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Abstract

The hypocretin receptor 1 (HCRTr1) is a critical participant in the regulation of motivated 

behavior. Previous observations demonstrate that acute pharmacological blockade of HCRTr1 

disrupts dopamine (DA) signaling and the motivation for cocaine when delivered systemically or 

directly into the ventral tegmental area (VTA). To further examine the involvement of HCRTr1 in 

regulating reward and reinforcement processing, we employed an adeno-associated virus to 

express a short-hairpin RNA designed to knock down HCRTr1. We injected virus into the VTA 

and examined the effects of HCRTr1 knockdown on cocaine self-administration and DA signaling 

in the nucleus accumbens (NAc) core. We determined that the viral approach was effective at 

reducing HCRTr1 expression without affecting the expression of HCRT receptor 2 or DA-related 

mRNAs. We next examined the effects of HCRTr1 knockdown on cocaine self-administration, 

observing delayed acquisition under a fixed-ratio schedule and reduced motivation for cocaine 

under a progressive ratio schedule. These effects did not appear to be associated with alterations in 

sleep/wake activity. Using fast scan cyclic voltammetry, we then examined whether HCRTr1 

knockdown alters DA signaling dynamics in the NAc core. We observed reduced DA release and 

slower uptake rate as well as attenuated cocaine-induced DA uptake inhibition in rats with knock 

down of HCRTr1. These observations indicate that HCRTr1 within the VTA influence the 

motivation for cocaine, likely via alterations in DA signaling in the NAc.
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Introduction

The hypocretin/orexin (HCRT) neuropeptide system is recognized to influence arousal-

related processes (Hagan et al., 1999; Bourgin et al., 2000; España et al., 2001; Adamantidis 

et al., 2007). Although initially identified for its participation in governing sleep/wake 

function, HCRT is increasingly recognized to influence reward and reinforcement (Boutrel 

et al., 2005; Harris et al., 2007; Smith et al., 2010; Calipari and España, 2012; Mahler et al., 

2012). For example, infusions of HCRT-1 peptide increase self-administration of cocaine 

(España et al., 2011), increase alcohol consumption (Schneider et al., 2007), and reinstate 

food-based responding (Boutrel et al., 2005). Furthermore, systemic or ventral tegmental 

area (VTA) delivery of the HCRT receptor 1 (HCRTr1) antagonist, SB-334867, reduces 

cocaine self-administration (Borgland et al., 2009; España et al., 2010; Hutcheson et al., 

2011; Bentzley and Aston-Jones, 2015; Brodnik et al., 2015; Prince et al., 2015), 

reinstatement of cocaine seeking (Smith et al., 2010), and alters conditioned place 

preference for morphine (Sharf et al., 2010). These bidirectional effects of HCRT 

manipulations are consistent with the effects of genetic disruption of HCRT 

neurotransmission, as animals with complete knockout of HCRT peptides display reduced 

preference for morphine (Narita et al., 2006; Sharf et al., 2010) and cocaine (Shaw et al., 

2016), and mice with constitutive knock out of HCRTr1 receptors show diminished cocaine 

self-administration (Hollander et al., 2012). Together, these observations indicate that the 

HCRT system exerts a prominent influence on reward and reinforcement.

The behavioral effects of HCRT manipulations appear to be mediated, in part, through 

actions on the mesolimbic dopamine (DA) system. HCRT neurons send robust projections to 

the VTA (de Lecea et al., 1998; Fadel and Deutch, 2002), where HCRT has been shown to 

potentiate excitatory drive and induce burst firing of DA neurons (Korotkova et al., 2003; 

Borgland et al., 2006). Furthermore, intra-VTA infusions of HCRT-1 peptide increase DA in 

the nucleus accumbens (NAc) core under baseline conditions, and promote DA responses to 

cocaine (España et al., 2011). Consistent with these effects, systemic HCRTr1 blockade via 

SB-334867 reduces baseline and psychostimulant-induced increases in DA signaling in the 

NAc (España et al., 2010; Quarta et al., 2010; Prince et al., 2015; Levy et al., 2017). Further, 

intra-VTA infusion of SB-334867 decreases excitation of DA neurons (Moorman and Aston-
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Jones, 2010) and disrupts DA responses to cocaine (España et al., 2010). Finally, HCRT 

knockout mice display disrupted DA signaling in the NAc core under baseline conditions 

and following cocaine (Shaw et al., 2016). Together, these observations provide strong 

evidence for HCRT involvement in the regulation of mesolimbic DA signaling that may 

underlie observed effects on cocaine reinforcement.

The majority of studies assessing HCRTr1 involvement in reward and reinforcement have 

employed acute, often systemic pharmacological manipulations to HCRT signaling. While 

this has yielded significant advancements in our understanding of HCRTr1 function, 

potential issues related to receptor and site specificity exist. For instance, SB-334867 has 

been criticized because of hydrolytic instability and possible off-target effects at the HCRT 

receptor 2 (HCRTr2), the A2a adenosine receptor, and 5-HT2a serotonin receptor (Gotter et 

al., 2012; McElhinny et al., 2012; Lebold et al., 2013). In addition, most pharmacological 

manipulations of HCRTr1 are systemic, and therefore do not provide information about the 

contributions of particular brain regions, such as the VTA. To circumvent receptor specificity 

issues, and to evaluate the importance of the VTA in modulating HCRT effects on behavior, 

we injected a short-hairpin RNA (shRNA) virus designed to knock down HCRTr1 mRNA 

(HCRTr1-shRNA-AAV10) directly in the VTA. In addition to allowing for specific targeting 

of HCRTr1, the viral approach also enabled us to examine the effects of sustained disruption 

of HCRTr1 on the regulation of cocaine self-administration and DA signaling. We evaluated 

the effects of the HCRTr1-shRNA-AAV10 virus or the scramble control virus (SCRM-

shRNA-AAV10), on the acquisition and maintenance of cocaine self-administration by using 

a combination of fixed ratio (FR) and progressive ratio (PR) schedules of reinforcement. We 

next assessed the effects of HCRTr1 knockdown on sleep/wake activity, to confirm that 

HCRTr1 manipulations do not produce gross deficits in arousal. Finally, to examine whether 

the effects of HCRTr1 knockdown on behavior are associated with alterations in DA 

signaling, we used in vivo fast scan cyclic voltammetry (FSCV) to examine DA release and 

uptake dynamics in the NAc core.

Materials and Methods

Animals

Adult (350–400 g), male Sprague-Dawley rats (Harlan Laboratories, Frederick MD) were 

housed on a reverse light/dark cycle and given ad-libitum access to food and water. Animals 

were pair-housed prior to receiving infusions of HCRTr1-shRNA-AAV10 or SCRM-shRNA-

AAV10 viruses and subsequently single-housed. All protocols and animal procedures were 

conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and 

Use of Laboratory Animals under the supervision of the Institutional Animal Care and Use 

Committee at Drexel University College of Medicine.

Preparation of Viral Vectors

We utilized shRNA viruses, which have been shown to modulate the expression of target 

proteins (Budygin et al., 2016). Vectors were created at the University of Buffalo, under the 

direction of Dr. Caroline E. Bass. The HCRTr1-shRNA-AAV10 viruses (Fig. 1A) produce 

shRNAs, driven by the mouse U6 promoter that targets and degrades the HCRTr1 mRNA. 
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To effectively attenuate HCRTr1 expression, we generated three HCRTr1 shRNAs that target 

the following HCRTr1 sequences: (TGGTGCGGAACTGGAAGCGA, 

TGGCGCGATTATCTCTATCCG, and TAGCCAATCGCACACGGCTCT), as previous 

research has shown that such a combinatorial approach can produce a stronger cumulative 

effect (Bahi et al., 2005). The shRNAs consist of 20 – 21 nucleotide target sequences, a loop 

sequence (ACTCGAGA) containing an XhoI site, and the antisense to the HCRTr1 target 

sequence. In the scramble control virus the shRNA does not target any known RNA 

sequence in the rat genome. The constructs also produce an enhanced green fluorescent 

protein (EGFP) which is driven by a human cytomegalovirus promotor (CMV). Both the 

CMV promotor and AAV2/10 capsid are highly selective for neurons, a finding which as has 

been previously reported (Tanguy et al., 2015). Consequently, it is likely that the virus used 

here preferentially transfects neuronal cells of the VTA which include both DA and GABA 

neurons, as well as the relatively small population of glutamate neurons located in this 

region (Yamaguchi et al., 2007; Dobi et al., 2010). It is important to note that HCRTr1 is 

expressed in both DA and GABA neurons of the VTA (Korotkova et al., 2002; Korotkova et 

al., 2003; Narita et al., 2006; Baimel and Borgland, 2015), and thus HCRTr1 knockdown is 

predicted to reduce HCRTr1 expression in both of these neuronal subtypes. Lastly, the virus 

is likely to transfect only the cells in the area of injection, as AAV2/10 is not retrogradely 

transported (Cearley and Wolfe, 2007).

Virus Infusion

To deliver the HCRTr1-shRNA-AAV10 or SCRM-shRNA-AAV10 viruses, animals were 

anesthetized with isoflurane and placed into a stereotaxic frame, with the skull flat. To target 

VTA, a 1 mm hole was drilled in the skull (−5.25 mm A/P, +0.95 mm M/L relative to 

bregma) and a glass injection pipette (Sigma Aldrich, St. Louis MO) was lowered into the 

VTA, reaching a final depth of 7.8 mm ventral to the brain surface. Glass pipettes were cut 

to an inner diameter of ~30 μM. After waiting 10 min to allow tissue to settle, 0.5 μl of 

HCRTr1-shRNA-AAV10 or SCRM-shRNA-AAV10 was delivered into the VTA over 10 min 

using a picospritzer. Figure 1B shows an example infusion location in the general region of 

the VTA. This region of the VTA has previously been shown to express moderate levels of 

HCRTr1 (Marcus et al., 2001; Ch’ng and Lawrence, 2015). Following surgery, animals were 

housed singly, administered ketoprofen (5 mg/kg, s.c.) at 12 hr intervals for 36 hr, and then 

designated for molecular, behavioral, or neurochemical experiments.

Quantitative Real-Time PCR (qRT-PCR)

Rats received infusion of HCRTr1-shRNA-AAV10 virus in one hemisphere of the VTA and 

SCRM-shRNA-AAV10 virus into the contralateral hemisphere. After 4 weeks of incubation, 

animals were anesthetized with isoflurane and rapidly decapitated. Brains were extracted 

over ice and placed into a matrix slicing guide on ice, with the ventral surface visible. Two 

coronal cuts were made, with the rostral cut at the caudal portion of the mammillary bodies, 

and the second cut made 2.0 mm caudal to the first, yielding a single slice (−4.4 to −6.4 mm 

A/P relative to bregma) encompassing the majority of VTA. The tissue comprising VTA was 

taken as the area ventrolateral to the periaqueductal grey, ventral to the mesencephalic 

reticular nucleus, and medial to the substantia nigra (Fig. 1C). In all cases, the HCRTr1-
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shRNA-AAV10 hemisphere was compared with the contralateral SCRM-shRNA-AAV10 

hemisphere from the same animal.

Immediately following extraction, tissue was placed into 75 ul of RNAlater (Qiagen Inc., 

Valenia, CA, USA), and stored at −20° C until processing. Total RNA was purified as 

previously described (Barson et al., 2013), with resulting A260/A280 ratios between 1.88 and 

2.19, indicating high purity. cDNA was reverse transcribed and qRT-PCR was conducted as 

described previously (Barson et al., 2013), using a StepOnePlus Real-Time PCR System 

(Applied Biosystems, Grand Island, NY). Expression of HCRTr1, HCRTr2, tyrosine 

hydroxylase (TH), vesicular monoamine transporter (VMAT), D2 DA receptor (D2R) and 

the DA transporter (DAT) were quantified relative to cyclophilin-A using the relative 

quantification method (ΔΔCT). Primers were designed with the NCBI Primer design tool 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/; (Ye et al., 2012), and obtained from 

Invitrogen (Grand Island, NY; Table I).

Immunohistochemistry and Cell Counting

At the conclusion of all but the qRT-PCR experiments, rats were anesthetized with isoflurane 

and transcardially perfused with 140 ml saline, followed by 150 ml of 10% formalin in 0.01 

M phosphate-buffered saline (pH 7.4). Brains were extracted and fixed in 10% formalin 

solution for a further 60 min, then placed in a solution of 30% sucrose in PBS for 72 hr at 

4 °C. Prior to cryosectioning, a tracking mark was made in the right lateral cortex for 

identification of hemispheres. Using a microtome, 40 μM coronal sections through the VTA 

were collected, and then stored in a solution of 0.1% sodium azide in 0.01 M PBS, at 4 °C. 

To identify the site of infusion, sections were incubated overnight with primary antibodies 

for EGFP (600-101-215, 1:10000, Rockland Antibodies, Gilbertsville, PA) and TH 

(#AB152, 1:2000, EMD Millipore, Temacula, CA) at 4 °C, followed by Alexa-fluor 488 

donkey anti-goat (A11055, 1:1000, Life Technologies, Eugene, OR) and Alexa-fluor 594 

donkey anti-rabbit (A21207, 1:1000, Life Technologies) secondary antibodies, respectively 

for 90 min at 20 °C. To determine cellular density in the transfection sites, sections were 

incubated with the NeuN primary antibody (ab104225, 1:5000, Abcam, Cambridge, MA), 

overnight at 4 °C, followed by biotin-SP-conjugated donkey anti-rabbit secondary antibody 

(#711-065-152, 1:1000, Jackson Labs, West Grove, PA) for 90 min at 20 °C, followed by 60 

min with the Avidin-Biotin Complex (Vector Laboratories, Burlingame, CA), and 2–5 min 

with the DAB reagent (Vector Laboratories). Sections were mounted and coverslipped with 

fluorescent mounting medium (Vector Laboratories) or with Vectamount (Vector 

Laboratories).

To determine the magnitude and location of viral expression, EGFP labeled cells were 

counted in the VTA and adjacent structures across the anterior (+4.4 mm), central (+5.2 

mm), and posterior (+6.0 mm) aspects of VTA, relative to bregma. Counts were performed 

by an experimenter blinded to treatment conditions under 200x magnification using on an 

Axiovert 135m fluorescence microscope (Zeiss Instruments, Thornwood NY). To be 

included in analyses rats had to display; 1) an average count of at least 100 EGFP-labeled 

cells in each hemisphere of the VTA across the 3 rostro-caudal sections sampled; and 2) at 
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least 75% of all EGFP-labeled cells had to be located in the VTA as opposed to adjacent 

structures.

To examine whether virus infusions resulted in loss of neurons in the VTA, sections 

containing the VTA were captured at 200x magnification using SpotPro 5.1 Imaging 

software (Spot Digital, Taipei, Taiwan). Images were taken from the three rostrocaudal 

(+4.4, +5.2, and +6.0) aspects of VTA centered at approximately 7.7 mm ventral from top of 

brain and 0.9 mm lateral to midline. This approach resulted in images that encompassed an 

approximately 1.0 mm x 0.75 mm rectangular area that was bordered medially by midline, 

laterally by the substantia nigra, and dorsally by the medial reticular nucleus for rostral 

sections and the red nucleus for caudal sections. Cell counts were analyzed using ImageJ 

(NIH) by an experimenter blinded to treatment conditions.

Cocaine Self-Administration

Rats received bilateral infusions of either the HCRTr1-shRNA-AAV10 or SCRM-shRNA-

AAV10 viruses into the VTA. After 2 weeks of incubation, rats were anesthetized with a 

ketamine/xylazine (80/10 mg/kg, i.p.), and implanted with jugular catheters as previously 

described (España et al., 2010; Brodnik et al., 2015; Prince et al., 2015). Immediately 

following surgery, rats were placed in operant behavioral chambers, where they were housed 

for the duration of the experiments. On the third day after surgery, rats were placed on a FR1 

schedule of reinforcement, whereby single lever presses resulted in delivery of 0.75 mg/kg 

intravenous (i.v.) cocaine (in saline; National Institute on Drug Abuse). Rats were given 6-hr 

daily access to a lever, and allowed a maximum of 20 injections per session. Following 

acquisition of self-administration (10 injections per session for 3 consecutive days), rats 

were allowed to self-administer on the FR1 schedule until they reached stable responding (3 

days of 20 injections per session). The latency to first cocaine injection and rate of intake 

were monitored during these sessions. Rats were then switched to the PR schedule of 

reinforcement, with 6-hr access to a lever, and single cocaine (0.75 mg/kg) injections now 

contingent upon an increasing number of responses (Richardson and Roberts, 1996). The 

0.75mg/kg dose was selected because it is on the ascending limb of the “inverted-U” dose-

response curve under the PR schedule (Richardson and Roberts, 1996) and to compare to 

previous observations (España et al., 2010; Brodnik et al., 2015; Prince et al., 2015). 

Average breakpoint (number of cocaine injections received per session without an 

intervening 1 hr break), and total lever presses were recorded for 10 days. The timing of 

catheterization surgeries and behavioral training were selected to ensure that rats were self-

administering under the PR schedule at approximately 4 weeks after virus infusion.

Sleep/Wake Studies

Rats received bilateral infusion of either HCRTr1-shRNA-AAV10 or SCRM-shRNA-AAV10 

into the VTA. After 3 weeks of incubation, rats were anesthetized with isoflurane, and 

placed into a stereotaxic frame. Two electroencephalographic (EEG) screw electrodes 

(Plastics One, Roanoke VA), were implanted bilaterally above the frontal cortex (+1.3 mm 

A/P; ±1.3 mm M/L; −1.0 mm D/V) and a third electrode was implanted above the 

hippocampus (2.7 A/P; +3.2 mm M/L; −1.0 mm D/V). Additionally, two electromyographic 

(EMG) wire electrodes were implanted into the dorsal neck muscle. EMG electrodes 
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consisted of 100 mm insulated stainless steel wires (Cooner Wire, Chatsworth, CA) with 2 

mm of exposed wire directly in contact with muscle. Electrodes were routed through a 

connector (Plastics One), and cemented into place on the skull. Timing of EEG/EMG 

surgeries was selected to ensure that rats were tested for sleep/wake activity 4 weeks after 

virus infusion. After 1 week of recovery, rats were placed into recording chambers with food 

and water available ad-libitum, and then connected to an electrophysiology headstage. After 

16 hr of acclimation, baseline EEG (0.3–100.0 Hz bandpass) and EMG signals (1.0–50.0 Hz 

bandpass) were amplified, filtered, and recorded using Labchart 7 (AD Instruments, 

Colorado Springs, CO) for 48 hr. Data were analyzed using Sirenia Sleep Pro (Pinnacle 

Technology, Lawrence, KS) to obtain measures of waking, rapid eye movement sleep 

(REM), and nonREM (NREM) sleep (Supplemental Figure 1).

Fast Scan Cyclic Voltammetry

Rats received unilateral infusion of either HCRTr1-shRNA-AAV10 or SCRM-shRNA-

AAV10 into the VTA. After 4 weeks of incubation, rats were anesthetized with isoflurane, 

implanted with an acute jugular catheter, and placed in a stereotaxic frame. Rats were 

implanted with a bipolar stimulating electrode (Plastics One) in the VTA (+5.2 mm A/P, 

+1.1 mm M/L, −7.5 to −8.0 mm D/V), a carbon fiber microelectrode in the core of the NAc 

(−1.3 mm A/P, +1.3 mm M/L, −6.5 to −7.0 mm D/V), and a reference electrode in the 

contralateral cortex (−2.5 mm A/P, −2.5 mm M/L, −2.0 mm D/V). Monophasic electrical 

pulse trains (60 Hz, 4 ms, 600 mA, 60 pulses) in the VTA were used to evoke DA release in 

the NAc, in accordance with established methods (Prince et al., 2015; Levy et al., 2017). 

During baseline recordings, electrically-evoked DA release was elicited every 5 min for a 

minimum of 30 mins or until a stable baseline recording was obtained (DA release within 

10% across three consecutive stimulations). After obtaining 15 min of stable baseline 

recordings, animals received a 2 s, ~200 μl i.v. cocaine injection (1.5 mg/kg). The 1.5mg/kg 

dose of cocaine was used to compare with previous FSCV studies (España et al., 2010; 

España et al., 2011; Prince et al., 2015; Levy et al., 2017) and because this dose produces 

sufficient DA uptake inhibition (España et al., 2008) to assess reductions in cocaine effects 

following disruptions to HCRTr1. Electrically-evoked DA release was elicited 30 sec, 1 min, 

and 5 min post cocaine delivery, and every 5 min thereafter for 60 min.

The electrode potential was linearly scanned (−0.4 to 1.2 V and back to −0.4 V vs Ag/AgCl) 

and cyclic voltammograms were recorded every 100 ms with a scan rate of 400 V/s using a 

voltammeter/amperometer (Chem-Clamp; Dagan Corporation, Minneapolis, MN). 

Quantification of electrically-evoked DA release was achieved by comparing current at the 

peak oxidation potential for DA in consecutive voltammograms with calibration factors 

obtained from electrodes exposed to 3 μM DA. DA overflow curves were fitted to a 

Michaelis-Menten-based kinetic model using Demon Voltammetry and Analysis software 

(Yorgason et al., 2011) written in LabVIEW language (National Instruments, Austin, TX). 

DA uptake rates prior to cocaine delivery were modeled by setting the affinity of DA for the 

DA transporter (DAT) between 0.16 – 0.20 μM and then fitting the overflow curve to 

establish a baseline, maximal uptake rate (Vmax) for each subject. Baseline release and 

uptake were expressed as the average of 3 collections that occurred prior to the injection of 

cocaine. Following cocaine injection, Vmax was held constant for the remainder of the 
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experiment and changes in DA uptake rate due to cocaine-induced uptake inhibition were 

calculated as a change in the apparent affinity for the DAT and defined as (Km).

Data selection

Data were included in analyses only when EGFP labeling was confined to the VTA without 

significant transfection of adjacent regions including the substantia nigra, red nucleus, or 

medial reticular nucleus. Across all studies, 3 HCRTr1 knockdown and 3 scramble rats were 

excluded due to inadequate EGFP expression or misplacement of the virus infusion.

Statistical Analysis

Paired student’s t-tests were used to measure effects of HCRTr1-shRNA-AAV10 or SCRM-

shRNA-AAV10 on mRNA expression, NeuN, and TH cell counts. Acquisition of cocaine 

self-administration, time to first injection, and rate of intake were analyzed using 

independent student’s t-test to compare between virus treatments. The overall effects of 

HCRTr1 knockdown on motivation were assessed using a mixed design repeated-measures 

ANOVA, with viral treatment as the between-subjects variable and days as the within-

subjects variable. Independent student’s t-test were conducted to compare the effects of viral 

treatment on time spent in each sleep/wake state and to measure differences in DA release 

and uptake (Vmax) prior to cocaine in FSCV experiments. Stimulated DA release, DA per 

pulse [DAp] and cocaine-induced DA uptake inhibition (Km) across the course of the 

experiment were assessed using mixed design, repeated measures ANOVAs with viral 

treatment as the between-subjects variable and time as the within-subjects variable. Planned 

comparisons for each of these DA measures were conducted using independent student’s t-

tests during the first 15 min following cocaine delivery based on previous observations 

indicating significant effects of HCRT manipulations on DA signaling at those time points 

(España et al., 2010; España et al., 2011; Prince et al., 2015). Planned comparisons were not 

conducted at other time points. All data were analyzed using SPSS (SPSS Inc, Chicago, IL).

Results

HCRTr1-shRNA-AAV10 successfully reduces HCRTr1 in VTA

To assess the effectiveness of viral transfection, rats were injected intra-VTA with HCRTr1-

shRNA-AAV10 (n=10) in one hemisphere and SCRM-shRNA-AAV10 (n=10) in the 

contralateral hemisphere. Four weeks after virus injection, we observed that 0.5 μl infusions 

of either virus produced robust expression of EGFP in the VTA (Fig. 1B and C) with little 

encroachment into adjacent regions including the substantia nigra. Injections of HCRTr1-

shRNA-AAV10 significantly knocked down HCRTr1 receptor mRNA by nearly 40% in the 

VTA relative to SCRM-shRNA-AAV10 (t(9) = 4.5, p < 0.001; Fig. 2A). Importantly, 

HCRTr1-shRNA-AAV10 did not alter HCRTr2, TH, VMAT or D2R mRNA, suggesting that 

our approach did not indiscriminately alter DA neurons. Although not significant, there was 

a notable decrease in DAT mRNA levels (t(9) = 2.23, p = 0.083).

To assess for potential toxicity, a separate group of animals was transfected as described 

above (n=4 per virus). After 4 weeks of incubation, coronal sections containing VTA were 

immunostained for NeuN as an established measure of neuronal density, and TH as a marker 
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of DA synthesizing neurons. As shown in figure 2B and C, HCRTr1-shRNA-AAV10 did not 

affect NeuN-immunoreactive (ir) cell counts in the VTA relative to SCRM-shRNA-AAV10 

(t(3) = 1.02, p = 0.38). Additionally, HCRTr1-shRNA-AAV10 did not affect TH-ir cell 

counts relative to SCRM-shRNA-AAV10 (t(3) = 1.02, p = 0.38, Fig. 2D and E). Together 

these observations suggest that HCRTr1 knockdown is not associated with toxicity to VTA 

DA neurons.

HCRTr1 knockdown disrupts cocaine self-administration

To examine the involvement of HCRTr1 in the VTA on cocaine self-administration, rats 

received HCRTr1-shRNA-AAV10 (n=7) or SCRM-shRNA-AAV10 (n=6) bilaterally into the 

VTA. After 2 weeks of incubation, animals were implanted with jugular catheters and placed 

on an FR1 schedule to acquire cocaine self-administration (Fig. 3A). As shown in Figure 

3B, HCRTr1 knockdown significantly delayed acquisition of cocaine self-administration, 

relative to scramble controls (t(11) = 2.27, p = 0.044). Further, as shown in figure 3C and D, 

no differences were observed between virus treatments for latency to first lever press (t(11) = 

0.44, p = 0.62) nor the rate of cocaine intake (t(11) = 0.51, p = 0.52). Following testing on the 

FR1 schedule, rats were switched to a PR schedule to assess HCRTr1 knockdown effects on 

motivation for cocaine. As indicated in figure 3E, over the 10 days of testing, HCRTr1 

knockdown produced significantly lower breakpoints relative to scramble controls. Two-way 

repeated measures ANOVA indicated a significant effect of viral treatment (F(1,11) = 5.5, p = 

0.039) but no significant effect of time (F(9,99) = 0.425, p = 0.92) or treatment X time 

interaction (F(9,99) = 0.649, p = 0.753). The total number of lever presses was not 

significantly different between groups (data not shown).

HCRTr1 knockdown does not alter sleep/wake behavior

To examine whether the effects of HCRTr1 knockdown on self-administration were 

associated with alterations in sleep/wake activity, rats received SCRM-shRNA-AAV10 or 

(n=6) or HCRTr1-shRNA-AAV10 (n=6) bilaterally into the VTA. After 3 weeks of 

incubation, rats were implanted with EEG/EMG electrodes, and then after 1 week of 

recovery, sleep/wake activity was recorded for 24 hr. As shown in figure 4, HCRTr1 

knockdown did not affect total time spent in waking (t(10) = 1.23, p = 0.25), NREM (t(10) = 

0.57, p = 0.58) or REM sleep (t(10) = 1.05, p = 0.32). Further, no differences were observed 

between virus treatment on the number (waking: t(10 ) = 0.42, p = 0.66; NREM: t(10) = 0.36, 

p = 0.73; REM: t(10) = .62, p = 0.55) or duration (waking t(10 ) = 0.13, p = 0.91; NREM: t(10) 

= 0.52, p = 0.61; REM: t(10) = 0.42, p = 0.68) of sleep/wake bouts (Supplemental Figure 1). 

These results suggest that the behavioral effects of HCRTr1 knockdown are not associated 

with gross alterations to sleep/wake activity.

HCRTr1 knockdown disrupts DA signaling

To examine the extent to which HCRTr1 knockdown in VTA impacts DA signaling, rats 

received unilateral infusion of HCRTr1-shRNA-AAV10 (n=7) or SCRM-shRNA-AAV10 

(n=6). After 4 weeks of incubation, DA release and uptake were monitored in the NAc core 

using FSCV. As shown in figure 5 and Supplemental Figure 2, HCRTr1 knockdown 

significantly reduced stimulated DA release (t(10) = 5.15, p < 0.001) and reduced maximal 

uptake (t(10) = 3.73, p = 0.0038) under baseline conditions relative to scramble controls. 
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Importantly, however, when expressed as a percent of baseline, HCRTr1 knockdown did not 

reduce DA release following cocaine delivery (Fig. 5D). Mixed design, repeated measures 

ANOVA, with viral treatment as the between-subjects variable and time as the within-

subjects variable revealed no effect of virus (F(1,10) = 2.82, p = 0.124), but did indicate a 

significant effect of time (F(16,160) = 9.4, p < 0.001) and a virus x time interaction (F(16,160) 

= 3.96, p < 0.001). Planned comparisons did not reveal significant differences between 

groups following cocaine delivery, indicating that cocaine exerts proportionally similar 

effects on DA release in both scramble and HCRTr1 knockdown animals.

Nevertheless, HCRTr1 knockdown significantly attenuated cocaine-induced inhibition of DA 

uptake (Km; Fig 5E). Mixed design ANOVA revealed no significant effect of virus (F(1,10) = 

1.64, p = 0.23) but did indicate a significant effect of time (F(16,160) = 29.97, p < 0.001), and 

virus x time interaction (F(16, 160) = 4.06, p < 0.001). Subsequent analysis indicated that 

HCRTr1 knockdown significantly reduced cocaine-induced DA uptake inhibition at the 1 

min (t(10) = 2.23, p = 0.049) and 5 min (t(10) = 2.53, p = 0.03) post-cocaine time points.

Discussion

In the present studies, we used a viral shRNA approach to determine the degree of VTA 

HCRTr1 involvement in the regulation of cocaine self-administration and DA signaling in 

the NAc. We demonstrate that HCRTr1 knockdown disrupts acquisition of cocaine self-

administration and reduces motivation for cocaine, without affecting sleep/wake activity. 

Further, HCRTr1 knockdown also disrupts DA release and uptake under baseline conditions 

and attenuates the effects of cocaine on DA uptake. These observations indicate that 

HCRTr1 influence the motivation for cocaine likely via actions on mesolimbic DA signaling.

HCRTr1 knockdown alters the motivation for cocaine

Numerous observations suggest that HCRTr1 influences motivated behavior, particularly as 

it relates to drugs of abuse. However, the majority of studies examining HCRT regulation of 

motivated behavior have employed systemic delivery of HCRT agents, and consequently the 

specific neural structures involved in these actions is unclear. While limited observations 

suggests that the VTA may participate in HCRT-mediated effects on behavior (España et al., 

2010; Moorman and Aston-Jones, 2010), those observations relied on SB-334867, which has 

been criticized for potential off-target effects (Gotter et al., 2012). To address these 

pontential limitations, we employed knock down of HCRTr1 specifically within the VTA 

and examined the effects on cocaine self-administration. Results indicate that HCRTr1 

knockdown delayed acquisition of cocaine self-administration without affecting cocaine 

intake on an FR1 schedule. Moreover, HCRTr1 knockdown also reduced the motivation for 

cocaine under a PR schedule. However, it must be noted that self-administration was 

examined for only one dose of cocaine, which could influence the magnitude of HCRTr1 

knockdown effects (Brodnik et al., 2015). Nevertheless, when considered with the existing 

literature, the present findings indicate that HCRTr1 in the VTA may be critical for 

establishing and maintaining motivation for cocaine.
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HCRTr1 in the VTA are necessary for normal DA signaling

Previous reports suggest that HCRT regulation of cocaine self-administration is likely 

mediated via actions on the mesolimbic DA system. For example, intra-VTA infusions of 

HCRT-1 peptide increase DA in the NAc (España et al., 2011), while HCRTr1 antagonists 

into the VTA decrease DA (España et al., 2010). These observations are consistent with the 

present findings indicating that HCRTr1 knockdown in the VTA reduces DA release and 

uptake under baseline conditions and attenuates cocaine-induced DA uptake inhibition.

Given the importance of NAc DA for supporting motivation for both cocaine (Phillips et al., 

2003) and natural (Syed et al., 2016) rewards, it is possible that the effects of HCRTr1 

knockdown on baseline DA neurotransmission may have generalized effects on behavior. 

Indeed, previous observations indicate that HCRTr1 blockade reduces motivation for sucrose 

in sated but not food restricted rats (España et al., 2010) and affects self-administration of 

highly palatable foods but not regular chow (Borgland et al., 2009). Importantly, these 

effects of HCRTr1 manipulations do not appear to be associated with generalized reductions 

in arousal or sedation (Brodnik et al., 2015), which is consistent with our current findings.

The mechanisms through which HCRTr1 influences DA signaling are not well-understood. 

One possibility is that knock down of HCRTr1 in the VTA disrupts DA release by reducing 

excitatory drive on DA neurons. Indeed there is substantial evidence to suggest that HCRT is 

responsible for mediating changes in DA neuron excitability, as HCRT-1 peptide exerts an 

excitatory influence on VTA DA neurons either directly (Korotkova et al., 2003), through 

suppression of GABAergic input onto DA neurons (Tung et al., 2016), and/or by enhancing 

glutamatergic drive onto DA neurons (Borgland et al., 2006; Mahler et al., 2013). These 

HCRT actions have been shown to increase DA neuron firing and bursting in vivo (Moorman 

and Aston-Jones, 2010; Muschamp et al., 2014), which is known to increase DA at the 

terminal (Owesson-White et al., 2009; dela Pena et al., 2015). Consistent with these 

observations, blockade of HCRTr1 reduces DA neuron firing, which is expected to reduce 

DA in target regions (Moorman and Aston-Jones, 2010). Based on these observations, it is 

reasonable to suggest that HCRTr1 knockdown results in a similar reduction in the 

excitability of DA neurons, which could diminish the effectiveness of electrical stimulation 

and result in reduced DA release as observed herein. Alternatively, HCRTr1 knockdown may 

exert its effects by differentially engaging distinct pools of releasable DA (Venton et al., 

2006; Covey et al., 2013) which may involve synapsin-dependent alterations to presynaptic 

Ca2+ influx (Pierce et al., 1998; Venton et al., 2006; Federici et al., 2014).

Extensive evidence suggests that DA signaling in the NAc is influenced by a number of 

second messenger signaling cascades that affect surface localization and functionality of the 

DAT (Johnson et al., 2005; Mortensen et al., 2008). Thus, in addition to modulating DA 

neuron firing directly, HCRTr1 knockdown may also influence DA signaling via alterations 

to the DA terminals. For example, recent observations suggest that HCRT is capable of 

modulating signaling cascades such as protein kinase C and calmodulin-dependent protein 

kinase II, which affect the phosphorylation and glycosylation of DAT (Ozcan et al., 2010; 

Selbach et al., 2010), and may therefore influence DAT surface localization and functionality 

(Mortensen et al., 2008; Zahniser and Sorkin, 2009). Given that baseline DA uptake is 

dependent on functional DATs, modifications that alter DAT levels at the cell surface result 
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in changes in baseline DA uptake rates, an effect that can alter psychostimulant potency 

(Ukairo et al., 2007). Therefore, HCRT-induced changes in DAT function at the terminal 

may underlie the diminished effects of cocaine at inhibiting DA uptake. We have previously 

demonstrated that animals treated with a HCRTr1 antagonist (España et al., 2010; Prince et 

al., 2015; Levy et al., 2017) display reduced cocaine-induced DA uptake inhibition, possibly 

due to alterations in DAT function. It is possible, therefore, that HCRTr1 knockdown may 

attenuate the effects of cocaine through such a mechanism. The presents findings offer some 

evidence for DAT-driven effects, given that HCRTr1 knockdown had little effect on DA 

release following cocaine but nevertheless reduced cocaine-induced DA uptake inhibition.

Conclusions

We determined that sustained knockdown of HCRTr1 in the VTA alters both DA signaling in 

the NAc, and cocaine-reinforced behavior, without affecting arousal. These observations 

offer further evidence in support of the hypothesis that HCRTr1 in the VTA influence 

motivated behavior through actions on the mesolimbic DA system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Illustration of viral vector and infusion placement in VTA
(A) Transgene packaged into the SCRM-shRNA-AAV10 (SCRM) or HCRTr1-shRNA-

AAV10 (KD) viruses. Viral vectors were comprised of two noncoding ITRs flanking a CMV 

promotor that drives expression of the EGFP fluorescent reporter protein, followed by a 

combined intron/poly A sequence to enhance EGFP expression, and a U6 promotor to drive 

expression of the shRNA. Viruses differed only in the shRNA sequence used. (B) Example 

photomicrograph depicting EGFP labeling resulting from injection of the KD virus in the 

VTA. Arrow indicates midline. (C) Illustration of injection locations across the rostrocaudal 

extent of the VTA. CMV, human cytomegalovirus promoter; EGFP, enhanced green 

fluorescent protein; fr, fornix; ITR, AAV inverted terminal repeats (viral sequences for 

packaging transgene); intron-pA: intron and poly A sequences derived from SV40; mp, 

mammillary peduncle; RN, Red Nucleus; SN, substantia nigra. U6, mouse U6 promoter for 
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driving shRNA expression; shRNA, short hairpin RNA targeting the HCRTr1 or a scrambled 

sequence; VTA, ventral tegmental area. Scale bar is 0.5 mm.
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Figure 2. HCRTr1-shRNA-AAV10 reduces HCRTr1 expression in the VTA
(A) Shown are the mean ± SEM of mRNA levels for HCRTr1, HCRTr2, TH, VMAT, D2R, 

and DAT in the VTA, following injection of SCRM-shRNA-AAV10 (SCRM) or HCRTr1-

shRNA-AAV10 (KD) virus. (B) Example photomicrographs depicting NeuN staining in the 

VTA following injection of SCRM or KD virus. Left panel; 50x magnification image 

depicting the VTA regions used for NeuN-immunoreactive (ir) cell counts. Dashed 

rectangles indicate the regions used for analysis (see Methods and Materials). Right panels; 

200x representation of the dashed rectangular regions shown in the Left panel. (C) Shown 

are mean ± SEM average number of NeuN-ir cells in the VTA. (D) Example 

photomicrographs depicting TH staining in VTA following injection of SCRM or KD virus. 

Left panel; 50x magnification image depicting the VTA regions used for TH-ir cell counts. 

Dashed rectangles indicate the regions used for analysis (see Methods and Materials). Right 

panels; 200x representation of the dashed rectangular regions shown in the Left panel. (E) 

Shown are mean ± SEM average number of TH-ir cells in the VTA. DAT, dopamine 
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transporter; D2R, D2 DA receptor; RN, red nucleus; SN, substantia nigra; TH, tyrosine 

hydroxylase; VMAT, vesicular monoamine transporter. Scale bars are 0.5 mm. *** p < 0.001.
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Figure 3. HCRTr1 knockdown delays acquisition of cocaine self-administration and reduces 
motivation for cocaine
(A) Timeline of surgical procedures and experimental testing. Shown are the mean ± SEM 

(B) number of days required to reach acquisition criteria, (C) latency to first lever press, and 

(D) intake rate (i.e., injections/hr) under a fixed-ratio 1 schedule of reinforcement for rats 

treated with SCRM-shRNA-AAV10 (SCRM) or HCRTr1-shRNA-AAV10 (KD). (E) Shown 

are the mean ± SEM breakpoints across the 10-day progressive ratio schedule for SCRM and 

KD animals. * p < 0.05.
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Figure 4. HCRTr1 knockdown does not alter sleep/wake behavior
Shown are the mean ± SEM total time spent in waking, non-rapid eye movement (NREM) 

and rapid eye movement (REM) sleep for rats treated with SCRM-shRNA-AAV10 (SCRM) 

or HCRTr1-shRNA-AAV10 (KD).

Bernstein et al. Page 21

Addict Biol. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. HCRTr1 knockdown disrupts DA signaling under baseline conditions and in response 
to cocaine
(A) Example traces of stimulated DA release prior to (BL) and following 1.5 mg/kg i.v. 

cocaine (Coc) in rats treated with SCRM-shRNA-AAV10 (SCRM) or HCRTr1-shRNA-

AAV10 (KD). Shown are the raw data points as well as the mean for (B) stimulated DA 

release and (C) DA uptake rate (Vmax) in the NAc under baseline conditions prior to cocaine 

for SCRM and KD animals. Shown are the mean ± SEM for (D) stimulated DA release 

expressed as a percent of baseline and (E) cocaine-induced DA uptake inhibition (Km), 
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across the experimental session for SCRM and KD animals. Dashed lines indicate time of 

1.5 mg/kg i.v. cocaine injection. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table I

Primer sequences and concentrations used for quantitative real-time polymerase chain reaction.

Primer Sequence Concentration

Cyclophilin-A 5′-GTGTTCTTCGACATCACGGCT-3′ (forward)
5′-CTGTCTTTGGAACTTTGTCTGCA-3′ (reverse)

200 nM

HCRTr1 5′-GCGAGGTCCAGGGCTCACT-3′ (forward)
5′-GCCTGGTACACCCAGATGCCG-3′ (reverse)

100 nM

HCRTr2 5′-GGCAGGACCGCTTCAAAACTGGTAT-3′ (forward)
5′-CCCTCAGACCTCCAGCCAGGT-3′ (reverse)

200 nM

TH 5′-CCTTCCAGTACAAGCACGGT-3′ (forward)
5′-TGGGTAGCATAGAGGCCCTT-3′ (reverse)

100 nM

VMAT 5′-AGTCTCTGCTGTCTTGCCAAC-3′ (forward)
5′-TGGTCCAGTGAAGCTCACTTCT-3′ (reverse)

200 nM

D2R 5′-AGACGATGAGCCGCAGAAAG-3′ (forward)
5′-GCAGCCAGCAGATGATGAAC-3′ (reverse)

100 nM

DAT 5′-CAACGGTGGCATCTACGTCT-3′ (forward)
5′-CTGAATTGCTGGACGCCGTA-3′ (reverse)

50 nM
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