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Abstract

Background: Histamine (HA), a wake-promoting monoamine implicated in stress-related 

arousal states, is synthesized in histidine decarboxylase (HDC)-expressing hypothalamic neurons 

of the tuberomammillary nucleus (TMN). HDC-containing varicosities diffusely innervate striatal 

and mesolimbic networks, including the nucleus accumbens (NAc). The nucleus accumbens 

(NAc) integrates diverse monoaminergic inputs to coordinate motivated behavior. While the NAc 

expresses various HA receptor subtypes, mechanisms by which HA modulates NAc circuit 

dynamics are undefined.

Methods: Utilizing male D1tdTomato transgenic reporter mice, whole-cell patch clamp 

electrophysiology, and input-specific optogenetics, we employed a targeted pharmacological 

approach to interrogate synaptic mechanisms recruited by HA signaling at glutamatergic synapses 

in the NAc. We incorporated an immobilization stress protocol to assess whether acute stress 

engages these mechanisms at glutamatergic synapses onto D1 receptor-expressing [D1(+)] 

medium spiny neurons (MSNs) in the NAc core.

†Correspondence to: Brad A. Grueter, Ph.D., Anesthesiology Research Division, Vanderbilt University School of Medicine, 2213 
Garland Avenue, P435H MRB IV, Nashville, TN 37232-0413, Tel: 615-936-2586, brad.grueter@vumc.org. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Financial Disclosures
All authors report no biomedical financial interests or potential conflicts of interest.

HHS Public Access
Author manuscript
Biol Psychiatry. Author manuscript; available in PMC 2022 March 15.

Published in final edited form as:
Biol Psychiatry. 2021 March 15; 89(6): 588–599. doi:10.1016/j.biopsych.2020.07.023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results: HA negatively regulates excitatory gain onto D1(+)-MSNs via presynaptic H3 receptor-

dependent long-term depression (LTD) that requires Gβγ-directed Akt-GSK3β signaling. 

Furthermore, HA asymmetrically regulates glutamatergic transmission from the prefrontal cortex 

(PFC) and mediodorsal thalamus (MDT), with inputs from the PFC undergoing robust HA-

induced LTD. Finally, we report that acute immobilization stress attenuates this LTD by recruiting 

endogenous H3R signaling in the NAc at glutamatergic synapses onto D1(+)-MSNs.

Conclusion: Stress-evoked HA signaling in the NAc recruits H3 heteroreceptor signaling to shift 

thalamocortical input onto D1(+)-MSNs in the NAc. Our findings provide novel insight into an 

understudied neuromodulatory system within the NAc and implicate HA in stress-associated 

physiological states.
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Introduction

The nucleus accumbens (NAc) coordinates goal-directed behavior by integrating 

information encoded by distinct neuromodulatory systems. While monoaminergic influences 

on mesolimbic network activity are well-characterized, less is known how non-canonical 

monoamines, such as histamine (HA), contribute to NAc circuit function. HA, synthesized 

primarily in L-histidine decarboxylase (HDC)-expressing hypothalamic neurons of the 

tuberomammillary nucleus (TMN), promotes wakefulness, sleep-wake transitions, and 

attention, with a purported regulatory role in appetitive and motivational behavior(1–3). 

Although HA-containing varicosities moderately innervate the NAc, multiple HA receptor 

subtypes, including H1, H2 and H3, are abundantly expressed in the NAc, indicating that HA 

may broadly influence circuit dynamics in this region(4,5).

NAc output is gated by the strength of glutamatergic synapses onto D1 and D2 dopamine 

(DA) receptor-expressing GABAergic medium spiny neurons (MSNs)(6,7). Experience-

dependent adaptations at corticolimbic synapses onto D1(+) and D1(−)-MSNs drive distinct 

reward-related motivational outcomes(8,9). An unexplored mechanism that may scale 

excitatory gain in the NAc is the HA-containing ascending arousal system. HA has been 

shown to regulate limbic and paralimbic glutamatergic synapses via Gi/o-coupled G protein-

coupled receptor (GPCR), H3 receptor (H3R)(10–12). While the effects of HA on NAc 

glutamatergic transmission remain unknown, intra-NAc HA infusion elicits H3R-dependent 

biphasic effects on locomotor activity(13). Furthermore, manipulating endogenous H3R 

activity in vivo modulates NAc-dependent motivational responding to drugs of abuse(14). 

These findings suggest that H3R signaling may result in complex cell type- and synapse-

specific adaptations capable of shifting NAc output.

Here, we interrogated mechanisms by which HA signaling modulates NAc circuit function. 

We find that HA differentially modulates glutamatergic synapses onto D1(+) and D1(−)-

MSNs via presynaptically-localized H3R. H3R activity is sufficient to induce long-term 

depression (HA-LTD) of glutamatergic transmission by mobilizing the Gβγ complex to 
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recruit the Akt-GSK3β effector pathway. Afferent-specific optogenetics revealed that HA 

biases thalamocortical balance onto D1(+) MSNs, with corticoaccumbens synapses 

displaying greater sensitivity to inhibitory H3R activity. Finally, we provide evidence that 

acute immobilization stress recruits endogenous H3R function at glutamatergic synapses 

onto D1(+)-MSNs in the NAc core.

Materials and Methods

Animal Use

Animals were bred and housed at Vanderbilt University Medical Center in accordance with 

IACUC. Male mice 8–12-weeks-of-age were housed in groups of 3–5/cage on a 12-hr light-

dark cycle with ad lib access to standard food and water. Whole-cell patch-clamp 

electrophysiology were obtained in acute brain slice preparations from C57BL/6J wild-type 

(WT) mice (no MSN subtype-specificity) or bacterial artificial chromosome (BAC) 

transgenic mice carrying the tdTomato fluorophore under control of the Drd1a (D1 receptor) 

promoter (Jackson labs), as described previously and in Supplemental Methods(15,16). 

Optogenetic viral injections with AAV-CaMKII-ChR2-eYFP (Addgene) into the PFC and 

MDT were performed as previously described(17,18). For a subset of experiments, mice 

underwent 30-min acute immobilization stress (AIS) in a cylindrical holding tube followed 

by a 20-min recovery period.

Electrophysiology

See Supplemental Methods for a detailed description of electrophysiological methods.

Microinfusions

Bilateral guide cannulas (26 gauge, 3-mm length, 2-mm center-to-center distance, 

C235GS-5–2.0/SPC- Plastics One, 22 Roanoke VA) were ventral to the NAcC (AP: 1.45, 

ML: ±1.00, DV: 3.00). H3R antagonist, JNJ 5207852, was infused at a dose of 0 (saline) or 

3.89-μg/μL at rate of 0.4-μL over 60-sec and was allowed to absorb for 90-sec before 

cannula was gently removed. Animals were then permitted 5-min prior to entering the 

immobilization apparatus. See Supplemental Methods for more detail.

Pharmacology

All pharmacological agents were purchased from Tocris Biosciences.

Statistics and Data Analysis

Electrophysiological experiments were analyzed using Clampfit 10.4 and GraphPad Prism 

v7.0. Errors bars depicted in figures represent SEM. For all analyses, α was set as 0.05, with 

P values < α indicating a statistically significant difference. Statistical analyses and results 

are presented in the Figure Legends. For a more detailed descriptions of analyses, see 

Supplemental Materials and Methods.
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Results

HA recruits a presynaptic gain control mechanism that is differentially expressed at 
glutamatergic synapses onto D1(+) and D1(−) MSNs in the NAc

To interrogate if HA modulates glutamatergic transmission in the NAc, electrically-evoked 

EPSCs were recorded from non-specific MSNs in the NAc core (NAcC) and shell (NAcSh) 

(Fig. S1A,D). Following a 10-min EPSC baseline, HA (10 μM) was bath-applied for 15-min, 

resulting in a significant depression in EPSC amplitude in approximately half of MSNs 

tested [HA-positive-(+)] in NAcC and shell NAcSh subterritories (Fig. S1,B–F). The 

differential actions of HA on dorsal striatal MSNs prompted us to examine whether MSN 

subtype dictates which synapses in the NAc are regulated by HA(11,19). To test this 

hypothesis, we prepared acute brain slices from D1tdTomato BAC transgenic mice in which 

tdTomato-positive D1 dopamine (DA) receptor-expressing [D1(+)] MSNs are differentiable 

from D2 dopamine receptor-expressing [D1(−)] MSNs(15,16,20). EPSCs were recorded at 

−70-mV from D1(+) and D1(−)-MSNs in the NAcC (Fig. 1A). Following a 10-min EPSC 

baseline, HA (10 μM) was bath-applied for 15-min, resulting in a significant depression in 

EPSC amplitude at synapses onto D1(+)-MSNs that persisted following drug wash-out (Fig. 

1B,D,F). However, at D1(−)-MSN synapses, HA failed to elicit a significant reduction in 

EPSC amplitude (Fig. 1C–F). These data suggest that HA differentially regulates 

glutamatergic transmission onto D1(+) and D1(−)-MSN synapses in the NAc, with synapses 

onto D1(+)-MSNs undergoing a HA-induced depression in synaptic strength (Fig. 1F).

To examine whether HA scales excitatory gain onto D1(+)-MSNs, we obtained an input-

output function in which action potential (AP) probability was assessed at a plateau potential 

of −70 mV following increasing stimulus frequencies (1, 5, 10, 20 and 30 Hz). We first 

confirmed that synaptically-evoked AP firing in D1(+)-MSNs was due to AMPAR-mediated 

excitatory postsynaptic potentials (EPSPs). Bath-application of AMPAR antagonist, NBQX 

(50 μM), completely blocked synaptically-evoked AP firing, indicating that increasing AP 

output in D1(+)-MSNs is due to spatiotemporal summation of AMPAR-mediated EPSPs 

(data not shown). D1(+) MSNs in ACSF alone demonstrated a linear increase in AP fidelity 

following sequential increases in input frequency (Fig. 1G,H). In contrast, HA superfusion 

significantly reduced synaptically-evoked AP firing that coincided with a negative shift in 

gain (Fig. 1G,I). Together, these findings suggest that HA function on glutamatergic 

synapses in the NAcC contributes to input-output inequities that alter D1(+)-MSN output.

To determine if HA modulates glutamatergic synapses via pre- or postsynaptic mechanisms, 

we examined the effects of HA on paired-pulse ratio (PPR) and coefficient of variance (CV). 

HA significantly increased PPR and CV at glutamatergic synapses onto D1(+)-MSNs but 

not D1(−)-MSNs, indicating a presynaptic locus of action that is restricted to D1(+) MSNs 

(Fig. 2A–C). HA also decreased spontaneous EPSC (sEPSC) frequency but not amplitude at 

D1(+)-MSNs without altering sEPSCs at D1(−)-MSNs (Fig. 2D,E). To examine the synaptic 

localization of HA function more closely, we performed glutamate uncaging experiments 

with ruthenium-bipyridine-trimethylphosphine (RuBi) glutamate (RuBi-Glu, 300 μM), a 

caged-glutamate compound released by 473-nm blue light(21). Optical stimulation of RuBi-

Glu-containing ACSF reliably elicited NBQX-sensitive AMPA receptor (AMPAR)-mediated 
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optical EPSCs (RuBi-Glu oEPSCs) in D1(+) and D1(−)-MSNs (Fig. 2F). HA had no effect 

on RuBi-Glu oEPSC amplitude at D1(+) or D1(−)-MSNs (Fig. 2F–H). If the effects of HA 

are exclusively presynaptic, disabling postsynaptic GPCR signaling should have negligible 

effect on the HA-induced depression in glutamatergic transmission. Consistent with this 

hypothesis, incorporating GDP analog, GDPβS (1 mM), into the intracellular solution of the 

patch pipette failed to prevent the HA-induced depression in EPSC amplitude and increase 

in PPR (Fig. 2I–L). Collectively, these data indicate that HA decreases NAcC glutamatergic 

synaptic efficacy through a presynaptic mechanism preferentially expressed at D1(+)-MSN 

synapses.

H3 heteroreceptors trigger long-term depression of glutamatergic transmission onto D1(+) 
MSNs and are tonically active at D1(−) MSN synapses

HA modulates striatal circuit function through various HA receptor subtypes, including Gαq

− and Gαs-coupled H1 and H2 receptors, respectively, and Gαi-coupled H3 

receptors(11,22,23). The HA receptor mediating synaptic depression at NAcC D1(+)-MSN 

synapses has not been determined. To assess the contribution of H1 receptors (H1R) to the 

actions of HA, we superfused selective H1R antagonist, cetirizine (CTZ, 1 μM), into the 

ACSF bath prior to HA. Prior application of CTZ had no effect on the HA-induced decrease 

in EPSC amplitude at D1(+)-MSN synapses (Fig. 3A, G). Similarly, bath-application of a 

selective H2 receptor (H2R) antagonist, ranitidine (20 μM), failed to block the effects of HA 

at D1(+)-MSN synapses, indicating that HA reduces glutamate release probability 

independently of H1 and H2 receptors (Fig. 3b,G). To determine if HA functions through H3 

heteroreceptors, H3R antagonists thioperamide (5 μM) and a chemically-distinct non-

imidazole H3R antagonist, JNJ5207852 (10 μM), were superfused into the ACSF bath for 

30-min prior to HA. Both H3R antagonists abolished the HA-induced depression in EPSC 

amplitude at glutamatergic synapses onto D1(+)-MSNs (Fig. 3C,G). Consistent with an 

H3R-mediated effect, selective H3R agonist, R-(−)-α-methylhistamine (RAMH, 1 μM), 

recapitulated the HA-induced depression in EPSC amplitude at D1(+)-MSN synapses (Fig. 

3D,G). To determine whether HA induces long-term depression (LTD) of glutamatergic 

transmission onto D1(+)-MSNs, thioperamide was incorporated into the superfusate 

immediately following HA. The HA-induced depression in EPSC amplitude persisted in the 

presence of thioperamide, indicating that HA triggers H3R-dependent LTD of glutamatergic 

transmission (HA-LTD) onto D1(+)-MSNs in the NAc (Fig. 3E,F). While H3R blockade 

alone had no effect on basal EPSC amplitude at synapses onto D1(+)-MSNs, we observed an 

increase in EPSC amplitude at D1(−)-MSN synapses following bath-application of either 

H3R antagonist (JNJ5207852 or thioperamide) (Fig. 4A–F). The H3R antagonist-induced 

increase in EPSC amplitude at D1(−) MSN synapses was accompanied by a significant 

reduction in PPR, indicating that tonic presynaptic H3R signaling occurs at glutamatergic 

synapses onto D1(−) MSN synapses (Fig. 4C,F).

Gβγ-directed recruitment of the Akt-GSK3β axis mediates HA-LTD at glutamatergic 
synapses onto D1(+) MSNs

H3Rs recruit diverse intracellular effectors to reduce neurotransmitter release 

probability(2,19,24). While striatal H3R have been shown to modulate synaptosomal 

glutamate release, in part, by inhibiting voltage-gated calcium channels (VGCCs), recent 
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reports implicate mitogen-activated protein kinase (MAPK)- and Akt/glycogen synthase 

kinase-3β (GSK3β)-dependent signaling pathways(25). To interrogate the synaptic 

mechanism of HA at synapses onto D1(+) MSNs in the NAc, we first assessed whether HA-

LTD requires a shift in Ca2+ dynamics. In slices incubated in cell-permeant Ca2+-chelator, 

BAPTA-AM (50 μM), HA induced a depression in EPSC amplitude that was indistinct from 

control conditions (Fig. 5A,H). We next tested if HA recruits a Gαi signaling pathway 

dependent on adenylyl cyclase (AC) and protein kinase A (PKA) activity. Bath-application 

of AC activator, forskolin (10 μM), had no effect on HA-LTD (Fig. 5B,H). If HA-LTD 

proceeds independently of AC/PKA signaling, then inhibiting downstream PKA function 

should also fail to occlude the expression of HA-LTD. Indeed, HA-LTD remained intact in 

the presence of PKA inhibitor, H89 (1 μM) (Fig. 5C,H). These data suggest HA-LTD of 

glutamatergic transmission onto D1(+)-MSNs in the NAcC is AC/PKA-independent.

Having ruled out canonical effectors targeted by Gαi signaling, we next asked if H3R 

activation mobilizes the Gβγ complex to elicit HA-LTD at D1(+)-MSN synapses. To test this 

hypothesis, we incubated slices in biased Gβγ complex inhibitor, gallein (20 μM). Pre-

incubation in gallein completely blocked HA-LTD, indicating that HA-LTD is mediated by 

an intracellular pathway targeted by the Gβγ complex (Fig. 5D,H). A downstream target of 

Gβγ signaling associated with long-term changes in synaptic strength is the phosphoinositide 

3-kinase (PI3K) pathway-Akt pathway. Intracellular recruitment of the PI3K-Akt signaling 

pathway underlies GPCR-induced synaptic plasticity in various regions(26–28). Superfusion 

of HA in the presence of Akt-1/2 inhibitor, Akti1/2 (10 μM), induced a transient depression 

in EPSC amplitude that returned to baseline following drug wash-out, indicating that Akt 

signaling contributes to the expression of HA-LTD at D1(+)-MSN synapses in the NAcC 

(Fig. 5E,H).

Several intracellular targets of Akt signaling can induce heterosynaptic forms of LTD, most 

notably MAPKs (e.g., MEK1/2) and glycogen synthase kinase-3β (GSK-3β)(29). To 

determine if MAPK signaling contributes to HA-LTD, HA was bath-applied in the presence 

of MEK1/2 inhibitor, U0126 (1 μM). HA-LTD at D1(+)-MSNs was only partially disrupted 

following MEK1/2 blockade, indicating that MAPK signaling likely serves as a parallel 

effector in the mechanism engaged by H3R (Fig. 5F,H). Given the apparent contingency of 

Gβγ-directed Akt-MAPK function on HA-LTD, we postulated that HA requires a proximal 

shift in the activity of GSK-3β, as phospho-regulation of GSK-3β can mediate the 

expression of PI3K/Akt-dependent forms of LTD(19,27). Thus, we incubated slices in 

GSK-3 inhibitor, CHIR 99021 (2 μM). Bath-application of HA in the presence of CHIR 

99021 completely blocked HA-LTD at D1(+)-MSN synapses (Fig. 5G,H). Together, these 

findings elucidate a novel form of plasticity in the NAc wherein H3R activation engages Akt 

signaling to induce GSK-3β-dependent LTD of glutamatergic transmission onto D1(+)-

MSNs.

Thalamocortical drive onto D1(+) MSNs in the NAc is differentially regulated by HA 
signaling

We next hypothesized that HA acutely tunes MSN responsiveness to specific glutamatergic 

afferents, an effect recently observed with the opioid, cannabinoid, and metabotropic 
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glutamate receptor systems in the NAc and striatum(18,30,31). To test this hypothesis, we 

employed optogenetics to determine if specific glutamatergic inputs onto D1(+)-MSNs are 

differentially sensitive to HA. We examined inputs from the prefrontal cortex (PFC) and 

mediodorsal thalamus (MDT), as glutamatergic inputs from these regions exert divergent 

effects on NAc-dependent motivational states, with the PFC supporting reward-related 

behavioral outcomes and the MDT contributing to negative emotional valence(32,33). The 

viral construct, AAV-CaMKII-ChR2-eYFP, was stereotaxically injected into the medial PFC 

and periventricular MDT of D1tdTomato mice, as described previously(17,18) (Fig. 6A,D).

To determine if PFC-to-NAc inputs are regulated by HA, oEPSCs were obtained in D1(+)-

MSNs from D1tdTomato mice expressing ChR2 in the medial PFC (Fig. 6A). HA (10 μM) 

was superfused into the ACSF bath for 15-min, resulting in a robust depression in oEPSC 

amplitude (Fig. 6B,G). In contrast to PFC-to-NAc synapses, HA resulted in a significantly 

smaller depression in oEPSC amplitude at MDT-to-D1(+)-MSN synapses (Fig. 6E,G). These 

data suggest that HA modulates thalamocortical gain in the NAc such that MSN 

responsiveness is biased toward glutamatergic afferents originating from the MDT. To 

ensure that the differential effects of HA were afferent-specific, we examined presynaptic 

GABAB receptor (GABABR) function at both synaptic inputs, as GABABR is highly 

expressed in the NAc and significantly regulates presynaptic glutamate release(15). Bath-

application of GABABR agonist, baclofen (BAC, 3 μM), resulted in a robust depression in 

EPSC amplitude at PFC- and MDT-to-D1(+)- MSN synapses that was indistinct between 

inputs (Fig. 6C,F,H). Together, these data support the hypothesis that HA differentially 

regulates PFC- and MDT inputs to the NAcC.

Acute stress recruits endogenous H3R signaling at glutamatergic synapses onto D1(+) 
MSNs in the NAcC

HA-containing TMN neuron output increases during behavioral states requiring heightened 

awareness of salient environment stimuli, including acute stress, fear learning, and systemic 

metabolic strain(34–36). Thus, we asked whether acute stress recruits endogenous HA 

signaling at glutamatergic synapses in the NAcC. We employed an acute immobilization 

stress (AIS) paradigm in which mice were restrained for 30-min followed by a 20-min 

recovery period, after which brain slices were prepared for ex vivo electrophysiology (Fig. 

7A). We hypothesized that AIS engages TMN-to-NAc volume transmission, thereby altering 

the expression of HA-LTD at glutamatergic synapses onto D1(+)-MSNs. Similar to 

experiments performed in naïve mice, bath-application of HA in control mice elicited a 

robust depression in EPSC amplitude at D1(+)-MSN synapses. However, in mice that 

underwent AIS, HA elicited a slight depression in EPSC amplitude that was significantly 

attenuated relative to control mice (Fig. 7B,C). In contrast, bath-application of HA had no 

significant effect at glutamatergic synapses onto D1(−)-MSNs in both AIS-exposed and 

control mice (Fig. S2A–C).

To determine if the reduction in HA-LTD was due to an experience-dependent shift in H3R 

function, we repeated these experiments with H3R agonist, RAMH. In control mice, RAMH 

significantly decreased EPSC amplitude at D1(+)-MSN synapses that persisted throughout 

the recording period. However, bath-application of RAMH in AIS mice had no significant 
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effect on EPSC amplitude, supporting the hypothesis that AIS modulates presynaptic H3R 

function at glutamatergic synapses onto D1(+)-MSNs (Fig. 7D,E). One explanation for these 

findings is that stress-evoked H3R activity occludes subsequent HA-LTD assessed ex vivo. If 

this hypothesis is correct, in vivo blockade of H3R should protect HA-LTD at D1(+)-MSN 

synapses in the NAc.

Thus, 15-min prior to AIS, mice received an intraperitoneal (IP) injection of vehicle (saline) 

or brain-penetrant H3R antagonist, JNJ5207852 (10 mg/kg) (Fig. 7F). JNJ520785 was 

chosen over thioperamide due to its solubility profile and minimal effects on hepatic 

cytochrome P450 activity(14,37). Similar to prior experiments performed in AIS-exposed 

mice, HA-LTD in vehicle-treated mice AIS mice was significantly attenuated. Prior 

administration of JNJ5207852 in AIS mice significantly increased HA-LTD relative to 

vehicle-treated mice (Fig. 7G,H). Together, these data suggest that AIS occludes HA-LTD at 

glutamatergic synapses onto D1(+)-MSNs by recruiting endogenous HA signaling via H3R.

Our findings suggest that AIS alters presynaptic H3R function at glutamatergic synapses 

onto D1(+) MSNs. However, stress may evoke NAc- and HA-independent synaptic 

adaptations that attenuate the expression of HA-LTD at these synapses. To assess whether 

AIS recruits HA-induced H3R signaling specifically at synapses in the NAc, we 

microinfused JNJ5207852 directly into the NAcC of D1tdTomato mice 5-min prior to AIS 

exposure. Following AIS and the 20-min recovery period, cannulae were extruded and brain 

slices were prepared for electrophysiological assessment of HA-LTD at D1(+)-MSNs in the 

NAcC. Bath-application of HA in vehicle-infused mice had minimal effect on EPSC 

amplitude, congruent with the initial effects of AIS observed at this synapse. In 

JNJ5207852-infused mice, HA resulted in a decrease in glutamatergic transmission at 

D1(+)-MSNs that was significantly greater than vehicle-infused control mice. Taken 

together, these data suggest that AIS-evoked HA signaling elicits NAc-specific H3R activity 

at glutamatergic synapses onto D1(+)-MSNs.

Discussion

We report that HA recruits a presynaptic gain control mechanism at glutamatergic synapses 

in the NAc. At D1(+)-MSN synapses in the NAcC, HA induces H3R-dependent LTD by 

mobilizing the Gβγ complex to engage Akt-GSK3β signaling. Furthermore, PFC-to-NAc 

synapses exhibit greater sensitivity to HA than MDT-to-NAc synapses, shifting 

thalamocortical balance onto D1(+)-MSNs. Finally, HA signaling in the NAc is recruited by 

AIS in an H3R-dependent manner, suggesting that acute stress engages endogenous HA 

signaling at glutamatergic synapses in the NAc. These findings offer novel insight into an 

understudied neuromodulatory system regulating NAc circuit function.

Our initial findings in WT mice indicate that HA decreases glutamatergic transmission 

uniformly across NAc core and shell subterritories. However, a subset of synapses failed to 

undergo HA-induced changes in synaptic strength, pointing to differentiable populations of 

HA-responsive [HA-(+)] MSN synapses. Consistent with this hypothesis, HA decreased 

synaptic efficacy onto D1(+)-MSNs with minimal effect at synapses onto D1(−)-MSNs. The 

effect at D1(+)-MSN synapses was abolished by two chemically-distinct H3R antagonists 
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and recapitulated with a selective H3R agonist, indicating that H3R mediates the effect of 

HA on excitatory transmission in the NAc. Although we do not fully explain the cell-type 

specific actions of HA, it is unlikely that HA-containing varicosities preferentially synapse 

onto D1(+)-MSNs, as striatal HA signaling occurs predominately via volume 

transmission(11,38). Alternatively, we found that glutamatergic synapses onto D1(−)-MSNs, 

but not D1(+)-MSNs, exhibit tonic presynaptic H3R activity. While we do not test synapses-

specific differences in tonic HA release, H3Rs exhibit constitutive receptor activity that may 

occlude additive effects of HA observed at D1(−)-MSN synapses(39).

An intriguing question that remains is whether glutamatergic afferents in the NAc express 

varying levels or isoforms of H3R that couple to distinct intracellular effectors. Our input-

specific optogenetic analysis encourages this notion, as HA strongly inhibits PFC-to-NAc 

inputs onto D1(+)-MSNs with only modest efficacy at MDT synapses. Thalamocortical 

rearrangements in the NAc exert divergent effects on NAc-directed motivational 

behavior(33,40,41). Given that no overt differences have been described between the 

connectivity of these regions onto D1(+) and D1(−)-MSNs, these findings suggest that HA 

may direct NAc responsiveness to inputs from the MDT over the PFC(14,42). By improving 

the signal-to-noise element of MDT-to-NAc transmission and preferentially acting at D1(+)-

MSN synapses, the physiological actions of HA at these synapses may explain the effects of 

central H3R function on drug reward behavior, though future studies are needed to test this 

hypothesis(43,44).

We report that HA recruits a presynaptic locus of action at D1(+)-MSN synapses. Although 

presynaptic H3R function has been shown to also negatively regulate glutamate release in 

the dorsal striatum, recent reports indicate that H3R is also expressed on striatal D1 and D2-

MSNs(25,45,46). It is tempting to speculate that HA engages a parallel postsynaptic effector 

pathway. However, disabling postsynaptic GPCR function with GDPβS and optically-

uncaging RuBi-Glu AMPAR currents failed to unmask a postsynaptic effect of HA on 

glutamatergic transmission. Because MSN output is reliant on concerted glutamatergic input 

to reach AP threshold, decreasing glutamatergic drive onto MSNs should reduce functional 

NAc output. Our findings support this notion, as HA reduces the gain and synaptically-

evoked AP fidelity by imposing a filter on glutamatergic inputs onto D1(+)-MSNs. 

Altogether, our data suggests that HA redistributes NAc circuit activity by presynaptically 

decreasing glutamatergic synaptic efficacy onto D1(+)-MSNs.

Although heterosynaptic HA function has been demonstrated elsewhere in the CNS, few 

studies define the temporal dynamics of H3R on synaptic transmission or the mechanism(s) 

engaged by H3R in native tissue preparations. We offer insight into the mechanism by which 

HA depresses glutamatergic synapses onto D1(+)-MSNs, showing that HA triggers H3R-

dependent LTD that requires Gβγ-directed Akt-GSK3β signaling. While the depression in 

glutamatergic transmission and increase in PPR and CV persisted following drug wash-out, 

interpreting this finding is complicated by reports that HA may be retained in slices post-

application(10). Thus, we assessed whether HA induces LTD by chasing HA with 

thioperamide. Thioperamide resulted in a modest uptrend toward baseline that remained 

depressed throughout the recording period, indicating that HA indeed triggers LTD of 

excitatory transmission onto D1(+)-MSNs.
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Our findings point to a critical role for the Gβγ effector arm in the induction of H3R-

dependent LTD. While Gβγ signaling can activate multiple intracellular signaling pathways, 

recent in vivo data suggest H3R activation engages striatal Akt-MAPK-GSK3β signaling 

without affecting AC/cAMP/PKA function, consistent with our findings(19,47). Moreover, 

GSK-3β is associated with H3R function and contributes to NAc-dependent motivational 

states(48,49). Our data proposes that H3R activation mobilizes the Gβγ complex, which 

activates the Akt pathway, leading to the phosphorylation of MAPKs (MEK1/2) and 

GSK-3β. Altering presynaptic GSK-3β activity may shift the phosphorylation state of 

exocytotic release machinery, leading to the expression of HA-LTD(27). Multiple forms of 

presynaptic LTD in the NAc core proceed through molecular alterations in SNARE-

associated release machinery, such as RIM1α(50). Although our pharmacological analysis 

points to a presynaptic Akt-GSK3 effector system in mediating the effects of HA, we do not 

provide direct biochemical evidence of this interaction in the NAcC. Moreover, our data 

does not rule out the possibility that multiple signaling mechanisms are engaged in parallel 

by presynaptic H3R activity, as inhibiting MAPKs blunted but did not completely block HA-

LTD. Additional studies and tools will be needed to determine exactly how HA-induced 

H3R signaling elicits a prolonged decrease in glutamate release probability onto D1(+)-

MSNs in the NAc.

HA transmission gates sleep-wake transitions, arousal, and attentional control(3,42,51). 

Accordingly, in vivo TMN activity is enhanced during bouts of acute stress, such as forced 

swim, foot shock, and AIS(34,35). Thus, we employed AIS as a means to recruit the TMN 

axis and assess whether endogenous HA signaling modulates glutamatergic transmission in 

the NAcC. We find that HA-LTD at D1(+)-MSN synapses is substantially reduced following 

AIS in a NAc-specific H3R-dependent manner, as pre-treatment with an H3R antagonist IP 

or microinfused into the NAcC protects this plasticity. Although HAergic afferents from the 

TMN are the most probable source of endogenous HA signaling in the NAc, HA derived 

from mast cells cannot be excluded, as several studies indicate that HA degranulation is 

triggered by acute stress(52,53). Nevertheless, while mast cell degranulation contributes to 

overall CNS HA content, direct synaptic effects of mast cell-derived HA remain to be 

determined.

While the involvement of HA in stress-associated behavioral states is beyond the scope of 

this study, our findings encourage investigative interest in the role of NAc HA in stress-

related pathologies, including depression, anxiety, and addiction. Early pre-clinical studies 

suggest that pharmacologically targeting H3R with non-imidazole-based compounds 

modulates the rewarding properties of drugs of abuse, including psychostimulants and 

alcohol(43,44). Given the established role of the NAc in goal-directed behavior, it is enticing 

to speculate broadly that HA and/or H3R signaling gates stress-induced decisional economic 

strategies communicated by NAc-projecting top-down control centers, such as the PFC and 

MDT. These studies highlight a novel neuromodulatory network in the NAc with potential 

therapeutic avenues for the management of stress-related motivational states.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HA recruits a gain control mechanism that differentially modulates glutamatergic 
transmission onto D1(+) and D1(−) MSNs in the NAc core.
(A) Schematic of sagittal mouse brain slice depicting electrophysiological recording location 

in the dorsomedial NAc core. (B) Representative experiment and traces (above) of EPSCs 

obtained at baseline and in the presence of HA (10 μM) from tdTomato-expressing [D1(+)] 

MSNs. (C) Representative experiment and traces (above) of EPSCs obtained at baseline and 

in the presence of HA (10 μM) from tdTomato-negative [D1(−), putative D2] MSNs. Scale 

bars: 100 pA/50-ms. (D) Time-course summary of normalized EPSCs in D1(+) MSNs 

depicting the HA-induced depression in EPSC amplitude that persists post-drug wash out 
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[64.55±4.03%, n=10, p<0.0001]. (E) Time-course summary of normalized EPSCs in D1(−) 

MSNs depicting a modest HA-induced depression in EPSC amplitude that returns to 

baseline [92.94±4.47%, n=7, p=0.126]. (F) Average EPSC amplitude in D1(+) (blue circles) 

and D1(−) MSNs (open circles) obtained at t(gray)= 45–50-min [2-way RM-ANOVA, effect 

of MSN subtype, F(3,27)=35.95, Sidak’s post-hoc analysis, p<0.0001]. (G) Representative 

traces from D1(+) MSNs showing EPSPs and APs obtained following 1, 5, 10, 20 and 30 Hz 

stimulation of glutamatergic synapses in ACSF and HA-superfused slices Scale bars: 20 

mV/20-ms. (H) Input-output gain curve with AP probability (y-axis) plotted as a function of 

input frequency (x-axis) in ACSF and HA. (I) Average AP probability obtained at 30 Hz in 

ACSF (open bar) and HA (closed green bar). (J) Gain of EPSCs in ACSF (open bar) and HA 

(closed green bar) [PAP 30 Hz ACSF: 0.921±0.039, n=16; PAP 30 Hz HA: 0.453±0.055, 

n=16, p<0.001; Gain ACSF: 0.029±0.001, n=16; Gain HA: 0.017±0.002, n=16, p<0.001]. 

Error bars indicate SEM with (*) signifying p < 0.05.
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Figure 2. HA decreases glutamatergic synaptic efficacy onto D1(+) MSNs via a presynaptic locus 
of action.
(A) Representation traces of 50-ms ISI paired-pulse EPSCs obtained in D1(+) (blue circles) 

and D1(−) MSNs (open circles) at baseline and following HA (10 μM) bath-application with 

light-blue shaded region indicating ΔPPR. Scale bars [D1(+)]: 50-pA, 100-pA/50-ms. Scale 

bars [D1(−)]: 50-pA/50-ms. (B) Average PPR obtained at baseline and post-HA at t(gray)= 

45–50-min in D1(+) and D1(−) MSNs [D1(+) PPR baseline: 1.12±0.05, D1(+) PPR HA: 

1.33±0.07, n=11, p=0.007; D1(−) PPR baseline: 1.24±0.06, D1(−) PPR HA: 1.31±0.06, n=8, 

p=0.187]. (C) Average coefficient of variance (CV) of EPSCs obtained during 10-min 

baseline and post-HA at t(gray)= 45–50-min in D1(+) and D1(−) MSNs [D1(+) CV 

baseline: 0.11±0.01, n=5, D1(+) CV HA: 0.17±0.02, n=5, p=0.012;; D1(−) CV baseline: 

0.15±0.007, CV HA: 0.146±0.006, n=5, p=0.483]. (D) Representative traces of sEPSCs in 

D1(+) (blue traces) and D1(−) MSNs (black traces) in ACSF alone and in HA-containing 

ACSF. Scale bars: 20 pA/1-s. (E) Average sEPSC frequency (Hz) and amplitude (pA) in 

D1(+) (blue bars) and D1(−) (open bars) in ACSF alone and in the presence of HA [sEPSC 
frequency = D1(+) baseline: 1.97±0.304 Hz, n=13 D1(+) HA: 0.80±0.09 Hz, n=10, p<0.001; 

D1(−) baseline: 1.54±0.316 Hz, n=11, D1(−) HA: 1.29±0.15 Hz, n=8, p=0.483; sEPSC 
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amplitude = D1(+) baseline: −18.8±1.09 pA, n=13, D1(+) HA: −19.49±1.48 pA, n=10, 

p=0.3524; D1(−) baseline: −18.99±1.04 pA, n=11, D1(−) HA: −20.34±1.99 pA, n=8, 

p=0.2483. (F) Representative traces of optically-evoked RuBi-Glu EPSCs (RuBi-Glu 

oEPSCs) in D1(+) and D1(−) MSNs at baseline and in the presence of HA. Superimposed 

traces show that AMPAR-antagonist, NBQX, abolishes RuBi-Glu oEPSCs in both MSNs. 

Scale bars: 20-pA/50-ms. (G) Time-course summary of RuBi-Glu oEPSCs in D1(+) (blue 

circles) and D1(−) MSNs (open circles) showing that HA has no effect on RuBi-Glu oEPSC 

amplitude. (H) Average RuBi-Glu oEPSC amplitude obtained at t(gray) = 15–20-min in 

D1(+) and D1(−) MSNs [D1(+): 101.26±1.96, n=4, p=0.5113; D1(−) 99.65±2.99%, n=4, 

p=0.899]. (I) Representative traces of eEPSCs obtained from D1(+) MSNs postsynaptically-

loaded with GDPβS at baseline and in the presence of HA. Scale bars: 100-pA/50-ms (J) 
Time-course summary of EPSCs in D1(+) MSNs showing the inhibitory actions of HA 

remain intact in GDPβS-loaded cells. (K) Quantification of average EPSC amplitude pre- 

and post-HA in GDPβS-loaded cells at t(gray) = 45–50-min [HA GDPβS: 75.39±13.04%, 

n=6, p<0.001]. (L) Average PPR pre- and post-HA in GDPβS-loaded cells [PPR = pre-HA: 

1.20±.043, post-HA: 1.38±0.08, n=8, p=0.0163]. Error bars indicate SEM with (*) 

signifying p < 0.05.
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Figure 3. HA acts via H3 heteroreceptors to elicit long-term depression of glutamatergic 
transmission onto D1(+) MSNs.
(A) Representative traces (left) and normalized time-course summary of EPSCs obtained in 

D1(+) MSNs (blue circles) showing the effects of HA in the presence of H1R antagonist, 

cetirizine (CTZ) [D1(+) HA: 58.12±2.60%, n=6, p=0.247]. (B) Representative traces (left) 

and time-course summary of EPSCs obtained in D1(+) MSNs showing the effects of HA in 

the presence of H2R antagonist, ranitidine [D1(+) HA: 67.11±3.76%, n=6, p=0.656]. (C) 
Representative traces (left) and time-course summary of EPSCs obtained in D1(+) MSNs 

showing that imidazole or non-imidazole H3R antagonists, thioperamide (black) and JNJ 

5207852 (green), respectively, completely block the effects of HA [D1(+) HA in 

thioperamide: 100.98±2.24%, n=5, p=0.005; HA in JNJ: 104.46±3.02%, n=4, p<0.001]. (D) 
Representative traces (left) and time-course summary of EPSCs obtained in D1(+) MSNs 

showing the effects of selective H3R agonist, R-(−)-α-methylhistamine (RAMH) [D1(+) 

RAMH: 71.06±2.16%, n=9, p<0.001]. (E) Representative traces (left) and time-course 

summary of EPSCs obtained in D1(+) MSNs showing the effects of HA chased with H3R 

antagonist, thioperamide [: D1(+) HA: 66±3.70, D1(+) thioperamide chase: 79.68±4.86%, 

n=9, p=0.002]. (F) Average EPSC amplitude in D1(+) MSNs obtained at baseline, t(grey) = 

25–30-min, and t(blue) = 45–50-min. (G) Summary table of average EPSC amplitude at 

D1(+) MSNs following each pharmacological treatment. Scale bars: 100 pA/20-ms. Error 

bars indicate SEM with (*) signifying p < 0.05.
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Figure 4. H3R activity tonically regulates glutamatergic synapses onto D1(−) MSNs but not 
D1(+) MSNs.
(A) Representative traces (left) and experiments of EPSCs in D1(+) MSNs depicting the 

effects of H3R antagonist, JNJ 5207852. (B) Time-course summary of EPSCs during bath-

application of imidazole or non-imidazole H3R antagonists, thioperamide (black) and JNJ 

5207852 (green), respectively [D1(+) JNJ: 100.02±3.33%, n=8, p=0.497; D1(+) in 

thioperamide: 95.69±1.49%, n= 4, p=0.065]. (C) Quantification of average EPSC amplitude 

in D1(+) MSNs at baseline in the presence of thioperamide or JNJ 5207852 at t(grey) = 45–

50-min. (D) PPR in D1(+) MSNs at baseline and in the presence of thioperamide (black) or 

JNJ 5207852 (green) [D1(+) PPR baseline: 1.92±0.07, D1(+) PPR H3R antagonist: 

1.22±0.05, n=11, p=0.309]. (E) Representative traces (left) and experiments of EPSCs in 

D1(−) MSNs depicting the effects of H3R antagonist, JNJ 5207852. (F) Time-course 
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summary of EPSCs during bath-application of H3R antagonists, thioperamide (black) and 

JNJ 5207852 (open) in D1(−) MSNs [D1(−) JNJ: 134.72±4.06%, n=7, p<0.001; D1(−) in 

thioperamide: 128.10±6.57%, n=7, p=0.005]. (G) Quantification of average EPSC amplitude 

in D1(−) MSNs at baseline in the presence of thioperamide or JNJ 5207852 at t(grey) = 45–

50-min. (H) PPR in D1(+) MSNs at baseline and in the presence of thioperamide (black) or 

JNJ 5207852 (open) [D1(−) PPR baseline: 1.42±0.05, D1(−) PPR H3R antagonist: 

1.24±0.06, n=15, p<0.001]. Scale bars: 50-pA/20-ms. Error bars indicate SEM with (*) 

signifying p < 0.05.
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Figure 5. Gβγ-dependent recruitment of the Akt-GSK3β axis mediates HA-LTD at glutamatergic 
synapses onto D1(+) MSNs.
(A) Representative traces (left) and normalized time-course summary of EPSCs obtained in 

D1(+) MSNs (green circles) showing the effects of HA in slices incubated in Ca2+ chelator, 

BAPTA-AM [HA in BAPTA-AM: 60.02±3.74%, n=7, 1-way ANOVA, F(7,44)=13.78, 

Sidak’s post-hoc analysis, ACSF vs. BAPTA-AM, p=0.935)]. (B) Representative traces (left) 

and normalized time-course summary of EPSCs obtained in D1(+) MSNs showing the 

effects of HA in the presence of AC activator, forskolin [D1(+) HA in forskolin: 

65.80±4.81%, n=7, 1-way ANOVA, ACSF vs. FSK, p=0.999]. (C) Representative traces 

(left) and time-course summary of EPSCs obtained in D1(+) MSNs showing the effects of 

HA in the presence of PKA inhibitor, H89 [: D1(+) HA in H89: 67.12±3.76%, n=6, 1-way 

ANOVA, ACSF vs. H89, p=0.997]. (D) Representative traces (left) and time-course 

summary of EPSCs obtained in D1(+) MSNs showing the effects of HA in the presence of 
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Gβγ inhibitor, gallein [D1(+) HA in gallein: 94.38±4.51%, 1-way ANOVA, ACSF vs. 

gallein, n=6, p<0.001]. (E) Representative traces (left) and time-course summary of EPSCs 

obtained in D1(+) MSNs showing the effects of HA in the presence of Akt-1/2 inhibitor, 

Akti1/2 [D1(+) HA in Akti1/2 : 91.38±3.01%, 1-way ANOVA, ACSF vs. Akti1/2, n=4, 

p<0.001]. (F) Representative traces (left) and time-course summary of EPSCs obtained in 

D1(+) MSNs showing the effects of HA in the presence of MAPK (MEK1/2) inhibitor, 

U0126 [D1(+) HA in U0126: 87.02±5.99%, 1-way ANOVA, ACSF vs. U0126, n=6, 

p=0.002]. (G) Representative traces (left) and time-course summary of EPSCs obtained in 

D1(+) MSNs showing the effects of HA in the presence of GSK-3 inhibitor, CHIR 99021 [: 

D1(+) HA in CHIR 99021: 92.45±3.45%, 1-way ANOVA, ACSF vs. CHIR, n=6, p<0.001]. 

(H) Quantification of average HA-induced depression during each pharmacological 

manipulation at t(grey) = 45–50-min. Scale bars: 100-pA/20-ms. Error bars indicate SEM 

with (*) signifying p < 0.05.
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Figure 6. Thalamocortical drive onto D1(+) MSNs in the NAc is differentially regulated by HA 
signaling.
(A) Schematic of (1) stereotaxic delivery of ChR2-eYP-harboring viral vectors into the 

medial PFC of D1tdTomato mice; (2) patch-clamp recordings in NAc core D1(+) MSNs of 

mice expressing ChR2 in the PFC (purple). (B) Representative traces (above) and time-

course summary of optically-evoked EPSCs (oEPSCs) from the PFC at baseline and in the 

presence of HA (closed circles) and HA in thioperamide (open circles) in D1(+) MSNs 

[PFC-to-D1(+) HA: 60.66±4.79%, n=10, p<0.001]. Scale bars (PFC): 50-pA/20-ms. (C) 
Representative traces and time-course summary of oEPSCs from the PFC at baseline and in 
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the presence of BAC (3 μM). Scale bars: 50-pA/20-ms (D) Schematic of (1) stereotaxic 

delivery of ChR2-eYP-harboring viral vectors into the MDT of D1tdTomato mice; (2) patch-

clamp recordings in NAc core D1(+) MSNs of mice expressing ChR2 in the MDT (red). (E) 
Representative traces (above) and time-course summary of optically-evoked EPSCs 

(oEPSCs) from the MDT at baseline and in the presence of HA (closed red circles) and HA+ 

thioperamide (open circles) in D1(+) MSNs [MDT-to-D1(+) HA: 80.25±5.15%, n=6, 

p<0.001; 1-way RM-ANOVA, input effect: F3,28 = 39.4, p=0.0017, Sidak’s post-hoc 

analysis]. (F) Representative traces (above) and time-course summary MDT oEPSCs 

obtained in D1(+) MSNs showing the effects of BAC on oEPSC amplitude. Scale bars 

(MDT): 100-pA/20-ms. (G) Average oEPSC amplitude at PFC- and MDT-to-NAc D1(+) 

MSN synapses obtained at t(grey) = 45–50-min post-HA and post-HA + thioperamide. (H) 
Average BAC-induced oEPSC amplitude at PFC- and MDT-to-NAc D1(+) MSN synapses 

obtained at t(grey) = 25–30-min [PFC-to-D1(+) BAC: 27.49±4.6%, n=6, p<0.001; MDT-to-

D1(+) BAC: 30.10±5.28%, n=7, p<0.001; 1-way ANOVA, input effect: F3,22 = 158, 

p=0.994]. Error bars indicate SEM with (*) signifying p < 0.05.
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Figure 7. Acute immobilization stress recruits endogenous H3R signaling at glutamatergic 
synapses onto D1(+) MSNs in the NAc core.
(A) Schematic depicting 30-min acute immobilization stress (AIS) paradigm and recording 

strategy in D1(+) MSNs of control (open circles) and AIS-exposed D1tdTomato mice (green 

circles), (B) Time-course summary of electrically-evoked EPSCs in control homecage mice 

and AIS-exposed mice depicting the effects of HA at synapses onto D1(+) MSNs in the 

NAcC [D1(+) HA control: 61.48±3.64%, n=5, N(animals)=4; D1(+) HA AIS: 87.88±4.13%, 

n=7, N(animals)=5, p<0.001]. (C) Time-course summary of EPSCs in control mice (left) 

and AIS-exposed mice (right) depicting the effects of H3R agonist, RAMH, at synapses onto 

D1(+) MSNs [D1(+) RAMH control: 66.78±3.61%, n=7, N (animals)=4; D1(+) RAMH 

AIS: 93.08±7.13%, n=7, N(animals)=5, p=0.004]. (D) Average HA and RAMH-induced 
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EPSC amplitude obtained at t(gray) = 45–50 min in control and AIS-exposed mice. (E) 
Schematic depicting prophylactic treatment with water-soluble non-imidazole H3R 

antagonist, JNJ 5207852, or vehicle (saline) prior to AIS exposure. (F) Time-course 

summary of EPSCs in D1(+) MSNs of vehicle-treated (open squares) AIS-exposed mice. 

(G) Time-course summary of EPSCs in D1(+) MSNs of JNJ 5207852-treated (green 

squares) AIS-exposed mice [D1(+) HA-VEH: 85.61±4.82%, n=10, N(animals)=5; D1(+) 

HA-JNJ: 66.85±5.38%, n=7, N(animals)=6, p=0.008]. (H) Average HA-induced EPSC 

amplitude obtained at t(gray) = 45–50 min in vehicle vs. JNJ 5207852-treated AIS-exposed 

mice. (I) Schematic depicting intra-NAc microinfusion of 3.86 μg/μL JNJ 5207852 or 

vehicle prior to AIS exposure. (J) Time-course summary of EPSCs in D1(+) MSNs of intra-

NAc vehicle-infused (open squares) AIS-exposed mice. (K) Time-course summary of 

EPSCs in D1(+) MSNs of JNJ 5207852-infused (green squares) AIS-exposed mice [Fig. 8j-
l: HA-VEH: 95.35±5.62%, n=4, N(animals)=2; HA-JNJ: 73.65±6.14%, n=8, N(animals)=4, 

p=0.0481]. (L) Average HA-induced EPSC amplitude obtained at t(gray) = 35–40 min in 

intra-NAc vehicle vs. JNJ 5207852-infused AIS-exposed mice. Error bars indicate SEM 

with (*) signifying p < 0.05.
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KEY RESOURCES TABLE

Resource Type Specific Reagent or 
Resource Source or Reference Identifiers Additional 

Information

Add additional 
rows as needed for 
each resource type

Include species and sex 
when applicable.

Include name of 
manufacturer, company, 
repository, individual, or 
research lab. Include PMID 
or DOI for references; use 
“this paper” if new.

Include catalog numbers, stock 
numbers, database IDs or accession 
numbers, and/or RRIDs. RRIDs are 
highly encouraged; search for 
RRIDs at https://scicrunch.org/
resources.

Include any 
additional 
information 
or notes if 
necessary.

Chemical 
Compound, Drug

Histamine 
dihydrochloride

Tocris/Bio-Techne, 
Minneapolis, MN PubChem ID: 5818

Chemical 
Compound, Drug Thioperamide Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 3035905

Chemical 
Compound, Drug

JNJ 5207852 
dihydrochloride

Tocris/Bio-Techne, 
Minneapolis, MN PubChem ID: 90488903

Chemical 
Compound, Drug

Cetirizine 
dihydrochloride

Tocris/Bio-Techne, 
Minneapolis, MN PubChem ID: 55182

Chemical 
Compound, Drug Ranitidine hydrochloride Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 657344

Chemical 
Compound, Drug

(R)-(−)-α-
methylhistamine 
dihydrobromide

Tocris/Bio-Techne, 
Minneapolis, MN PubChem ID: 45037031

Chemical 
Compound, Drug RuBi-Glutamate Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 90488860

Chemical 
Compound, Drug (RS)-baclofen Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 2284

Chemical 
Compound, Drug Akti-1/2 Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 10196499

Chemical 
Compound, Drug CHIR 99021 Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 9956119

Chemical 
Compound, Drug Gallein Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 73685

Chemical 
Compound, Drug Forskolin Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 47936

Chemical 
Compound, Drug NBQX disodium salt Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 3272523

Chemical 
Compound, Drug Picrotoxin Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 6473767

Chemical 
Compound, Drug H89 dihydrochloride Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 5702541

Chemical 
Compound, Drug BAPTA-AM Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 2293

Chemical 
Compound, Drug U0126 Tocris/Bio-Techne, 

Minneapolis, MN PubChem ID: 3006531

Organism, Strain
Mouse:B6.Cg-

Tg(Drd1a-
tdTomato)6Calak/J

The Jackson Laboratory, 
Sacramento, CA Stock No: 016204

Organism, Strain Mouse: C57BL/6J The Jackson Laboratory, 
Sacramento, CA Stock No: 000664

Bacterial or viral 
strain

Virus: pAAV5-
CaMKIIα-

hChR2(H134R)-EYFP
Addgene, Watertown, MA Plasmid No: 26969
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Resource Type Specific Reagent or 
Resource Source or Reference Identifiers Additional 

Information

Add additional 
rows as needed for 
each resource type

Include species and sex 
when applicable.

Include name of 
manufacturer, company, 
repository, individual, or 
research lab. Include PMID 
or DOI for references; use 
“this paper” if new.

Include catalog numbers, stock 
numbers, database IDs or accession 
numbers, and/or RRIDs. RRIDs are 
highly encouraged; search for 
RRIDs at https://scicrunch.org/
resources.

Include any 
additional 
information 
or notes if 
necessary.

Software, 
Algorithm EthoVision XT Noldus Information 

Technology, Leesburg, VA www.noldus.com

Software, 
Algorithm pClamp 10 Molecular Devices, 

Sunnyvale, CA www.moleculardevices.com

Software, 
Algorithm GraphPad Prism GraphPad Software, Inc., La 

Jolla, CA
www.graphpad.com/scientific-

software/prism/

Biol Psychiatry. Author manuscript; available in PMC 2022 March 15.

https://scicrunch.org/resources
https://scicrunch.org/resources
http://www.noldus.com
http://www.moleculardevices.com
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/

	Abstract
	Introduction
	Materials and Methods
	Animal Use
	Electrophysiology
	Microinfusions
	Pharmacology
	Statistics and Data Analysis

	Results
	HA recruits a presynaptic gain control mechanism that is differentially expressed at glutamatergic synapses onto D1(+) and D1(−) MSNs in the NAc
	H3 heteroreceptors trigger long-term depression of glutamatergic transmission onto D1(+) MSNs and are tonically active at D1(−) MSN synapses
	Gβγ-directed recruitment of the Akt-GSK3β axis mediates HA-LTD at glutamatergic synapses onto D1(+) MSNs
	Thalamocortical drive onto D1(+) MSNs in the NAc is differentially regulated by HA signaling
	Acute stress recruits endogenous H3R signaling at glutamatergic synapses onto D1(+) MSNs in the NAcC

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table T1

