DRN serotonin neuronal response in
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Fig. 7. Effect of antidepressants on the activity of VTA-projecting DRN serotonin neurons stimulated by rewards. (A) Schema showing the sites of AAV (mTPH2::
Axon-GCaMP6s) injection and optic fiber implantation. (B) Experimental timeline. (C) Ca>* response patterns of DRN serotonin neurons in the entire test group at the
onset of sucrose licking. Acute treatment with SSRI decreased sucrose licking-induced activation of VTA-projecting DRN serotonin neurons (middle graph). Moreover,
the decreased response to sucrose induced by acute SSRI treatment recovered after chronic treatment with SSRI for 4 weeks (right graph). Red segments indicate a

statistically significant increase from baseline (p < 0.05, permutation test).

free-moving mice subjected to chronic stress and antidepressants. We
found no significant differences in the activation of DRN serotonin
neurons by rewards among naive, susceptible, and resilient mice after
CSDS. In contrast, Challis et al. demonstrated that DRN serotonin
neuronal excitability decreased in susceptible mice after CSDS in ex vivo
experiments involving slice electrophysiology.?* This discrepancy may
be explained by the possibility that the low excitability of DRN serotonin
neurons may be compensated by excitatory input from other nuclei.
Indeed, glutamatergic neuronal activation in the lateral habenula (LHb)
was increased by social interactions with an aggressive mouse in sus-
ceptible mice after CSDS,*? and optogenetic stimulation of LHb neurons
increases the excitability of DRN serotonin neurons ex vivo.** Therefore,
increased LHb activity may mask the low excitability of DRN serotonin
neurons in susceptible mice; however, further analysis is necessary to
manipulate LHb-DRN circuits.

Previous studies have indicated that acute SSRI treatment inhibits
DRN serotonin neuronal activity via 5-HT;a activation, which disap-
pears after chronic SSRI treatment.”~' " Although these studies measured
the activity of neurons presumed to be serotonin neurons based on their
electrophysiological characteristics, recent studies have raised questions
regarding these conventional criteria,'®'* indicating the necessity for
analyzing genetically identified serotonin neurons. Moreover, it is un-
clear whether the suppression of baseline activity through 5-HTqa
autoreceptors also occurs in the reward response (activity changes) of
serotonin neurons. In this context, we found that acute citalopram
treatment significantly blunted the response of genetically defined DRN
serotonin neurons to sucrose, and chronic treatment with citalopram for
4 weeks reversed the blunted response to sucrose in free-moving mice.
Although these results aligned with previous findings in anesthetized
animals, we have to note that different responses to sucrose may stem
from different administration routes of citalopram between acute and
chronic treatment. Moreover, acute co-treatment with (S)-WAY100135,
a 5-HT;p antagonist, mitigated the decreased response to sucrose
following acute citalopram treatment in a dose-dependent manner.
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These results expand on the findings of previous in vivo electrophysio-
logical studies in anesthetized animals,” revealing for the first time the
decreased response of serotonin neurons to appetitive rewards after
acute SSRI treatment and its recovery after chronic SSRIs treatment.

Although our results indicate that co-administration of SSRI and 5-
HT;AR antagonist recovered the DRN serotonin neuronal response
similar to chronic SSRI administration, the temporal patterns of the
increased response were apparently different. The 5-HT 4R antagonist
recovered the response in the early phase of sucrose-induced activity
increase, whereas chronic SSRI treatment recovered the whole response.
Therefore, in addition to 5-HT;a autoreceptors, other factors may be
involved in the increase in response following chronic SSRI treatment.
Challis et al. have also shown that GABAergic neurons innervate sero-
tonin neurons and inhibit their neural activity in the DRN.?? Moreover,
5-HTp receptors and Gq-coupled GPCRs are expressed in GABAergic
neurons and positively regulate their activity in the DRN.***® High
serotonin release induced by acute SSRI treatment may activate 5-HT7a
autoreceptors expressed on serotonin neurons and 5-HTyp receptors
expressed on GABAergic neurons in the DRN, which cooperatively
inhibit serotonin neuronal activity. Although further examination is
required, chronic SSRI treatment may also induce desensitization of
5-HTqp receptors expressed on GABAergic neurons in the DRN, and thus
treatment with SSRIs, 5-HTjaR antagonists, and 5-HTopR antagonists
may mimic the effects of chronic SSRI treatment. Moreover, we found
that there were no significant differences in licking response among
mice with or without SSRI and 5-HT1A receptor antagonist
(Supplementary Fig. 3), while the response of DRN serotonin neurons
were different. We assume that highly palatable 10% sucrose solution
may interfere with behavioral changes induced by activity changes of
the DRN serotonin neurons. Indeed, the sucrose preference test used for
evaluation of anhedonia usually utilized 1-2% sucrose solution,*” sup-
porting this possibility and the necessity of analysis of activity changes
in DRN serotonin neurons induced by 1-2% sucrose solution.

In this study, we conducted only experiments with citalopram as a
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representative SSRI according to our previous studies,®>*® although
previous studies have used not only citalopram but also other SSRIs,
such as fluoxetine or escitalopram.”° Because these conventional SSRIs
commonly inhibit the serotonin transporter, it is possible that the inhi-
bition by acute treatment and recovery after chronic treatment, which
we observed in this study, may be induced by other SSRIs. In line with
this possibility, in our previous in vitro studies, we investigated the ef-
fects of acute treatment with and sustained exposure to a variety of
antidepressants, including SSRIs (citalopram and fluoxetine), SNRIs
(duloxetine, venlafaxine, and milnacipran), and tricyclics (imipramine
and desipramine), on extracellular serotonin levels in rat raphe slice
cultures, a proxy of serotonergic activity.*® We found that chronic
treatment with antidepressants, which inhibit serotonin transporter,
commonly induced a robust increase in extracellular serotonin levels
compared to acute treatment. These data indicate that the phenomena
observed in this study may be caused by other antidepressants that
inhibit serotonin transporter, although further experimental validation
with other antidepressants is necessary.

Several reports have shown heterogeneity within DRN serotonin
neurons from an anatomical perspective.*>°® Specifically, brain-wide
connectome analyses have revealed that dorsal/dorsolateral DRN sero-
tonin neurons mainly project to subcortical areas, including the amyg-
dala, LHb, and thalamic nuclei, whereas ventral subpopulations
innervate anterior cortical regions, such as the orbitofrontal, entorhinal,
and piriform cortices.*’ Notably, fiber photometry analyses indicated
that aversive stimulation inhibits and activates cortex-projecting and
amygdala-projecting DRN serotonin neurons, respectively,49 suggesting
the functional heterogeneity of DRN serotonin neurons. In this context,
we confirmed that DRN serotonin neurons targeted by viral vectors
bearing the TPH2 promoter,'”"'® have projection patterns similar to
those described previously.*”**” We found that DRN serotonin neurons
innervate the VTA heavily compared to other brain areas, including the
amygdala and hypothalamus.

Using axon-targeted GCaMP6,° we measured the reward response of
DRN serotonin neurons projecting to the VTA. This subpopulation was
activated by sucrose licking, thus indicating that VTA-projecting sero-
tonin neurons in the DRN encode reward signals. Moreover, according to
the results of the sugar-licking test, DRN serotonin nerve terminals in the
VTA were affected by acute and chronic SSRI treatments in the same
manner as the soma in the DRN. The VTA is one of the most critical brain
nuclei involved in reward processing. It contains many neurons that
synthesize dopamine, a key neurotransmitter for reward.’’ Electrical
stimulation of the VTA increases extracellular dopamine levels in the
nucleus accumbens and acts as positive reinforcement in the intracranial
self-stimulation paradigm.®® Electrophysiological experiments have
suggested that the activity of midbrain dopamine neurons encodes a
reward prediction error, i.e., the difference between received and pre-
dicted rewards, which acts as a teaching signal for learning.”® Taken
together, our histological analyses suggest that DRN serotonin neurons
projecting to the VTA play a critical role in reward processing. Along
with other researchers, we have consistently shown that stimulation and
inhibition of DRN serotonin neurons projecting to the VTA have positive
and negative valences, respectively.'®!”

By using the fiber photometry technique in free-moving animals, this
study demonstrated that acute SSRI treatment reduces sucrose licking-
induced activation of DRN serotonin neurons via 5-HT;p autor-
eceptors, and co-treatment with SSRIs and 5-HT;5R antagonists partly
mimic the effects of chronic SSRI treatment within a shorter timeframe.
These findings provide insights into the development of rapid-acting
antidepressants.
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