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Methamphetamine (METH) is a highly addictive psychostimulant, yet its
addiction mechanisms remain unclear. Oxytocin (OXT), a neuropeptide,
shows promise in reducing METH addiction, but how OXT exerts its effects is
poorly understood. Using conditioned place preference (CPP), we first found
that intranasal OXT other than Arginine Vasopressin (AVP) administration
suppressed METH-CPP in mice, which could be reversed by OXT receptors
(OXTRs) blockade in the nucleus accumbens (NAc) core. Activating OXTRs in
the NAc core similarly reduced METH-CPP. Then, we found repeated METH
exposure inhibited oxytocinergic neurons within the paraventricular nucleus
(PVN) and lowered PVN OXT protein level. Chemogenetic activation of PVN
oxytocinergic neurons (PVN°*") blocked METH-CPP. Furthermore, METH
inhibited PVN°*"-NAc core circuit other than PVN°*"-NAc shell circuit. Activa-
tion of PVN°*T-NAc core circuit significantly inhibited METH-CPP. This study
reveals METH may impair the endogenous OXT system, especially the PVN°*'-
NAc core circuit, highlighting OXT’s therapeutic potential for METH use dis-
order (MUD).

M Check for updates

Methamphetamine (METH) use disorder (MUD) is a major concern
worldwide, which continues to burden public health and social stabi-
lity. Long-term use of METH causes dependence, severe neurotoxic
damage like cognitive impairment, psychosis, and other detrimental
outcomes'™. Although several drugs have shown promise in treating
MUD in preclinical studies, none have demonstrated lasting ther-
apeutic effects in patients with MUD®. Also, psychological or beha-
vioral therapies have shown limited availability, compliance, and

efficacy, which may be better served as complementary treatments’*,
Therefore, developing a reliable and effective pharmacotherapy
against METH use disorder (MUD) is imperative.

Oxytocin (OXT) is a neuropeptide originally known for its functions
in labor and lactation®". In the last two decades, extensive studies have
indicated the promising effects of OXT against drug abuse. Previous
studies have demonstrated that OXT can inhibit the rewarding effects of
various addictive drugs, reduce the acute effects and tolerance,
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promote extinction, alleviate withdrawal-related negative emotions and
suppress relapse’ ™. Regarding METH addiction, preclinical evidence
shows that OXT decreases METH intake and inhibits METH-related
addictive behaviors® ™, Clinical trials have also found that OXT may
safely increase treatment attendance of group therapy sessions for MUD
and their social engagement”?. These studies establish the potential of
OXT as an intervention to combat METH addiction, yet the underlying
mechanisms are quite complex and not well understood.

Given that OXT has effects on different stages of the addiction
cycle, one of the possible explanations is that OXT signaling is an
important regulator of the reward system'®?*>, The nucleus accum-
bens (NAc), being composed of NAc core and NAc shell, is a key
component of the rewarding circuitry, which integrates information to
drive motivation and related behaviors®. Regarding the METH-elicited
reward effects, peripherally delivered exogenous OXT normalized
METH-induced activation of NAc, while OXT directly administered into
NAc attenuated METH craving, which could be reversed by OXTRs
antagonist pretreatment'®**%, In addition, PVN°*T neurons can send
long-range projections to the NAc, and the circuit is currently known
for promoting social interaction and rewarding consequences®?. It
has been well established that while the NAc core and NAc shell are
both involved in substance addiction, they encode distinct processes.
The NAc core primarily regulates goal-directed responses to sailent
reward stimuli, while the NAc shell is likely associated with reward
reinforcement®®*%, Lesions in the NAc core can shift animal perfor-
mance from cocaine-seeking to social interaction, whereas lesions in
the NAc shell produce the opposite effect™.

Although substantial evidence demonstrates that OXT can inhibit
the rewarding effects of various addictive drugs, including METH, the
neural circuitry mechanisms through which OXT/OXTRs system
modulates METH-driven reward motivation remain poorly under-
stood. Given that PVN is a principle source of OXT and PVN°*T neurons
project to the NAc, we hypothesized that dysfunction of NAc-
projecting PVN®*T neurons might be linked to the enhanced reward-
ing effects of METH. Therefore, this study aimed to investigate whe-
ther dysfunction of OXT signaling following repeated exposure to
METH plays a critical role in METH-elicited reward.

Results

Intranasal OXT administration blunted METH-CPP and this
effect could be blocked by the intra-NAc core injection of OXTRs
antagonist

We first developed a non-contingent METH administration model
using the CPP test as previously described” ™ (Fig. S1A). Briefly, the
mice were trained to associate the METH reward with the context
paired during the conditioning phase. After six days of conditioning,
mice were returned and allowed to freely explore the CPP chambers
without giving METH, and the time spent on the METH-paired side was
measured. The results revealed that the mice in the METH group spent
more time in the METH-paired chamber, whereas the time spent in two
chambers did not change significantly for the saline-treated mice
(Fig. S1B, t(9)=3.797, p=0.0042).

Due to the difficulty for OXT to penetrate the blood-brain barrier,
OXT is generally applied intranasally in human studies. However, in
animal studies, OXT is more often delivered intraperitoneally to
investigate its effects on addiction. To better mimic the clinical prac-
tice, we investigated whether intranasal OXT treatment could similarly
affect METH-CPP as activation of the endogenous OXT system. We
utilized three incremental doses of OXT (0.5, 1, 2.5 ug/pl) and per-
formed the CPP test as before (Fig. 1A). Intranasal OXT administration
was sufficient to block METH-CPP in a dose-dependent manner (Fig. 1B,
F, 25=9.632, p<0.0001), and did not alter locomotor activity (Fig.
1C). We determined that the dose of 2.5 pg/pl was the most effective
and optimal concentration. Thus, we processed to use this dose for all
subsequent experiments. Here, we also confirmed whether intranasal

AVP treatment could produce the similar effect (Fig. S2A). The same
dose of AVP failed to inhibit METH-CPP (Fig. S2B, F(,, 15 =9.026,
p=0.0019) and had no impact on locomotion (Fig. S2C).

Then, pharmacological antagonists were applied to examine
whether intranasal OXT treatment reduced METH-CPP via actions at
central OXTRs (Fig.1F). As previously observed, OXT significantly
reduced METH-CPP, and this effect was reversed by pretreatment with
the central OXTRs antagonist, while the peripheral OXTRs antagonist
or VlaR antagonist did not alter the effect of OXT (Fig. 1G, F,
25=6.406, p=0.0011), without impacting the locomotion (Fig.1H).
Therefore, we considered that OXT-induced decrease in METH-CPP
might be mediated via actions at central OXTRs.

We conducted a cFos staining after the CPP test, which showed
that nasal OXT pretreatment was able to normalize the overactivation
of the NAc core in the METH-treated group (Fig.1D, E,, F, 17,=7.284,
p=0.0052, Saline + Vehicle: n=6 from 5 mice; METH + Vehicle: n=7
from 5 mice; METH + OXT2.5: n =7 from 5 mice), suggesting a potential
role of the NAc core in the regulation of OXT on METH-CPP. To elu-
cidate the role of the OXTRs within the NAc core, we then infused the
OXTRs antagonist L-368,899 into the NAc core 10 min before intra-
nasal OXT administration and performed the CPP test 30 min later
(Fig. 11-K). We found that the OXT-induced decrease in METH-CPP was
significantly reversed by blocking the OXTRs within the NAc core
(Fig. 1L, F2, 16)=4.931, p=0.0215). Further, we supplied the OXTRs
agonist Carbetocin into the NAc core (Fig. IN). Pharmacological acti-
vation of OXTRs within the NAc core also reduced METH-CPP (Fig. 10,
Fi, 17=4.733, p=0.0232). Intra-NAc microinjection of L-368,899 or
Carbetocin did not affect the locomotor activity (Fig. 1M, P). Thus,
these data supported that the OXTRs within the NAc core were
required in the regulation of OXT in METH-CPP.

Repeated METH treatment inhibited PVN°*T neuronal activity
To identify the changes in PVN°*" neuronal excitability during the
METH-CPP test, PVN°*T neurons were tagged by mCherry using a virus
expressed under the control of OXT promotor, and activity of these
cells during the CPP test was detected via c-Fos staining (Fig. 2A, B).
Immunohistochemistry revealed that 296/309 = 95.96% (n = 6 mice) of
mCherry immunoreactive neurons were OXT-positive cells (Fig. 2C, D,
tao)=47.07, p<0.0001). C-Fos staining showed that the percentage of
c-Fos/OXT double-labeled neurons in the PVN was significantly
decreased in the METH group (Fig. 2E, F, ¢ =7.625, p=0.0001). The
corresponding CPP behavioral result is shown in the Fig. S4A
(t7=3.717, p=0.0075). In addition, an ELISA test showed that the OXT
protein level in the PVN of mice treated with METH was lower than that
in the Saline group (Fig. 2G, tgs)=2.377, p=0.0312), with a declining
trend in Ot mRNA level (Fig. S3A, ¢, =1.815, p=0.1195). The corre-
sponding CPP behavioral result is shown in the Fig. S4B (¢4s)=2.170,
p=0.0465). We also tested the OXT protein level in the SON, pituitary,
and serum, and no significant changes were found between the two
groups (Fig. S3B-D). Concerning the possible involvement of the
central AVP system, we also examined the AVP protein level and
similarly, no difference was observed (Fig. S3E-H).

Chemogenetic activation of PVN°*" neurons reversed METH CPP
To verify the role of PVN°*T neurons, we injected the DIO-hM3Dq virus
mixed with the OXT-Cre virus in wild-type mice to specifically activate
OXT neurons in the PVN. Three weeks later, mice underwent the CPP
procedure and CNO (3 mg/kg, i.p.) was injected 30 min before the test
(Fig. 3A, B). Chemogenetic activation of PVN*T neurons significantly
decreased METH-CPP (Fig. 3C, interaction: F 49,=3.813, p=0.0289;
group: F 49)=16.66, p = 0.0002; treatment: F, 49 = 2.815, p = 0.0696).
After the behavioral procedure, we verified that 123/175=70.28% (n=3
mice) of mCherry immunoreactive neurons were OXT-positive cells
(Fig. 3D, E, t4)=13.76, p=0.0002). We again confirmed the results in
OXT-Cre mice. Briefly, we injected the DIO-hM3Dq virus into the PVN
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(Fig. 3F, G) and later found that 66/83 = 84.54% (n = 6 mice) of mCherry
immunoreactive neurons were OXT-positive cells (Fig. 3I, J,
ta0)=6.860, p<0.0001). The test also showed that activation of
PVN°XT neurons effectively inhibited METH-CPP, which could be
reversed by pretreatment with a brain-penetrant OXTRs antagonist L-
368, 899 (Fig. 3H, F3, 32=6.416, p=0.0016). Electrophysiological
recording and cFos staining both confirmed that the chemogenetic
virus and CNO used here were sufficient to induce the activation of
PVNT neurons (Fig. 3K-0, M, ¢4, =4.526, p=0.0106, O, F(5, 13)=182.6,

p <0.0001), without affecting the locomotor activity (Fig. 3P). Hence,
these results indicated that the endogenous OXT system may play a
role in the regulation of METH-CPP.

PVN®*T neurons projecting to NAc core other than NAc shell
were inactivated during METH-CPP

It has been proved that PVN°XT neurons project to NAc and modulate
social reward®*. However, there is a lack of studies regarding the role
of PVN®*T-NAc circuit in drug reward and whether the NAc core and
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Fig. 1| Intranasal OXT administration blocked METH-CPP expression via
OXTRs within the NAc core. A-D Different doses of OXT intranasal administration
on METH-CPP. A Experimental timeline. B Intranasal OXT treatment reduced
METH-CPP in a dose-dependent manner (n =7 Saline+Vehicle/8 METH+Vehicle/5
METH+0XT0.5/5 METH+OXT1/5 METH+0OXT2.5, One-way ANOVA). C Locomotor
activity (n=35, two-sided Student’s ¢ test). D Percentage of cFos and NeuN co-
localizations (Saline+Vehicle: n =6 from 5 mice; METH+Vehicle: n=7 from 5 mice;
METH + OXT2.5: n =7 from 5 mice, One-way ANOVA). E Presentative images of cFos
(green) and NeuN (red) in the NAc core of the Saline (left), METH (middle) and
METH + OXT (right) group. Scale bar: 100 pm and 50 pm. F-H Intraperitoneal
injection of OXTRs/V1aRs antagonist before intranasal OXT administration on
METH-CPP. F Experimental timeline. G Intranasal OXT administration mediated
decrease in METH-CPP was reversed by central OXTRs antagonist L-368, 899 (n=8
Vehicle + Vehicle/6 Vehicle + OXT2.5/6 L366, 899 + OXT2.5/5 Atosiban + OXT2.5/5

SR49054 + OXT2.5, One-way ANOVA). H Locomotor activity (n =6, One-way
ANOVA). I-M Intra-NAc core injection of OXTRs antagonist before intranasal OXT
administration on METH-CPP. 1, J Schematics of cannula implantation and micro-
injections. Scale bar: 200 pm. K Experimental timeline. L Intranasal OXT adminis-
tration mediated decrease in METH-CPP was reversed by intra-NAc core injection of
OXTRs antagonist L-368, 899 (n =8 Vehicle + Vehicle/5 Vehicle+OXT2.5/6 L366,
899 + OXT2.5, One-way ANOVA). M Locomotor activity (n = 6, two-sided Student’s ¢
test). N-P Intra-NAc core injection of OXTRs agonist on METH-CPP. N Experimental
timeline. O Microinjection of OXTRs agonist Carbetocin into the NAc core blocked
METH-CPP (n = 6 Saline+Vehicle/6 METH + Vehicle/8 METH+Carbetocin, One-way
ANOVA). P Locomotor activity (n =35 Vehicle/7 Carbetocin, two-sided Student’s ¢
test). *p < 0.05, *p <0.01, *** p < 0.0001. Source data are provided as a Source
Data file.
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NAc shell receive different inputs from PVN and play distinct roles in
reward are also unknown. We first used an anterograde viral tracing
method to confirm the PVN°*"-NAc circuit. Briefly, the DIO-mGFP-T2A-
Synaptophsin-mRuby virus was injected into the PVN of OXT-Cre mice
(Fig. 4A). Three weeks later, significant mGFP* signals and sparse
mRuby* terminals originating from PVN°*T neurons were observed in
the PVN and NAc, respectively (Fig. 4B, C). Conversely, retrograde
tracers (Fluorogold, FG) were injected into the NAc to visualize PVN°XT
neurons that project to NAc (Fig. 4D, E). A week later, Fluorogold-
labeled cells in the PVN were found partially OXT positive as well
(Fig. 4F). These results suggested a direct projection relationship
between PVN*T neurons and NAc.

We then examined the neuronal activity changes of the PVNXT-
NAc circuit during METH-CPP. We injected OXT-Cre virus into the PVN
and retro-DIO-mCherry virus into the NAc core/NAc shell to label the
two projections, respectively, and then conducted the behavioral
experiment (Fig. 4G). Histologic analysis of cFos staining showed that
NAc core-projecting PVN*T neurons were inactivated while NAc shell-
projecting PVN®*T neurons were not affected (Fig. 4H, I, lwp),
taoy=2.717, p=0.0217). The corresponding CPP behavioral result are

shown in the Fig. S4C (¢30)=3.000, p=0.0133) and Fig. S4D (¢
=3.002, p=0.0199).

PVN®*T neurons projecting to the NAc core were involved in
METH-CPP

To further confirm the role of NAc core-projecting PVN°*" neurons in
METH-CPP, we first chemogenetically activated these neurons and
conducted the CPP test (Fig. 5A, B). OXT staining indicated that 62/
84 =73.81% (n=3 mice) mCherry-labeled neurons were OXT neurons
(Fig. 5C, D, t)=15.06, p <0.0001). Activation of NAc core-projecting
PVN°XT neurons to the significantly abolished METH-CPP (Fig. SE,
interaction: F346) = 7.481, p = 0.0015; group: F 4¢)=4.762, p=0.0342;
treatment: F 46 =4.938, p=0.0114). We proved this result via Cre-
DIO/FLP-fDIO system in OXT-Cre mice once again (Fig. 5F, G), and 61/
85=71.76% (n=6 mice) mCherry" cells were co-labeled with OXT
(Fig.5H, 1, t30)=10.62, p<0.0001). The testing results showed that
chemogenetic activation of PVN?*™-NAc core circuit mediated
decrease in METH-CPP was able to be reversed by blockade of OXTRs
other than VlaRs within the NAc core in advance (Fig. 5, F4, 30)=38,
p=0.0001). In line with our previous findings, neither chemogenetic
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| Chemogenetic activation of PVN°*" neurons on METH-CPP test in wild-type mice |
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physiological recordings in mCherry* cells (L, n=3, two-sided Student’s ¢ test),
hM3Dg-mCherry* cells (M, n =3, two-sided Student’s ¢ test). N Overlap of mCherry
(red) and cFos (green). Scale bar: 50 pum. O Percentage of mCherry and cFos co-
localizations (n =5, One-way ANOVA). P Locomotor activity (n =35, two-sided Stu-
dent’s ¢ test). *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Source data are
provided as a Source Data file.

activation nor inhibition of the PVN°*-NAc shell circuit was able to
influence the METH-CPP (Fig. 5K, L, F3, 20)=4.720, p=0.0120).

Then, the results above were confirmed again using an optoge-
netic method. We expressed the DIO-ChR2 virus into the right PVN and
implanted an optic fiber on the ipsilateral NAc core or NAc shell to
optogenetically stimulate PVN°*" neuronal terminals, which reliably
responded to pulses of 473 nm light (Fig. 6A). 83/114=72.81% (n=6
mice) of neurons expressing ChR2 (mCherry") were OXT immunopo-
sitive cells (Fig. 6B, C, C, t 10y = 25.01, p < 0.0001). Virally labeled axons
were observed in the NAc core (Fig. 6E) and NAc shell (Fig. 6G). The
procedure of optogenetic stimulation was carried out simultaneously
with the CPP test (Fig. 6D). Consistent with previous results from
chemogenetic activation, optogenetic activation of PVN°*T terminals
within the NAc core instead of that within the NAc shell significantly
reduced METH-CPP (Fig. 6F, H, F, 25,=8352, p=0.0020, H, F ¢,
15 = 8.886, p=0.0028). We later confirmed that the strategy of opto-
genetic stimulation used here is sufficient to induce the activation of
the oxytocinergic terminals in the NAc core without affecting the
locomotor activity (Fig. 61-L, t42)=4.690, p=0.0005). Together, we
thought that oxytocinergic projections from PVN to the NAc core and
NAc shell might play distinct roles in METH-CPP.

Discussion

Although dysfunction of some neural circuits has been identified to be
related to MUD, comprehensive understanding of the mechanisms
underlying these circuits and research translating these findings into
clinical applications are still relatively limited. Here, we reported an

oxytocinergic circuit in regulating METH-CPP behavior. We first con-
firmed that intranasal OXT treatment attenuated METH-CPP via OXTRs
within the NAc core. Furthermore, using a combination of pharma-
cology, chemogenetics, and optogenetics, we uncovered the role of
the PVN°*"-NAc core circuit in modulating METH-elicited reward. The
present study significantly contributes to understanding METH abuse
and has important clinical implications for OXT in treating MUD

Central oxytocinergic neurons are primarily distributed in the PVN
and SON*. PVNX" neurons possess a greater quantity and mediate
multiple functions. Although acute injection may induce a brief activa-
tion of PVNPT neurons, these cells are characterized by an inhibitory
state under a chronic dependence”. Recent two studies revealed that
activation of PVN®" neurons reduced alcohol and heroin intake®*.
Consistent with these reports, our study found that PVN°*" neurons
were inhibited during METH-CPP, and activating PVN°*" neurons were
able to block the METH rewarding process. Recent single-cell studies
have divided PVN°*T neurons into more subtle subpopulations, which
have distinct morpho-electric properties and may be related to different
functions®. Thus, exploring the functions of different subtypes of
PVNT neurons may help us gain new insights into understanding the
role of PVNX" neurons during addictive behaviors.

As a reward hub, the role of NAc in addiction has been investi-
gated for decades, especially the functional diversity of the two sub-
regions. Convergent evidence indicates that the NAc subregions
encode different processes in reward, due to their differentiated pro-
jections and physiology®. For instance, PL-NAc core and IL-NAc shell
subcircuits appear to exert opposing effects on cocaine-seeking, as PL-
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NAc core inhibition and IL-NAc shell activation both reduced rein-
statement of cocaine-seeking**>. The PVN°*™-NAc core circuit and
PVN®*T-NAc shell circuit may also have functional diversity in different
stages of addiction. Our study showed that METH inhibited the PVN°XT-
NAc core circuit, without affecting the PVN°X-NAc shell circuit.
Accordingly, activating the PVN°*-NAc core circuit reduced METH-
CPP behaviors and could be reversed by intra-NAc core OXTRs
antagonist. Consistent with these results, recent studies also found
that METH craving after abstinence was associated with the NAc core
but not shell***. In addition, OXT projections to NAc may be also
involved in other addictive drugs. OXT can modulate dopaminergic
neurotransmission, including inhibiting the activation of the DA sys-
tem, preventing excessive DA release, and reducing DA utilization and
reuptake, thereby decrease drug use, inhibit the hyperactivity induced
by cocaine and prevent priming-induced reinstatement of morphine
CPP**¢, Thus, the potential shared mechanisms and substance-specific
differences is also a vital point that needs to be clarified in future study.

The use of intranasal delivery of OXT in our study is also note-
worthy. The central effects of OXT continue to be a focus of intense
investigative scrutiny as a possible therapeutic agent for the treatment
of autism and anxiety disorders, yet its role in addiction remains
controversial. The effect of OXT on reducing addictive behaviors has
been examined in various animal models™. However, results from
human studies are far from satisfactory. Regarding these discordant
results, it is at least partially due to the method of drug delivery. Early
research has demonstrated the weak permeability of peripherally
delivered OXT across the blood-brain barrier (BBB), which is less than
0.1%"". While the route of intranasal OXT entering the brain has not
been well-defined, plenty of studies have demonstrated that intranasal
OXT produces potent central responses, thereby promoting social
reward, from rodents, and rhesus monkeys to humans**~°, Thus, we
speculate that intranasal OXT may also play a crucial role in drug
reward, which has not been reported yet. We examined the effect of

intranasal OXT on METH-CPP and observed a dose-dependent
decrease in METH-CPP behaviors. Moreover, we also discovered that
OXTRs within the NAc core may play a vital role in this process.

Another issue worth noting here is that vasopressin (AVP) and
OXT have highly homologous structures and highly conserved
functions®. In the extrahypothalamic regions, OXT and AVP projec-
tions possess an extremely similar distribution, and they both regulate
a wide range of neurological functions and behaviors™. Additionally,
OXT and AVP mediate their actions through specific receptors, but
there is a cross-reactivity between the two systems. Namely, OXT can
also bind to AVPRs, mainly VlaRs*. Therefore, we also clarified that
intranasal AVP did not influence the METH-CPP and OXT mainly
mediated the anti-addictive effects through the OXTRs.

This study still has several limitations. One is that we did not
establish different dose gradients when using pharmacological agents.
Although we referred to effective doses reported in previous litera-
ture, these doses may not represent the optimal concentrations for our
study, which may have caused overlooking more effective dosage
ranges. Future research should establish a dose response curve to
more comprehensively evaluate the dose-dependent effects of the
drugs. The second limitation is that lack of use of females. While the
sex differences in rewarding responses to OXT treatment have not
been fully characterized, previous studies have found that females may
respond more than males during cue-induced reinstatement of METH
and sucrose seeking, cocaine intake and seeking®**°. In other words,
females may be more sensitive to OXT treatment for the drug abuse.
Therefore, future studies should include both male and female animals
to comprehensively investigate the role of the OXT system in METH
addictive behaviors and to uncover potential sex differences, which
will help enhance the generalizability and clinical relevance of the
research findings. Additionally, while this study provided an evidence
showing that enhancement of OXT signaling may prevent METH abuse
or alleviate METH-use disorders by using CPP model, further studies
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Fig. 6 | Optogenetic activation of PVN°*" terminals within the NAc core rather
than NAc shell inhibited METH-CPP expression. A Schematic of virus injection
and optical fiber implantation. B Overlap of mCherry (red) and OXT (green). Scale
bar: 50 um. C. Percentage of mCherry and OXT co-localizations (n = 6, two-sided
Student’s ¢ test). D Experimental timeline. E Schematic of virus injection. Scale bar:
50 um. F Effects of optogenetic activation of PVN°*T to NAc core circuit during the
test in OXT-Cre mice (n =8 mCherry+Saline/11 mCherry+METH/6 chR2+METH,
One-way ANOVA). G Schematic of virus injection. Scale bar: 50 pm. H Effects of
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optogenetic activation of PVN°X" to NAc shell circuit during the test in OXT-Cre
mice (n=8 mCherry+Saline/5 mCherry+METH/5 chR2+METH, One-way ANOVA).
1 Schematic diagram of spontaneous action potential firing in mCherry* neurons
responding to 473 nm light stimulation. J Representative images of cFos (green).
Scale bar: 100 pm. K Average number of cFos® cells (n =8 mCherry/6 chR2, two-
sided Student’s ¢ test). L Locomotor activity (n =6, two-sided Student’s ¢ test).
*p<0.05, *p <0.01, **p < 0.001, ***p < 0.0001. Source data are provided as a
Source Data file.

utilizing other models like self-administration model are still needed to
strengthen these findings.

In sum, the present study discovers that impaired function of NAc
core-projecting PVN oxytocinergic neurons plays a critical role in
mediating the rewarding motivation elicited by METH.

Methods

Animals

Adult male C57BL/6) mice weighing 22+2g (6-8 weeks) were pur-
chased from Beijing HuaFuKang Bioscience Co., Ltd. OXT-Cre mice
(JAX 024234) were obtained from Dr. Hu Ji’'s lab at ShanghaiTech
University. All OXT-Cre mice (6-8 weeks) were genotyped according to
the protocols provided by Jackson Laboratory. The genotyping pri-
mers were: ACACCGGCCTTATTCCAAG, TTTGCAGCT CAGAA-
CACTGAC, and AGCCTGCTGGACTGTTTTTG. All mice were housed in
a temperature (22+2°C) and humidity (40-50%) controlled room.
Mice were maintained on a 12 h light/ dark cycle with access to food
and water provided ad libitum. CPP experiments were conducted in
the dark phase of the cycle. All experimental procedures were con-
ducted in strict accordance with the Animal Care and Use Committee
of Shanghai Institute of Materia Medica, Chinese Academy of Sciences.

Drugs and antibodies
METH was obtained from the Third Research Institute of the
Ministry of Public Security (Shanghai, China). Oxytocin acetate

salt hydrate (OXT, abs45151819) was purchased from Absin.
Vasopressin (HY-B1811) and SR49059 (HY-18345) were obtained
from MCE. L-368,899 (2641), Atosiban (6332), and Carbetocin
(4852) were bought from Tocris. Clozapine N-oxide (CNO, C0832)
was purchased from Sigma-Aldrich. OXT, AVP, L-368,899, Atosi-
ban, and Carbetocin were dissolved in a 0.9% saline solution.
SR49059 was dissolved in 0.9% saline solution with 10% DMSO
solution. Fluorogold (F4040) was obtained from UElandy and
dissolved in 1 x PBS solution.

Anti-c-Fos antibody (226003, 1:500) was purchased from SYSY.
Anti-NeuN antibody (ab104224, 1:1000) and anti-Oxytocin (EPR20973,
1:500) were purchased from Abcam. Alexa Fluor PLUS 488 Goat anti-
Rabbit IgG Antibody (A32731, 1:500) and Alexa Fluor PLUS 594 Goat
anti-Mouse IgG Antibody (A32742, 1:500) were purchased from
Invitrogen.

Viruses
AAV2/9-OT-mCherry,  AAV2/9-Oxytocin-Cre, = AAV2/9-EF1a-DIO-
mCherry, AAV2/9-EF1a-DIO-hM3Dg-mCherry,  AAV2/9-hSyn-DIO-

mGFP-T2A-Synaptophsin-mRuby, AAV2/R-EF1a-DIO-mCherry, AAV2/
R-EF1a-DIO-hM3Dqg-mCherry, AAV2/R-EF1a-DIO-FLP, AAV2/9-hSyn-
fDIO-mCherry, AAV2/9-hSyn-fDIO-hM3Dg-mCherry, AAV2/9-hSyn-
fDIO-hM4Di-mCherry and AAV2/9-EF1a-DIO-hChR2-mCherry were all
produced by the BrainVTA Co., Ltd and titers were about 5 x 10" vg/ml.
For detailed information, please refer to Table SI.
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Experimental design

Experiment 1: Intranasal OXT administration on METH-CPP and its
underlying mechanism. To investigate the effect of intranasal OXT
administration on METH-CPP, 30 male mice were divided into five
groups for CPP behavior: Saline+Vehicle (n =7)/METH+Vehicle (n=8)/
METH+OXTO.5pg/pl  (n=5)/METH+OXTLO pg/ul  (n="5)/METH
+OXT2.5 pg/pl (n=5). After the behavioral test, 5 mice each from the
group of Saline+Vehicle/METH+Vehicle and METH + OXT2.5 pg/pl
were perfused for cFos staining. To further investigate the role of
OXTRs and V1aRs, mice administered with METH received intraper-
itoneal injection of Vehicle (n = 6)/L-366, 899 (n = 6)/Atosiban (n=5)/
SR49054 (n=5), and then intranasal OXT administration (2.5 pg/pl).
Control mice received only Vehicle+Vehicle (n=8). Then, METH-
treated mice were bilaterally implanted with cannula in the NAc core
and received intra-NAc core infusion of Vehicle (n=5) or L-366, 899
(n=6) and then intranasal OXT administration (2.5 pg/pl). Control
mice received only Vehicle+Vehicle (n=8). Finally, mice implanted
with cannula in the NAc core received intra-NAc core infusion of
Vehicle (Saline: n=6, METH: n=6)/L-366, 899 (METH: n=_8). Addi-
tionally, in order to compare with the AVP, 21 male mice were divided
into three groups in CPP behavior: Saline+Vehicle (n=8)/METH
+Vehicle (n=7)/METH + AVP (n=+6).

Experiment 2: Chemogenetic activation of PVN°*™ neurons on
METH-CPP. Firstly, 55 wild-type mice were divided into six groups for
CPP behavior: Saline+hM3Dq+Vehicle (n=9)/Saline+hM3Dq+CNO
(n=7)/Saline+tmCherry+CNO (n=8)/METH+hM3Dq+Vehicle (n=12)/
METH+hM3Dq+CNO (n=12)/METH+mCherry+CNO (n=7). All mice
were perfused after the behavioral test and 3 mice were used for OXT
staining. Secondly, 36 OXT-Cre mice were divided into four groups:
Saline+mCherry+Vehicle (n=9)/METH+mCherry+CNO (n=11)/METH
+hM3Dg+CNO (n=10)/METH +L366,899 + hM3Dq+CNO (n=6). All
mice were perfused after the behavioral test and 6 mice were used for
OXT staining. Another 6 mice injected with virus were utilized for
electrophysiological testing (mCherry: n=3, hM3Dq: n=3).
Experiment 3: Chemogenetic manipulation of PVN°*X"-NAc circuit
on METH-CPP. We first explore the role of PVN°XT-NAc core circuit in
METH-CPP. 52 wild-type mice were divided into six groups: Saline
+hM3Dq+Vehicle (n = 8)/Saline+hM3Dq+CNO (n = 11)/Saline+mCherry
+CNO (n=9)/METH+hM3Dq+Vehicle (n=10)/METH+hM3Dq+CNO
(n=7)/METH+mCherry+CNO (n=7). All mice were perfused after the
behavioral test and 4 mice were used for OXT staining. To further
confirm the effect, 35 OXT-Cre mice were divided into five groups:
Saline+tmCherry+Vehicle+Vehicle (n=6)/METH+mCherry+Vehicle
+Vehicle (n=6)/METH+hM3Dqg+Vehicle+CNO (n =9)/METH+hM3Dq +
L366,899 + CNO (n=38)/METH+hM3Dq +SR49054 +CNO (n=6). All
mice were perfused after the behavioral test, 6 mice were used for OXT
staining and 10 mice were used for cFos staining (mCherry: n=35,
hM3Dq: n=>5). Additionally, to compare with the PVN°*™-NAc shell
circuit, 35 OXT-Cre mice were divided into four groups for CPP
behavior: Saline+tmCherry+Vehicle (n=6)/ METH+mCherry+CNO
(n=6)/METH+hM3Dq+CNO (n =7)/METH+hM4Di+CNO (n =5).

Experiment 4: Optogenectic activation of PVN°*"-NAc circuit on
METH-CPP. For optogenetic activation of PVN°*"-NAc core circuit,
25 OXT-Cre mice were divided into three groups: mCherry+Saline
(n=8)/mCherry+METH (n=11)/chR2+METH (n=6). For optoge-
netic activation of PVN°*"-NAc shell circuit, 18 OXT-Cre mice were
divided into three groups: mCherry+Saline (n=_8)/mCherry
+METH (n=35)/chR2+METH (n=35). All mice were perfused after
the behavioral test, 6 mice were used for OXT staining and 14
mice were used for cFos staining (mCherry: n=8, hM3Dq: n=6).
Another 3 mice injected with chR2 virus were utilized for elec-
trophysiological testing.

Stereotaxic surgery and viral injection

Mice were anesthetized with Zoletil (50 mg/kg, s.c.) and fixed in a
stereotaxic apparatus (RWD Life Science). For viral infection, the virus
was infused at the rate of 200 nl/min with a 10 pl microsyringe, and the
needle was removed 10 min after the infusion was completed. Beha-
vioral tests were conducted 4 weeks after AAV injections. For viral
expression examination, mice were deeply anesthetized with Zoletil
(50 mg/kg, i.p.) and transcardially perfused with 4% paraformaldehyde
(PFA). For PVN injection, the site was A/P: -0.5 mm; ML: +0.2 mm; D/V:
-5.5mm. For NAc core injection, the site was A/P: +1.4 mm; ML:
+1.2mm; D/V: —4.5mm. For NAc shell injection, the site was A/P:
+1.4 mm; ML: £0.5 mm; D/V: —4.5 mm.

For chemogenetic manipulation of PVN°*T neurons, AAV2/9-EFla-
DIO-mCherry (0.15 pl) or AAV2/9-EF1a-DIO-hM3Dg-mCherry (0.15 pl)
mixed with AAV2/9-Oxytocin-Cre (0.15 pl) were delivered to the bilat-
eral PVN of wild type mice, and AAV2/9-EF1a-DIO-mCherry (0.3 pl) or
AAV2/9-EF1a-DIO-hM3Dg-mCherry (0.3 pl) were delivered to the
bilateral PVN of OXT-Cre mice. For chemogenetic manipulation of
PVN®*T to NAc core/NAc shell projections, AAV2/R-EF1a-DIO-mCherry
(0.3 ul) or AAV2/R-EF1a-DIO-hM3Dg-mCherry (0.3 pl) were bilaterally
injected into the NAc core or NAc shell with AAV2/9-Oxytocin-Cre (0.3
pl) injected into the bilateral PVN of wild type mice. In OXT-Cre mice,
AAV2/R- EF1a-DIO-FLP (0.3 pl) were bilaterally injected into the NAc
core or NAc shell with AAV2/9-hSyn-fDIO-mCherry (0.3 pl) or AAV2/9-
hSyn-fDIO-hM3Dg-mCherry (0.3 pl) or AAV2/9-hSyn-fDIO-hM4Di-
mCherry (0.3 pl) were injected into the bilateral PVN. For chemoge-
netic activation or inhibition, mice were injected with CNO (3 mg/kg,
i.p.) 30 min before tests. The control group received the same volume
of saline.

For optogenetic activation of PVN°*" to NAc core/NAc shell
pathway, AAV2/9-EF1a-DIO-mCherry (0.3ul) or AAV2/9-EF1a-DIO-
hChR2-mCherry (0.3 pl) were injected unilaterally into the PVN and an
optical fiber (inper) was implanted on the ipsilateral NAc core (A/P:
+1.4 mm; ML: £1.2 mm; D/V: =4.0 mm) or NAc shell (A/P: +0.5 mm; ML:
+1.2 mm; D/V: 4.0 mm) with a stainless-steel screw anchored to the
skull using dental cement. The parameter of the optical stimulation
system was set based on previous studies***” (10 ms, 30 Hz, 8 s on and
2's off cycle, 15 mW) and performed using a blue light laser (473 nm).
The optical fibers were connected to the laser source by an optical
fiber sleeve and the stimulation was carried out throughout the whole
CPP test.

For anterograde tracing, OXT-Cre mice were microinjected with
AAV2/9-hSyn-DIO-mGFP-T2A-Synaptophsin-mRuby (0.3 pl) into the
PVN unilaterally. Three weeks later, mice were killed and brain sections
were collected for imaging. For retrograde tracing, wild-type mice
were microinjected with Fluorogold (FG, 0.1 pl) into the unilateral NAc.
One week later, mice were killed and brain sections of the ipsilateral
PVN were collected for colocalization with OXT neurons.

Cannula implantation and microinjection

Mice were anesthetized with Zoletil (50 mg/kg, s.c.) and fixed in a
stereotaxic apparatus (RWD Life Science). For cannula placement, 26-
gauge bilateral cannulae (Plastics One) were implanted into the NAc
core and anchored to the skull with two stainless-steel screws using
dental cement. The stainless-steel plugs were inserted into the can-
nulae after surgery to avoid blockage. Antibiotics (Cephalosporins,
8 mg/kg, s.c.) were used to prevent infection. Mice were allowed to
recover for at least 7 days in their home cages before the behavioral
procedure. For microinjection, the 33-gauge internal cannulae were
extended 1 mm deeper than the cannulae. Depending on the experi-
ment, mice randomly received bilateral 0.3 pl microinjections of either
vehicle, L-368,899 (5 pg/ul, central OXTRs antagonist), SR49054 (5 pg/
I, Vl1aRs antagonist) or Carbetocin (2 pg/pl, OXTRs agonist). The dose
was selected based on previous studies®®. The infusion rate was 0.2 pl/
min and the cannulae were kept for another 2 min before removal. For
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L-368,899 and SR49054, tests were run 10 min after infusion. For
Carbetocin, tests were run 20 min after infusion. The injection sites
were all confirmed after sacrifice.

Pharmacological administration
For intranasal studies, OXT was dissolved at three concentrations of
0.5, 1, and 2.5 pg/pul while AVP was dissolved at a concentration of
2.5 pug/pl. 2.5l of OXT solution AVP solution or saline was gently
applied equally on both nostrils to each mouse using a single channel
0.5-10 pl Pipette (Eppendorf, Germany). Doses were chosen according
to reported studies*****°, OXT and AVP administrations were given
30 min before CPP tests.

For intraperitoneal administration of antagonists, L-368,899
(5 mg/kg), Atosiban (0.5mg/kg, peripheral OXTRs antagonist), and
SR49059 (5 mg/kg) were pretreated 10, 20, and 10 min before OXT
intranasal administration, respectively. Doses were based on published
work and our preliminary studies™*°.

Conditioned place preference (CPP)

The CPP apparatus (Jiliang) consisted of two symmetric chambers
(15 cm length x 15 cm width x 30 cm height), separated by a guillotine
door (15 cm length x 30 cm height). Two chambers were featured with
different visual and tactile cues, a black compartment with a spaced
stainless-steel mesh floor and a white compartment with a stainless-
steel grid rod floor.

The CPP procedure was adapted from our previous studies®,
which consisted of three phases: pre-test, conditioning session, and
post-test. In the pre-test phase (Day 1-3), mice were allowed to move
freely in the open apparatus for 15 min during which time spent in each
chamber was recorded. Time in the last pre-test (Day 3) was used to
determine the initial preferred and non-preferred chamber for each
animal. The non-preferred chamber was considered a drug-paired
chamber. Mice went conditioning phase in the following 6 days (Day
4-9). Based on previous studies®, the dose of METH (1 mg/kg, i.p.)
produced a stable and consistent METH-CPP, while a significant dose-
dependent effect was not observed in higher doses (2.5, 5, 10 mg/kg,
i.p.). Thus, we used the dose of 1 mg/kg in this study. Mice were ran-
domly divided into a saline group and a METH group. Mice in the
METH group were treated with Saline (i.p.) and paired to the preferred
chamber for 45min. Six hours later, mice received an equivalent
volume of METH (1 mg/kg, i.p.) and were confined to the non-preferred
chamber for 45 min. Between two trials, mice were returned to their
home cages. In the saline group, mice received saline in both chambers
and the procedure was conducted the same as in the METH group.
During the conditioning session, the guillotine doors remained closed
all the time. The post-test (Day 10) was conducted 24 h after the last
conditioning trial. Mice were placed back in the apparatus and allowed
to move freely for 15 min and the time spent in both chambers was
recorded again. The CPP score was calculated as the time spent in the
drug-paired chamber in the post-test minus the time spent in the same
chamber in the pre-test.

Locomotor activity

Mice were placed in the center of an open field arena (40cm
length x 40 cm width x 40 cm height) and allowed to freely explore for
15min. The movement in the entire chamber was tracked by the
camera and analyzed by an animal behavior analysis system. The total
travel distance within 15 min was measured to assess the locomotor
activity.

Elisa assays for oxytocin and vasopressin measurements

After the behavioral test, mice were immediately decapitated under
anesthia with Zoletil (50 mg/kg, i.p.) and samples were collected. For
samples of PVN, SON, and pituitary, the tissue was collected at 4 °C. For
serum samples, blood was collected via retro-orbital bleeding under

deep anesthesia with Zoletil (50 mg/kg, i.p.) and then centrifuged at
1006.2 x g for 15 min after clotting at room temperature for 1 h. All
samples were stored at —-80 °C before use. For brain tissue samples,
total protein was extracted using a lysis buffer containing phosphatase
and PMSF (Absin) and the concentration was measured by a BCA
protein assay (PO009, Beyotime). The level of OXT and AVP was
measured by an Oxytocin ELISA kit (ADI-900-153A, Enzo Life Sciences)
and a Vasopressin ELISA kit (E-EL-M0106c, Elabscience) according to
the manufacturer’s instructions. The final OXT/AVP concentration of
each sample was expressed as pg/mg total protein for brain tissue or
pg/ml for serum.

RNA isolation and qRT-PCR assays
Mice that underwent CPP tests were immediately decapitated under
anesthia with Zoletil (50 mg/kg, i.p.) and PVN samples were collected
on ice. Total RNA was extracted and quantified. A qRT-PCR assay was
carried out according to our previous study’. For reverse transcription,
the SweScript RT I First Strand cDNA Synthesis (Servicebio, G3330) was
used to create cDNA. For qPCR reactions, mRNA was amplified by
2 x SYBR Green qPCR Master Mix (Servicebio, G3320) in triplicate and
analyzed on a CFX Connect Real-Time PCR system (Biorad). Data were
analyzed using the delta-delta Ct (ddCt) method. The level of Ot mRNA
expression was normalized to the reference gene (Gapdh) mRNA
expression. Changes in the expression of Ot mRNA were calculated by
the fold change (274 relative to the control group. The primers used
are as follows:

Ot sense: GCTGCCAGGAGGAGAACTAC, antisense: TTCCCAGAAA
GTGGGCTCAG

Gapdh sense: CCTCGTCCCGTAGACAAAATG, antisense: TGAGG
TCAATGAAGGGGTCGT

Immunohistochemistry

Mice were deeply anesthetized with Zoletil (50 mg/kg, i.p.), and then
transcardially perfused with saline and 4% Paraformaldehyde (PFA)
sequentially. The brains were removed and post-fixed with 4% PFA
overnight followed by dehydration with 30% sucrose solution. Coronal
sections at 30 um were cut using a cryostat (Leica). Two sections of
each region of interest were picked for immunostaining. Brain slices
were mounted on glass slides and dried until usage. First, sections were
blocked for 2 hiinblocking solution (PBS with 0.3% Triton X-100 and 3%
goat serum) and then incubated in primary antibodies at 4 °C over-
night. On the next day, slices were washed with PBS three times and
incubated with secondary antibodies for 2h. After another three
washes in PBS, the slides were sealed by a mounting media containing
DAPI (Beyotime, PO131). Digital images were observed by a Confocal
microscope (Zeiss, LSM 710) using 10{air or 20air or 63¢0il objec-
tive lens, and lasers with wavelengths of 405 nm, 488 nm, and 543 nm.
The acquired images were processed by Fiji to identify colocalization®.

Electrophysiological recording

Mice were deeply anesthetized with isoflurane (4-5%) and brains
were quickly removed. Coronal slices including PVN at 300 pm were
cut by a vibratome (Leica, VT1200S) and incubated in 32 °C oxyge-
nated artificial cerebrospinal fluid (ACSF, in mM: NaCl 126, KCI 2.5,
NaH2PO4 1.25, NaHCO3 25, CaCl2 2, MgS04 2, Glucose 10) for 1h.
Slices were transferred to a recording chamber for in vitro electro-
physiological recording. Whole-cell current-clamp recordings were
made using an amplifier (HEKA, EPC10) and PatchMaster 2.7 soft-
ware. Electrodes (4-5MQ) were filled with the internal pipette solu-
tion (in mM: K-gluconate 130, NaCl 5, EGTA 1, Mg-ATP 2, Na;-GTP 1,
HEPES 10, adjusted to pH 7.3 with KOH). To verify the efficacy of the
chemogenetic or optogenetic virus, neurons expressed with
mCherry were held at O pA under a current-clamp mode, and action
potential firings in response to CNO (5 pM) or light stimulation were
recorded.
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Statistics and reproducibility

All data were analyzed using GraphPad Prism 9.4.0 with appropriate
methods as indicated in the figure legends and presented as Mean +
SEM. Number of experimental replicates (n) was indicated in the figure
legends and referred to the number of experimental subjects inde-
pendently treated in each experimental condition. Two tailed and
unpaired Student’s ¢ test was used for comparisons between two
groups. One-way or two-way analysis of variance (ANOVA) followed by
Tukey post hoc test was used for comparisons between three or more
groups. For immunohistochemistry experiments, three or more inde-
pendent biological replicates in each group were used with repro-
ducible results. Significant differences were considered as *p <0.05,
*p<0.01, **p <0.001, ***p <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in this paper are presented in
the results, supplementary materials and Source Data File. Source data
are provided with the paper. Source data are provided with this paper.
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