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Abstract
Stress-induced reinstatement of cocaine-seeking is blocked by antagonists for the stress-related
neurohormone corticotropin-releasing factor (CRF). One site of this action is the ventral tegmental
area (VTA), where mild footshock stress causes CRF release, glutamate release, and dopaminergic
activation in cocaine-experienced animals. Infusion of CRF into the VTA has similar effects to
footshock and these effects of footshock and VTA CRF are blocked by VTA infusions of CRF
antagonists. The reinstatement, glutamate release, and dopamine release are prevented by VTA
infusions of CRF-receptor 2 (CRF-R2) but not CRF-R1 antagonists; however, reinstatement is
triggered by some but not all CRF-R2 agonists and some but not all CRF-R1 agonists. The common
denominator of the effective agonists is that they each bind to the CRF-binding protein (CRF-BP),
which appears to be essential for the behavioral and local neurochemical effects of stress and CRF.
In cocaine-naïve animals, electron microscopy reveals primarily asymmetric synapses between a
subset of VTA terminals containing glutamate and CRF and a subset of VTA dopaminergic neurons
and in situ hybridization reveals mRNA for CRF-R1 and CRF-BP but not CRF-R2 in a subset of
VTA dopamine neurons. While these anatomical findings are in all probability relevant to the
interactions of stress and the dopamine system in cocaine-naive animals, studies in progress focus
on modifications of VTA circuitry that differentiate the cocaine-experienced from the cocaine-naïve
animal and explain the experience-dependent control by CRF of VTA glutamate release and cocaine-
seeking behavior.

The first stage of cocaine addiction is the formation of cocaine-taking and cocaine-seeking
habits that become compulsive almost immediately and, if unhampered by restricted drug
access, lead inexorably to death in laboratory rats and monkeys (Bozarth and Wise, 1985;
Johanson et al., 1976). Such habits can be modeled in rodents, without deterioration of the
animals’ health if daily drug intake is limited, in our case, to four hours per day. Under these
conditions, rats learn—often on the first day of exposure—to lever-press for intravenous
cocaine. Within a week or two of testing their cocaine intake stabilizes at a rate of about 10–
12 mg/kg/hour, a rate of drug consumption that is defended over a broad range of response
requirements or doses per injection (Pickens and Thompson, 1968). Following two weeks of
training it takes about three weeks of daily 4h extinction sessions—sessions where lever-
pressing no longer earns rewarding cocaine but rather now earns non-rewarding saline—before
response rates drop back to their infrequent pre-training incidence.
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Even following such extinction training, vigorous responding can be reinstated by “priming”
injections of the drug (Gerber and Stretch, 1975), by cocaine-predictive cues (Meil and See,
1996) or by mild footshock stress (Erb et al., 1996). Reinstatement by stress has been of
particular interest because of the presumed role of stress in human drug taking. Stress-induced
reinstatement of cocaine seeking appears to involve the stress-associated neurohormone CRF,
as it is blocked by CRF antagonists injected into the cerebral ventricles (Erb et al., 1998) or
into the bed nucleus of the stria terminalis (Erb and Stewart, 1999). The attention of our groups
was drawn to the possibility that CRF might have important addiction-related actions in the
VTA because the mesocorticolimbic dopamine system is implicated in both responsiveness to
stress (Deutch et al., 1991; Thierry et al., 1976) and in cocaine self-administration (Roberts et
al., 1977), because CRF-containing axons and varicosities had been identified in the VTA
(Swanson et al., 1983), because CRF was known to have behavioral actions when administered
in the VTA (Kalivas et al., 1987), and because the Bonci group had recently demonstrated an
interaction of CRF with glutamate-induced excitatory responses of VTA dopamine neurons
(Saal et al., 2003; Ungless et al., 2001; Ungless et al., 2003).

The Bonci group reported first that a single prior exposure to cocaine (Ungless et al., 2001) or
to stress, amphetamine, morphine, nicotine or ethanol (Saal et al., 2003) could cause long-
lasting potentiation of glutamatergic activation of midbrain dopamine neurons in a VTA slice
preparation; this potentiation resembled the long-term potentiation caused by direct electrical
stimulation of excitatory inputs to VTA dopamine neurons. They further found that bath
application of CRF potentiates NMDA-R (Nmethyl-D-aspartate-receptor)-mediated excitatory
postsynaptic currents in VTA dopamine neurons, and that this potentiation was blocked by
CRF-R2 but not CRF-R1 antagonists (Ungless et al., 2003). This finding was surprising
because CRF has high affinity for CRF-R1 and low affinity for CRF-R2 (Lovenberg et al.,
1995), and because mRNA for CRF-R2 had not been identified in VTA by in situ hybridization
(Van Pett et al., 2000). However, single-cell RT-PCR suggested that CRF-R2 was expressed
in VTA dopamine neurons (Ungless et al., 2003). Potentiation of NMDA currents by CRF was
not seen when CRF was applied with the CRF fragment CRF6–33, a fragment that competes
with CRF in binding to a CRF-binding protein (CRF-BP), and that, in other preparations,
increases the free concentration and effects of CRF (Behan et al., 1995b; Heinrichs et al.,
1996; Jahn et al., 2002). The loss of CRF effectiveness when co-applied with CRF6–33 in the
slice preparation seemed paradoxical (and remains unexplained) but added a potentially useful
fingerprint for the potential contribution of CRF to ventral tegmental neuroplasticity. Ungless
et al. suggested the possibility that CRF might undergo a conformational change when bound
to CRF-BP, and that this change might enable it to act through CRF-R2, where it is normally
ineffective (Ungless et al., 2003).

Behavioral studies
To explore the possibility that CRF-dependent reinstatement of cocaine seeking by footshock
might involve a CRF action at the level of midbrain dopamine neurons, the Wise group
conducted a series of studies in which VTA microdialysis samples were taken and various
agents were infused into the VTA by reverse dialysis. First, they prepared animals with chronic
jugular catheters and VTA guide cannulae (for subsequent insertion of microdialysis probes)
and trained them for two weeks to self-administer intravenous cocaine by lever-pressing. They
subsequently extinguished the lever-pressing habit by giving the animals three weeks of
extinction training in which saline was substituted for cocaine. They then tested the animals
for footshock-induced reinstatement of cocaine seeking while collecting dialysate from the
VTA (B. Wang et al., 2005). Mild footshock stress reinstated vigorous lever-pressing and
elevated VTA levels of glutamate and dopamine, despite the fact that the animals were still in
the extinction condition; saline rather than cocaine was still being earned. Both the behavioral
and the neurochemical effects of footshock stress were blocked by VTA infusion (by reverse
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dialysis) of the non-selective CRF antagonist α-helical CRF. Footshock failed to elevate VTA
glutamate or dopamine levels (or, of course, to induce lever-pressing) in cocaine-naïve animals,
suggesting that prior cocaine experience somehow sensitizes VTA elements to a local action
of footshock-induced CRF release, an action resulting in local glutamate release. Reinstatement
and the dopamine elevation (but not the glutamate elevation) in cocaine-experienced animals
were blocked by reverse dialysis of the ionotropic glutamate antagonist kynurenic acid,
suggesting that the effects of CRF in these animals were on glutamatergic inputs to the VTA
dopamine neurons (B. Wang et al., 2005).

Taken together, these findings suggested that footshock stress cause release of CRF in the
VTA, that CRF in the VTA triggers local glutamate release in cocaine-experienced animals,
and that local glutamate release in such animals causes local (and distal) dopamine release and
reinstates cocaine seeking. Local dopamine release in VTA arises from the dendrites of intrinsic
dopaminergic neurons (Geffen et al., 1976) and is a correlate of dopaminergic cell firing
(Legault and Wise, 1999; Legault et al., 2000; Legault and Wise, 2001). The fact that footshock
stress causes glutamate and dopamine release only in cocaine-experienced animals is evidence
for some form of cocaine-induced neuroplasticity that may help explain the compulsive nature
of cocaine-seeking that develops with continued cocaine-taking.

To confirm that footshock stress causes local CRF release, the experiment was repeated with
measurement of CRF in the VTA dialysate (Wang et al., 2005). Footshock stress did indeed
cause VTA CRF release, and it did so equally in cocaine-naïve and cocaine-experienced
animals. The CRF release was TTX-sensitive, confirming that the stress-induced CRF release
was from neuronal sources and not simply from the circulation. This finding means that the
neuronal change caused by cocaine experience involves the responsiveness of glutamate-
containing elements to CRF, rather than the responsiveness of CRF-containing elements to
footshock.

To confirm that CRF in the VTA was responsible for the behavioral and neurochemical effects
of footshock, B. Wang et al. (2005) then repeated their observations in animals given VTA
infusions of CRF instead of footshock. Like the effects of footshock, VTA infusion of CRF
reinstated lever-pressing and elevated VTA levels of glutamate in cocaine-trained animals.
VTA infusion of CRF elevated VTA glutamate levels equally in animals tested 1, 7, or 21 days
after the last day of cocaine self-administration training; thus the effects of cocaine experience
were long-lasting. VTA CRF failed to elevate VTA glutamate when co-infused with a non-
selective CRF antagonist (B. Wang et al., 2005).

Two CRF receptors, CRF-R1 and CRF-R2, are expressed in the brain, and B. Wang et al.,
(2007) next studied the effects of agonists and antagonists with different affinities at these
receptors. Here they were interested in the possibility that their behavioral and neurochemical
effects might involve the same receptors as were implicated in the CRF potentiation of NMDA
mediated excitatory currents in dopamine neurons reported by Ungless et al., (2003). First,
footshock-induced reinstatement was challenged with selective antagonists for CRF-R1, the
preferred receptor for CRF (Behan et al., 1996; Lovenberg et al., 1995). Neither of two selective
CRF-R1 antagonists, infused into the VTA by reverse dialysis at two concentrations each, was
effective. In contrast, anti-sauvagine, a selective CRF-R2 antagonist was effective at low
concentration; it blocked both reinstatement and the VTA elevations of glutamate and
dopamine. These findings obtained from cocaine-experienced rats paralleled the findings of
Ungless et al. (2003) in cocaine-naïve mice, where CRF potentiation of NMDA-mediated
synaptic transmission was blocked by the same CRF-R2 and was not blocked by the same
CRF-R1 antagonists.
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Next, B. Wang et al., (2007) compared the effects of several CRF-R agonists infused by reverse
dialysis into the VTA. Of these, ovine CRF, Stressin I, and urocortin III were ineffective, while
VTA CRF, urocortin I, and mouse urocortin II injections each reinstated cocaine-seeking and
elevations in VTA glutamate and dopamine. There was no common receptor target for the
effective agonists: CRF and urocortin I act at both CRF-R1 and CRF-R2, urocortin I binds
both CRF-R1 and CRF-R2, and mouse urocortin II acts selectively at CRF-R2. Nor was there
a common receptor target for the ineffective agonists: whereas urocortin III acts selectively at
CRF-R2, ovine CRF and Stressin I each act selectively at CRF-R1. Thus tests with selective
agonists did not confirm the involvement of CRF-R2 that was suggested by tests with selective
antagonists. While there was no common receptor for the effective agonists, there was a
common binding affinity; the three effective agonists all bind—and the ineffective agonists all
fail to bind—CRF-binding protein (CRF-BP).

CRF-BP is an apparently important but only partially understood stress-associated protein. It
binds CRF and acts, under some circumstances, as a CRF antagonist; it sequesters free CRF
in plasma and thus reduces the CRF available for binding to functional receptors in the third
trimester of human pregnancy (Behan et al., 1995a; Jahn et al., 2005). However, in the slice
preparation of Ungless et al. (2003), blocking the CRF binding site on CRF-BP with the CRF
fragment CRF6–33 eliminates the ability of CRF to potentiate glutamatergic signaling at VTA
dopamine neurons. Because the behavioral and neurochemical effects of B. Wang et al.
(2007), like those of Ungless et al. (2003), were blocked by CRF-R2 but not CRF-R1
antagonists, B. Wang et al. (2007) next determined whether co-administration with CRF6–33
would eliminate the effectiveness of CRF in their paradigm as it did in that of Ungless et al.
(2003). When co-infused with CRF6–33, CRF and urocortin I each failed to reinstate cocaine-
seeking or to elevate VTA glutamate or DA levels (B. Wang et al., 2007). Thus the VTA effects
of footshock stress, like the CRF potentiation of glutamate signaling, appear to be dependent
upon an action of CRF involving CRF-BP.

In summary, the pharmacological studies confirm that footshock stress activates CRF-
containing afferents to the VTA, causing local CRF release in both cocaine-naïve and cocaine-
experienced rats. They further suggest that VTA CRF release triggers VTA glutamate release
and dopaminergic activation, but only in cocaine-experienced, not cocaine-naïve rats. In
cocaine-experienced rats this glutamate release reinstates drug-seeking, presumably by causing
dopamine release in one of the three mesocorticolimbic terminal fields linked to reward
function (medial prefrontal cortex, nucleus accumbens and the olfactory tubercle: Ikemoto and
Wise, 2004). As reviewed in the next section, these findings are not easily explained by what
we currently know about the VTA dopamine neurons and their CRF and glutamatergic afferents
in cocaine-naïve animals.

Anatomical studies
In parallel with the microdialysis studies of the Wise group, the Morales group initiated
anatomical studies on the possible basis for CRF-glutamate-dopamine interaction in the VTA.
While the microdialysis studies subsequently showed important differences between cocaine-
experienced and cocaine-naïve rats, the initial anatomical studies were in cocaine-naïve rats
and provide an initial characterization of dopamine, glutamate, and CRF elements in the normal
VTA.

These studies were designed first to determine whether CRF-positive terminals are normally
found in and make synaptic contacts with dopaminergic or glutamatergic elements in the VTA.
Indeed, they do; Tagliaferro and Morales (2008) found vesicular CRF in afferent terminals that
synapse on VTA neurons. These CRF-containing axon terminals make both asymmetric
(presumably excitatory) and symmetric (presumably inhibitory) synapses on VTA neurons.
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Nearly all the asymmetric CRF synapses are also glutamatergic, as they co-express the
vesicular glutamate transporter-2 (vGluT2: marker for glutamatergic neurons). Nearly all the
symmetric CRF synapses are also GABAergic, as they co-express glutamate decarboxylase
(GAD: marker for GABAergic neurons). Thus CRF is co-localized in a subset of excitatory
and a subset of inhibitory VTA afferents, and CRF terminals make synapses on dopaminergic
and non-dopaminergic cells in VTA. The synapses of CRF-immunoreactive terminals on
dopaminergic neurons (marked by tyrosine hydroxylase immunoreactivity) are mostly (83%)
of the asymmetric, glutamatergic, presumably excitatory variety (Tagliaferro and Morales,
2008).

Because both the pharmacological data from the Wise group (B. Wang et al., 2007) and the
electrophysiology of the Bonci group (Ungless et al., 2003) suggested participation of CRF-
BP in the VTA interactions of CRF with glutamate signaling to dopamine neurons, H. Wang
and Morales (2008) searched for local sources of CRF-BP using double in situ hybridization.
While significant expression of mRNA for CRF-BP had been identified in the cortex, the
hippocampus, the amygdaloid complex, and the bed nucleus of the stria terminalis (Potter et
al., 1992), only minimal expression of CRF-BP mRNA had been noted in the VTA (Chan et
al., 2000) and it was not known what type of cell expressed the message. Somewhat
surprisingly, H. Wang and Morales found that mRNA for CRF-BP was expressed in a sub-
population—approximately 25%—of VTA neurons expressing mRNA for tyrosine
hydroxylase (TH), the traditional marker for dopaminergic neurons. Messenger RNA for CRF-
BP was also found in a second sub-population of VTA cells, one expressing mRNA for
glutamic acid decarboxylase (GAD), the traditional marker for GABAergic neurons. Within
the total population of neurons containing CRF-BP mRNA, 70% co-expressed TH mRNA,
and only 27% co-expressed GAD mRNA. Thus the VTA interactions of CRF-BP with CRF
or with CRF-related peptides are likely to be predominately mediated by dopamine neurons.
Interestingly, cells expressing mRNA for CRF-BP were restricted to the mesocorticolimbic
system; neither TH-positive nor GAD-positive cells in the substantia nigra pars compacta
(SNc) or substantia nigra pars reticulata (SNr) expressed mRNA for CRF-BP (H. Wang and
Morales, 2008). Cells expressing mRNA for CRF-BP were found in the dorsal tier neurons
that overlay SNc—neurons identified by Paxinos and Watson (2007) as a lateral extension of
the parabrachial pigmental area, a sub-region of the VTA—and in the substantia nigra pars
lateralis, which projects mainly to the amygdala. Thus CRF-BP was expressed selectively in
midbrain dopamine neurons projecting to limbic and cortical targets, neurons known to be
more responsive to stress than are neurons projecting to the dorsal striatum. CRF-BP was not
found (H. Wang and M. Morales, unpublished observations) in recently discovered VTA
glutamatergic neurons, neurons expressing mRNA for vGluT2 (Kawano et al., 2006;
Yamaguchi et al., 2007).

Next, Tagliaferro, H. Wang, and Morales (2007) attempted to identify a source for VTA
expression of CRF-R2, also implicated in both the microdialysis (B. Wang et al., 2007) and
electrophysiological (Ungless et al., 2003) studies that suggested CRF-glutamate-dopamine
interaction in the VTA. While Ungless et al. had reported RT-PCR evidence for CRF-R2
mRNA in putative DA neurons of cocaine-naïve mice (Ungless et al., 2003), Tagliaferro et al.
were not able to detect mRNA for CRF-R2 in any subset of VTA neurons in cocaine-naïve
mice, either by RT-PCR or by in situ hybridization. This finding is consistent with the
expression of CRF-R2 protein in afferents to, rather than intrinsic cells of, the VTA as suggested
by the microdialysis studies (B. Wang et al., 2007). It is also consistent with the recent finding
of the Bonci group that CRF potentiates pre-synaptic (as well as post-synaptic) aspects of
glutamate signaling to VTA dopamine neurons (Hahn et al., 2009). Because of lack of a good
antibody for CRF-R2, we have not been able to confirm expression of CRF-R2 protein in VTA.
Attempts to identify mRNA for CRF-R2 in neuronal populations projecting to VTA are in
progress. Meanwhile, in a parallel study using double in situ hybridization Tagliaferro et al.
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(2007) have found that mRNA for CRF-R1 is expressed in the VTA and is localized in
dopaminergic neurons.

Current status
An interaction of CRF with ventral tegmental glutamate signaling to dopamine neurons,
implicated by the electrophysiological studies of Ungless et al. (2003) and first suggested by
the histological studies of Swanson et al. (1983) and the intracranial injection studies of Kalivas
et al. (1987), is confirmed by our microdialysis and anatomical studies. We have identified
CRF-dopamine synapses (Tagliaferro and Morales, 2008) and detected and quantified stress-
induced CRF release (B. Wang et al., 2005, 2007) in the VTA. While the correspondence
between the pharmacological profile of CRF-induced plasticity in VTA glutamate-dopamine
signaling (Ungless et al., 2003) and of stress- and CRF-induced VTA glutamate release and
reinstatement of cocaine-seeking (B. Wang et al., 2007) suggested a common mechanism of
CRF-glutamate-dopamine interaction in the VTA, subtle differences between the two now
suggest more than one mechanism for CRF-glutamate-dopamine interaction in this region, and
this suggestion is supported by our anatomical studies.

First, the initial studies of the Bonci group (Ungless et al., 2003) suggested an effect of CRF
on the post-synaptic sensitivity of dopamine neurons to glutamatergic input. This effect was
suggested to be mediated by CRF-R2 expressed by dopaminergic neurons in cocaine-naïve
animals, and was suggested to be dependent in some way on presumably extracellular CRF-
BP (Ungless et al., 2003). While our pharmacological studies implicated CRF-R2 and CRF-
BP, we found that CRF caused VTA glutamate release and dopaminergic activation only in
cocaine-experienced and not cocaine-naïve animals. Moreover, our finding that CRF-
antagonists blocked the effects of CRF on glutamate release and that glutamate antagonists
blocked the effect of CRF on dopaminergic activation implicated a presynaptic action of CRF
on glutamate release rather than a post-synaptic effect on dopaminergic sensitivity to
glutamate. More recent studies from the Bonci group indicate that CRF can potentiate
glutamate-dopamine signaling through both CRF-R1 and CRF-R2 mediated mechanisms, in
both cocaine-naïve and cocaine-experienced mice, and by both presynaptic effects of CRF on
glutamate release and post-synaptic effects of CRF on sensitivity of dopaminergic neurons to
glutamate (Hahn et al., 2009).

One set of inconsistencies in the currently available data involves the role and location of CRF-
R2 expression. Our finding that CRF-R2 antagonists block CRF-induced VTA glutamate
release implies a presynaptic localization of CRF-R2 on the terminals of VTA glutamate
afferents rather than on dopaminergic neurons themselves. Moreover, we found that the
apparently CRF-R2-mediated effect of VTA CRF on VTA glutamate release occurred only in
cocaine-experienced, not cocaine-naïve rats. Ungless et al. (2003) found evidence of CRF-R2
expression in dopaminergic neurons themselves using RT-PCR, and implicated CRF-R2 in
post-synaptic effects on dopaminergic sensitivity to glutamate signaling, effects observed in
cocaine-naïve mice. Hahn et al. (2009) confirm the CRF-R2-mediated effect of CRF in cocaine-
naïve mice and, indeed, suggest that it is a CRF-R1-mediated effect that develops with cocaine
experience. Thus if taken at face value, the available data implicate both presynaptic and post-
synaptic CRF-R2 expression and function. That mRNA for CRF-R2 is readily detectable in
other structures but not in VTA (Tagliaferro and Morales, 2007) by in situ hybridization
suggests that the expression seen by Ungless et al., using RT-PCR is very weak, at least in the
cocaine-naïve animal.

A related question has to do with the role of CRF-R1. Why, if CRF-R1 is expressed in
dopaminergic neurons (Tagliaferro and Morales, 2007) and if CRF synapses are made with
dopaminergic neurons (Tagliaferro and Morales, 2008) of cocaine-naïve animals, is cocaine
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experience required before CRF causes significant VTA dopamine release? Why, if a CRF-
R1-mediated enhancement of NMDAR EPSCs is recruited after cocaine experience (Hahn et
al., 2009) in a mouse slice preparation, do we see no effect of CRF-R1 antagonists on CRF-
induced glutamate and dopamine release in cocaine-experienced rats (B. Wang et al., 2005,
unpublished observations)? As with the case of CRF-R2, we do not yet have converging
evidence to pinpoint the role or roles of CRF-R1 in CRF-glutamate-dopamine interactions
across these various paradigms.

Finally, questions remain about the role or roles of CRF-BP. First, the microdialysis
experiments suggest a necessary role for CRF-BP in the presynaptic control of VTA glutamate
release by CRF in cocaine-experienced rats (B. Wang et al., 2007) whereas the
electrophysiological experiments suggest a necessary role for CRF-BP in the post-synaptic
sensitivity of dopamine neurons to glutamate in cocaine-naïve mice (Ungless et al., 2003).
Perhaps there are species differences in the relevant VTA circuitry, but this seems unlikely.
The discovery of mRNA for CRF-BP in VTA neurons does not clarify the picture, because the
CRF-BP is expressed in dopaminergic (and GABAergic) neurons (H. Wang et al., 2008) and
does not have a trans-membrane domain, whereas the evidence for necessary roles of CRF-BP
in the microdialysis experiments (B. Wang et al., 2007) and the electrophysiological
experiments (Ungless et al., 2003) come from studies where the interaction appears to be
between CRF and extracellular CRF-BP that are both extracellular. How does intracellular
CRF-BP interact with extracellular CRF in these models? It is, of course, possible that CRF-
BP is released from VTA neurons but such release has not been demonstrated. Moreover, the
electrophysiological data suggest that CRF-BP is necessary for effects of CRF in naïve mice
whereas the microdialysis data suggest a role for CRF-BP only in cocaine-experienced rats.

Thus a story that seemed on the verge of offering integration of pharmacological data in an
addiction model with electrophysiological data in a neuroplasticity model has proven to be
more complicated than the common pharmacological findings initially suggested. Clearly, the
puzzle will not be solved without more pieces. In our anatomical studies, our focus turns to the
cocaine-experienced animal, with the hope that differences in receptor expression or synaptic
frequency or morphology may shed further light on interactions of VTA CRF with VTA
glutamate and dopamine.

Acknowledgments
Preparation of this manuscript was supported by NIH funding through the Intramural Research Program of the National
Institute on Drug Abuse.

References
Behan DP, De Souza EB, Lowry PJ, Potter E, Sawchenko P, Vale WW. Corticotropin releasing factor

(CRF) binding protein: a novel regulator of CRF and related peptides. Frontiers in Neuroendocrinology
1995a;16:362–382. [PubMed: 8557170]

Behan DP, Heinrichs SC, Troncoso JC, Liu XJ, Kawas CH, Ling N, De Souza EB. Displacement of
corticotropin releasing factor from its binding protein as a possible treatment for Alzheimer's disease.
Nature 1995b;378:284–287. [PubMed: 7477348]

Behan DP, Grigoriadis DE, Lovenberg T, Chalmers D, Heinrichs S, Liaw C, De Souza EB. Neurobiology
of corticotropin releasing factor (CRF) receptors and CRF-binding protein: implications for the
treatment of CNS disorders. Molecular Psychiatry 1996;1:265–277. [PubMed: 9118350]

Bozarth MA, Wise RA. Toxicity associated with long-term intravenous heroin and cocaine self-
administration in the rat. Journal of the American Medical Association 1985;254:81–83. [PubMed:
4039767]

Chan RK, Vale WW, Sawchenko PE. Paradoxical activational effects of a corticotropin-releasing factor-
binding protein "igand inhibitor" in rat brain. Neuroscience 2000;101:115–129. [PubMed: 11068141]

Wise and Morales Page 7

Brain Res. Author manuscript; available in PMC 2011 February 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Deutch AY, Tam S-Y, Roth RH. Footshock and conditioned stress incease 3,4dihydroxyphenylacetic
acid (DOPAC) in the ventral tegmental area but not substantia nigra. Brain Research 1985;333:143–
146. [PubMed: 3995282]

Deutch AY, Lee MC, Gillham MH, Cameron DA, Goldstein M, Iadarola MJ. Stress selectively increases
fos protein in dopamine neurons innervating the prefrontal cortex. Cerebral Cortex 1991;1:273–292.
[PubMed: 1668366]

Erb S, Shaham Y, Stewart J. Stress reinstates cocaine-seeking behavior after prolonged extinction and a
drug-free period. Psychopharmacology 1996;128:408–412. [PubMed: 8986011]

Erb S, Shaham Y, Stewart J. The role of corticotropin-releasing factor and corticosterone in stress- and
cocaine-induced relapse to cocaine seeking in rats. Journal of Neuroscience 1998;18:5529–5536.
[PubMed: 9651233]

Erb S, Stewart J. A role for the bed nucleus of the stria terminalis, but not the amygdala, in the effects of
corticotropin-releasing factor on stress-induced reinstatement of cocaine seeking. Journal of
Neuroscience 1999;19:RC35. [PubMed: 10516337]

Geffen LB, Jessell TM, Cuello AC, Iversen LL. Release of dopamine from dendrites in rat substantia
nigra. Nature 1976;260:258–260. [PubMed: 1256567]

Gerber GJ, Stretch R. Drug-induced reinstatement of extinguished self-administration behavior in
monkeys. Pharmacology Biochemistry and Behavior 1975;3:1055–1061.

Hahn J, Hopf FW, Bonci A. Chronic cocaine enhances corticotropin-releasing factor-dependent
potentiation of excitatory transmission in ventral tegmental area dopamine neurons. J Neurosci
2009;29:6535–6544. [PubMed: 19458224]

Heinrichs SC, Lapsansky J, Behan DP, Chan RK, Sawchenko PE, Lorang M, Ling N, Vale WW, De
Souza EB. Corticotropin-releasing factor-binding protein ligand inhibitor blunts excessive weight
gain in genetically obese Zucker rats and rats during nicotine withdrawal. Proc Natl Acad Sci U S A
1996;93:15475–15480. [PubMed: 8986836]

Ikemoto S, Wise RA. Mapping of chemical trigger zones for reward. Neuropharmacology 2004;47:190–
201. [PubMed: 15464137]

Jahn O, Eckart K, Brauns O, Tezval H, Spiess J. The binding protein of Corticotropin-releasing factor:
ligand-binding site and subunit structure. Proc Natl Acad Sci U S A 2002;99:12055–12060. [PubMed:
12215497]

Jahn O, Radulovic J, Stiedl O, Tezval H, Eckart K, Spiess J. Corticotropin-releasing factor binding
protein--a ligand trap? Mini Rev Med Chem 2005;5:953–960. [PubMed: 16250837]

Johanson CE, Balster RL, Bonese K. Self-administration of psychomotor stimulant drugs: The effects of
unlimited access. Pharmacology Biochemistry and Behavior 1976;4:45–51.

Kalivas PW, Duffy P, Latimer LG. Neurochemical and behavioral effects of corticotropin-releasing factor
in the ventral tegmental area of the rat. Journal of Pharmacology and Experimental Therapeutics
1987;242:757–763. [PubMed: 3498816]

Kawano M, Kawasaki A, Sakata-Haga H, Fukui Y, Kawano H, Nogami H, Hisano S. Particular
subpopulations of midbrain and hypothalamic dopamine neurons express vesicular glutamate
transporter 2 in the rat brain. Journal of Comparative Neurology 2006;260:435–452.

Legault M, Wise RA. Injections of N-methyl-D-aspartate into the ventral hippocampus increase
extracellular dopamine in the ventral tegmental area and nucleus accumbens. Synapse 1999;31:241–
249. [PubMed: 10051104]

Legault M, Rompré P-P, Wise RA. Chemical stimulation of the ventral hippocmpus elevates nucleus
accumbens dopamine by activating dopaminergic neurons of the ventral tegmental area. Journal of
Neuroscience 2000;20:1635–1642. [PubMed: 10662853]

Legault M, Wise RA. Novelty-evoked elevations of nucleus accumbens dopamine: dependence on
impulse flow from the ventral subiculum and glutamatergic neurotransmission in the ventral
tegmental area. Eur J Neurosci 2001;13:819–828. [PubMed: 11207817]

Lovenberg TW, Liaw CW, Grigoriadis DE, Clevenger W, Chalmers DT, De Souza EB, Oltersdorf T.
Cloning and characterization of a functionally distinct corticotropin-releasing factor receptor subtype
from rat brain. Proc Natl Acad Sci U S A 1995;92:836–840. [PubMed: 7846062]

Wise and Morales Page 8

Brain Res. Author manuscript; available in PMC 2011 February 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Meil WM, See RE. Conditioned cued recovery of responding following prolonged withdrawal from self-
administered cocaine in rats: an animal model of relapse. Behav Pharmacol 1996;7:754–763.
[PubMed: 11224470]

Paxinos, G.; Watson, C. The rat brain in stereotaxic coordinates. Vol. Vol.. San Diego, CA: Academic
Press; 2007.

Pickens R, Thompson T. Cocaine-reinforced behavior in rats: Effects of reinforcement magnitude and
fixed-ratio size. Journal of Pharmacology and Experimental Therapeutics 1968;161:122–129.
[PubMed: 5648489]

Potter E, Behan DP, Linton EA, Lowry PJ, Sawchenko PE, Vale WW. The central distribution of a
corticotropin-releasing factor (CRF)-binding protein predicts multiple sites and modes of interaction
with CRF. Proc Natl Acad Sci U S A 1992;89:4192–4196. [PubMed: 1315056]

Roberts DCS, Corcoran ME, Fibiger HC. On the role of ascending catecholaminergic systems in
intravenous self-administration of cocaine. Pharmacology Biochemistry and Behavior 1977;6:615–
620.

Saal D, Dong Y, Bonci A, Malenka RC. Drugs of abuse and stress trigger a common synaptic adaptation
in dopamine neurons. Neuron 2003;37:577–582. [PubMed: 12597856]

Swanson L, Sawchenko P, Rivier J, Vale W. Organization of bovine corticotropin releasing factor
immunoreactive cells and fibers in the rat brain: an immunohistochemical study. Neuroendocrinology
1983;36:165–186. [PubMed: 6601247]

Tagliaferro AP, Wang H-L, Morales M. Corticotropin releasing factor receptor 1 (CRF-R1) in the ventral
tegmental area is preferentially encoded and translated by dopaminergic neurons. Society for
Neuroscience Abstracts 2007;916:9.

Tagliaferro P, Morales M. Synapses between corticotropin-releasing factor-containing axon terminals
and dopaminergic neurons in the ventral tegmental area are predominantly glutamatergic. J Comp
Neurol 2008;506:616–626. [PubMed: 18067140]

Thierry AM, Tassin JP, Blanc G, Glowinski J. Selective activation of the mesocortical DA system by
stress. Nature 1976;263:242–244. [PubMed: 958479]

Ungless MA, Whistler JL, Malenka RC, Bonci A. Single cocaine exposure in vivo induces long-term
potentiation in dopamine neurons. Nature 2001;411:583–587. [PubMed: 11385572]

Ungless MA, Singh V, Crowder TL, Yaka R, Ron D, Bonci A. Corticotropin-releasing factor requires
CRF binding protein to potentiate NMDA receptors via CRF receptor 2 in dopamine neurons. Neuron
2003;39:401–407. [PubMed: 12895416]

Van Pett K, Viau V, Bittencourt JC, Chan RK, Li HY, Arias C, Prins GS, Perrin M, Vale W, Sawchenko
PE. Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat and mouse. Journal
of Comparative Neurology 2000;428:191–212. [PubMed: 11064361]

Wang B, Shaham Y, Zitzman D, Azari S, Wise RA, You ZB. Cocaine experience establishes control of
midbrain glutamate and dopamine by corticotropin-releasing factor: a role in stress-induced relapse
to drug seeking. J Neurosci 2005;25:5389–5396. [PubMed: 15930388]

Wang B, You Z-B, Rice KC, Wise RA. Stress-induced relapse to cocaine seeking; a role for the CRF2-
receptor and CRF-binding protein in the ventral tegmental area of the rat. Psychopharmacology
2007;193:283–294. [PubMed: 17437087]

Wang H-L, Morales M. The corticotropin releasing factor binding protein (CRF-BP) within the ventral
tegmental area is expressed in a subset of dopaminergic neurons. Journal of Comparative Neurology
2008;509:302–318. [PubMed: 18478589]

Yamaguchi T, Sheen W, Morales M. Glutamatergic neurons are present in the rat ventral tegmental area.
Eur J Neurosci 2007;25:106–118. [PubMed: 17241272]

Wise and Morales Page 9

Brain Res. Author manuscript; available in PMC 2011 February 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


