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Anxiety commonly co‐occurs with obsessive-compulsive disorder
(OCD). Both of them are closely related to stress. However, the
shared neurobiological substrates and therapeutic targets remain
unclear. Here we report an amelioration of both anxiety and OCD
via the histamine presynaptic H3 heteroreceptor on glutamatergic
afferent terminals from the prelimbic prefrontal cortex (PrL) to the
nucleus accumbens (NAc) core, a vital node in the limbic loop. The
NAc core receives direct hypothalamic histaminergic projections,
and optogenetic activation of hypothalamic NAc core histaminer-
gic afferents selectively suppresses glutamatergic rather than
GABAergic synaptic transmission in the NAc core via the H3 recep-
tor and thus produces an anxiolytic effect and improves anxiety-
and obsessive-compulsive-like behaviors induced by restraint
stress. Although the H3 receptor is expressed in glutamatergic af-
ferent terminals from the PrL, basolateral amygdala (BLA), and
ventral hippocampus (vHipp), rather than the thalamus, only the
PrL– and not BLA– and vHipp–NAc core glutamatergic pathways
among the glutamatergic afferent inputs to the NAc core is respon-
sible for co-occurrence of anxiety- and obsessive-compulsive-like be-
haviors. Furthermore, activation of the H3 receptor ameliorates
anxiety and obsessive-compulsive-like behaviors induced by optoge-
netic excitation of the PrL–NAc glutamatergic afferents. These results
demonstrate a common mechanism regulating anxiety- and obsessive-
compulsive-like behaviors and provide insight into the clinical treatment
strategy for OCD with comorbid anxiety by targeting the histamine
H3 receptor in the NAc core.
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Anxiety disorders and obsessive-compulsive disorder (OCD)
are disabling psychiatric conditions and the major contrib-

utors to global burden of nonfatal illness (1). OCD is charac-
terized by recurrent thoughts (obsessions) and/or repetitive
behaviors (compulsions) that are aimed at reducing the anxiety
caused by obsessions (2, 3), indicating a close correlation be-
tween anxiety and OCD. Indeed, anxiety disorders have been
reported epidemiologically as the most frequent comorbid con-
ditions with OCD (3, 4). Therefore, common pathologies may be
present in anxiety disorders and OCD, and elucidation of the
shared neural substrates will lead to greater insight into their
pathophysiology and treatment.
The nucleus accumbens (NAc) is a main component of the

ventral striatum and a pivotal node in limbic basal ganglia loop,
whose dysfunction may result in psychiatric diseases such as
anxiety and OCD (5, 6). Accumulating experimental and clinical
evidence indicates that the NAc, particularly the core compart-
ment, holds a key position in motivation, emotion, and cognition
and is strongly implicated in the psychopathology and treatment
of anxiety and OCD. It has been reported that trait anxiety and
OCD risk are positively correlated with the volume of NAc (7,
8). Functional neuroimaging reveals that the NAc activation cor-
relates positively with the severity of human anxiety and obsessive-

compulsive symptoms in OCD patients (9, 10). More importantly,
deep brain stimulation (DBS) targeting the NAc core has been
found to improve obsessive-compulsive symptoms and decrease
ratings of anxiety in patients suffering from treatment-resistant
OCD or depression (11, 12). Therefore, NAc core may be a po-
tential common neural substrate for the clinical and neuropatho-
logical overlap between anxiety and OCD.
The NAc core receives dense glutamatergic projections from

the limbic system, including the prefrontal cortex, basolateral
amygdala (BLA), and ventral hippocampus (vHipp), and inte-
grates cognitive and affective information to instigate motiva-
tional approach behaviors (13, 14). In addition, the NAc core is
regulated by various neuromodulators, such as orexin, seroto-
nin, and histamine, from several brain regions (15–17). Among
them, central histamine is synthesized and released by the
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histaminergic neurons restrictedly concentrated in the tuber-
omammillary nucleus (TMN) of the hypothalamus and serves as
a general modulator for whole-brain activity via the mediation of
histamine H1 to H4 receptors (18, 19). Accordingly, the aberrant
histamine signaling is closely associated with sleep, motor, cog-
nitive, and psychiatric conditions (18, 20, 21). In the clinic, drugs
targeting the presynaptic H3 receptor have been used for pre-
scribed treatment of various psychiatric and neurologic disorders
(22). Interestingly, a high density of the H3 receptor has been
found in NAc (23, 24). Therefore, in the present study, we create
a transgenic rat strain expressing Cre recombinase in histidine
decarboxylase (HDC, the histamine-synthesizing enzyme) neu-
rons and employ anterograde axonal tract tracings, whole-cell
patch clamp recordings, optogenetic and chemogenetic manip-
ulation, and behavioral tests to explore the role of hypothalamic
histaminergic afferents and the H3 receptor in the NAc core in
regulation of anxiety and obsessive-compulsive-like behaviors.
We find that optogenetic activation of hypothalamic TMN–NAc
core histaminergic projections produces an anxiolytic effect and
ameliorates obsessive-compulsive-like behaviors induced by re-
straint stress, which is due to H3 receptor–mediated suppression
of glutamatergic transmission in a common prelimbic prefrontal
cortex (PrL)–NAc core pathway.

Results
Histaminergic Afferents in the NAc Core and Involvement of
Histamine H3 Receptor in Anxiety-Related Behaviors. To determine
whether the hypothalamic histaminergic neurons directly project
to the NAc core, we delivered anterograde tracer BDA by ion-
tophoresis into the hypothalamic TMN, the sole origin of the
central histaminergic system (Fig. 1 A–C). As shown in Fig. 1D, 1
to G, 3, BDA/histamine double-labeled fibers were observed in
the NAc core, which possessed prominent varicosities and passed
around GAD67-labeled NAc core neurons. The result indicates
a possible modulation of histamine released from varicosities of
hypothalamic histaminergic afferents on GABAergic principle/
projection neurons in the NAc core.
Next, we employed Western blot to detect the expression of

histamine H3 receptor proteins in the NAc core. We found that
the expression of the H3 receptor in the NAc core was only
slightly less than that in the vestibular nuclei (Fig. 1H), where the
H3 receptor is expressed very highly (24), indicating a high ex-
pression of the H3 receptor in the NAc core. Furthermore, bi-
lateral microinjection of histamine into the NAc core significantly
increased the time spent in the open arm and the probability of
open-arm entry in the elevated plus maze test (Fig. 1 I and J). In
addition, histamine remarkably increased the time spent in both the

Fig. 1. Histaminergic afferents in the NAc core and an involvement of the H3 receptor in anxiety-related behaviors. (A–C) Immunostaining micrographs
showing the identification of histaminergic neurons with injections of BDA into the TMN. (D1 to G3) Triple immunostaining shows that the anterogradely
labeled BDA fibers (green) in the NAc core contain immunoreactivity for histamine (red). Note that these histaminergic fibers pass around GAD67-labeled
GABAergic neurons (blue) in the NAc core. LV, lateral ventricle; 3V, third ventricle; aca, anterior commissure, anterior part. (H) Western blot analysis indicates
that the histamine H3 receptor is expressed in the NAc core (n = 5). The vestibular nuclei (VN), which have abundant expression of the H3 receptor, were taken
as a positive control (n = 5). (I and J) The time and probability of entry into the open arm of rats with bilateral microinjection of saline (n = 10), histamine (n =
10), RAMH (a selective agonist for the H3 receptor, n = 10), and IPP (a selective antagonist for the H3 receptor, n = 10) in the elevated plus maze test. (K) The
time spent in the light box of rats with bilateral microinjection of saline (n = 10), histamine (n = 10), RAMH (n = 10), and IPP (n = 10) in the light/dark box test.
(L andM) Time in center area and locomotor activity of rats treated by saline (n = 10), histamine (n = 10), RAMH (n = 10), and IPP (n = 10) and in the open field
test. Data are shown as means ± SEM; *P < 0.05, n.s., no statistical difference.
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light compartment of the light/dark box (Fig. 1K) and the center
square in an open field (Fig. 1L). Microinjection of the selective H3
receptor agonist RAMH into the bilateral NAc cores mimicked the
behavioral effects of histamine, whereas the selective H3 receptor
antagonist IPP produced the opposite effects (Fig. 1 I–L). More-
over, there was no significant difference between treatments on the
locomotor activity (Fig. 1M). Thus, the results indicate that
H3 receptor-mediated histamine signaling in the NAc core may
hold a key position in anxiolytic-like response. The reconstructed
microinjection sites are presented in SI Appendix, Fig. S1.

Optogenetic Activation of TMN–NAc Core Histaminergic Projections
Improves the Anxiogenic and Obsessive-Compulsive-like Behaviors
Induced by Restraint Stress via the H3 Receptor. Stress is an im-
portant risk factor for the development of anxiety (25, 26) and
OCD (27, 28). As shown in SI Appendix, Fig. S2A, rats were
exposed to an acute restraint stress before elevated plus maze or
marble-burying test. We found that acute restraint stress resulted
in a significant decrease in open-arm time and entries in the
elevated plus maze (SI Appendix, Fig. S2 B–D) and a remarkable
increase in grooming, digging, and marble-burying behaviors (SI
Appendix, Fig. S2 E–G), indicating anxiogenic and obsessive-
compulsive-like phenotypes induced by acute restraint stress.
To determine the role of histaminergic afferent inputs in the

NAc core in the stress-induced anxiogenic and obsessive-compulsive-like
behaviors, we generated a transgenic rat line expressing Cre recombinase
driven by the promoter of HDC, the primary enzyme responsible for
histamine synthesis. Genotyping and correct recombination were con-
firmed by PCR and Southern blot analysis (SI Appendix, Fig. S3).
Moreover, this HDC-Cre rat line was validated by crossing with a
Rosa26-tdTomato reporter strain (Fig. 2A). As shown in Fig. 2B,
tdTomato-positive neurons were distributed restrictedly to the hypotha-
lamic TMN and colocalized with the histamine-labeled neurons in the
HDC-Cre::tdTomato rats, indicating that the expression of Cre is highly
specific to central histaminergic neurons. Next, the TMN histaminergic
neurons of HDC-Cre rats were selectively transduced with ChR2-
mCherry to examine the effect of optogenetic excitation of TMN–NAc
histaminergic projections on anxiety- and obsessive-compulsive-like be-
haviors of restraint-stressed animals (Fig. 2 C and D). As shown in
Fig. 2 E–G, optogenetic activation of TMN–NAc core histaminergic
projections significantly increased both time in and entries into the open
arm but did not influence the locomotor activity, indicating an anxiolytic
effect of NAc core histaminergic afferent inputs in stress-induced anxiety-
like rats. Moreover, photoactivation of NAc core histaminergic inputs in
restraint-stressed rats remarkably decreased the time spent grooming
(Fig. 2H), the number of digging bouts (Fig. 2I), and the number of
buried marbles (Fig. 2J), suggesting an alleviation effect of activation of
NAc core histaminergic afferents on obsessive-compulsive-like behaviors.
We further assessed the contribution of the histamine H3 re-

ceptor to the behavioral effect of activation of NAc core hista-
minergic afferents. As shown in SI Appendix, Fig. S2, microinjection of
RAMH or histamine into the NAc core significantly reduced the stress-
induced anxiety‐like and obsessive-compulsive-like behaviors, which is con-
sistent with the effect of optogenetic activation of NAc core histaminergic
afferents. Moreover, microinjection of IPP into the NAc core totally blocked
the amelioration effect of photoactivation of TMN–NAc core histaminergic
projections on anxiogenic (Fig. 2 E–G) and obsessive-compulsive-like be-
haviors (Fig. 2 H–J) in restraint-stressed animals. Taken together, these re-
sults reveal that selective activation of the hypothalamic TMN–NAc core
histaminergic pathway improves the anxiogenic and obsessive-compulsive-like
behaviors induced by restraint stress via the H3 receptor.

Histamine H3 Heteroreceptor Activation Selectively Inhibits
Glutamatergic Rather Than GABAergic Synaptic Transmission in the
NAc Core. Since glutamate signaling in NAc is strongly involved in
the pathogenesis and treatment of anxiety (29, 30) and OCD (31,
32), we further investigated the effect of H3 receptor activation
on glutamatergic synaptic transmission on the GABAergic medium

spiny neurons, the principle neurons of the NAc core, by whole-cell
patch clamp recording. Bath application of RAMH (3 μM) signif-
icantly decreased the frequency of the glutamatergic miniature
excitatory postsynaptic currents (mEPSCs) (Fig. 3 A and B, Left),
which were totally blocked by NBQX and D-APV, antagonists for
AMPA and NMDA receptors, respectively. In contrast, no signifi-
cant difference was detected in the amplitude distributions of
mEPSCs (Fig. 3 A and B, Right). We also observed that RAMH (3
μM) had no significant effect on the frequency and amplitude of
miniature inhibitory postsynaptic currents (mIPSCs) (Fig. 3 C and
D), indicating a selective inhibition of glutamatergic instead of
GABAergic transmission in the NAc core by activation of
H3 receptor.
Furthermore, we evoked glutamatergic EPSCs (eEPSCs) in

the NAc core neurons by local electrical stimulation and found
that bath application of RAMH (3 μM) consistently inhibited the
amplitude of AMPA eEPSCs and NMDA eEPSCs (Fig. 3 E–G).
These results indicate that H3 receptor activation may suppress
both AMPA- and NMDA-mediated glutamatergic synaptic
transmission in NAc core neurons.
Next, we determined the global effect of histamine on gluta-

matergic synaptic transmission and the underlying receptor
mechanism. In the 46 tested NAc core neurons in this study, 3 to
30 μM histamine, 100 μM 2-PyEA (a selective agonist for the H1
receptor), 100 μM dimaprit (a selective agonist for the H2 re-
ceptor), and 100 μM 4-methylhistamine (a selective agonist for
the H4 receptor) did not induce any direct inward/outward
currents (SI Appendix, Fig. S4), indicating that histamine has no
direct postsynaptic action on the NAc core neurons through the
mediation of H1, H2, and H4 receptors. Similar to RAMH, bath
application of histamine (3 μM) significantly decreased the av-
erage frequency of mEPSCs (SI Appendix, Fig. S5, Left), but not
the average amplitude (SI Appendix, Fig. S5, Right). In addition,
histamine did not affect the average frequency and amplitude of
mIPSCs (SI Appendix, Fig. S6). These results suggest that his-
tamine may selectively inhibit glutamatergic transmission in the
NAc core via the presynaptic H3 receptor.
Moreover, histamine (3 μM) significantly decreased the

AMPA eEPSCs and NMDA eEPSCs (Fig. 4 A and B), rather
than the eIPSCs (Fig. 4C). We further examined the effect of
histamine on the paired pulse ratio (PPR), which reflects the
changes in neurotransmitter release at central synapses (13). As
shown in Fig. 4D, histamine (3 μM) decreased the amplitudes of
both eEPSCs. However, histamine significantly enhanced the
paired pulse facilitation (PPF) of eEPSCs (Fig. 4D), indicating a
reduction in the probability of presynaptic glutamate release
(33). To further exclude the possibility of a histamine-induced
reduction in the sensitivity and/or the number of postsynaptic
ionotropic glutamate receptors, we measured the AMPA/
NMDA ratio, a measure of the relative expression of the AMPA
receptor and the NMDA receptor at central synapses (34). Al-
though histamine (3 μM) reduced the amplitude of both AMPA
and NMDA eEPSCs, it did not affect the AMPA/NMDA ratio
(Fig. 4E). The unchanged AMPA/NMDA ratio, together with
the increase in PPF, confirms that histamine inhibits the gluta-
matergic transmission in the NAc core by a presynaptic mecha-
nism. Furthermore, bath application of IPP (10 μM) totally
blocked the histamine-induced inhibition on eEPSCs (Fig. 4F),
indicating the mediation of the H3 receptor. Finally, HDC-ChR2
rats were used to confirm the regulation of NAc core histamin-
ergic afferent inputs on glutamatergic transmission and the un-
derlying receptor mechanism (Fig. 4G). As shown in Fig. 4 H and
I, optogenetic activation of histaminergic terminals in the NAc
core inhibited eEPSCs, and IPP (10 μM) totally blocked the
inhibition. Taken together, these results demonstrate that his-
tamine and histaminergic afferent fibers selectively inhibit the
glutamatergic synaptic transmission on NAc core neurons
through the presynaptic H3 receptor.
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Fig. 2. Optogenetic activation of hypothalamic TMN–NAc core histaminergic projections improves the anxiogenic and obsessive-compulsive-like behaviors
induced by restraint stress. (A) Schematic of generation of HDC-Cre::tdTomato rats. (B) Confocal image of tdTomato (red) and immunofluorescent labeling for
histamine (green) in the TMN in HDC-Cre::tdTomato rats. (C) The selective expression of ChR2-mCherry (red) in TMN histaminergic neurons (green) in HDC-
ChR2 rats. (D) Scheme of the experimental paradigm showing the restraint stress-induced anxiety- and obsessive-compulsive-like behaviors in HDC-ChR2 rats
that underwent optogenetic activation. (E–G) The time in and probability of entry into the open arm and locomotor activity of control (n = 7) or restraint-
stressed (RS, n = 7) HDC-mCherry rats with bilateral microinjection of saline, as well as stressed HDC-ChR2 rats with bilateral microinjection of saline (n = 8) or
IPP (n = 8). (H–J) The time spent grooming and the number of digging bouts and buried marbles of control (n = 8) or stressed (n = 8) HDC-mCherry rats with
bilateral microinjection of saline, as well as stressed HDC-ChR2 rats with bilateral microinjection of saline (n = 9) or IPP (n = 9). Data are shown as means ±
SEM; *P < 0.05, **P < 0.01, ***P < 0.001, n.s., no statistical difference.
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To confirm the above electrophysiological results, we employed
immunostainings to examine the expression of the H3 receptor on
glutamatergic presynaptic terminals in the NAc core. The NAc core
is well known to receive excitatory glutamatergic inputs primarily
from the PrL, BLA, vHipp, and thalamus (14). Since glutamatergic
terminals from the prefrontal cortex, amygdala, and hippocampus
have been reported to express VGLUT1 exclusively while terminals
from the thalamus express VGLUT2 or both VGLUT2 and
VGLUT1 (35), we assessed the coexpression of the H3 receptor
and VGLUT1/VGLUT2. We found that the H3 receptor was
colocalized with VGLUT1 and synaptophysin (a presynaptic vesicle
protein) (Fig. 4 J–M) but was not coexpressed with VGLUT2 (SI
Appendix, Fig. S7), indicating that the H3 receptor may be localized
in the glutamatergic presynaptic terminals from the cortex, amyg-
dala, and hippocampus rather than thalamus as a heteroreceptor in
the NAc core.

Histamine H3 Receptor Activation Alleviates the Anxiogenic and
Obsessive-Compulsive-Like Behaviors Induced by Optogenetic Activation
of the PrL–NAc Glutamatergic Pathway. To determine the functional
role of glutamatergic inputs from different sources in the NAc core
on anxiety and obsessive-compulsive-like behaviors, we optogeneti-
cally manipulated the PrL–NAc, BLA–NAc, and vHipp–NAc

glutamatergic pathways. The bilateral PrL, BLA, and vHipp were
separately transduced with ChR2-mCherry under the control of the
CaMKIIα promoter in order to target glutamatergic neurons in these
brain regions (Fig. 5A and SI Appendix, Figs. S8A and S9A). It can be
seen that the H3 receptor was expressed and localized on the
mCherry-positive glutamatergic afferent boutons from the PrL, BLA,
and vHipp (Fig. 5B and SI Appendix, Figs. S8B and S9B), and the
light-evoked EPSCs on NAc core neurons were totally blocked by
the AMPA receptor antagonist NBQX with a latency of 4.89 ± 0.38,
4.62 ± 0.34, and 4.43 ± 0.28 ms for the inputs from PrL, BLA, and
vHipp, respectively (Fig. 5 C–E and SI Appendix, Figs. S8 C–E and
S9 C–E), all of which is in the range of monosynaptic events.
Moreover, we examined the effect of H3 receptor activation on the
PrL–, BLA–, and vHipp–NAc core glutamatergic synaptic trans-
mission and found that bath application of RAMH (3 μM) inhibited
the amplitude of light-evoked EPSCs at all of the recorded PrL–,
BLA–, and vHipp–NAc core glutamatergic synapses (Fig. 5 F andG
and SI Appendix, Figs. S8 F and G and S9 F and G).
We further observed the behavioral consequences of opto-

genetic excitation and chemogenetic inhibition of PrL–, BLA–,
and vHipp–NAc core glutamatergic pathways. As shown in
Fig. 5 I–K, photostimulation of PrL glutamatergic terminals
within the NAc core decreased the open-arm time and entries in

Fig. 3. H3 receptor activation inhibits the glutamatergic synaptic transmission in the NAc core neurons. (A) The mEPSCs recorded in a NAc core neuron before
and during the application of H3 selective agonist RAMH (3 μM) in the presence of TTX and SR95531. (B) Plots of the cumulative distribution of the interevent
interval and amplitude for the neuron illustrated in A showing RAMH decreased the frequency of mEPSC rather than the amplitude. Inset summary graphs
show the average mEPSC frequency and amplitude in the absence and presence of RAMH (n = 7). (C) Raw current traces showing mIPSCs recorded in a NAc
core neuron before and during the application of H3 agonist RAMH (3 μM) in the presence of TTX, NBQX, and D-APV. (D) Interevent interval and amplitude
distribution for the neuron illustrated in C showing RAMH did not affect the mIPSC frequency or amplitude. Inset summary graphs show the average mIPSC
frequency and amplitude in the absence and presence of RAMH (n = 7). (E) The placement of a stimulating electrode and a recorded NAc core neuron. Raw
traces show AMPA or NMDA receptor-mediated eEPSCs recorded from the NAc core neurons. (F and G) Bath application of RAMH (3 μM) decreased the
amplitude of AMPA (F, n = 29) and NMDA eEPSC (G, n = 12). Scatterplots and bar graphs show the effect of RAMH on AMPA and NMDA eEPSCs in the NAc
core neurons. Data are shown as means ± SEM; **P < 0.01, ***P < 0.001, n.s., no statistical difference.
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Fig. 4. Histamine selectively inhibits glutamatergic transmission by the presynaptic H3 receptor. (A–C) Histamine (3 μM) decreased the amplitude of AMPA
(A, n = 21) and NMDA eEPSCs (B, n = 8), rather than eIPSCs (C, n = 9) in the NAc core neurons. (D) Histamine-induced decrease in amplitude of the eEPSCs is
associated with an increase in the PPR (n = 10). (Left) Raw traces showing eEPSCs (average of 30 consecutive trials) evoked by paired stimuli (50 ms interval) in
the absence and presence of histamine (3 μM). Superimposed and scaled eEPSC traces obtained in the absence (black) and presence (magenta) of histamine, in
which the first eEPSC during histamine application is scaled to the amplitude of the first eEPSC collected in the control condition. (Right) The plots of PPR for
each of the experiments in the absence and presence of histamine. (E) AMPA/NMDA ratio recorded at −70 and +40 mV in the absence and presence of
histamine (3 μM) as a function of synaptic inputs in the NAc core neurons. The plots of the averaged AMPA/NMDA ratio for each of the experiments in the
absence and presence of histamine (n = 8). (F) The inhibitory effect of histamine (n = 7) on eEPSCs was blocked by the selective H3 receptor antagonist IPP (n =
7). (G) Surgical manipulation and experimental schematic for slice optogenetic stimulation of histaminergic fibers in the NAc core. (H) The inhibitory effect of
optogenetic activation of histaminergic afferents on the eEPSCs was blocked by the selective H3 receptor antagonist IPP. (I) Group data. (J–M) Triple im-
munofluorescent labeling of VGLUT1 (green), the H3 receptor (red), and synaptophysin (a presynaptic vesicle protein, blue) in the NAc core, indicating that
the H3 receptor and VGLUT1 are colocalized in the presynaptic terminals of the NAc core. Arrows indicate the apposition of the H3 receptor, synaptophysin,
and VGLUT1. Data shown are means ± SEM; ***P < 0.001, n.s., no statistical difference.
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the elevated plus maze and increased the grooming (Fig. 5L),
digging (Fig. 5M), and marble-burying behaviors (Fig. 5N).
Moreover, chemogenetic inhibition of the PrL–NAc gluta-
matergic pathway significantly prevented the anxiogenic and
obsessive-compulsive-like behaviors induced by acute restraint
stress (SI Appendix, Fig. S10). These results suggest that the
activation of the PrL–NAc glutamatergic pathway may contribute
to the development of both anxiety- and obsessive-compulsive-like
behaviors. Notably, microinjection of histamine or RAMH into the
NAc core reversed the optogenetic excitation-induced anxiogenic-
like behaviors (Fig. 5 I–K). Furthermore, histamine or RAMH also
rescued the enhancement of grooming, digging, and marble burying
behaviors induced by optogenetic excitation (Fig. 5 L–N). However,
optogenetic activation of BLA–NAc core glutamatergic terminals
did not alter anxiety-like behaviors (SI Appendix, Fig. S8 H–J) but
increased obsessive-compulsive-like behaviors, which was rescued
by RAMH (SI Appendix, Fig. S8 K–M). Chemogenetic suppression
of the BLA–NAc core glutamatergic pathway alleviated
obsessive-compulsive-like phenotypes in restraint-stressed animals
(SI Appendix, Fig. S11). Photostimulation of vHipp-NAc core glu-
tamatergic projections had no effect on both anxiety-like (SI Ap-
pendix, Fig. S9 H–J) and obsessive-compulsive-like behaviors (SI

Appendix, Fig. S9 K–M). Taken together, all these results demon-
strate that the PrL–NAc core rather than BLA– and vHipp–NAc
core glutamatergic pathway may be responsible for the co-
occurrence of anxiety and OCD, and histamine and histaminergic
inputs may relieve both anxiety- and obsessive-compulsive-like be-
haviors by suppressing the common PrL–NAc core glutamatergic
pathway via the H3 heteroreceptor.

Discussion
Anxiety is a common experience in our daily life and the most
frequent comorbid condition with OCD (3, 4). Both of them are
known to be stress responsive. Stressful life events often precede
the onset of anxiety and OCD (25, 27), and anxiety and
obsessive-compulsive symptoms increase at times of stress (26,
28). In the present study, we find that activation of hypothalamic
TMN-NAc core histaminergic projections not only produces an
anxiolytic effect on normal rats but also improves the anxiety-
and obsessive-compulsive-like behaviors induced by acute re-
straint stress, which is mediated by its inhibition of glutamatergic
synaptic transmission of the common PrL–NAc circuitry via the
presynaptic H3 heteroreceptor.

Fig. 5. Histamine alleviates the anxiogenic and obsessive-compulsive-like behaviors induced by optogenetic activation of the PrL–NAc pathway. (A) Sche-
matics of the optogenetic manipulation of the PrL–NAc glutamatergic pathway and confocal image of ChR2-mcherry expression in the PrL. (B) ChR2-mCherry
(red) and H3 receptor (green) expression in the NAc core. (C and D) Bath application of NBQX totally blocked light-evoked EPSCs (n = 5). (E) The latency
between light and EPSC onset of the NAc core neurons recorded (n = 10). (F and G) Bath application of RAMH (3 μM) decreased the amplitude of light-evoked
EPSCs. (H) Experimental procedure for behavioral test with photoactivation of PrL–NAc glutamatergic terminals. (I–K) The time spent in the open arm,
probability of entry into open arms, and locomotor activity of mCherry rats with bilateral microinjection of saline (n = 8), as well as ChR2 rats with bilateral
microinjection of saline (n = 10), histamine (n = 10), and RAMH (n = 10). (L–N) The time spent grooming and the number of digging bouts and buried marbles
of mCherry rats with bilateral microinjection of saline (n = 6), as well as ChR2 rats with bilateral microinjection of saline (n = 7), histamine (n = 5), and RAMH
(n = 5). Data are shown as means ± SEM; *P < 0.05, **P < 0.01, n.s., no statistical difference.
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The central histaminergic system originating from the hypo-
thalamic TMN has been implicated in emotional and affective
disorders. HDC-deficient mice that lack the ability to synthesize
histamine show increased measures of anxiety (36), and central
administration of histamine or intraperitoneal administration of
the histamine precursor, L-histidine, significantly attenuates
obsessive-compulsive-like behavior and obliterates the persistent
behavior (37), supporting a preventive role for histamine against
anxiety and OCD. Intriguingly, combining anterograde tracing
with immunostaining, we reveal a direct projection from hista-
minergic neurons in the hypothalamic TMN to the NAc core.
Optogenetic activation of histaminergic afferent inputs in the
NAc core in HDC-ChR2 rats remarkably improved anxiety as
well as repetitive, compulsive-like grooming, digging, and
marble-burying behaviors produced by restraint stress. Together
with the clinical reports that several histaminergic agents have
been used as antipsychotics (22), we thus suggest that NAc core
histaminergic modulation may be implicated in the psychopa-
thology and treatment of comorbidity of anxiety and OCD.
Four histamine receptors, H1 to H4, mediate the physiological

and pathological functions of histamine (18, 19). Therefore, we
dissected the effect of histamine on NAc neurons and found that
histamine had no direct postsynaptic effect on NAc neurons
through the mediation of H1, H2, or H4 receptors but selectively
inhibited glutamatergic mEPSCs rather than GABAergic
mIPSCs by activation of the presynaptic H3 receptor. This result
is comparable with the previous finding in the dorsal striatum
and hippocampus (38, 39). In fact, a growing body of experi-
mental and clinical evidence has indicated aberrantly elevated
glutamatergic signaling in animal models and drug-naïve patients
with anxiety and OCD (29, 31). We thus hypothesize that the H3
receptor in the NAc core may serve as a heteroreceptor to
modulate glutamatergic transmission and consequently regulate
anxiety and obsessive-compulsive-like behaviors. As expected,
the suppression effect of excitation of TMN histaminergic af-
ferents on glutamatergic eEPSCs in the NAc core and the con-
sequent improvement of restraint stress-induced anxiety and
OCD behaviors were mimicked and totally blocked, respectively,
by pharmacological activation and antagonization of H3 recep-
tors in the NAc core, suggesting that the suppression of NAc
core glutamatergic transmission via H3 receptors may underlie
the therapeutic effects of histamine on anxiety and OCD.
However, the exact glutamatergic circuits contributing to the

pathophysiology and treatment of anxiety and OCD remain
largely unknown. The NAc core receives dense excitatory glu-
tamatergic afferents from various brain regions (14), including
the prefrontal cortex, amygdala, hippocampus, and thalamus,
among which the prefrontal cortex has been reported to be in-
volved in the anxiety and checking symptoms of OCD (40–42).
The PrL, a subregion in the prefrontal cortex mediating sus-
ceptibility to stress (43), sends direct glutamatergic afferent in-
puts and conveys cognitive and affective information to the NAc
core to help it instigate approach behavior toward intense mo-
tivations of desire (14) and thus actively participate in strategy
abandoning (13), cocaine seeking after extinction (44), and
compulsive-like self-administration behaviors (45). Notably, in
the present study, although we revealed that the histamine H3
receptor is expressed and localized in the glutamatergic termi-
nals in the NAc core from PrL, BLA, and vHipp, rather than the
thalamus, the PrL–NAc core pathway is the only circuitry among
the glutamatergic afferent inputs in the NAc core which medi-
ates the co-occurrence of anxiety- and obsessive-compulsive-like
behaviors. Although activation of BLA–NAc core glutamatergic
projections evoked obsessive-compulsive-like behaviors as pre-
viously reported (42), the pathway does not participate in regu-
lating anxiety, and neither does the vHipp–NAc core
glutamatergic projections, which may be involved in depressive
regulation (46, 47). In this study, microinjection of histamine or

RAMH into the NAc core alleviated both anxiety- and
obsessive-compulsive-like phenotypes induced by optogenetic
activation of the PrL–NAc glutamatergic pathway, and the
anti-obsessive-compulsive effect of histamine also involved re-
ducing BLA–NAc glutamatergic transmission. We thus indicate
that the histamine H3 receptor in the NAc core may be a com-
mon therapeutic target for amelioration of anxiety and obsessive-
compulsive-like behaviors.
Effective pharmacological treatment interventions for the

comorbidity of anxiety and OCD are still lacking. Here we reveal
the PrL–NAc core glutamatergic circuitry as a common pathway
for the comorbidity of anxiety disorders and OCD. By activating
the presynaptic H3 heteroreceptor localized in the NAc core
glutamatergic terminals from the PrL, histaminergic afferent
inputs may actively modulate the encoding information by glu-
tamatergic inputs, especially the affective and cognitive signals
from the PrL, and effectively regulate anxiogenic and obsessive-
compulsive-like behaviors. Intriguingly, the NAc core is one of
the most effective DBS targets in the clinic for treatment of
anxiety and OCD (11, 12). Considering that our recent study on
the mechanism underlying DBS of the subthalamic nucleus
revealed that DBS induces an increase in histamine release in
the subthalamic nucleus to alleviate Parkinsonian motor deficits
(20), we speculate that the DBS–NAc core may also induce
histamine release in the NAc core to activate the presynaptic H3
receptor, inhibit glutamatergic afferent inputs from the prefrontal
cortex, and subsequently ameliorate anxiety- and obsessive-
compulsive-like behaviors. Unlike presynaptic GABA (48, 49),
adenosine (48), or serotonin (50) receptors functioning to
modulate both excitatory and inhibitory synaptic transmission in
NAc, the presynaptic histamine H3 receptor, selectively acting
on glutamatergic neurotransmission, may be a better target for
the treatment of glutamatergic dysfunction in NAc. Notably,
several agonists for the H3 receptor, including RAMH and its
prodrugs, have entered clinical trials and proved safe (51, 52).
Therefore, developing strategies for targeting the H3 receptor to
the NAc, such as ultrasound-/magnetic-responsive nanoparticle-
based delivery systems (53, 54) for H3 receptor agonists, may
pave a path for clinical treatment of anxiety disorders and OCD.

Materials and Methods
Experimental Animals. HDC-Cre and wild-type Sprague-Dawley rats were in-
dividually housed on a 12 h light/dark cycle with water available ad libitum.
All experiments, approved by the Animal Ethical and Welfare Committee of
Nanjing University, were conducted in accordance with the NIH Guide for
the Care and Use of Laboratory Animals (55). Details of the generation of
the HDC-Cre rat line are given in SI Appendix.

Anterograde Tracing. Anterograde tracer biotinylated dextran amine (BDA)
was microelectrophoresed in TMN (A -4.5, L 1.2, and H 9.6) following our
previous reports (20, 21, 56). The immunohistochemical experiment was
performed 3 wk later to determine the injection site and location of an-
terograde labeled histaminergic fibers. Details are given in SI Appendix.

Immunohistochemistry. Details are given in SI Appendix.

Western Blot. Details are given in SI Appendix.

Stereotaxic Implantation and Microinjection. Rats were submitted to stereo-
taxic surgery and bilateral implantation of a guide cannula 2 mm above the
NAc core (anteroposterior 1.3, mediolateral 1.5, and dorsoventral 6.5) for
microinjection of histamine (0.5 μg), RAMH (a selective H3 receptor agonist,
0.5 μg), IPP (a selective H3 receptor antagonist, 1.5 μg), and saline (0.9%
NaCl) before behavioral tests. Details are given in SI Appendix.

Optogenetic and Chemogenetic Manipulation. For virus injections, 0.5 μL of
AAV2/9-hEF1α-DIO-ChR2-mCherry/AAV2/9-hEF1α-DIO-mCherry was bilater-
ally infused to the hypothalamic TMN (anteroposterior −4.5, mediolateral
1.2, and dorsoventral 9.6); pAAV-CaMKIIα-ChR2-mCherry/pAAV-CaMKIIα-
mCherry/AAV2/9-hSyn-DIO-hM4Di-mCherry was infused to the PrL (anteroposterior
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+3.0, mediolateral 0.7, and dorsoventral 3.3), BLA (A −2.1, L 5.0, and H 8.6),
or vHipp (anteroposterior −6.0, L 5.0, and dorsoventral 8.0); and AAV2/2
Retro Plus-hSyn-Cre-EGFP was microinjected into the NAc core (ante-
roposterior 1.3, mediolateral 1.5, and dorsoventral 6.5). For photo-
stimulation of TMN–, PrL–, BLA–, and vHipp–NAc core afferent terminals,
rats received chronically implantable optical fibers (200 μm core; 0.37 nu-
merical aperture) aimed over the NAc core. For photostimulation of the
TMN–NAc core histaminergic afferent terminals before the exposure to
acute restraint stress, blue light was applied at 10 ms pulse width and a
frequency of 10 Hz for 8 min. For photostimulation of the PrL–, BLA–, and
vHipp–NAc core glutamatergic afferent terminals during the behavioral
tests, blue light with a 5 ms pulse width and a frequency of 20, 20, and
4 Hz, respectively, was delivered. For chemogenetic inhibition, clozapine
N-oxide (2 mg/kg) was administered by i.p. injection 5 min before exposure
to restraint stress.

Behavioral Tests. Anxiety-like behaviors were assessed by the elevated plus maze
test, light/dark box test, and open field test, whereas obsessive-compulsive-like
behaviors were evaluated by the number of marbles buried as well as grooming
and digging behaviors in the marble-burying test. Moreover, to determine the
impact of stress on anxiety and obsessive-compulsive-like behaviors, rats were
exposed to acute restraint stress for 30 min or 1 h before anxiety- and
obsessive-compulsive-like behavioral tests. Details are given in SI Appendix.

Patch Clamp Recordings in Brain Slices. Patch clamp recordings in brain slices
were applied to assess the effect of histamine on the GABAergic and glu-
tamatergic neurotransmission in the NAc core neurons and the underlying
receptor mechanisms. To record eEPSCs/eIPSCs, a concentric bipolar stimu-
lating electrode was placed about 100 μm rostral to the recording electrode
and at the same depth as the recorded neuron. For optogenetic stimulation,
470 nm light pulses were applied with a CoolLED system attached to the
upright microscope. The photostimulation protocol was 10 ms pulses, three
pulses in 3 s, repeated for 60 trials every 5 s and 5 ms pulses, one pulse in 30
s, repeated for 10 trials for photostimulation of the NAc core histaminergic
and glutamatergic terminals, respectively. Details are given in SI Appendix.

Statistical Analysis. All data were analyzed with SPSS 17.0 and are presented
as mean ± SEM. Student’s t test and one-way ANOVA were employed for
statistical analysis, and Newman–Keuls post hoc testing was used to further
determine the differences between groups. P values < 0.05 were considered
to be significant. The detailed statistical results for each experiment are
summarized in SI Appendix, Table S1.

Data Availability. All study data are included in the article and SI Appendix.
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