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Abstract
Background—Hypocretin (Hcrt), an arousal- and feeding-associated peptide is expressed in lateral
hypothalamic neurons that project to the ventral tegmental area (VTA). Intra-VTA Hcrt reinstates
morphine-conditioned place preferences, and intracerebroventricular and intra-VTA corticotropin-
releasing factor (CRF) reinstate cocaine-seeking. Each is presumed to act at least in part through
actions local to the VTA. Here we examined the possibility that VTA perfusion of Hcrt reinstates
cocaine-seeking and, if so, whether it does so through the VTA mechanism that is implicated in
reinstatement by CRF.

Methods—Rats were trained to lever-press for intravenous cocaine (2 weeks) and then underwent
extinction training (saline substituted for cocaine: 3 weeks). Reinstatement behavior was tested and
VTA dialysates were collected and assayed for glutamate or dopamine following footshock or
perfusion of Hcrt or CRF, with or without Hcrt or CRF antagonists, into the VTA.

Results—VTA perfusion of Hcrt-1 or footshock stress reinstated cocaine-seeking and caused
release of VTA glutamate and dopamine. The effects of Hcrt-1 were blocked by a selective Hcrt-1
antagonist but not a CRF antagonist, and were not mimicked by Hcrt-2. The Hcrt-1 antagonist did
not block CRF-dependent footshock-induced reinstatement or glutamate or dopamine release. The
behavioral and neurochemical effects of Hcrt-1 were attenuated but not blocked by kynurenic acid,
an ionotropic glutamate antagonist that blocks footshock-induced reinstatement and glutamate
release.

Conclusions—While Hcrt and CRF are known to interact in some area of the brain, in the VTA
proper they appear to have largely independent actions on the mesolimbic dopamine mechanisms of
cocaine-seeking.
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INTRODUCTION
Hypocretin (Hcrt) (1), also known as orexin (2), is a recently identified peptide neurotransmitter
implicated in arousal, feeding, and addiction (3,4,5). Two Hcrt variants, Hcrt-1 (residues 28–
66) and Hcrt-2 (residues 69–97) are expressed from a common precursor in a small group of
lateral hypothalamic neurons that project widely in the brain (6). Two receptor subtypes
(HcrtR1 and HcrtR2) have been identified (2), and immunohistochemical (7) evidence suggests
that these receptors are expressed in ventral tegmental area (VTA) dopamine neurons. While
electron microscopic evidence revealed only infrequent Hcrt synapses on VTA dopamine
neurons (8), an electrophysiological study has demonstrated that a large proportion of VTA
dopamine neurons can be directly activated by Hcrt (9). Hcrt was also found to augment
glutamatergic activation of VTA dopamine cell firing (10). Thus, Hcrt may have both direct
and indirect effects on dopamine neurons. Hcrt-1 infusion directly into the VTA reinstates
morphine-seeking (11) and Hcrt infusion into the cerebral ventricles reinstates cocaine-seeking
(3), presumably by activating the mesocorticolimbic dopamine system (11,12), a system
implicated in the rewarding effects of cocaine (13,14,15) and in the ability of stress to reinstate
cocaine-seeking (16).

A VTA action of corticotropin-releasing factor (CRF) is also known to activate the dopamine
system and reinstate cocaine-seeking. Footshock stress causes release of CRF and glutamate
in the VTA, and stress-induced reinstatement of cocaine-seeking is blocked by VTA perfusion
of CRF and glutamate antagonists (16,17). The present study was designed to explore the
degree to which the reinstatement of cocaine-seeking by Hcrt and CRF share a common
mechanism. First, we determined the ability of VTA perfusions of Hcrt-1 or Hcrt-2 to induce
VTA glutamate and dopamine release and to reinstate extinguished cocaine-seeking. We then
assessed the effects of VTA perfusions of an HcrtR1 antagonist, a glutamate antagonist, and a
CRF antagonist on Hcrt-1-induced reinstatement of cocaine-seeking. Finally, we challenged
footshock-induced reinstatement of cocaine-seeking by VTA perfusion of an HcrtR1
antagonist.

MATERIALS AND METHODS
Adult male Long-Evans rats were implanted with chronic intravenous catheters and guide
cannulae for microdialysis probes and trained to self-administer intravenous cocaine and given
two-three weeks of extinction sessions by traditional methods (see Supplemental Information
for details). Microdialysis samples were then taken under various conditions as follows:

Experiment 1. VTA perfusion of Hcrt-1 or Hcrt-2 on local neurotransmitter release and
reinstatements

One group was tested with VTA perfusion of Hcrt-1 and one with VTA perfusion of Hcrt-2.
Hcrt-1 treated rats were tested under 4 experimental conditions: one day with aCSF (vehicle)
followed (2 hours later) by Hcrt-1 perfusions and one day with the HcrtR1 antagonist
SB-408124 followed (2 hours later) by SB-408124+Hcrt-1 perfusions. The sequence was
counterbalanced across days. Hcrt-1 (10 μM) perfusion started after collection of 5 baseline
dialysis samples and kept perfused until the end of the test. When SB-408124 (10 μM) was
perfused, it was added in the medium 20 min before the collection of the baseline samples until
the end of the test. The reinstatement test started 20 min after the initiation of Hcrt-1 perfusion
and lasted for 2 hr. The reinstatement testing started with the insertion of the active lever and
the illumination of the house light. The testing conditions and the behavioral consequences
were the same as during the extinction sessions. Animal responses on the active and inactive
levers and the number of saline infusions were recorded.
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The Hcrt-2 treated rats were tested under two experimental conditions in one day, first under
aCSF perfusion followed by Hcrt-2 (10 μM) perfusion. The two tests were separated by 2 hr.

Experiment 2. VTA perfusion glutamate or CRF antagonist on Hcrt-1-induced local
neurotransmitter release and reinstatements

To test the possible involvements of VTA glutamate and CRF in the effects of Hcrt-1, one
group of rats was challenged with kynurenic acid (Kyn), an antagonist at ionotropic glutamate
receptors and another group was challenged with α-helical CRF, an antagonist at CRF
receptors. Each rat was tested under 4 treatment conditions. The 4 treatments for one group
were aCSF followed by Hcrt-1 on one day and Kyn followed (2 hours later) by Kyn +Hcrt-1
on the other. The 4 treatments for the other group were aCSF followed by Hcrt-1 on one day
and α-helical CRF followed (2 hours later) by α-helical CRF+Hcrt-1 on the other. The sequence
was counterbalanced across days. The antagonists were introduced in the perfusion medium
20 min before the collection of the baseline samples. Hcrt-1 was introduced in the perfusion
medium 20 min before the reinstatement testing. Drug perfusions were continued until the end
of 2 hr behavior tests.

Experiment 3. VTA Hcrt-1 antagonist perfusion on footshock-induced neurotransmitter
release and reinstatements

To determine whether VTA Hcrt plays a role in the stress-induced VTA neurotransmitter
release and reinstatement, a new group of rats was tested in four conditions, two per day: On
one day they were first tested for the effects of SB-408124 (10μM) perfusion in the absence
of footshock and then, two hours later, for the effects of footshock during SB-408124 (10μM)
perfusion. On the other day control data were first collected with aCSF perfusion in the absence
of footshock, and then, two hours later, when footshock was given during aCSF perfusion.
Footshock was administered as a 20-minute series of inescapable and unpredictable 0.5 sec
shocks (18). The shock intensity was adjusted, for each animal, to a level below the threshold
for freezing behaviors (0.4–0.6 mA), the night before reinstatement testing. Footshock was
administered at random 40±30 sec intervals. The 2 hr reinstatement testing started immediately
after completion of the shock. The no-shock condition was the same as the shock condition
except that the wires from the shock generator were not connected to the test box. When
SB-408124 was perfused, it was included in the perfusion medium 20 min before the
microdialysis baseline collection and maintained until the reinstatement test was completed.
Microdialysis samples were collected until the end of the reinstatement testing. Lever-presses
and number of saline infusions earned were recorded.

Biochemical analysis of microdialysis samples
Glutamate concentrations were determined by HPLC. We used an ESA pump (ESA 582, ESA,
Inc., Chelmsford, MA), a CMA/260 degasser, a CMA/200 refrigerated microsampler, a phase
II ODS column (3 μm particle size, 3.2×100 mm, Bioanalytical Systems, Inc., West Lafayette
IN), a CMA/280 fluorescence detector, and an ESA model 501 data station (ESA, Inc.). The
CMA/280 is a fixed wavelength fluorescence detector operating at a maximal excitation of
330–365 nm and emission of 440–530 nm. We performed precolumn derivation of glutamate
with an o-phthalaldehyde/mercaptoethanol reagent (0.4 M borate, 0.04 M phthalaldehyde and
0.4 M 2-mercaptoethanol, pH 10.4). Briefly, 10 μl of the reagent was added to and mixed with
the samples by the microsampler. After a 60-sec reaction period at 6° C in the microsampler,
20 μl of the mixture was injected onto the column. The elution of glutamate was achieved with
a mobile phase consisting of 0.15 M sodium acetate, 10% methanol and 1.5% tetrahydrofuran
at a flow rate of 0.6 ml/min. Following the appearance of the glutamate peak on the
chromatogram, an injection of 20 μl of 100% methanol was made by the microsampler before
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the end of the chromatogram in order to accelerate the elution of the residuals on the column.
The detection limit was 0.2-pmol/injection.

Dopamine was measured with an HPLC coupled to an ESA Coulochem II Detector (model
5200) with a dual-electrode microdialysis cell, and an ESA model 501 data station (ESA, Inc.,
Chelmsford, MA). Samples were manually injected onto the column (3μm particle size, 3
mm×150 mm, Analytical MD-150, ESA, Inc.). The mobile phase for DA separation consisted
of 75 mM NaH2PO4, 1.5 mM OSA, 10μM EDTA, and 8% acetonitrile (pH 3.0 adjusted with
H3PO4). Dopamine was quantified on both reducing (−250 mV) and oxidizing electrodes (350
mV). The limit of detection for dopamine was approximately 5-fmole/injection.

Drugs
Cocaine hydrochloride and the anesthetics used in the surgery were obtained from the
pharmacy department within the Institute. Hcrt-1, Hcrt-2, α-helical CRF, Kyn and SB-408124
were purchased from Sigma (St. Louis, MO). Kyn was dissolved first with a small aliquot of
5 N NaOH and diluted with aCSF to the final concentration. Other drugs were dissolved directly
in saline or aCSF when appropriate. Each drug solution was adjusted to pH 7.4 before use.

Histology
After the completion of the microdialysis experiments, the rats were decapitated under
anesthesia and their brains were removed and fixed in a 10% formalin solution. After at least
7 days of fixation, the brains were frozen and 50-μm coronal sections were taken. Probe
placement was determined under low magnification in wet sections that differentiate fiber
bundles from cell body regions and thus identify classic brain landmarks.

Statistical analysis
VTA glutamate and dopamine levels were expressed as the concentrations in the perfusate
(means± S.E.M.). Basal values refer to those obtained before the drug was added into the
perfusion medium or before footshock was given. When data were expressed as percent of
baseline values, the mean concentration of the three samples preceding the drug administration
was defined as 100%. Data were analyzed with two-ANOVA with repeated measures over
time followed by fisher’s PLSD test. A level of P<0.05 was considered statistical significance.

The total responses on the active or inactive levers were analyzed with two-way ANOVA with
repeated measures over treatments followed by Fisher’s PLSD test.

RESULTS
Effects of VTA Hcrt perfusion on local neurotransmitter release and reinstatements of
cocaine-seeking

Perfusions of Hcrt-1 (10 μM) through the VTA dialysis probe increased VTA glutamate and
dopamine levels and reinstated responding on the lever previously associated with cocaine
reinforcement (Fig. 1). Co-perfusion of the Hcrt-1R antagonist SB-408124 blocked both the
behavioral (F(3,30)=24.86, P<0.001) and neurochemical effects of Hcrt-1.(Fig. 1). Two-way
ANOVA confirmed a significant Time × treatment interaction for both dopamine
(F(27, 180)=2.49, P<0.001) and glutamate (F(27, 180)=2.58, P<0.001). VTA perfusion of
SB-408124 alone had no effects ether on dopamine or glutamate levels. Fisher’s PLSD test
indicated that VTA dopamine and glutamate levels both were significantly elevated throughout
the Hcrt-1 perfusion period.

Perfusion of Hcrt-2 at the same concentration (10 μM) had no significant effect on lever
pressing (F(1,10)=0.47, P=0.51, see Fig. 1 in Supplemental Information for details), VTA
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dopamine (F (9, 90)=0.79, P=0.63), or VTA glutamate F(9, 90)=0.11, P=0.98) levels (see Fig. 1
in Supplemental Information for details).

Effects of VTA glutamate or CRF antagonists on Hcrt-1-induced local neurotransmitter
release and cocaine-seeking

VTA perfusion of Kyn (1 mM) attenuated the VTA dopamine increase induced by VTA Hcrt-1
(treatment X time interaction; F(27, 180)=3.77, P<0.001). Fisher’s PLSD test indicated the
elevations of VTA dopamine were significantly lower in the Hcrt-1+Kyn treatment condition
than in Hcrt-1 alone condition throughout the initial 80 min. VTA perfusion of Kyn had no
effects on Hcrt-1-induced VTA glutamate levels. While ANOVA revealed a significant
treatment X time interaction over the 4 treatment conditions (F(27, 180)=3.03, P<0.001), the
increases in VTA glutamate were not different from each other between Hcrt-1 and Hcrt-1
+kyn treatments. VTA Kyn perfusion also attenuated active lever-pressing induced by VTA
Hcrt-1 perfusion (lever × treatment interaction; F(3,30)=28.78, P<0.001). Fisher’s PLSD test
revealed significantly lower active lever-pressing under Hcrt-1+kyn treatment than under
Hcrt-1 treatment alone (P<0.05) (Fig. 2).

VTA perfusion of the CRFR antagonist α-helical CRF (1 μM) had no significant effect on
either VTA neurotransmitter levels or lever-pressing induced by VTA Hcrt-1 (Fig. 3).

Effects of VTA SB-408124 perfusion on footshock-induced VTA neurotransmitter release and
reinstatement of cocaine-seeking

Footshock stress significantly elevated VTA levels of dopamine (F(27, 180)=4.23, P<0.001) and
glutamate (F(27, 180)=5.67, P<0.001). The elevations were not different between aCSF and
SB-408124 treatments (dopamine, F(9, 90)=0.47, P>0.05; glutamate, F(9, 90)=1.03, P>0.05).
SB-408124 or aCSF perfusion alone had no significant effect on VTA dopamine or glutamate
levels. Fisher’s PLSD test indicated both dopamine and glutamate levels were significantly
elevated (P<0.05) for 40 min following footshock stress. Footshock stress reinstated
responding on the active lever (lever × treatment interaction; F(3,30)=51.15, P<0.001) over the
4 experimental conditions. VTA perfusion of SB-408124 did not significantly affect lever-
pressing induced by footshock (P>0.05) (Fig. 4).

Probe placements
The active portions of the microdialysis probes were located primarily in the posterior VTA,
usually penetrating the parabrachial pigmented and paranigral nuclei, and occasionally
partially intruding the rostral interpeduncular nucleus (see Fig. 2 in Supplemental Information
for details). One rat treated with Hcrt-1 in Experiment 1 was excluded because the placement
of one probe was dorsal to the VTA. Dopamine levels were not reliably measured in samples
from this probe.

DISCUSSION
The present findings add self-administration evidence to conditioned place preference findings
that Hcrt acts within the VTA to activate the mesocorticolimbic dopamine system and reinstate
drug-seeking; VTA Hcrt-1 perfusion reinstated cocaine-trained responding and elevated VTA
dopamine levels, a correlate of increased dopaminergic cell firing (19,20). Hcrt input to the
VTA originates from the lateral hypothalamus, a brain region long implicated in reward and
motivation (21). Hcrt administration into VTA induces conditioned place preference (22) and
reinstates extinguished place preferences established by morphine (11), presumably by
increasing local dopamine cell firing and increasing dopamine release in dopamine terminal
fields (7,23). Thus VTA is a brain region where lateral hypothalamic Hcrt projections interacts
with dopaminergic neurons implicated in addiction. While Hcrt axons make few classic
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synaptic contacts with VTA dopamine neurons, Hcrt is suggested to activate the dopamine
system non-synaptically (8) by local “paracrine” diffusion or “volume conduction.”

The Hcrt-1-induced reinstatement of cocaine-seeking appears to mediated primarily by Hcrt-1
receptors. VTA perfusion of selective Hcrt-1 antagonist SB-408124 blocked both the increases
in local transmitter release and the reinstatement of responding induced by VTA Hcrt-1. While
a non-selective concentration of SB-4008124 was introduced to the dialysate, only a fraction
of the dialysis concentration, driven only by a concentration gradient and not by hydraulic
pressure, penetrates the membrane and enters the brain. Once outside the probe, the
concentration falls off with the square of the distance; thus the concentration in the VTA is
more than an order of magnitude lower than the dialysate concentration. Moreover, VTA
perfusion of the same concentration of Hcrt-2 that preferentially acts at Hcrt-2 receptors (24,
25) showed no significant effect. The lack of involvement of VTA Hcrt-2 is somewhat
surprising considering the similar excitatory actions of the two Hcrt peptides. However, recent
studies from various laboratories indicate that activation of Hcrt-2 receptors is significantly
less effective in mediating a variety of neurochemical events. Intracranial Hcrt-2 is less potent
than Hcrt-1 in elevation of accumbens dopamine levels (7), hypothalamic histamine levels
(26), serotonin levels in the dorsal raphe (27) and acetylcholine levels in the pontine reticular
formation (28) and cortex (29). Application of both Hcrts to midbrain cultured neurons
significantly increases intracellular calcium but Hcrt-1 is an order of magnitude more effective
(22). Hcrt-2 immunoreactivity is less abundant than that of Hcrt-1 in most brain regions
including the VTA (30). Although it has been well demonstrated that mRNA encoding Hcrt-1
and -2 receptors are equally abundant in the VTA (31), it is not known whether these two
subtypes of receptors are equally expressed in this region. Therefore, it is possible that the
ineffectiveness of Hcrt-2 in the present study is due to the insufficient activation of the
hypocretin 2 receptors. However, the complete blockade by Hcrt-1 antagonists of the effects
of Hcrt-1 administered either locally into VTA (present study) or intraventricularly (3) makes
it unlikely that Hcrt-2 receptors are significantly involved.

The present study also revealed a partial contribution of VTA glutamate in the effects of Hcrt-1.
VTA perfusion of Hcrt-1 induced a two-fold increase in VTA glutamate levels that was blocked
by the Hcrt-1 antagonist. Blockade of glutamate action at ionotropic glutamate receptors
significantly attenuated, but did not block completely, VTA dopamine increase and
reinstatement of cocaine-seeking induced by VTA perfusion of Hcrt-1. In contrast, blockade
of glutamate receptors completely blocks the ability of footshock, acting through VTA CRF
release, to reinstate cocaine-seeking (16). The fact that reinstatement of cocaine-seeking by
VTA CRF is completely glutamate-dependent while reinstatement by VTA Hcrt-1 is not
indicates that the mechanism of Hcrt-1-induced activation of the dopamine system is at least
partially independent of that involved in CRF-induced activation.

While intracerebroventricular adminstration of an Hcrt-1 antagonist blocks footshock-induced
reinstatement of cocaine-seeking (3), VTA administration of the antagonist was not effective
in the present study. Thus the VTA is apparently not a locus for interaction of Hcrt with CRF
system. VTA perfusion of CRF antagonist α-helical CRF at a dose that blocks footshock-
induced VTA neurotransmitter release and reinstatement of cocaine-seeking (16) had no effect
on the Hcrt-1-induced neurochemical and behavioral effects, and VTA perfusion of SB-408124
that blocks the effects of VTA Hcrt-1 did not modify footshock-induced VTA glutamate or
dopamine levels or footshock-induced drug-seeking. These findings suggest that while VTA
Hcrt and CRF each cause local release of both glutamate and dendritic dopamine, they do so
through independent inputs to these systems.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
VTA perfusion of Hcrt-1 (10 μM) reinstated cocaine-seeking and increased extracellular levels
of dopamine and glutamate. VTA perfusion of SB-408124 (10 μM), a selective Hcrt-1 receptor
antagonist, while having no effect itself on either the animal’s behavior or basal VTA
neurotransmitter levels, blocked the reinstatement and the neurotransmitter increases induced
by VTA Hcrt-1. * indicates difference from the other experimental conditions.
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Figure 2.
VTA perfusion of kynurenic acid (Kyn, 1 mM) attenuated the increase in VTA dopamine levels
and the reinstatement of lever-pressing induced by VTA Hcrt-1 (10 μM) perfusion. VTA Kyn
perfusion showed no effects on Hcrt-1-induced VTA glutamate levels. * indicates difference
from the other experimental conditions. # indicates difference from the Hcrt-1 alone conditions.
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Figure 3.
VTA perfusion of α-helical CRF (1 μM), an antagonist at CRF receptors, had no effect on VTA
Hcrt-1-induced reinstatement of cocaine-seeking or on VTA dopamine or glutamate levels. *
indicate difference from the non-Hcrt-1 conditions.
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Figure 4.
VTA perfusion of the Hcrt-1 antagonist SB-408124, at the concentration (10 μM) that
effectively blocks the actions of VTA Hcrt-1, had no effect on VTA dopamine or glutamate
levels or on footshock-induced reinstatement of cocaine-seeking. * indicate difference from
the no-shock conditions.
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