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Orexin-1 receptor signaling in ventral tegmental area mediates
cue-driven demand for cocaine
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Drug-associated sensory cues increase motivation for drug and the orexin system is importantly involved in this stimulus-enhanced
motivation. Ventral tegmental area (VTA) is a major target by which orexin signaling modulates reward behaviors, but it is unknown
whether this circuit is necessary for cue-driven motivation for cocaine. Here, we investigated the role of VTA orexin signaling in cue-
driven motivation for cocaine using a behavioral economics (BE) paradigm. We found that infusion of the orexin-1 receptor (Ox1R)
antagonist SB-334867 (SB) into VTA prior to BE testing reduced motivation when animals were trained to self-administer cocaine
with discrete cues and tested on BE with those cues. SB had no effect when animals were trained to self-administer cocaine without
cues or tested on BE without cues, indicating that learning to associate cues with drug delivery during self-administration training
was necessary for cues to recruit orexin signaling in VTA. These effects were specific to VTA, as injections of SB immediately dorsal
had no effect. Moreover, intra-VTA SB did not have an impact on locomotor activity, or low- or high-effort consumption of sucrose.
Finally, we microinjected a novel retrograde adeno-associated virus (AAVretro) containing an orexin-specific short hairpin RNA
(OxshRNA) into VTA to knock down orexin in the hypothalamus-VTA circuit. These injections significantly reduced orexin expression
in lateral hypothalamus (LH) and decreased cue-driven motivation. These studies demonstrate a role for orexin signaling in VTA,
specifically when cues predict drug reward.
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INTRODUCTION
Drug-associated cues acquire motivational significance over time
and can trigger relapse to drug seeking, even following protracted
abstinence. The hypothalamic neuropeptide orexin (hypocretin)
system has been linked to cue-dependent and highly motivated
cocaine-seeking behaviors (for review, see refs. [1, 2]). Our lab
established a role for the orexin system in drug demand using a
behavioral economics (BE) paradigm, which provides a quantitative
estimate of motivation. In this paradigm, a demand curve is fitted to
lever-pressing data using an exponential demand equation [3] to
generate two parameters of cocaine demand: demand elasticity (α),
which inversely scales with motivation, and low-effort consumption
(Q0) [4]. We previously found that removing cocaine-associated cues
during BE testing decreased motivation for drug (increased α), and
that this cue-enhanced motivation was dependent on orexin-1
receptor (Ox1R) signaling [5]. That study highlighted that Ox1R
signaling is required for cue-dependent motivation, but it remained
unclear when the orexin system was recruited during drug-cue
learning or where in the brain orexin acted to promote motivation in
response to drug-paired cues.
Ventral tegmental area (VTA) is a target that may mediate orexin’s

effects on cue-driven motivation. VTA is innervated by orexin fibers
and VTA neurons contain both orexin-1 and orexin-2 receptors [6, 7].
Ox1R signaling in VTA promotes responding for cocaine under high-
effort conditions [8–10] and cue-induced cocaine seeking [11, 12].

Orexin potentiates glutamatergic responses of VTA dopamine (DA)
neurons via signaling at Ox1Rs [13] and is necessary for drug-
induced plasticity in the DA system [14, 15]. Therefore, Ox1R
signaling in VTA may mediate motivation for cocaine by regulating
glutamatergic signaling in response to drug-associated cues [16].
However, no studies have directly manipulated the orexin-VTA
circuit to parse the importance of drug-related cues in the
recruitment of this circuit.
Here, we utilized pharmacological and retrograde viral vector

approaches to test the role of the orexin-VTA circuit in cue-driven
motivation for cocaine, as assessed by BE demand testing. We
trained animals to self-administer cocaine with or without drug-
paired cues and transitioned them to BE testing with or without
cues. We microinjected the Ox1R antagonist SB-334867 (SB)
into VTA and observed that SB only impacted motivation
when animals were trained to self-administer cocaine with cues.
Intra-VTA SB did not have an impact on low-effort consumption
of cocaine, motivated or low-effort sucrose taking, or locomotor
activity. We also found that knockdown of orexin expression in
VTA-projecting neurons using a novel retrograde adeno-
associated virus (AAVretro) containing orexin short hairpin RNA
(OxshRNA) similarly attenuated motivation during BE testing with
discrete cues. Collectively, these studies highlight a role for Ox1R
signaling in the orexin-VTA circuit in motivated, cue-dependent
cocaine taking.
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MATERIALS AND METHODS
Animals
Adult male Sprague–Dawley rats (weighing 300–325 g) were pair-housed
on a 12 h reverse light : dark cycle in a temperature- and humidity-
controlled animal facility at Rutgers University-Piscataway. Male rats were
used so that we could directly compare results to previous studies from
our laboratory, which investigated the role of orexin signaling in cue-
driven cocaine demand in male animals [5, 17, 18]. In addition, recent
results from our lab and others show that cocaine demand in female rats
varies substantially with estrous cycle (Kohtz et al., unpublished observa-
tions), and that the estrous cycle has an impact on cue-driven demand in
females [19]. Future studies across cycle phases will be needed to
characterize the role of orexin signaling in cue-driven demand in females.
All animals were given ad libitum access to water and standard rat chow.

Animals were acclimated for 2 days to the animal facility upon arrival and
were handled for at least 3 days prior to surgery. All protocols and animal-
care procedures were approved by the Institutional Animal Care and Use
Committee at Rutgers University-Piscataway.

Experiment 1: intracranial SB microinjections into VTA prior to
BE testing with cues or without cues
Experimental BE cue/no-cue design. Three groups of animals were used to
investigate the role of Ox1R signaling in cocaine demand with cues.
Animals were trained on a fixed ratio-1 (FR1) schedule to self-administer
cocaine with (Groups 1 and 2) or without (Group 3) discrete light and tone
cues paired with cocaine infusions (3.6 s; 0.2 mg/50 µl) following a
response on the active lever. Animals were then trained on BE for a
minimum of 6 days until stability criteria were reached with (Group 1) or
without cues (Groups 2 and 3); baseline BE parameters were the average α
and Q0 values across the last three sessions. The house light remained on
for all groups during the self-administration sessions. All groups were then
tested for demand following intra-VTA microinjections of the Ox1R
antagonist SB or its vehicle (artificial cerebrospinal fluid (aCSF)) in a
counterbalanced design (details below). SB/aCSF was microinjected
immediately before BE tests, which were conducted with (Group 1) or
without cues (Groups 2 and 3). After receiving both aCSF and SB
treatments, subjects were re-stabilized on BE with (Groups 2 and 3) or
without (Group 1) cues and were tested with SB and aCSF (counter-
balanced). To determine how cues impacted demand, we compared
animals’ last stable demand parameters with (Group 1) or without (Groups
2 and 3) cues to the first stable parameters with (Group 2 and 3) or without
(Group 1) cues to capture behavioral effects from the cue-to-no cue (Group
1) or no cue-to-cue (Groups 2 and 3) transition.

Intra-VTA microinjections. All VTA microinjections were performed using
injectors extending 2mm past the guide cannulae. The injectors were kept in
place for 1min to allow for drug diffusion. All tests were counterbalanced
and within-subjects.

Experiment 2: effects of SB microinjections dorsal to VTA
Dorsal microinjections. A separate group of animals underwent intracra-
nial implantation of bilateral guide cannulae aimed at VTA, as described in
Supplementary Materials and Methods. Dorsal control microinjections in
this group were performed to ensure that effects following intracranial
microinjections were not due to diffusion of liquid up the cannula tract.
Injectors projecting 0.2 mm past the bottom of the guide cannula were
inserted to infuse SB 1.8 mm dorsal to VTA (0.3 μl; 1 mM concentration
dissolved in aCSF) immediately prior to BE testing. Dorsal microinjections
were performed prior to intra-VTA SB microinjections, as described in
previous publications [20, 21].

Intra-VTA microinjections. Following BE testing with dorsal SB microinjec-
tions, animals were re-stabilized on BE and tested with longer injection
cannulae with tips in VTA; SB or aCSF intra-VTA microinjections were
conducted in a counterbalanced design, as described above.

Experiment 3: effects of SB microinjections on locomotor
activity and sucrose self-administration
Locomotor activity. Following testing on the BE procedure, animals were
habituated to a locomotor chamber (clear acrylic, 40 × 40 × 30 cm)
equipped with Digiscan monitors (AccuScan Instruments) as described
previously [22]. Habituation sessions occurred for 2 h/day for 3 days. After
habituation, rats received intra-VTA aCSF or SB and underwent locomotor

testing. A 1-day washout period followed, in which rats were placed in the
locomotor chamber without any treatment. Rats received either aCSF or SB
the following day. Each animal received aCSF and SB in a counterbalanced
manner.

Sucrose self-administration. Animals were trained to lever press for
sucrose on an FR1 schedule for 2 h/day for a minimum of 5 days, as
described previously [23]. These animals were also used in cocaine studies,
but no animal received more than six microinjections into VTA. The house
light remained on during the self-administration sessions, as in the cocaine
self-administration studies. Active lever presses yielded one sucrose pellet
(45mg, Test Diet) with the same discrete light and tone cues used in
cocaine self-administration experiments. A 20 s timeout followed each
reward. Animals were trained until the numbers of active lever responses
across 3 days differed by ≤25%. On subsequent test days, animals received
intra-VTA SB or aCSF in a counterbalanced design immediately prior to the
test session.

Sucrose BE procedure. Animals were trained to lever press for sucrose
pellets in operant chambers with discrete light and tone cues present after
active lever presses, as described above. Some of these animals were also
used in cocaine studies (n= 4), but sucrose self-administration behavior
(unpaired t-test, baseline α: t6= 1.46, p= 0.20 and Q0: t6= 1.18, p= 0.28)
and treatment effects (percent change from baseline after VTA SB infusion,
unpaired t-test, α: t6= 0.83, p= 0.44 and Q0: t6= 0.64, p= 0.55) did not
differ between animals with vs. without cocaine experience. After FR1
training, rats underwent FR3, FR10, FR32, and FR100 training, each for a
minimum of 3 days with a minimum of 60 lever presses/day. For BE testing,
timeouts, and a reverse order of FR schedules were employed to limit
satiety [24]. BE tests consisted of five 10-min periods per session, during
which a fixed number of active lever presses resulted in sucrose reward.
The first period consisted of FR100 and subsequent periods were FR32,
FR10, FR3, and FR1, in that order. A 20- min timeout occurred after each
period, during which levers were retracted and the house light was turned
off. Rats were given at least six BE sessions on different days and were
tested with either intra-VTA aCSF or SB immediately prior to sessions after
α and Q0 were stable (values varied by ≤30% across the last three sessions).
No animal received more than six microinjections into VTA.

Experiment 4: retrograde viral vector knockdown of orexin
input to VTA
AAV vectors. We confirmed the importance of the orexin-VTA pathway in
cue-associated motivation for cocaine by knocking down orexin expression
via intra-VTA microinjections of an OxshRNA construct packaged in a
retrogradely transported AAV virus (AAVretro). AAV viral vectors were
produced by the Genetic Engineering and Viral Vector Core of the National
Institute on Drug Abuse. Expression of the OxshRNA sequence was placed
under the control of the mouse ubiquitin 6 promoter with an enhanced
green fluorescent protein tag under the cytomegalovirus promoter to label
transduced cells. The OxshRNA sequence targeted the Orexin transcript (5′-
GTCTTCTATCCCTGTCCTAGT-3′) with loop sequence 5′-AGTCGACA-3′.
A scrambled sequence was used as a negative control (scrambled
RNA (scRNA); 5′-GCTTACTTTCGGCTCTCTACT-3′) with loop sequence 5′-
TGTCGACT-3′. The specificity of the OxshRNA construct was reported
previously [25]. We validated the specificity of this AAVretro construct by
unilaterally microinjecting 1 µl of AAVretro-OxshRNA or -scRNA through
guide cannula directed at VTA at an infusion rate of 0.1 µl/min for 10min.
For all intracranial injections, injectors were held in place for 10min to
prevent diffusion of virus up the cannula tract.

Behavioral studies. One group of animals was perfused either 2, 4, or
6 weeks post infusion, as described in Supplementary Materials and Methods.
A second group of animals was trained to self-administer cocaine and
stabilized on the BE procedure, as described above. These rats received 0.3 µl
of AAVretro-OxshRNA or -scRNA (infusion rate of 0.1 µl/min) bilaterally
through VTA-directed guide cannula and allowed to recover for 1 week post
infusion. This volume was smaller than that used above to achieve more
focused injections and minimize potential uptake from outside of VTA or
floor effects of the virus on behavior. Rats were then given access to cocaine
on the BE paradigm for a minimum of 3 days/week for 3 additional weeks to
minimize withdrawal during the period required for AAVretro-OxshRNA to
knock down orexin (weeks 2–4 post infusion). Then, BE testing was
conducted for 5 days (1 session/day); α and Q0 values were averaged across
the testing days and compared to pre-injection (baseline) values. Animals
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were tested on locomotor activity after BE testing, starting 6 weeks post
injection. Locomotor tests consisted of a single test day after 3 days of
habituation in locomotor chambers (described above).

RESULTS
Experiment 1: Ox1R signaling in VTA is important for cocaine
motivation only in animals trained to self-administer cocaine
in the presence of discrete cues
We first determined whether cues were necessary for SB to decrease
motivation for cocaine. We trained three groups of animals, as
outlined in Fig. 1A. All rats were trained to lever press for cocaine on
an FR1 schedule with (Groups 1 and 2) or without (Group 3) cues
before being trained and tested on the BE procedure to measure
cocaine demand with (Group 1) or without cues (Groups 2 and 3).
During FR1 training, groups did not differ in the number of infusions
(two-way repeated-measures analysis of variance (RM ANOVA): F2,18
= 0.13, p= 0.88; Supplementary Fig. S1A), active lever presses (two-
way RM ANOVA: F2,18= 0.11, p= 0.90, Supplementary Fig. S1B), or
inactive lever presses (two-way RM ANOVA: F2,18= 0.32, p= 0.73;
Supplementary Fig. S1C). During BE training and testing, there were
no group differences in animals’ initial (baseline) α (one-way ANOVA:
F2,18= 2.02, p= 0.16; Supplementary Fig. S1D) or Q0 values (one-way
ANOVA: F2,18= 0.32, p= 0.73, Supplementary Fig. S1E).
We then sought to determine how removing (Group 1) or

adding (Groups 2 and 3) cues impacted cocaine demand. In Group
1, changing from cue to no-cue BE significantly increased α
(decreased motivation; Wilcoxon’s matched-pairs signed-rank test:
W= 21.0, p= 0.03, Fig. 1B) but had no effect on Q0 values (paired
t-test, t5= 1.05, p= 0.34, Fig. 1C). In contrast, in Group 2, which
was trained on FR1 with cues, switching from no-cue to cue BE did
not have an impact on α (paired t-test: t5= 1.60, p= 0.17, Fig. 1D)
or Q0 (paired t-test: t5= 0.05, p= 0.96; Fig. 1E). One animal from
Group 2 was an extreme outlier (see Supplementary Materials and
Methods) and therefore was excluded from overall analyses, but
including this animal did not change the significance of our
analyses (paired t-test, α: t6= 1.15, p= 0.29; paired t-test, Q0: t6=
0.45, p= 0.67; data not shown). In Group 3 (trained on FR1 and BE
without cues), adding cues during BE testing did not alter α
(Wilcoxon’s matched-pairs signed-rank test: W= 14.00, p= 0.30;
Fig. 1F) or Q0 (Wilcoxon’s matched-pairs signed-rank test: W=
10.00, p= 0.47; Fig. 1G). Thus, overall, removing cues reduced
motivation in animals previously trained on FR1 and BE with cues
present, but adding these cues during subsequent BE perfor-
mance did not have an impact on motivation if animals had been
trained on BE without cues. Therefore, training with cues during
FR1 and BE augments motivation on trials with cues and removing
these cues reduces motivation in the BE paradigm.
Next, we tested the effect of SB microinjections into VTA on

cocaine demand with or without cues in each of the groups. In
Group 1 animals (trained on FR1 and BE with cues, and tested on
BE with cues first), there was a significant main effect of SB
injection into VTA on α (two-way RM ANOVA: F1,5= 9.85, p= 0.03;
Fig. 2C) and a treatment × cue interaction (F1,5= 8.45, p= 0.03).
Post hoc tests revealed that SB increased α (reduced motivation)
when injected into VTA prior to BE testing with cues (p < 0.05), but
had no effect when injected prior to BE testing in these same
animals in the absence of cues (Sidak’s multiple comparisons tests;
p= 0.92) (Fig. 2C). There was no treatment × cue interaction for
these VTA injections on Q0 (two-way RM ANOVA, treatment × cue
interaction: F1,5= 1.37, p= 0.30, Fig. 2D). In contrast, in Group 2
(trained on FR1 with cues and tested on BE without cues first),
there was no treatment × cue interaction for α (two-way RM
ANOVA: F1,5= 4.00, p= 0.10, Fig. 2F) or Q0 (two-way RM ANOVA:
F1,5= 2.50, p= 0.18, Fig. 2G), indicating that SB was not effective
during BE with cues in this group. We excluded one animal from
Group 2 as a behavioral outlier (the same animal as above, see
Supplementary Materials and Methods), but including this animal

did not change the results of our analyses (two-way RM ANOVA, α
treatment × cue interaction: F1,6= 0.22, p= 0.66; Q0 treatment ×
cue interaction: F1,6= 1.39, p= 0.28; data not shown). Similarly, in
Group 3 (trained on FR1 without cues and BE without cues first),
we did not observe a treatment × cue interaction for α (mixed-
effects model, treatment × cue interaction: F1,3= 1.75, p= 0.28;
Fig. 2I) or Q0 (mixed-effects model, treatment × cue interaction:
F1,3= 0.16, p= 0.71; Fig. 2J; see Supplemental Methods, Data
Analysis section). Three animals in Group 3 had to be removed
from the study because they developed a sudden severe
respiratory illness during the testing period and did not complete
all four BE tests with aCSF/SB. Together, these data indicate that
blockade of Ox1R signaling in VTA preferentially reduced cue-
associated motivation for cocaine only in animals given cocaine-
paired cues during BE training and testing.

Experiment 2: effects of intra-VTA SB infusions are not due to
dorsal diffusion of SB
To ensure that the effects of intra-VTA SB microinjection were
specific to VTA, in a separate cohort of animals we compared the
effects of microinjecting SB into VTA vs. 1.8 mm dorsal to VTA
(where the injectate would be expected to spread along the
cannula tract). As we observed that the orexin-VTA projection only
mediated motivation for cocaine in the presence of light-tone
conditioned cues (described above), these studies were only
conducted in animals trained and tested with cues. Consistent
with our findings above, only intra-VTA SB microinjections
reduced cocaine motivation (increased α); there was no effect of
aCSF injection into VTA, or of SB injection dorsal to VTA on α
(Friedman’s test: H3,9= 10.89, p= 0.003; Dunn’s multiple compar-
isons, p < 0.05 vs. aCSF; p < 0.01 vs. dorsal SB; Fig. 3B). There was
no effect of any treatment on Q0 (Friedman’s test: H3,9= 3.56, p=
0.19; Fig. 3C). These results showed that the effects of SB on cue-
associated cocaine motivation in Experiment 1 were mediated by
Ox1R blockade specifically in VTA.

Experiment 3: effects of intra-VTA SB infusions on cue-
associated cocaine demand are not due to locomotor effects
and do not occur for sucrose demand
To confirm that intra-VTA effects were not due to deficits in
locomotor ability or arousal, we microinjected SB or aCSF into VTA
prior to locomotor testing or FR1 for sucrose pellets. There were
no differences in locomotor activity between VTA aCSF and SB
sessions when data were binned in 10-min intervals (two-way RM
ANOVA, main effect of time: F11,88= 56.86, p < 0.0001, main effect
of treatment: F1,8= 0.02; p= 0.90, treatment × time interaction:
F11,88= 0.42, p= 0.95; Fig. 4A) or summed across the testing
period (paired t-test: t8= 0.39, p= 0.71; Fig. 4B). We also observed
that SB did not affect the number of active lever presses for
sucrose FR1 self-administration (paired t-test: t5= 0.36, p= 0.73;
Fig. 4C), indicating that intra-VTA SB did not impair lever pressing.
These studies highlight that SB effects during cue-associated BE
testing were not due to sedation or other nonspecific motor
effects.
We sought to determine whether SB effects on motivation were

drug-specific and did not affect motivation for a natural reward,
sucrose. We found that intra-VTA SB did not have an impact on
motivation (α) (paired t-test: t7= 0.25, p= 0.81; Fig. 4E) or low-
effort consumption for sucrose (Q0) during sucrose BE with cues
(paired t-test: t7= 0.35, p= 0.73; Fig. 4F). These experiments
confirmed that intra-VTA SB effects on motivation during cue-
associated cocaine BE were specific to cocaine demand and not
the consequence of changes in natural reward processing.

Experiment 4: knockdown of orexin input to VTA attenuated
cue-enhanced motivation for cocaine
To interfere with the orexin-VTA circuit by an alternative method,
we microinjected a retrogradely transported AAV (AAVretro, [26])
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containing OxshRNA or control scRNA into VTA to selectively
knock down orexin expression in neurons projecting to VTA
(Fig. 5A). First, we confirmed that the AAVretro-OxshRNA
specifically reduced orexin expression when injected into VTA.

We observed a significant decrease in total orexin cell numbers in
AAVretro-OxshRNA subjects compared to AAVretro-scRNA-infused
animals (two-way RM ANOVA, main effect of virus: F1,12= 45.88,
p < 0.0001; Fig. 5D) at 2 weeks (Sidak’s multiple comparisons test:
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Fig. 2 Intra-VTA SB lowered motivation for cocaine paired with discrete cues in animals trained to self-administer cocaine with cues. A
A schematic of testing with intra-VTA SB/aCSF during BE with or without cues. Animals were trained on FR1 either with (Groups 1 and 2) or
without cues (Group 3), and then tested with intra-VTA aCSF/SB microinjections during BE either with (Group 1) or without cues (Groups 2 and
3). The same animals were then re-tested on subsequent sessions with aCSF/SB on BE either with (Groups 2 and 3) or without cues (Group 1).
B–D Intra-VTA SB (injection sites in B) reduced motivation (increased α) in Group 1 animals (n= 6) only when cues were present (C). Intra-VTA
SB had no effect on Q0 in these animals when tested with or without cues (D). Panels E-G - Intra-VTA SB (injection sites in E) did not reduce
motivation in animals trained with cues and tested on BE first without cues (Group 2, n= 6; F). Intra-VTA SB had no effect on Q0 in Group 2
animals (G). H–J In Group 3 animals (trained on FR1 without cues; n= 5–8), SB (injection sites in H) did not have an impact on motivation (α; I)
or low-effort consumption (Q0) on BE with or without cues present (J). *p < 0.05. Bar graphs indicate means ± SEMs.

Fig. 1 Removal of discrete drug-paired cues reduced motivation in animals trained to associate drug delivery with cues. A A schematic of
cue and no-cue BE testing. Animals were trained on FR1 either with (+) or without (−) cues, as described in the text and indicated in the
diagram. Animals were then trained on the BE procedure with cues (Group 1) or without cues (Groups 2 and 3) until stability criteria were
reached. Cues were then removed (Group 1) or added (Groups 2 and 3) and behavior was re-stabilized for a minimum of 3 days to test the
effects of cues on demand after training on the new BE procedure. B, C Animals trained and tested on the BE paradigm with cues (Group 1;
n= 6) displayed increased α (decreased motivation) when cues were removed; Q0 was not affected (C). D, E Animals trained on FR1 self-
administration with cues and the BE paradigm without cues (Group 2; n= 6) showed no change in α (D) or Q0 values (E) when cues were
added during BE. F, G Animals trained on FR1 and BE without cues (Group 3; n= 7) showed no change in α (F) or Q0 values (G) when cues were
introduced. *p < 0.05. Bar graphs indicate means ± SEMs.
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p= 0.002), 4 weeks (p= 0.006), and 6 weeks (p= 0.02) post
infusion. AAVretro-OxshRNA injection into VTA did not have an
impact on the number of melanin-concentrating hormone (MCH)-
expressing neurons in the same region of the hypothalamus at
any time point (two-way RM ANOVA, main effect of virus: F1,11=
0.54, p= 0.48; Fig. 5E).

We then infused AAVretro-OxshRNA into VTA prior to BE testing
with cues in a separate group of animals that were trained to self-
administer cocaine with cues (Fig. 5F–L). Orexin expression was
reduced by roughly 35% in AAVretro-OxshRNA compared to
AAVretro-scRNA animals (unpaired t-test: t12= 2.41, p= 0.03;
Fig. 5G). The knockdown of orexin expression also was
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topographically specific: AAVretro-OxshRNA treatment was asso-
ciated with a significant knockdown of orexin expression in the
LH region (two-way RM ANOVA, main effect of virus:
F1,12= 6.05, p= 0.03; Sidak’s multiple comparisons test: p=
0.044; Fig. 5H). Although there was a trend towards a reduction
of orexin expression in Pef/DMH cells, this failed to reach
significance (p= 0.10). Consistent with these results, we micro-
injected the retrograde tracer cholera toxin B (CTb) into VTA in a
separate cohort of rats and observed that a greater percentage of
LH orexin cells were retrogradely labeled than Pef/DMH orexin
cells (paired t-test: t7= 4.08, p < 0.01, Supplementary Fig. S2).
These results show that orexin neurons in LH more often
project to VTA than those in PeF/DMH, and that AAVretro-
OxshRNA injected into VTA significantly decreased orexin
expression in LH.
There was a main effect of time on α (two-way RM ANOVA:

F1,12= 7.21, p= 0.02; Fig. 5I) in OxshRNA-infused animals from
baseline to week 5 (Sidak’s multiple comparisons test: p= 0.03),
but no such effect on Q0 (two-way RM ANOVA: F1,12= 2.97, p=
0.11; Fig. 5J). One animal given the scRNA virus was excluded
from BE analyses as a behavioral outlier following treatment.
When we included this animal in our analyses, it did not have an
impact on the significance of our findings for α (two-way RM
ANOVA, main effect of time: F1, 13= 8.73, p= 0.01; Sidak’s
multiple comparisons test: OxshRNA: p= 0.04, scRNA: p= 0.32)
or Q0 (two-way RM ANOVA, main effect of time: F1,13= 3.54, p=
0.08, data not shown). We observed a significant main effect of
time on habituated locomotor activity (two-way RM ANOVA:
F11,143= 20.92, p < 0.0001; Fig. 5K) and a trend towards a virus ×
time interaction (F11,143= 1.83, p= 0.06) in binned data, but no
effect of virus on total locomotor activity (unpaired t-test: t13=
0.79, p= 0.45; Fig. 5L). Collectively, the results from these
studies recapitulate our SB results, as retrograde knockdown of
the orexin-VTA circuit reduced cue-associated cocaine motiva-
tion without impacting low-effort consumption or locomotor
arousal.

DISCUSSION
Here, we show that interference with orexin signaling in VTA,
either through pharmacological or shRNA manipulations,
reduced cue-associated motivation for cocaine. Intra-VTA SB
significantly impacted motivation only when animals were
trained and tested on BE with cues, and removing cues reduced
the effect of intra-VTA SB on motivation. SB into VTA did not
have an impact on Q0, general locomotor activity, or low-effort
(FR1) responding for sucrose, indicating that SB effects on
motivation were not due to sedation or simple motoric effects.
In addition, intra-VTA SB did not have an impact on demand for
sucrose, highlighting that effects on motivated cocaine taking
were drug-specific and did not extend to motivation for natural
rewards. Retrograde knockdown of orexin expression in VTA-
projecting orexin cells reduced motivation during BE with
cocaine-associated cues present. Collectively, these studies
indicate that the orexin-VTA circuit is critically involved in the
formation of drug-cue associations during intial drug taking, and
that subsequent, highly motivated responding for cocaine
requires the recruitment of this projection.

VTA Ox1R signaling was important for motivation only in
animals trained to self-administer with cocaine-associated
cues present
In animals given discrete cues paired with cocaine infusions
during self-administration and BE training (Group 1), we observed
that intra-VTA SB only reduced motivation (increased α) when
cocaine-associated cues were present, and removing these cues
reduced the efficacy of SB. In contrast, there was no effect of SB on
BE performance with or without cues in animals trained on BE first

without cues (Group 2), or trained to self-administer without cues
(Group 3). Our results are consistent with a previous study from
our lab showing that systemic SB reduced motivation only when
animals were trained and tested with cues [5] and indicate that
learning to associate discrete reward-paired cues with drug
delivery may recruit the orexin system to drive motivation.
Orexins have been implicated in activating motivational drive in

response to external stimuli associated with drug taking [1].
OxR1 signaling has been shown to be necessary for cue-
dependent drug seeking. Blocking OxR1 signaling systemically
or in VTA attenuated reinstatement of extinguished cocaine
seeking induced by cues or contexts [11, 12, 27–29], a result that is
largely consistent for other drugs of abuse and alcohol [30–33].
Fos expression of orexin neurons is also upregulated during
cocaine-conditioned place preference and correlates with the
degree of preference [34]. In contrast, orexin signaling seems to
be less important for drug-seeking behaviors that are not induced
by cues or contexts, such as drug-primed reinstatement [16].
Similarly, our prior study found that blocking Ox1R signaling does
not attenuate self-administration or motivation for cocaine in the
absence of conditioned cues [5], indicating that orexin does not
mediate the reinforcing effects of cocaine. Rather, blocking orexin
input to VTA seems to reduce the ability of conditioned cues to
trigger motivation.

Removing cocaine-paired cues lowered motivation
We sought to determine how removing or adding cues impacted
cocaine demand. To do this, we compared animals’ stable α and
Q0 values in their first BE paradigm (cue BE for Group 1, no-cue BE
for Groups 2 and 3) to their stable α and Q0 values in their second
BE paradigm (cue BE for Group 2 and 3, no-cue BE for Group 1).
Consistent with our previous study, we found that removing cues
decreased motivation (increased α; Group 1). However, adding
cues during BE did not alter motivation when animals were
trained on FR1 and BE without cues (Group 3), or trained on FR1
with cues but trained on BE first without cues (Group 2). This is
consistent with research that conditioned drug cues acquire
motivational properties to stimulate drug taking [35], and that
cues augment demand in both humans and rodents [5, 19, 36, 37].
These results also indicate that training on BE includes condition-
ing in addition to that obtained during FR1 training. These studies
extend previous findings to show that cues are not sufficient to
drive motivation in animals that are trained on the BE paradigm
without cues, as cues did not augment motivation (decrease α) in
Group 2 animals.

Intra-VTA SB only impacted cue-associated cocaine
motivation when microinjected into VTA
To confirm that SB effects were specifically due to actions in VTA,
we microinjected SB dorsal to VTA and observed no effects on
motivation (Experiment 2). In the same animals, SB attenuated
motivation (increased α) when microinjected into VTA, confirming
the results of Experiment 1 in a separate cohort of animals. In
addition, we observed no change in Q0 following VTA SB
microinjections in the same animals, demonstrating that Ox1R
signaling does not mediate low-effort consumption of cocaine.
Other studies similarly showed that systemic SB does not affect
FR1 responding for cocaine [9, 27]. These results are consistent
with studies that demonstrated Ox1R signaling is necessary for
high-effort drug taking [5, 8–10, 30, 31, 38, 39]. Finally, we
observed no change in total or binned locomotor activity, or low-
effort responding for sucrose, so SB did not alter motivation for
cocaine by reducing locomotor arousal or ability. Our lab and
others have similarly shown that systemic or local injections of SB
into VTA did not interfere with locomotor activity [12, 27, 40].
Collectively, our study adds to a growing literature demonstrating
that Ox1R signaling promotes high-effort drug taking through
actions on VTA DA neurons.
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Intra-VTA SB did not alter motivation for a natural reward
We found that intra-VTA SB microinjections did not have an
impact on high- or low-effort consumption of sucrose during BE
testing. Orexin has been linked to energy homeostasis and food
consumption since its discovery [41, 42]. Orexin is preferentially
recruited during feeding when motivation is high, as when
animals are food-deprived or seeking palatable foods [40, 43, 44].
Previous studies have shown that orexin A modulates the hedonic
value of highly palatable foods and promotes motivation to
consume natural rewards [45–47]. Therefore, it is somewhat
surprising that we did not observe changes in sucrose demand
with intra-VTA microinjections. Importantly, animals were not
food-restricted during our experiments, which has been shown to
recruit the orexin system [48]. In addition, VTA may not be a
critical site for orexin in motivated sucrose responding in ad
libitum-fed animals. Intra-VTA microinjections of orexin A did not
have an impact on breakpoint or total active lever presses during
progressive ratio for sucrose in free-feeding animals [46] and other
targets of orexin signaling may be more important for driving
motivated sucrose taking [49–51]. Finally, as orexin A binds to
both the orexin-1 and -2 receptors, the hedonic value of natural
rewards may be mediated by the orexin-2 receptor; future studies
are needed to investigate this possibility.

Knockdown of orexin input to VTA attenuated cue-associated
motivation
To confirm that the orexin-VTA circuit mediates cue-augmented
motivated responding for cocaine, we microinjected an AAVretro
encoding an shRNA for orexin (OxshRNA) into VTA to knock down
orexin expression in neurons that project to VTA. AAVretro-
OxshRNA injection decreased the number of neurons expressing
the orexin peptide by roughly 35% compared to control
(AAVretro-scRNA) animals. In addition, AAVretro-OxshRNA injec-
tion reduced orexin cell number more in LH than in Pef/DMH. LH
orexin neurons were also more likely to innervate VTA than PeF/
DMH orexin neurons using CTb microinjections into VTA,
consistent with the view that LH orexin neurons are important
for motivation, a function linked closely to VTA [1, 16]. We also
found that OxshRNA treatment reduced motivation for cocaine
without impacting low-effort consumption. Consistent with our
findings, previous studies reported that viral vector knockdown of
Ox1R expression in VTA reduced motivation for cocaine on a
progressive ratio schedule [52]. Similarly, local knockdown of
orexin expression in hypothalamus lowered motivation for
cocaine during BE [17, 18] or progressive ratio [25]. To our
knowledge, this is the first study to use viral vector manipulation
of the orexin-VTA circuit during self-administration. Our study
adds to a growing literature showing that the orexin-VTA circuit is
important for motivated, cue-driven addiction behaviors.
Electron microscopy found that relatively few orexin fibers in

VTA form monosynaptic connections onto DA or GABA neurons,
so that most orexin input to VTA was hypothesized to come from
en passant orexin fibers to caudal brainstem structures or from
non-synaptic orexin varicosities [53]. Nonetheless, retrograde- and
anterograde-labeling studies showed that a substantial proportion
of orexin neurons project to VTA [54, 55]. Also, we and others have
reported that orexin neurons influence the activity of VTA DA
neurons via actions at glutamatergic terminals [14, 56]. Given the
degree of orexin knockdown in our study, it is possible that the
AAVretro uptake also occurred in orexin-containing passing fibers
or varicosities, as well as in synaptic orexin terminals onto VTA
neurons. However, a previous study found that AAVretro does not
substantially label non-terminal passing fibers [57]. Orexin neurons
have been shown to collateralize [58–60] and thus it is possible
that our AAVretro approach to achieving knockdown of VTA-
projecting orexin neurons also resulted in reduced orexin input to
other reward-associated brain regions, contributing to the
behavioral effects observed here. In addition, there is evidence

that broad orexin knockdown in hypothalamus decreases pro-
dynorphin levels [25], which may also have contributed to the
observed effects. Although we cannot rule out these possibilities,
our AAVretro manipulation produced almost identical effects on
cocaine demand as blocking Ox1R signaling in VTA with local
microinjections of SB. Therefore, we believe that the behavioral
effects of the AAVretro are largely driven by a reduction of orexin
input (via both synaptic and potentially paracrine signaling)
specifically onto VTA neurons. Finally, although we did not
measure food intake or body weight over the treatment period, a
separate study showed that hypothalamic microinjectioins of an
orexin shRNA construct that resulted in a larger knockdown of
orexin neurons than that observed in our study did not have an
impact on body weight, or food or water consumption across
5 weeks post infusion [25]. Thus, it is unlikely that AAVretro
infusion attenuated motivation by impacting other homeostatic
processes; however, it will be important for future studies to test
this directly.
Collectively, these studies highlight the role of Ox1R signaling in

the orexin-VTA circuit in drug-cue learning and cue-dependent
motivation for cocaine. The orexin system is recruited to modulate
VTA during the initial learning of the drug-cue association and
drive motivation with re-exposure to these cues. As a result,
therapies targeted to the orexin-VTA circuit have the potential to
ameliorate cue-associated motivation in cocaine addiction.
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