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Abstract

Introduction—Neuromedin U (NMU) is a neuropeptide enriched in the nucleus accumbens shell 

(NAcSh), a brain region associated with reward. While NMU and its receptor, NMU Receptor 2 

(NMUR2), have been studied for its ability to regulate food reward, NMU has not been studied in 

the context of drugs of abuse (e.g. cocaine). Furthermore, the neuroanatomical pathways which 

express NMUR2 and its ultrastructural localization are unknown.

Methods—Immunohistochemistry was used to determine the synaptic localization of NMUR2 in 

the NAcSh and characterize which neurons express this receptor (n=17). The functional outcome 

of NMU on NMUR2 was examined using microdialysis (n=16). The behavioral effects of NMU 

microinjection directly to the NAcSh was investigated using cocaine-evoked locomotion (n=93). 

The specific effects of NMUR2 knockdown on cocaine-evoked locomotion was evaluated using 

viral-mediated RNAi (n=40).
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Results—NMUR2 is localized to presynaptic GABAergic nerve terminals in the NAcSh 

originating from the dorsal raphe nucleus. Furthermore, NMU microinjection to the NAcSh 

decreased local GABA concentrations. Next, we evaluated the effects of NMU microinjection on 

behavioral sensitization to cocaine. When repeatedly administered throughout the sensitization 

regimen, NMU attenuated cocaine-evoked hyperactivity. Additionally, shRNA-mediated 

knockdown of presynaptic NMUR2 in the NAcSh using a retrograde viral vector potentiated 

cocaine sensitization.

Conclusions—Together, these data reveal that NMUR2 modulates a novel GABAergic pathway 

from the dorsal raphe nucleus to the NAcSh to influence behavioral responses to cocaine.
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Neuromedin U Receptor 2 (NMUR2) is a highly conserved G protein-coupled receptor (1) 

expressed in the central nervous system (2–4). NMUR2 and its endogenous ligand, the 

neuropeptide Neuromedin U (NMU) (5, 6), have primarily been studied for their role in 

regulating food intake (5, 7). Compelling evidence suggests that obesity and addiction 

processes involve overlapping neurocircuits, particularly within brain reward centers (8–10). 

This overlap may involve NMU signaling. NMU and NMUR2 are enriched in the nucleus 

accumbens (NAc) (11), particularly, the NAc shell (NAcSh) which is a key component in 

brain circuitry underlying reinforcement and other drug-evoked behaviors (12–16). 

Microarray studies have identified NMU as a transcript regulated by acute 

methamphetamine exposure (17) in rats and a single nucleotide polymorphism in Nmur2 is 

associated with alcoholism (18) in humans. Despite these intriguing data, the enrichment of 

NMUR2 in the NAcSh, and the importance of the NAcSh in animal models of substance use 

disorders, no functional or mechanistic studies have investigated NMU/NMUR2 in the 

context of drug related neurocircuitry or behaviors. This gap in knowledge represents an 

opportunity to explore NMUR2 as a novel regulator of key addiction related pathways of the 

brain.

In the present study, we explored the neurocircuitry that expresses NMUR2 in the NAcSh 

using immunohistochemistry and viral tracers to establish and characterize NMUR2-positive 

pathways between the NAcSh and other brain regions associated with addiction (19) such as 

the dorsal raphe nucleus (DRN), caudate putamen (CPu), amygdala (AMG), or tail of the 

ventral tegmental area (tVTA). Next, the effect of NMU on neurotransmitter release in the 

NAcSh was evaluated to verify the functional output of NMU signaling. The behavioral 

relevance of the changes in neurotransmission following accumbal administration of NMU 

was modeled using behavioral sensitization to cocaine. Behavioral sensitization is a 

progressive enhancement of the behavioral effects (e.g., locomotor hyperactivity) driven by 

repeated exposure to a psychostimulant. The repeated drug exposure serves to study the 

neural basis of altered responsiveness to drugs (13). This non-response contingent model 

involves pathways that have been demonstrated to play a key role in models of relapse and 

has been used to identify and screen potential pharmacotherapeutic targets (13) and involved 

neurocircuitry (20). The functional significance of NMUR2 was evaluated using an in vivo 
knockdown of presynaptic NMUR2 in the NAcSh and examining behavioral sensitization to 
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cocaine. This work represents the first step in characterizing NMUR2-positive pathways and 

determining the behavioral relevance of this neurocircuitry.

Materials and Methods

Animals

Male Sprague-Dawley rats (n=166 total, Harlan, Indianapolis, IN) weighing 225 to 250 g, 

were singly housed. Rat use was carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals and with the approval of the University of Texas Medical Branch 

Institutional Animal Care and Use Committee.

Electron microscopy

We evaluated the localization of NMUR2 in the NAcSh region using postembedding 

immunogold staining (21–23). A protocol for immunogold staining has been previously 

published by our lab (24, 25). Briefly, rats (n=3) were perfused, the brain was removed and 

the tissue blocks were post fixed, embedded with epon, cured, cut and rinsed. The grids were 

place on drops of the following solutions: normal goat serum diluted in Tris buffer (5%, 1 

hour); NMUR2 antiserum (1:25, Novus Biologicals, Littleton, CO; NBP1-02351, 24 hours), 

goat anti-rabbit IgG-gold (20 nm, Ted Pella, Redding, CA; 1 hour), rinsed and post-stained 

prior to analysis. Specificity of the NMUR2 antibody was previously validated (26). 

Additionally, grids incubated in diluent lacking the primary antisera resulted in a complete 

lack of immunogold staining on the grids. Using a JEOL 1400 EM scope, all gold-labeled 

profiles within randomly chosen screens in the region encompassing the NAcSh were 

photographed and 166 photos were analyzed.

Immunohistochemistry

Colocalization of the tracer virus expressing green fluorescent protein (GFP) with NMUR2 

in the NAcSh was visualized using fluorescent immunohistochemistry (26). Briefly, the 

sections were unmasked, blocked and incubated in primary antibodies. The primary 

antibodies included rabbit αNMUR2 (1:150; Novus Biologicals, Littleton, CO; 

NBP1-02351), chicken αGFP (1:500; Aves Labs, Tigard, OR; GFP1020). Sections were 

incubated with secondary antibody goat αrabbit AF-555 (1:100; Life Technologies, 

Carlsbad, CA; A21429) and donkey αchicken AF-488 (1:100; Jackson ImmunoResearch, 

West Grove, PA; 703-545-155) for 2 hours.

Colocalization of NMUR2 with glutamic acid decarboxylase 67 (GAD67), tryptophan 

hydroxylase (TPH) and tyrosine hydroxylase (TH) in the NAcSh was also visualized. The 

procedure was performed as above using the following primary antibodies: rabbit αNMUR2 

(as previous), mouse αGAD67 (1:150; Abcam, United Kingdom; ab26116), mouse αTPH 

(1:1000; Sigma, St. Louis, MO; T0678), and mouse αTH (1:500; Sigma, St. Louis, MO; 

T2928). Secondary antibodies included donkey αrabbit AF-488 (1:200; Jackson 

ImmunoResearch, West Grove, PA; 711-546-152) and donkey αmouse AF-555 (1:200; 

Invitrogen, Carlsbad, CA; A31570).
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Triple colocalization of NMUR2, tracer from the DRN, and GAD67 was performed as 

described above. The secondary antibodies included goat αrabbit cascade blue (1:200, Life 

Technologies, Carlsbad, CA; C-2764), donkey αchicken AF-488 (as previous), and donkey 

αmouse AF-555 (as pervious).

All images for colocalization were acquired using Leica True Confocal Scanner SPE and 

Leica Application Suite Advanced software (Leica Microsystems, Germany). Images were 

pseudocolored and image colocalization was quantified using ImageJ with JACoP (27) 

software. The moments (28) auto thresholding option was applied to all images and the 

Manders’ M2 coefficient was calculated for either the fraction of 1) NMUR2 

immunofluorescent pixels that colocalize with the tracer or 2) neuronal tracer that 

colocalizes with NMUR2. The statistical differences were tested using ANOVA with Tukey 

post hoc test on Prism 6 software (GraphPad Software, Inc, La Jolla, CA).

Microdialysis

Each rat was anesthetized and placed in a stereotaxic instrument (Kopf) for implantation of 

guide cannula. The microdialysis probe guide cannula (CMA Microdialysis, Sweden) and 

microinjection guide cannula (PlasticsOne, Roanoke, VA) were anchored with two stainless 

steel screws and dental cement. Coordinates for microdialysis and NMU microinjections are 

detailed in Figure S1. The dual cannula setup was used instead of reverse dialysis in 

consideration of probe molecular weight cutoff and dialysate analysis. After recovery, CMA 

11 microdialysis probes, with 2mm active length, were perfused with artificial cerebrospinal 

fluid (aCSF) at 1 µL/min. Probe was inserted and rats were allowed to freely move around 

the CMA 120 system. Two hours after implantation (29), samples were collected every 30 

minutes.

Neurotransmitters were assayed by UPLC and MS/MS (30). The LC system (Waters 

Acquity UPLC, Waters Co., Milford, MA) with a binary solvent manager, sample organizer, 

sample manager and column manager and a Waters Acquity UPLC HSS T3 1.8 µm column 

were used for the separation. The UPLC system was coupled to a triple-quadrupole mass 

spectrometer (Thermo TSQ Quantum Ultra, Carlsbad, CA), using electrospray ionization in 

positive mode. All data were processed by Waters MassLynx 4.0 and Thermo Xcaliber 

software. Data were acquired and analyzed using Thermo LCquan 2.5 software (Thermo 

Fisher Scientific, Inc., Carlsbad, CA). Repeated measures ANOVA with planned 

comparisons were performed.

NAcSh cannulation and microinjection

Rat (n=93) surgery and cannula implantation was performed similar to the microdialysis 

experiment. Rats were habituated to being held by hand and microinjections of aCSF or 0.3 

nmol NMU (porcine 8-mer sequence, GenScript, Township, NJ) in aCSF were administered 

at 1 µl per minute for 2 minutes.

Sensitized locomotor activity

Sensitization was achieved using a previous method (31). Briefly, all rats were given a saline 

injection and locomotor activity was measured to determine basal locomotion using an open-
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field enclosure and photobeam matrix (San Diego Instruments, San Diego, CA). During 

pretreatment phase, rats received twice per day i.p. injections of saline or 15 mg/kg cocaine 

and the following hour of locomotor activity was measured. Animals were then left 

untreated for one week. Challenge day locomotor activity was analyzed using ANOVA and 

planned comparisons.

Virus injections

Rats (n=40) were anesthetized and placed in a stereotaxic instrument similar to the previous 

cannulation procedure for the viral injections. The knockdown vector used was an AAV6 

with shRNA against Nmur2 or scrambled shRNA control (26) that was microinjected 

bilaterally into the NAcSh. Total microinjection volume for NAcSh was 2 µL. The tracer 

vector used was an AAV2 that expresses a fusion protein of synaptobrevin and GFP (32). 

Microinjections of tracer into the DRN: −7.1mm anteroposterior, +3.2mm lateral, and 

−7.3mm dorsoventral with a 30° angle, tVTA: −5.6mm anteroposterior, +1.6mm lateral, and 

−8.2mm dorsoventral with a 0° angle, AMG: −3.3mm anteroposterior, +5.0mm lateral, and 

−8.5mm dorsoventral with a 0° angle, or CPu: +2.3mm anteroposterior, +2.4mm lateral, and 

−4.6mm dorsoventral with a 0° angle. All coordinates were chosen according to Paxinos and 

Watson (33).

Results

NMUR2 is expressed presynaptically in the NAcSh

To gain a greater understanding of how NMU in the NAcSh modulates the behavioral effects 

of cocaine, we evaluated the underlying neuronal architecture of NMUR2-containing 

neurons using fluorescence immunohistochemistry to visualize NMUR2 expression in the 

NAcSh. The image (Figure 1A), at 63× magnification, shows immunohistochemical staining 

with a “beads on a string” motif suggesting presynaptic receptor expression (34). To confirm 

presynaptic expression, we used electron microscopy immunogold labeling to identify the 

synaptic localization of NMUR2 in the NAcSh (Figure 1B). Staining for NMUR2 is 

highlighted with blue arrows. The mean percentage of gold-labeled profiles were determined 

by analyzing 166 digital images of the NAcSh containing 1 to 4 NMUR2 positive processes 

each. The lumen of blood vessels in the NAcSh region were checked for non-specific 

binding and had no gold particles in them, indicating extremely low non-specific binding. In 

general, gold labeling was observed on axonal profiles (Figure 1B). A gold particle was 

considered to be associated with a synaptic specialization if the particle was <50 nm from 

the synapse and was considered perisynaptic if 50–150 nm from the synapse (35). Using 

these criteria, 28% of the gold particles represented synaptic labeling, 28% perisynaptic, and 

44% nonsynaptic (Figure 1C). When present, the labeling for NMUR2 was in the 

presynaptic element (71%), which could be identified as an axonal bouton; 29% of the label 

was on the postsynaptic side, which was identified as a dendritic spine or small diameter 

dendrite (36) (Figure 1C). These data suggest that NMUR2 exerts its effects upon 

presynaptic terminals in the NAcSh.
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NMUR2 colocalizes with projections from the DRN and GAD67

To define the neuronal pathways innervating the NAcSh that express NMUR2, we utilized 

an AAV2 vector that expresses a synaptobrevin-GFP fusion protein (32). Synaptobrevin is a 

vesicle fusion protein that is transported from the cell body to presynaptic terminals (37); 

GFP facilitates visualization, to label synaptic terminals of neurons that originate from the 

site of viral injection. This vector-based tracer was injected into areas of the brain that 

express Nmur2 mRNA and send efferent projections to the NAcSh, namely the DRN, tVTA, 

AMG, and CPu (Figure 2A). Brains of these animals were collected and processed for 

confocal microscopy. Images of the NAcSh were quantified using ImageJ with JACoP (27) 

software and the fraction of NMUR2 immunofluorescent pixels that colocalize with GFP-

labeled axon terminals compared to total NMUR2 (Figure 2B). These data revealed 

colocalization of NMUR2 predominantly in axons originating in the DRN (ANOVA main 

effect F(3,28)=6.37, p=0.002; Figure 2C).

Upon learning that NMUR2 is localized to axons projecting from the DRN, we sought to 

define the neuronal sub-type expressing NMUR2. Key neurotransmitters in the NAcSh 

involved in cocaine related behaviors are GABA, serotonin, and dopamine (38–43). To this 

end, we evaluated NMUR2 colocalization with markers for GABA, serotonin, and dopamine 

neurons using GAD67, TPH and TH, antibodies respectively (Figure 3A). Quantification of 

the colocalization of NMUR2 with the sub-type markers indicates that NMUR2 is found 

predominantly on GAD67-positive axons (ANOVA main effect F(2,13)=16.17, p=0.0003; 

Figure 3B).

To confirm that there is overlap between the NMUR2 projections from the DRN and 

GABAergic markers, we evaluated triple colocalization in the NAcSh for NMUR2, GFP 

tracer from the DRN, and GAD67. Confocal images demonstrate the presence of axon 

terminals in which all three markers colocalize (Figure 4A). This suggests that GABAergic 

neurons from the DRN project to the NAcSh and presynaptically express NMUR2 (Figure 

4B).

NMU decreases GABA in the NAcSh

Knowing that NMUR2 is presynaptically expressed on GABAergic neurons, we explored 

the effect of NMUR2 activation on neurotransmitter release. To determine the effect of local 

NMU on neurotransmitter concentrations in the NAcSh, we performed microdialysis in the 

NAcSh of freely moving, unanesthetized rats. As this is the first experiment to study the 

effect of NMU microinjection on GABA, the dose of NMU was chosen based on previous 

studies that established the amount needed to elicit behavioral effects on feeding (44, 45). 

Here, basal samples were gathered and then NMU or vehicle was microinjected into the 

NAcSh. Microdialysis probe placement and microinjection sites were recorded (Figure 

S1A). Samples were quantified using ultra performance liquid chromatography and mass 

spectrometry (MS/MS) (30). Average basal concentrations of dialysate showed 198 nM 

GABA, 2 nM serotonin, and 3 nM dopamine before accounting for microdialysis probe 

recovery. Microdialysis demonstrated that NMU significantly decreases extracellular 

concentrations of GABA, but not serotonin or dopamine (repeated measures two-way 

ANOVA with GABA main effects of time (F(5,55)=1.87, p=0.045) but not NMU treatment 
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(F(1,11)=2.13, p=0.17) with planned comparisons) (Figure 5). The effects of NMU on 

GABA persisted 60 minutes after microinjection before returning to baseline. The NMU-

evoked decrease in GABA was supported by immunohistochemistry studies examining the 

expression of Fos, an immediate early gene. When NMU was microinjected into the NAcSh, 

increased Fos staining was observed compared to vehicle-injected rats (t-test, p=0.0104) 

(Figure S2). Increased Fos expression is associated with neuronal stimulation which is 

consistent with decreased GABA concentrations. Thus, NMU-induced increases in Fos is 

thought to result from disinhibition of NAcSh neurons.

Administration of NMU into the NAcSh attenuates cocaine sensitization

Accumbal GABA can influence motor behavior including locomotion (46). As NMU 

decreases GABA in the NAcSh, we first established the role of NAcSh NMU on locomotor 

activity (Figure 6). Here, we microinjected NMU (0.3 nmol per side) or vehicle (aCSF) 

directly into the NAcSh (Figure S1B). NMU microinjection into the NAcSh does not alter 

basal locomotor activity (veh vs. NMU; t-test, p=0.57) (Figure 6B).

As NMU does not alter basal locomotion, we investigated if NMU can alter cocaine-evoked 

locomotion. Specifically, we determined the role NMU-NMUR2 signaling in the NAcSh on 

sensitization to cocaine evoked locomotor activity. Rats were administered a cocaine 

sensitization regimen of 15 mg/kg intraperitoneally (i.p.) twice a day for five days (Figure 

7A), which induces a progressive enhancement of cocaine-evoked hyperactivity during the 

repeated treatment period (31) (Figure S3A). Following a 7 day abstinence period in which 

the rats received no treatment, the cocaine-sensitized rats and respective saline controls (1 

ml/kg, i.p, 2×/day, 5 days) were microinjected with NMU (0.3 nmol per side) or vehicle 

directly into the NAcSh (Figure S1B) and all rats were immediately challenged with cocaine 

(15 mg/kg). Horizontal locomotor activity (total beam breaks over 1 hour) was measured to 

determine the effect of challenge day NMU upon expression of sensitization. Main effects of 

repeated cocaine treatment (F(1,25)=30.86, p<0.001) and challenge day NMU 

(F(1,25)=9.52, p=0.005) were observed on challenge day locomotion (repeated 

cocaine×NMU interaction F(1,25)=1.38, p=0.25). The rats that received the repeated cocaine 

sensitization regimen displayed enhanced cocaine-evoked hyperactivity compared to saline-

treated animals that received an acute cocaine challenge indicating that sensitization did 

occur (13) (Figure 7B, veh with saline vs. cocaine pretreatment, p=0.016). NMU 

significantly attenuated acute cocaine-evoked hyperactivity in the saline-treated rats (Figure 

7B, veh vs. NMU with saline pretreatment; p=0.025). Conversely, NMU did not 

significantly alter the enhanced cocaine-evoked hyperactivity observed in the cocaine-

sensitized rats (veh vs. NMU with cocaine pretreatment; p=0.49), indicating differential 

influence of intra-NAcSh NMU on acute cocaine-evoked hyperactivity verses sensitized 

cocaine-evoked hyperactivity.

To examine the effect of NMU administered during initiation of sensitization, NMU (0.3 

nmol per side) or vehicle was microinjected into the NAcSh (Figures 7C and S1C) 

immediately prior to each i.p. administration of cocaine (15 mg/kg or saline, 2×/day, 5 days 

Figure S3B) during the sensitization treatment regime. Following 7 days of abstinence, all 

rats were challenged with an acute cocaine injection (15 mg/kg, i.p.) (Figure 7D). A two-
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way ANOVA showed main effect of repeated NMU pretreatment (F(1,32)=15.60, p=0.0004) 

and repeated cocaine treatment (F(1,32)=8.96, p=0.0055) on hyperactivity induced by acute 

cocaine challenge (NMU pretreatment×cocaine treatment interaction F(1,32)=1.52, p=0.23). 

Even though rats had not received NMU in over a week, the intra-NAcSh microinjection of 

NMU administered during the sensitization treatment regimen blocked both acute cocaine-

evoked hyperactivity and the sensitized cocaine-evoked hyperactivity on challenge day 

compared to rats that received vehicle pretreatment (veh vs. NMU pretreatment with saline 

pretreatment or veh vs. NMU pretreatment with cocaine pretreatment, respectively; p<0.05) 

(Figure 7D). This suggests that enhancement of NMU signaling in the NAcSh in the 

presence of cocaine induces a protective effect against future cocaine exposure.

Knockdown of presynaptic NMUR2 in NAcSh augments cocaine sensitization

To evaluate the behavioral relevance of the presynaptic subpopulation of NMUR2 in the 

NAcSh (Figure 1), we selectively targeted neurons expressing presynaptic NMUR2 using an 

innovative application of viral technology. A non-silencing shRNA control (shCTRL) or a 

previously validated shRNA designed to knockdown NMUR2 (26) was packaged into an 

AAV6 viral vector. The AAV6 viral vector is transported in the retrograde direction (47, 48) 

thus allowing us to knockdown NMUR2 in afferents of the NAcSh (Figure S1D; validation 

in Figure S4). After the virus was fully expressed (14–17 days), rats underwent a similar 

cocaine sensitization paradigm as with the NMU microinjection experiments (Figures 8A 

and S3C). Two-way ANOVA revealed a significant main effect of shNmur2 (F(1,31)=9.34, 

p=0.005) and repeated cocaine treatment (F(1,31)=24.95, p<0.0001) upon cocaine challenge 

(shNmur2 × repeated cocaine interaction F(1,31)=1.22, p=0.28). As expected, sensitization 

of cocaineevoked hyperactivity was observed in the shCTRL rats administered repeated 

cocaine (shCTRL with saline pretreatment vs. cocaine pretreatment; p<0.05) (Figure 8B). 

Although knockdown of presynaptic NMUR2 had no effect upon acute cocaine-evoked 

locomotor activity in the saline-treated rats (shCTRL vs. shNmur2 with saline pretreatment; 

p=0.51; n.s. Figure 8B), knockdown of presynaptic NMUR2 in the NAcSh significantly 

potentiated the sensitization of cocaine-evoked hyperactivity (shCTRL vs. shNmur2 with 

cocaine pretreatment; p<0.05; Figure 8B). These data suggest that presynaptic NMUR2 in 

the NAcSh functions to suppress cocaine sensitization.

Discussion

Here we describe a GABAergic pathway from the DRN to the NAcSh that is regulated by 

NMU-NMUR2 signaling. Furthermore, the present study represents the first reported 

evidence that NMU-NMUR2 signaling modulates cocaine-evoked behavior. Specifically, 

administration of NMU into the NAcSh during initiation, but not expression, blocks cocaine 

sensitization through actions on NMUR2. The knockdown of presynaptic NMUR2 

potentiating cocaine-evoked hyperactivity emphasizes the importance of NMUR2 in cocaine 

sensitization. The differential effects of intra-NAcSh NMU when administered during 

initiation vs. expression of sensitization is likely due to alterations in NMUR2 signaling 

upon repeated cocaine exposure that are blocked when NMU is simultaneously administered 

throughout the repeated treatment regimen. This is further supported by our data 

demonstrating that selective knockdown of presynaptic NAcSh NMUR2 using AAV6 prior 
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to cocaine exposure significantly potentiates acute cocaine-evoked hyperactivity and cocaine 

sensitization. Our use of AAV6 represents a technological advancement as the first use of the 

AAV6 to knockdown presynaptic receptor expression in the brain. This study further 

supports the convergence of food and cocaine mechanisms on circuitry regulating motivated 

behavior (8–10, 38), and implicates an important role for NMU signaling in the NAcSh 

within this overlapping circuitry.

The present data indicate that the behavioral effects of NMU are likely due to reduced local 

GABA release in the NAcSh. This suggests that NMU in the NAcSh acts through 

presynaptic NMUR2 to inhibit local GABA release, presumably through Gαi signaling (1). 

While the role of accumbal GABA in cocaine-evoked behavior has not been fully elucidated, 

animals in abstinence from repeated cocaine self-administration display increased basal 

GABA concentrations (39). Furthermore, both rats selfadministering cocaine and their 

yoked-cocaine treated controls display increased basal GABA in the NAcSh after 10 days of 

abstinence (49). In addition to these changes in GABA release, cocaine regulates the GABA 

synthesis enzyme GAD in the NAcSh. Specifically, acute cocaine increases GAD mRNA but 

repeated cocaine treatment has no effect on GAD mRNA (50). This is consistent with our 

observations showing that NMU alters acute, but not repeated, cocaine treated behavior 

(Figure 7B). This suggests that increased GAD expression in the NAcSh during acute 

cocaine leads to elevated basal levels of GABA (39, 49). Thus, administration of NMU into 

the NAcSh during repeated cocaine administration (Figure 7D) may indirectly counteract the 

initial increase in GAD mRNA expression and block neuroadaptations that converge in the 

NAcSh to drive cocaine sensitization. In addition, others have shown that the GABAA 

receptor antagonist bicuculline, administered directly to the NAc, attenuates cocaine-evoked 

locomotion (51). This is consistent with our work and suggests that NMU-induced decreases 

in GABA concentration in the NAcSh are resulting in a suppression of cocaine-evoked 

locomotion.

Nonserotonergic projections from the DRN to some brain reward centers, namely the ventral 

tegmental area, can modulate reinforcement (52). Although a GABAergic pathway from the 

DRN to the nucleus accumbens has been described in mice (53, 54), the behavioral function 

and downstream sites of action of this pathway remain poorly understood. Possibly, the 

GABAergic projections may be targeting dopamine D2 receptor-containing neurons because 

activation of the indirect pathway results in inhibition of behavioral sensitization (55). In this 

case, NMUR2 signaling would be decreasing GABA release onto D2 neurons in the NAc 

resulting in a disinhibition (i.e. activation) of the indirect pathway and a suppression of 

behavioral sensitization. Overall, this study demonstrates the functional significance of the 

GABAergic pathway from the DRN to the NAcSh to modulate drug-related behavior. Thus, 

the DRN can directly modulate addiction-related neuronal substrates through non-

serotonergic means via inhibitory GABAergic signaling in the NAcSh.

Together, our data demonstrate a GABAergic pathway from the DRN to the NAcSh that can 

be modulated through NMUR2 to regulate behavioral sensitization to cocaine. Although the 

specific source of NMU is unclear, the NAc expresses the highest levels of NMU peptide in 

the brain (11). Furthermore, microarray studies have identified NMU mRNA as a transcript 

in the NAc that is stimulated by methamphetamine (56). Thus, NMU-NMUR2 signaling in 
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the nucleus accumbens may be a feedback signal to dampen the effects of psychostimulants 

which eventually becomes disrupted following repeated psychostimulant exposure. These 

findings emphasize the importance of non-serotonergic projections from the DRN to the 

nucleus accumbens in drug-related behaviors and establish NMUR2 as a novel target in this 

pathway to modulate cocaine-evoked behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NMUR2 is expressed synaptically in the NAcSh. (a) Brain slice illustration (left) showing 

the site in the NAcSh where confocal microscopy images (63×) of NMUR2 

immunofluorescence (right) were taken. Scale bar 5 µm. (b) Representative images of 

electron microscopy in the NAcSh with NMUR2 immunogold staining highlighted by blue 

arrows. Synapses can be seen as the dark lines of electron density. Scale bar 100 nm. (c) 

Summary of the synaptic localization of NMUR2 from 166 electron microscopy images. 

Proximity of a gold piece to a synapse was defined as follows: synaptic is < 50 nm from 

synapse, perisynaptic is 50 to 150 nm from synapse, and nonsynaptic is > 150 nm. 

Presynaptic and postsynaptic localization was determined by identification of clear vesicles 

and the postsynaptic density, respectively.

Kasper et al. Page 14

Biol Psychiatry. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Accumbal NMUR2 is primarily expressed on DRN projections compared to tVTA, AMG or 

CPu projections. (a) Illustration depicting the microinjection of viral vector tracer into a 

brain region (DRN, tVTA, AMG, or CPu) and confocal images with 63× objective in the 

NAcSh (green square). (b) Quantification of the colocalization of NMUR2 with the tracer 

from the various brain regions (n = 4 per group). Bar graph shows mean ± s.e.m. *p < 0.05 

compared to all other groups. (c) Representative confocal images that were quantified in (b). 

NMUR2 is shown in cyan and tracer in green. Scale bar = 5 µm.
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Figure 3. 
Accumbal NMUR2 is expressed predominantly on GABAergic neurons. (a) Quantification 

of NMUR2 colocalization with the neuronal markers GAD67, TPH, and TH (n = 4 per 

group). Bar graph shows mean ± s.e.m. **p < 0.05 compared to all other groups. (b) 

Representative confocal images that were quantified in (a). NMUR2 is shown in cyan and 

neuronal markers in red. Scale bar = 5 µm.
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Figure 4. 
NMUR2 in the NAcSh is expressed on GABAergic neurons projecting from the DRN. (a) 

Confocal microscopy image with 63× objective showing accumbal NMUR2 (cyan), viral 

tracer from the DRN (green), and GAD67 (red) colocalizing in the merge. Example of 

colocalization is in white arrows and examples of noncolocalization are in red and green 

arrows. Scale bar = 5 µm. (b) Illustration summarizing the proposed pathway.
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Figure 5. 
NMU attenuates GABA but not serotonin or dopamine release. (a) Diagram depicting the 

placement of the microdialysis probe active length (green) and the microinjection site (blue 

arrow). (b–d) Concentrations of extracellular neurotransmitters expressed as a percentile of 

the basal (time points - 30 and 0) concentration over time. Blue arrow represents when the 

microinjection of NMU or vehicle was administered. GABA concentrations were 

significantly different (n = 6–7 per group) while there was no significant main effects in 
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either serotonin or dopamine. Line graphs show mean ± s.e.m.*p < 0.05 compared to control 

group.
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Figure 6. 
NMU in the NAcSh does not alter basal locomotor activity. (a) Schematic of experimental 

timeline. Saline was injected (i.p.) twice per day for 5 days during pretreatment. Rats 

received no treatments for 7 days. On challenge day, rats received a bilateral microinjection 

of NMU (0.3 nmol per side) or vehicle directly into the NAcSh. Following the 

microinjection, rats received saline and locomotor activity was measured. (b) Challenge day 

locomotor activity measured by total horizontal beam breaks immediately following saline 

injection (n = 7–8 per group). Bar graphs show mean ± s.e.m. * p < 0.05 by t-test.
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Figure 7. 
NMU administered during initiation but not expression blocks sensitization. (a) Schematic 

of experimental timeline for the expression of cocaine sensitization. Cocaine or saline was 

injected (i.p.) twice per day for 5 days during pretreatment. Rats received no treatments for 7 

days. On challenge day, rats received a bilateral microinjection of NMU (0.3 nmol per side) 

or vehicle directly into the NAcSh. Following the microinjection, all rats received cocaine 

and locomotor activity was measured. (b) Challenge day locomotor activity measured by 

total horizontal beam breaks immediately following cocaine injection (n = 7–8 per group). 
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(c) Schematic of experimental timeline for initiation of cocaine sensitization. NMU or 

vehicle is administered throughout pretreatment and not on challenge day. (d) Challenge day 

locomotor activity (n = 7–10 per group). Bar graphs show mean ± s.e.m. * p < 0.05 and **p 
< 0.01 between groups.
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Figure 8. 
Knockdown of presynaptic NMUR2 in the NAcSh augments cocaine sensitization. (a) 

Schematic of experimental timeline for cocaine sensitization after virus was allowed to reach 

maximal expression. (b) Challenge day locomotor activity measured by total horizontal 

beam breaks immediately following cocaine injection (n = 8–10 per group). Bar graph 

shows mean ± s.e.m. *p < 0.05 between groups.
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