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The nucleus accumbens shell (NAcSh) and its afferent and efferent neuronal projections control key aspects of motivation for
cocaine. A recently described regulator of γ-aminobutyric acid (GABA) projections from the dorsal raphe nucleus (DRN) to the
NAcSh (DRN→ NAcSh) is the neuropeptide neuromedin U (NMU). Here, we find that systemic administration of NMU decreases
breakpoint for cocaine on a progressive ratio schedule of reinforcement in male rats. Employing a retrograde adeno-associated
virus (AAV), we found that RNAi-mediated knockdown of the NMU receptor 2 (NMUR2) in afferent DRN projections to the NAcSh
increases the breakpoint for cocaine. Our previous studies demonstrated that NMU regulates GABA release in the NAcSh, and our
current investigation found that systemic NMU administration suppresses cocaine-evoked GABA release in the NAcSh and
increases phosphorylated c-Fos expression in neurons projecting from the NAcSh to the ventral pallidum (VP). To further probe
the impact of NMU/NMUR2 on neuroanatomical pathways regulating motivation for cocaine, we employed multi-viral
transsynaptic studies. Using a combination of rabies virus and retrograde AAV helper virus, we mapped the impact of NMU across
three distinct brain regions simultaneously and found a direct connection of GABAergic DRN neurons to the NAcSh→ VP pathway.
Together, these data reveal that NMU/NMUR2 modulates a direct connection within the GABAergic DRN→ NAcSh→ VP circuit
that diminishes breakpoints for cocaine. These findings importantly advance our understanding of the neurochemical
underpinnings of pathway-specific regulation of neurocircuitry that may regulate cocaine self-administration, providing a unique
therapeutic perspective.

Neuropsychopharmacology (2022) 47:1875–1882; https://doi.org/10.1038/s41386-021-01234-9

INTRODUCTION
The nucleus accumbens (NAc) and its associated “direct” and
“indirect” pathways are key neuroanatomical pathways engaged
in mediating motivational aspects of cocaine self-administration
[1]. The NAc neurons of the direct pathway ultimately disinhibit
the thalamus and promote motivated behavior via projections to
the ventral mesencephalon, including the ventral tegmental area
(VTA), whereas the indirect pathway inhibits motivated behavior
via the ventral pallidum (VP) [1–3]. The reinforcing efficacy of
cocaine can be measured using a progressive ratio (PR) schedule.
In the PR schedule, the first response of the session results in
cocaine delivery with response requirements increasing exponen-
tially; the “breakpoint” is the last ratio at which the animal
responds [4, 5]. Chemogenetic inhibition of neurons in the NAc
increases breakpoints for cocaine measured in a PR assay [6], and
optogenetic activation of neurons in the NAc decreases cocaine-
taking behavior [6]. While the traditional definitions of direct and
indirect pathways are under continuous revision with regard to
precise dopamine receptor expression [7–9], the neuroanatomical
brain region targets of these pathways remain consistent [10]. The
afferent projections in the NAc have been mapped to numerous
brain regions, including the dorsal raphe nucleus (DRN) [11], but

the downstream targets of these neurons remain unclear.
Furthermore, outside of the context of dopamine receptor
expression patterns, NAc projections to the VP (NAc→ VP) have
been implicated in regulating cocaine conditioned place pre-
ference [12], a measure of drug-associated memory. Here, we
combine viral, pharmacological, and transsynaptic tracing strate-
gies to explore three brain regions that form a circuit (DRN→
NAc→ VP) and regulate breakpoints for cocaine.
A promising target to regulate cocaine self-administration is the

neuropeptide neuromedin U (NMU) and its inhibitory G protein-
coupled receptor, NMU receptor 2 (NMUR2) [13, 14]. NMUR2 is
expressed on presynaptic GABAergic neurons in the NAc shell
(NAcSh), including those that project from the DRN→ NAcSh [15].
Direct infusion of NMU into the NAcSh decreases local extra-
cellular GABA and blocks expression of cocaine sensitization [15], a
behavior regulated by neurocircuitry which overlaps with cocaine-
taking behavior [16]. Conversely, cocaine sensitization is increased
upon knockdown of NMUR2 in afferent projections to the NAcSh
[15]. Furthermore, systemic NMU decreases alcohol self-
administration and blunts alcohol-evoked dopamine release in
the NAc [17], indicating the NMU-NMUR2 axis is a significant
mechanistic component regulating NAc functionality and drug-
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taking behavior across drug classes. Still, the identity of the
efferent projections from the NAcSh that meditate these
behaviors are unknown.
We propose that NMUR2 acts as an inhibitory regulator of

GABAergic DRN→ NAcSh neurons that synapse directly onto and
disinhibit NAcSh→ VP neurons (DRN→NAcSh→ VP), thereby
decreasing the effort rats expend to achieve a discrete cocaine
reinforcement measured on a progressive ratio schedule (“break-
point”). We tested this hypothesis in male Sprague Dawley rats to
establish pharmacological control of this circuitry that ultimately
regulates cocaine self-administration. We then used transsynaptic
tracing to characterize the DRN neurons that directly synapse onto
NAcSh→ VP and NAcSh→ VTA neurons. This study identified
NMU as a preferential regulator of a GABAergic DRN→NAcSh→
VP circuit that regulates breakpoints for cocaine.

MATERIALS AND METHODS
Animals
Male Sprague Dawley outbred rats (n= 130 total; male) (Envigo, Houston,
TX, United States), weighing 200–225 g at arrival were single housed as
described previously [15, 18]. All experiments were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals (2011) and with the University of Texas Medical Branch
Institutional Animal Care and Use Committee.

Drugs
Cocaine HCl (National Institute on Drug Abuse, Research Triangle Park, NC)
was dissolved in sterile 0.9% NaCl to prepare a 0.75 mg/kg/inf solution for
self-administration or a 10mg/kg intraperitoneal (IP) injection. NMU
(porcine 8-mer sequence; GenScript, Piscataway, NJ) was prepared in
sterile 0.9% NaCl with 10% dimethyl sulfoxide (DMSO) to permeabilize the
blood brain barrier with total intraperitoneal (IP) injection volume of
three mL.

Cocaine self-administration
Rats were anesthetized and implanted with intravenous catheters with
back mounts according to previously established methods [19–23].
Cocaine self-administration training consisted of daily 180-min sessions,
during which rats were trained to lever press for intravenous cocaine
infusions (0.75 mg/kg/0.1 mL infusion) starting on a fixed ratio (FR) of one
press per infusion (FR1) and finally stabilizing on an FR5 schedule. Stability
criteria were at least seven infusions each hour of session and less than
10% variability each day for three days [19, 20]. Following FR training, rats
were advanced onto a PR schedule of reinforcement where exponentially
more lever presses are required for each successive cocaine reinforcement
[4, 5]. Rats responding for cocaine on a PR schedule maintain stable
number of infusions over time [24], and stability was defined as less than
10% variability in the total daily infusions for three days.
Two cohorts of rats were employed in this behavior procedure. Rats

(n= 62) were included in the pharmacological tests with NMU. Rats were
randomized for between-subjects pharmacological tests before FR testing
and then equally distributed into to new groups before PR testing. A
second cohort (n= 20) received viral knockdown with a short hairpin
against NMUR2 (shNMUR2) or non-silencing control (shCTRL) in the NAcSh
immediately following catheter implantation. The non-silencing control
expresses a short hairpin that was designed to lack efficacy to alter any
target [25]. Rats were removed from the study if the catheter patency was
lost or the viral injection as mistargeted (total n= 18 for both cohorts).

Intracranial viral-mediated gene transfer
Rats were anesthetized and placed in a stereotaxic instrument (Kopf,
Tujunga, CA) for intracranial delivery of viruses. The NMUR2 knockdown
virus (shNMUR2) and non-silencing control (shCTRL) [15, 26] were
packaged into AAV6 which has been demonstrated as transported in the
retrograded direction [27, 28] The packaged viruses were purified (AAVpro
Purification Kit, 6666, Takara Bio, Mountain View, CA), and bilaterally
microinfused into the NAcSh (AP+ 1.4 mm, ML+ 2.0 mm, DV− 6.8 mm
with 10° angle) [15]. shNMUR2 has been previously shown to decrease
NMUR2 gene expression by over 90% in vitro and NMUR2 protein does not
colocalize with neurons infected by AAV-shNMUR2 [26].

Microdialysis and GABA quantification
Rats (n= 16) were anesthetized and placed in a stereotaxic instrument for
implantation of CMA 11 microdialysis probe guide cannula (8309582;
Harvard/CMA, Holliston, MA) positioned just above NAcSh (AP+ 1.4 mm,
ML+ 0.8 mm, DV− 5.3 mm with 0° angle) [15], and after recovery, a CMA
11 (6 kDa) microdialysis probe with 2-mm active length (8309582; Harvard/
CMA, Holliston, MA) was positioned. The experiment started 120min after
implantation to allow for tissue recovery and pressure equilibration before
start of experiment. Artificial cerebrospinal fluid (P000151; Harvard/CMA,
Holliston, MA) was perfused through the probe at 0.3 uL/min and samples
were taken every 30min. Then, cocaine (10mg/kg), NMU (0.3 mg/kg) or
vehicle were administered IP to the rats. One rat with misplaced probe was
removed from study.
Analysis of GABA was performed on an AB Sciex 6500 Q-trap mass

spectrometer (Sciex, Framingham, MA) coupled with an 1260 ultra-high
pressure liquid chromatography system (Agilent, Santa Clara, CA). The
separation was performed on an HS F5 column (3 μ, 150 × 2.1 mm I.D.,
Discovery, St. Louis, MO). Endogenous GABA and spiked in GABA-d6
internal standard (50 ng/mL) were monitored using multiple reaction
monitoring (MRM) mode using the parent precursor Q1 m/z (104.2, 110.2)
and Q3 masses set to m/z 87.1, 93 for GABA and GABA-d6, respectively.
The MRM ratios, which are defined as the peak area ratios between primary
and secondary ion transitions, were analyzed using the AB Sciex Analyst®

and MultiQuant® 2.1 software (Sciex, Framingham, MA). The first two
samples acquired at time points −30, and 0mins were quantified and
averaged to determine basal GABA concentration.

Immunohistochemistry
Retrograde tracing studies employed an AAV6 with a CMV promoter
expressing GFP or mCherry and viruses were injected (two cohorts with
total n= 18) into two separate brain regions that have been shown to
project to the NAcSh. Specifically, the ventromedial VP (AP− 0.1 mm, ML
+ 2.4 mm, DV− 8.4 mm with 0° angle) [29, 30] and parabrachial
pigmented nucleus of the VTA (AP− 5.3 mm, ML+ 1.3 mm, DV− 8.5 mm
with 9° angle) [31]. Rats were excluded from the study if any needle track
was not contained in the target brain region. Following 16 days for viral
expression, rats received NMU (0.3 mg/kg, IP) or vehicle and were
euthanized and perfused 120min later to quantify phosphorylated c-Fos
expression in the NAcSh→ VTA and NAcSh→ VP pathways.
Perfused brains were cryoprotected, washed, blocked, and incubated

overnight with rabbit anti-phosphorylated c-Fos (1:200, RRID:AB_10557109,
5348 S, Cell Signaling, Danvers, MA), anti-green fluorescent protein
antibody (GFP) (1:500, RRID:AB_2307313, GFP-1010, Aves Labs, Inc., Davis,
CA), and mouse anti-RFP (1:500, RRID:AB_1141717, ab65856, abcam,
Cambridge, MA) primary antibodies. After a brief washing, sections were
treated for two hrs with the secondary antibodies for goat anti-rabbit 650
(1:150, RRID:AB_2884989, GTxRb-113-G650NHSX, ImmunoReagents, Inc.,
Raleigh, NC), donkey anti-chicken 488 (1:100, RRID:AB_2340375,
703–545–155; Jackson ImmunoResearch, West Grove, PA), and donkey
anti-mouse 555 (1:150, RRID:AB_2536180, A-31570, ThermoFisher Scien-
tific, Waltham, MA). Sections were washed, mounted, and coverslipped.
Imaging was done using a Leica True Confocal Scanner SPE in confocal
mode with Leica Application Suite x software (Leica Microsystems, Wetzlar,
Germany). Stereological survey included ten brain slices containing
bilateral NAcSh per rat for quantification.

Transsynaptic tracing
To identify and compare the neuron populations of the DRN efferents that
synapse onto neurons in the NAcSh→ VTA pathway or the NAcSh→ VP
pathway, transsynaptic tracing was employed [32]. Rats (n= 14) were
anesthetized and placed in a stereotaxic instrument for administration of a
transsynaptic “helper” virus expressing an avian receptor protein (TVA),
mCherry, and optimized Rabies Glycoprotein [33] (#104330; Addgene,
Watertown, MA) packaged into AAV6 for retrograde transport [27, 28]. Rats
were divided into two groups and the virus was administered into the VP
or VTA and a guide cannula was directed to the NAcSh (AP+ 1.4 mm,
ML+ 2.0 mm, DV− 4.8 mm with 10° angle). Once the helper virus was
stably expressed at 16 days post-surgery, rabies enhanced GFP (Salk; with
envelope protein avian sarcoma leucosis virus glycoprotein [EnvA],
G-Deleted Rabies-eGFP [Addgene #32635]) was injected into the NAcSh
with an internal cannula that projects 2 mm beyond the guide cannula.
Ten days after rabies treatment, rats were euthanized, perfused and
investigated for rabies expression in the DRN, using immunohistochem-
istry for the rabies GFP colocalization with glutamic acid decarboxylase 67
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(GAD67) or tryptophan hydroxylase (TPH) to identify GABA and serotonin
neurons, respectively. Mouse anti-GAD67 (1:150, RRID:AB_448990,
ab26116, Abcam, Cambridge, MA) or mouse anti-TPH (1:1000, RRID:
AB_261587, T0678, Sigma–Aldrich, St. Louis, MO) with donkey anti-mouse
AF-647 (1:200, RRID:AB_162542, A-31571, ThermoFisher Scientific, Wal-
tham, MA). A survey of the DRN was conducted with 30 slices of tissue
from each rat with 15 slices co-labeled for GAD67 and 15 slices co-labeled
for TPH. Confocal microscope techniques allow imaging >1 µM thick slices
in the Z direction, which is smaller than the soma thickness for a medium
spiny neuron. Thus, the GAD staining visualized can be inferred to be
expressed in presynaptic terminals or in the soma. The colocalization of the
pathway neuron cell bodies with GAD67 or TPH are expressed as a
percentage of the total observed pathway neurons across all slices. Rats
with misplaced injection site on either side were removed (n= 8).

Statistical analysis
All data were analyzed using GraphPad Prism v9 software with
established methods [15, 18]. Cocaine breakpoints (measured by
infusions) were analyzed by one-way analysis of variance (ANOVA) or
unpaired t test, while lever presses were analyzed by Kruskal–Wallis or
Mann–Whitney, dependent upon the design of the experiment. The
GABA concentrations were analyzed using a mixed model, repeated
measures ANOVA with preplanned comparisons employed to compare
baseline and cocaine-evoked GABA concentrations. For immunohisto-
chemistry, total neuronal staining was analyzed using unpaired t tests by
treatment (vehicle or NMU). Data sets for protein colocalization with
c-Fos were analyzed using the Mann–Whitney test by retrograde tracer
origin (VP or VTA) and by treatment (vehicle or NMU). Comparison of the
GABAergic and serotonergic innervation of circuits was analyzed with
chi-square tests. All experimenters were blinded to the treatment
allocation (e.g., knockdown vs. control) through the conduct and
statistical analyses of the studies.

RESULTS
NMU decreases cocaine breakpoints
Rats were trained to stability criteria for responding on a
FR5 schedule of cocaine self-administration (Fig. S1A). Rats were
then trained on a PR schedule and injected with NMU (0.1, 0.3,
or 1.0 mg/kg, IP) 10 min before the start of operant session. This
time was selected due to the rapid and active transport of NMU
across the blood-brain barrier [34]. NMU did not alter total lever
presses (H= 7.23; p= 0.065) (Fig. 1A). NMU decreased break-
points for cocaine (F3,42= 3.90; p= 0.015) and NMU at 0.3 and
1.0 mg/kg decreased breakpoints compared to vehicle (p=
0.011; p= 0.014) (Fig. 1B). There was no effect of NMU on
inactive lever presses (Fig. S1B). These data indicate that NMU
decreases breakpoints for cocaine with 0.3 mg/kg NMU as the
lowest effective dose.

Knockdown of NMUR2 increases cocaine breakpoints
Presynaptic neurons in the NAcSh contain 71% of the NMUR2
protein relative to total NMUR2 localization in this region [15],
indicating that NMUR2 is positioned to regulate neurotransmitter
release into the NAcSh. We tested the hypothesis that NMUR2
expressed on afferent projections to the NAcSh, including the
DRN→ NAcSh pathway, regulates cocaine progressive ratio
responding. Rats received AAV6 retrograde [27, 28] expressing a
short hairpin for NMUR2 (shNMUR2; Fig. 1C, S1C) or non-silencing
control (shCTRL; Fig. 1C, S1C) into the NAcSh to knockdown
NMUR2 expression on neurons that provide afferent projections to
the NAcSh (Fig. 1D). Rats were initially trained to stability on a FR5
cocaine self-administration (Fig. 1E); both exhibited comparable
active lever presses and infusions during the operant task prior to
training on the PR schedule (Fig. 1E, F). Intra-NAcSh knockdown of
NMUR2 increased total lever presses (U= 20; p= 0.022) (Fig. 1G)
and breakpoints for cocaine (t= 1.87; p= 0.043) (Fig. 1H), while no
change in inactive lever presses was observed (Fig. S1D). These
findings demonstrate that the NAcSh is a key node of NMUR2-
mediated influence on effort expended for cocaine.

NMU decreases cocaine-evoked NAcSh GABA efflux
The inhibitory NMUR2 is expressed on presynaptic terminals of
GABAergic neurons in the NAcSh [15] and is therefore positioned
to regulate NAcSh GABA release. We previously demonstrated that
NMU injected directly into the NAcSh decreases local GABA [15],
while others have reported increased GABA in NAc following
systemic cocaine administration [35]. We hypothesized that
systemic NMU blunts cocaine-evoked GABA release in the NAcSh.
Following cannula implantation and post-surgical recovery, a
microdialysis probe was inserted into the NAcSh (Fig. S2A). After
120min, basal samples were collected at time points −30 and 0
min to establish baseline levels of GABA (Fig. 2A), followed by
systemic administration of NMU (0.3 mg/kg, IP) or vehicle.
Immediately following the injection, cocaine (10 mg/kg, IP) was
administered (Fig. 2A). A mixed-model repeated measures ANOVA
indicates a main effect of treatment (F1,13= 11.67; p= 0.005), no
effect of time (F5,65= 0.74; p= 0.59), and a treatment X time
interaction (F5,65= 3.49; p= 0.008). In the vehicle-treated group,
cocaine increased NAcSh GABA levels at the 30 min time point
relative to basal levels within subjects (p= 0.035). NMU-treated
rats exhibited significantly lower levels of GABA following cocaine
administration than vehicle-treated rats at the 30 (p= 0.0002), and
60min (p= 0.0258) time points. These data suggest NMU
attenuates GABA release in the NAcSh even in the presence of
cocaine.

NMU preferentially increases phosphorylated c-Fos on
NAcSh→ VP projections
The NAc projections to the VP and VTA are key neuroanatomical
pathways engaged in cocaine self-administration [1]. To deter-
mine which pathways are regulated by NMU, we utilized two
different AAV6 retrograde tracers [27, 28] to fluorescently label the
NAcSh→ VP and NAcSh→ VTA pathways. During surgery, we
bilaterally administered an AAV6 expressing mCherry into the VTA
and an AAV6 expressing green florescent protein (GFP) into VP
(Fig. 2B; S2B). This viral procedure resulted in mCherry-labeled
neurons in the NAcSh→ VTA pathway and GFP-labeled neurons in
the NAcSh→ VP pathway (Fig. 2B). Rats were then challenged with
vehicle or NMU (0.3 mg/kg, IP) and perfused 120min later to
examine NMU-evoked phosphorylated c-Fos in these pathways
using immunohistochemistry (Fig. 2C). Overall, NMU increased the
total number of phosphorylated c-Fos-positive cell bodies in the
NAcSh compared to vehicle (p < 0.0001) (Fig. 2D), consistent with
the corresponding decrease in NAcSh GABA (Fig. 2A). A
nonparametric Mann–Whitney test indicated that NMU signifi-
cantly increased the percentage of pathway neurons expressing
phosphorylated c-Fos in the NAcSh→ VP pathway (p= 0.0023),
but not for the NAcSh→ VTA pathway (p= 0.3660) (Fig. 2E). The
increase in phosphorylated c-Fos presence in the NAcSh→ VP
pathway following NMU treatment suggests the decrease in GABA
(Fig. 2A) preferentially disinhibited the NAcSh→ VP pathway
(Fig. 2E).

Elucidation of a transsynaptic GABAergic DRN→NAcSh→ VP
pathway
Transsynaptic tracing tools were employed to label DRN neurons
that project directly onto NAcSh→ VP neurons (Fig. 3). An AAV6
helper virus expressing three helper proteins was infused into the VP
of rats. This helper-protein system has been validated previously in
anterograde viruses [36], and we have enhanced this protocols to
employ a retrograde virus AAV6 [27, 28] to specifically target the
NAcSh efferent pathway. The three helper proteins include: (1) the
rabies-docking protein avian tumor virus receptor A (TVA), (2) rabies-
infection protein (glycoprotein), and (3) a red fluorescent protein
(mCherry) (Fig. 3A). The AAV6 helper virus infected synaptic VP
terminals and traveled back to their cell bodies in the retrograde
direction [27, 28]. Thus, the helper proteins were expressed only in
the NAcSh→ VP neurons. Once expressed, the helper proteins
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Fig. 1 NMU and NMUR2 controls breakpoints for cocaine. A NMU decreased test day lever-presses for cocaine (0.75 mg/kg/inf ) on a PR
schedule (n= 10–12 per group; one individual Vehicle rat at 2536 lever presses not shown). B NMU decreased test day data breakpoints for
cocaine. The breakpoint value is identified on the left axis and the corresponding ratio value of lever presses needed to receive one infusion is
located on the right axis. Statistical comparisons were conducted on total infusions. C The schematic diagram for administration of retrograde
knockdown of NMUR2 in the NAcSh is clarified. D Representative immunohistochemistry images of control hairpin (top) and NMUR2 hairpin
(bottom) are illustrated with NMUR2 (blue) and virus GFP (magenta). E–F Daily acquisition of self-administration is illustrated by active lever
presses and infusions. G–H Knockdown of NMUR2 increased test day active lever presses and breakpoints for cocaine (n= 10 per group; one
individual shNMUR2 rat at 4585 lever presses not shown). Statistical comparisons were conducted on total infusions. Bar graph shows mean ±
SEM. *p < 0.05.
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transported by the AAV6 helper virus enabled docking and
replication of the rabies virus (Fig. 3B).
A rabies virus pseudotyped with avian sarcoma leukosis virus

envelope glycoprotein (EnvA) and expressing GFP was then injected
into the NAcSh (Fig. 3B). The EnvA rabies virus bound to TVA
receptors expressed by the helper virus, and thus docked and
replicated only in the NAcSh→ VP neurons that expressed the
helper proteins. This rabies virus lacks the glycoprotein gene (Δ
glycoprotein) needed to infect subsequent presynaptic neurons, but
the helper virus supplied the needed glycoprotein required for the
rabies virus to infect subsequent neurons. Once the rabies virus
replicated in the NAcSh, the rabies virus traveled transsynaptically
(“jumping” a synapse; Fig. 3C) and retrogradely labeled the soma of
neurons that project onto the infected neuron by expressing GFP
(Fig. 3D). Thus, the rabies virus labeled all neurons, including those in
the DRN that synapse onto the infected NAcSh neurons, confirming
the DRN→NAcSh pathway connectivity to VP neurons. This
experiment was conducted in parallel with a separate group of rats
in which the AAV6 helper virus was injected into the VTA and
16 days later the rabies was injected into the NAcSh (Fig. S3),
allowing the comparison of DRN neurons that contribute to the

DRN→NAcSh→ VP circuit (Fig. 4A) with the DRN→NAcSh→ VTA
circuit (Fig. 4B). Rabies staining in both circuits was distributed
throughout the DRN, regardless of subregion.
Quantification of immunohistochemical staining was used to

compare the total number of rabies-positive neurons in a survey of
the DRN (Fig. 4C); we found no significant difference in the number
of DRN rabies-positive neurons that synapse onto the NAcSh→ VP
pathway or the NAcSh→ VTA pathway (p= 0.76). These rabies-
labeled neurons in the DRN were examined for colocalization with
the neurotransmitter markers for GABA (glutamate decarboxylase;
GAD67) and serotonin (tryptophan hydroxylase; TPH). The DRN
neurons that project onto the NAcSh→ VTA had a greater
colocalization with GAD67 (82%) than TPH (28%). In contrast, the
DRN neurons that project onto the NAcSh→ VP exhibited similar
colocalization with GAD67 (61%) and TPH (52%), suggesting these
DRN projection neurons contribute both GABAergic and seroto-
nergic drive to the NAcSh→ VP pathway. The percent of GABA-
positive DRN projections was not different between these circuits
(χ2= 3.47; p= 0.177). The fact that these percentages add up to
over 100% suggests that a subset of neurons coexpress both
GAD67 and TPH.

Fig. 2 NMU prevented cocaine-induced increase in GABA and preferentially increased phosphorylated c-Fos on NAcSh→VP projection
neurons. A Cocaine and NMU alter GABA concentrations in the NAcSh measured by microdialysis and mass spectrometry. The arrow indicates
time of cocaine (10mg/kg, IP), NMU (0.3 mg/kg, IP) or vehicle administration. #p < 0.05 compared to basal and *p < 0.05 between groups.
B This illustration depicts microinjection sites of retrograde viral vector tracers into target brain regions (VTA or VP) and presents confocal
images at 20X objective in the NAcSh. C Representative NAcSh confocal images of vehicle (left) and NMU-treated (right) illustrate NAcSh→ VP
cell bodies labeled with GFP (green), NAcSh→ VTA cell bodies with mCherry (red), and phosphorylated c-Fos (blue). D NMU increased the
average quantity of phosphorylated c-Fos positive cell bodies per rat in the NAcSh (n= 6–7 per group). E NMU preferentially increased
phosphorylated c-Fos colocalization in the NAcSh→ VP (GFP) pathway but not in the NAcSh→ VTA (mCherry) pathway quantified from
images of tissue from control or NMU-treated rats (n= 3–4 per group). Bar graph shows mean ± SEM. *p < 0.05.
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DISCUSSION
This study established the DRN→NAcSh→ VP circuit and
identified NMU as a preferential regulator of this circuit toward
subsequent targeted control of cocaine self-administration
(Fig. 4F). We demonstrated that systemic NMU dose-
dependently decreased breakpoints for cocaine. In addition,
presynaptic knockdown of NMUR2 in the NAcSh increased
breakpoints for cocaine, indicating that NMUR2 in projections to
the NAcSh are regulators of effort expended for cocaine. This
complements our previous research demonstrating that the
NAcSh is a key site of action for NMU-evoked changes in cocaine
locomotor sensitization [15]. Systemic NMU signaling also alters
amphetamine-evoked locomotion and alcohol self-administration
[17, 37], demonstrating NMU controls self-administration beha-
viors across psychostimulants.

NMU and cocaine modulate neurotransmission in the NAc
Our research demonstrates that experimenter-administered
cocaine increased NAcSh GABA efflux, similar to published studies
[35]. In addition, the elevated levels of GABA in the NAc following
a history of cocaine self-administration support the connection
between NAc GABA and motivation for cocaine [35, 38–40].
Previously, we reported that intra-NAcSh NMU decreases basal
GABA, and our work here demonstrated that NMU decreases

cocaine-evoked GABA as well. There are numerous sources of
GABAergic projections to the NAcSh [41], including the DRN→
NAcSh [15, 42, 43], that express presynaptic NMUR2 [15]. Indeed,
the DRN→NAcSh pathway was found to colocalize with almost
50% of the NMUR2 in the NAcSh as visualized with confocal
microscopy [15]. The NMU-evoked decrease in NAcSh GABA is
supported by the corresponding increase in NAcSh phosphory-
lated c-Fos (Fig. 2D). Tract-tracing identified greater phosphory-
lated c-Fos presence in the NAcSh→ VP pathway compared to the
NAcSh→ VTA pathway in NMU-treated rats, suggesting the
decreased NAcSh GABA preferentially disinhibited the NAcSh→
VP pathway. In addition, other neurotransmitters, such as
dopamine, may also be involved as NMU blocks amphetamine-
evoked dopamine in the NAc and intra-NAc NMU blocks alcohol-
evoked dopamine release in the NAc [17, 37]. Thus, the NMU
microdialysis studies presented here potentially correspond with a
hypothesized blunting of cocaine-evoked dopamine release as
well as the reported decrease in GABA, and this research is the
subject of future studies.
Seemingly conflicting reports demonstrate that cocaine

increases c-Fos expression in the NAc [44] and decreases activity
of NAc neurons measured with electrophysiology [45]. Cocaine
may evoke pathway-specific alterations in neuronal firing beyond
actions at dopamine receptors which explains these conflicting
studies. By establishing the underlying neurocircuitry involved in
cocaine effects, continued research from our group and others will
drive our understanding of neuroadaptations that govern cocaine-
taking behaviors. Future studies investigating cocaine-evoked
activity of specific neurocircuitry can be investigated and
compared using viral techniques including the multi-viral transsy-
naptic tracing technique we employed in this study.

Transsynaptic tracing to identify connectivity
To determine if the DRN→ NAcSh pathway synapses directly onto
the NAcSh→ VP pathway, we employed a transsynaptic tracing
procedure which allowed us to label neurons that project onto
specific neuronal populations [32, 46]. While transsynaptic
protocols offer the ability to identify structural connectivity
among neurons, it is best used in combination with immunohis-
tochemistry protocols that examine proteins in the cell bodies
(e.g., GAD67) and not with protein trafficked away from the cell
body and to the presynaptic terminal (e.g., NMUR2). GAD67
immunoreactivity can be seen pre- and postsynaptic, which
complicate interpretation of these data. Transsynaptic tracing is
ideal with in situ hybridization techniques and that is an ongoing
direction of our research group. Our findings indicate that the
GABA neurons of the DRN→NAcSh pathway do not differ in the
explored synaptic profile onto the NAcSh→ VP and NAcSh→ VTA
pathways. This positions accumbal GABA as a key regulatory
neurotransmitter for these circuits.

CONCLUSIONS
Our data demonstrated functional connectivity in the DRN→
NAcSh→ VP circuit which was regulated by the neuropeptide
NMU and that NMU modulates cocaine self-administration. Given
the increase in NMU-evoked phosphorylated c-Fos expression in
the NAcSh→ VP pathway and transsynaptic immunohistochem-
ical colocalization of rabies DRN→ NAcSh→ VP pathway tracer
with NMUR2, NMUR2 localization is appropriately positioned such
that pharmacological treatment with NMU activates the NAcSh→
VP pathway. Furthermore, while there are DRN serotonin and
GABA projections onto the NAcSh→ VP pathway, our data
demonstrated that the NAcSh→ VTA pathway is predominantly
innervated by GABAergic neurons from the DRN. These findings
emphasize the importance of GABAergic projections to the NAcSh
as key regulators efferent pathways and advance our under-
standing of NMUR2 in neurocircuitry that regulates cocaine.

Fig. 3 The schematic diagram of transsynaptic study to label all
neurons that project onto the NAcSh→ VP pathway is presented.
A Retrograde AAV6 was administered to the VP and infected
neurons to express TVA, rabies glycoprotein, and mCherry.
B Neurons in the NAcSh that express TVA were infected with EnvA
pseudotyped rabies virus expressing GFP. Only neurons with TVA
can be infected by this pseudotyped rabies. C Rabies replicated in
neurons with glycoprotein and transsynaptically “jumps” one
synapse in the retrograde direction. D Neurons that express GFP
(pseudocolored to magenta) directly synapsed onto NAcSh neurons
that project to the VP.
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