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Abstract
Cocaine-induced neuroadaptation of stress-related circuitry and increased access to cocaine each
putatively contribute to the transition from cocaine use to cocaine dependence. The present study
tested the hypothesis that rats receiving extended versus brief daily access to cocaine would
exhibit regional differences in levels of the stress-regulatory neuropeptide corticotropin-releasing
factor (CRF). A secondary goal was to explore how CRF levels change in relation to the time
since cocaine self-administration. Male Wistar rats acquired operant self-administration of cocaine
and were assigned to receive daily long access (6 hours/day, LgA, n = 20) or short access (1 hour/
day, ShA, n = 18) to intravenous cocaine self-administration (fixed ratio 1, ~0.50 mg/kg/infusion).
After at least 3 weeks, tissue CRF immunoreactivity was measured at one of three timepoints: pre-
session, post-session or 3 hours post-session. LgA, but not ShA, rats showed increased total
session and first-hour cocaine intake. CRF immunoreactivity increased within the dorsal raphe
(DR) and basolateral, but not central, nucleus of the amygdala (BLA, CeA) of ShA rats from pre-
session to 3 hours post-session. In LgA rats, CRF immunoreactivity increased from pre-session to
3 hours post-session within the CeA and DR but tended to decrease in the BLA. LgA rats showed
higher CRF levels than ShA rats in the DR and, pre-session, in the BLA. Thus, voluntary cocaine
intake engages stress-regulatory CRF systems of the DR and amygdala. Increased availability of
cocaine promotes greater tissue CRF levels in these extrahypothalamic brain regions, changes
associated here with a model of cocaine dependence.
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INTRODUCTION
Cocaine dependence is a chronic disorder of compulsive use and drug seeking. After
stopping cocaine intake, stress-like abstinence symptoms emerge (Gawin & Kleber 1986)
that may drive cocaine use via negative reinforcement, predicting relapse (Kampman et al.
1998) and poor outcome (Kasarabada et al. 1998).

Corticotropin-releasing factor (CRF), the hypothalamic peptide that elicits pituitary
adrenocorticotropic hormone release, is also an extrahypothalamic mediator of behavioral
and autonomic stress responses (Zorrilla & Koob 2004) that has been implicated in
cocaine’s actions. Central administration of CRF antisera or receptor antagonists blocked
cocaine-induced anxiety-like behavior and locomotor activity (Sarnyai et al. 1992, 1995; Lu
et al. 2003) and cocaine withdrawal–induced anxiety-like behavior (Sarnyai et al. 1995;
Basso et al. 1999). Supporting the motivational relevance of CRF systems for cocaine
dependence, intracranial CRF administration reinstated cocaine-seeking behavior (Erb et al.
2006b; Brown et al. 2009). Conversely, CRF1 antagonists reduced acquisition of cocaine-
conditioned place preference (Lu et al. 2003), footshock-, cocaine priming– or drug cue–
associated cocaine-seeking behavior (Shaham et al. 1998; Gurkovskaya & Goeders 2001;
Przegalinski et al. 2005), stress-induced renewal of cocaine-conditioned place preference
(Lu, Liu & Ceng 2001) and intravenous cocaine self-administration (Goeders & Guerin
2000; Specio et al. 2008).

Cocaine-induced adaptation in CRF circuitry may underlie both cocaine withdrawal
symptoms and the transition from uncomplicated cocaine use to cocaine dependence (Koob
2008). Repeated cocaine administration cross-sensitizes locomotor and amygdala c-fos
responses to intracerebroventricular CRF administration (Erb, Funk & Le 2003, 2005; Erb,
Kayyali & Romero 2006a). Cocaine-induced facilitation of long-term potentiation in the
central amygdala (CeA) is CRF-dependent (Pollandt et al. 2006; Fu et al. 2007). Functional
evidence of cocaine-induced CRF system adaptation also is seen in rats receiving daily long
access (6 hours/day, LgA) to cocaine self-administration, as compared with rats receiving
short access (1 hours/day, ShA). LgA rats develop signs of cocaine dependence, including
increased drug-taking and drug-seeking behavior, upward shifts in the cocaine dose–
response function, impaired brain reward function upon drug withdrawal, resistance to
extinction and facilitated reinstatement of drug-seeking/taking behavior (Ahmed & Koob
1998, 1999; Ahmed et al. 2002; Wee, Specio & Koob 2007). Stressors and CRF
administration more effectively reinstate cocaine-seeking behavior in LgA rats than in ShA
rats (Mantsch et al. 2008). Moreover, CRF1 antagonists reduce cocaine self-administration
more effectively in LgA rats than in ShA rats (Specio et al. 2008).

The present study therefore tested the hypothesis that LgA rats exhibit regional differences
in CRF tissue content relative to ShA rats in the amygdala and dorsal raphe (DR), CRF-rich
structures that subserve mood and arousal (Cummings et al. 1983; Palkovits, Brownstein &
Vale 1985). Passive cocaine administration is known to increase CeA CRF release,
depleting CRF tissue content (Richter et al. 1995; Maj et al. 2003), but the effects of self-
administered cocaine are unknown. Therefore, cocaine self-administration was hypothesized
here to alter tissue CRF content in the CeA, with greater changes expected in LgA rats.
Withdrawal from cocaine also increases CeA CRF release (Richter & Weiss 1999)
concurrent with compensatory CRF mRNA synthesis (Zhou et al. 2003; Erb et al. 2004).
Thus, the present study also explored the timing of changes in CRF tissue content relative to
drug self-administration.
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MATERIALS AND METHODS
Subjects

Male Wistar rats (n = 38, 250–300 g) were obtained from Charles River (Kingston, NY and
Raleigh, NC) and group-housed (2–3/cage) in wire-topped, plastic cages (19 × 10.5 × 8
inches) in a 12-hour/12-hour reverse light cycle (08:00 h lights off), humidity- (60%) and
temperature-controlled (22°C) vivarium. All behavioral testing occurred during the dark
cycle. Food and water were freely available unless otherwise specified. Experimental
procedures adhered to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publication number 85-23, revised 1996) and the ‘Principles of
laboratory animal care’ and were approved by the Institutional Animal Care and Use
Committee of The Scripps Research Institute.

Drugs
Cocaine hydrochloride (National Institute on Drug Abuse, Rockville, MD, USA) was
dissolved in sterile physiological saline to ~0.5 mg/kg/infusion (~0.2–0.25 mg depending on
body weight infused in a volume of 0.1 ml over 4 seconds).

Apparatus
Behavioral training was conducted in operant-conditioning chambers (Coulbourn
Instruments, Allen-town, PA, USA) housed in sound-attenuating cubicles. Chambers were
equipped with two retractable levers, a food pellet trough and a syringe pump (Model A,
Razel Scientific Instruments, Stamford, CT, USA) delivering 0.1 ml of cocaine solution over
4 seconds via Tygon tubing attached to liquid swivels (Model 375, Instech Laboratories,
Plymouth Meeting, VA, USA). A time-out period (20 seconds) followed each infusion,
during which a cue light above the active lever was illuminated. At the start of a session, two
levers were presented. Responding on the active lever resulted in reinforcement, whereas
responding at the inactive lever had no scheduled consequences but was recorded. Sessions
were controlled by a personal computer with a custom interface and software.

Self-administration procedure
To establish operant behavior, rats were initially food-restricted (15 g/rat/day) and allowed
to press a lever to obtain food pellets (45 mg Formula A/I, Research Diets, New Brunswick,
NJ, USA) under a fixed-ratio 1 schedule in 30-minute sessions. Food training sessions were
performed twice daily for 5 days, across which the post-reinforcement time-out duration was
gradually increased (1, 5, 10 and 20 seconds). After animals reached the 20-second time-out
duration, food was made available ad libitum for the remainder of the study. The rats were
then implanted with an indwelling catheter into the right jugular vein under 1–3% isoflurane
anesthesia as described previously (Caine et al. 1993). Catheters were flushed daily with 0.2
ml of sterile antibiotic solution containing Timentin (100 mg/ml; SmithKline Beecham
Pharmaceuticals, Philadelphia, PA, USA) and heparin (30 USP units/ml). Catheter patency
was checked by briefly aspirating blood from the catheter or using an ultra short-acting
barbiturate, Brevital® (JPH Pharmaceutical, Rochester, MI, USA) (methohexital sodium, 10
mg/ml, 2 mg/rat).

After recovery from surgery, rats self-administered 0.50 mg/kg per infusion of cocaine in
daily 1-hour sessions under a fixed-ratio 1 schedule for a maximum of 11 days. Following
these baseline sessions, animals were separated into two groups balanced for body weight
and cocaine intake. The session length was kept at 1 hour for one group (short access, ShA,
n = 18) and was increased to 6 hours for the other group (long access, LgA, n = 20). Rats
received 21–27 sessions under the different access conditions and then were randomly
assigned to be sacri-ficed immediately at one of three timepoints: (1) the time at which the
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next scheduled self-administration session would otherwise occur (‘pre-session’); (2)
immediately following the self-administration session (‘post-session’); or (3) 3 hours after
completion of the self-administration session (‘3 hours post-session’). In the 3 hours post-
session condition, rats remained in the self-administration chambers, with the levers
retracted until the time of sacrifice. Sessions were scheduled so that all rats at a given
timepoint were sacrificed within 1 hour of one another, to reduce time-of-day effects.

Peptide acid extraction and CRF radioimmunoassay
Rats were decapitated; the brains were quickly removed and sliced coronally (1–2 mm
sections) in a brain matrix. Punches containing the CeA, basolateral amygdala (BLA) and
DR were collected on an ice-cold stage. Brain regions were ultrasonicated in 20 vol ice-cold
1 N HCl. A 20 μl aliquot was removed for determination of protein content using a
modification of the Bradford method (Bio-Rad, Hercules, CA, USA). The remaining
homogenate was boiled for 10 minutes and immediately centrifuged (20 minutes, 7500 rpm,
4°C). The supernatant was removed, lyophilized, reconstituted with 10 μl of 1 N NaOH and
diluted to a final volume of 1 ml in gelatin assay buffer (0.15 M K2HPO4, 0.2 mM ascorbic
acid, 0.1% gelatin, pH 7.5). Tissue CRF-like immunoreactivity content was quantified with
a sensitive and specific solid-phase radioimmunoassay (Zorrilla, Valdez & Weiss 2001).
Immulon-4 96-well plates (Dynatech, Chantilly, VA, USA) were coated with protein A/G (1
μg/100 μl 1 M NaHCO3/well, pH 9.0; Calbiochem, La Jolla, CA) over-night. Plates were
rinsed with wash buffer (0.15 M K2HPO4 supplemented with 0.2 mM ascorbic acid and
0.1% Tween-20, pH 7.5) to dislodge loose protein A/G. Wells were incubated for 48 hours
at 4°C with 50 μl anti-CRF serum (rC68, generously provided by W. Vale, The Salk
Institute, La Jolla, CA, USA) at a titer of 1:400 000 in gelatin assay buffer. After three rinses
to dislodge loose antibody, 50 μl of dilute sample (in duplicate) or standard (0.03–100 ng/
ml, in quadruplicate) were incubated overnight at 4°C. Following incubation, 50 μl of [125I-
Tyr°]r/hCRF (~10 000 cpm/50 μl; New England Nuclear, Boston, MA, USA) was added to
each well and incubated for an additional 24 hours at 4°C. Wells were rinsed, blotted dry
and separated. Residual radioactivity was counted by a gamma counter. Sensitivity of the
assay was approximately 0.3 fmol/well, and inter- and intra-assay coefficients of variation at
the ED50 dose ranged from 5% to 10%. A four-parameter logistic curve fit model was used
for interpolation of the standard curves (Sigma-Plot 9.0, Systat Software, Point Richmond,
CA, USA).

Data analysis
Data were expressed as first hour and total session cocaine intake (mg/kg). Subjects and
tissue samples were run in two independent cohorts, balanced for access condition and
timepoint of sacrifice. To control for main effects of cohort (e.g. cohort-to-cohort or assay-
to-assay variability), cohort was a covariate in all analyses. To confirm the expected access-
related changes in cocaine intake during the escalation period, a repeated-measures two-way
analysis of covariance (ANCOVA) was used (access × session), with cohort as the covariate,
access a between-subjects factor and session a within-subject factor. The effects of cocaine
self-administration access on regional CRF peptide immunoreactivity were evaluated using
two-way factorial ANCOVA, with cohort as a covariate and access and timepoint as
between-subject factors. Following significant omnibus tests (with the α-level of
significance set at 0.05), post hoc comparisons were conducted using Fisher’s protected
least-significant difference (LSD) tests (Levin, Serlin & Seaman 1994). No significant
interactions of cohort with access, session or timepoint were observed, indicating that effects
of these variables did not differ reliably between cohorts. The statistical package used was
Systat 12.0 (Systat Software Inc., Chicago, IL, USA).
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RESULTS
Figure 1 illustrates cocaine intake (mg/kg) for ShA and LgA groups during the first hour and
entire session. As expected, a significant Access × × Session interaction [F(21,735) = 5.48,
P < 0.0001] confirmed that LgA rats, but not ShA rats, showed significant escalation of first
hour cocaine self-administration beginning with session 2 (Fig. 1a). As a result, LgA rats
showed greater first hour cocaine self-administration than ShA rats by the second session (P
< 0.01), a difference that progressively increased through the end of the escalation period (P
< 0.001).

Total session cocaine self-administration of LgA (but not ShA) rats also increased relative to
their initial intake, evident beginning with session 4 [Access × Session interaction:
F(20,700) = 6.78, P < 0.0001]. Accordingly, mean cocaine intake of LgA rats, but not ShA
rats, during week 3 significantly exceeded their mean week 1 intake (P < 0.05, see Fig. 1b).

As shown in Fig. 2 (top panel), CRF immunoreactivity in the CeA significantly changed in
relation to the time from the cocaine self-administration session [Time: F(2,30) = 4.27, P =
0.02]. A significant main effect of Access was not observed [F(1,30) = 0.25, P = 0.62],
indicating that CeA CRF levels did not consistently differ between ShA and LgA groups.
Pairwise comparisons showed that CRF tissue content in the CeA was significantly greater 3
hours post-session than it was immediately prior to or following the cocaine self-
administration session. The post-session increase tended to be more pronounced in LgA rats,
which exhibited a significant Time effect when considered alone [F(2,15) = 4.59, P = 0.03;
P = 0.01 versus post- and pre-session time points], unlike ShA rats [F(2,14) = 0.84, P =
0.45]. However, the Access × Time point interaction did not reach significance [F(2,30) =
1.10, P = 0.34].

As shown in Fig. 2 (middle panel), CRF immunoreactivity in the BLA differentially
changed across timepoints as a function of access condition [Access × Time point: F(2,27) =
3.90, P = 0.03]. Pairwise comparisons showed that CRF levels in the BLA were higher in
LgA rats than ShA rats at the onset of self-administration sessions but lower in LgA rats
than in ShA rats 3 hours post-session (P = 0.05). The latter difference partly reflected that
ShA rats, but not LgA rats, showed a significant increase in CRF immunoreactivity from
pre-session to 3 hours post-session (P < 0.05). Main effects of Time and Access were not
significant [F(2,27) = 0.18, P = 0.83 and F(1,27) = 0.03, P = 0.86, respectively].

As shown in Fig. 2 (bottom panel), CRF immunoreactivity in the DR differed across time
points [F(2,26) = 6.11, P = 0.007] as well as across access conditions [F(1,26) = 4.07, P =
0.05]. Post hoc comparisons showed that CRF immunoreactivity was higher 3 hours post-
session in rats of both access conditions than at pre-session or immediately post-session (P <
0.01), and that LgA rats exhibited higher CRF immunoreactivity than ShA rats (P = 0.05).
No significant Access × Time point interaction was observed [F(2,26) = 0.16, P = 0.85].

DISCUSSION
The results demonstrate that self-administration of cocaine alters levels of the stress-
regulatory peptide CRF in the amygdala and DR of rats differentially in relation to cocaine
availability. In rats with daily short access to cocaine (ShA), CRF immunoreactivity
increased from pre-session to 3 hours post-session within the DR and BLA, but not CeA. In
rats with daily extended access to cocaine (LgA), CRF immunoreactivity increased from
pre-session to 3 hours post-session within the CeA and DR, but tended to decrease in the
BLA. Thus, relative to ShA rats, LgA rats showed larger increases in CRF content in the
CeA and a trend for decreasing, rather than increasing, CRF content in the BLA after
cocaine intake. Moreover, LgA rats, a putative model of compulsive cocaine self-
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administration, showed higher CRF content in the DR at all timepoints and increased pre-
session CRF levels in the BLA as compared with ShA rats.

In humans, an increase in cocaine availability can precipitate a transition to increased
cocaine use and ‘binge-like’ patterns of intake, with development of dependence and
increased withdrawal symptom severity (Gawin & Ellinwood 1989). Toward identifying
neuro-adaptations related to cocaine addiction, as opposed to uncomplicated, limited access
drug use, the present results show the presence of differential activity of CRF systems in the
LgA group receiving extended access to cocaine. Here, tissue CRF peptide content was
higher in the DR and also, pre-session, in the BLA in LgA rats as compared with ShA rats.
Higher CRF tissue content, which represents both intracellular and extracellular CRF, may
represent an increased releasable pool of peptide, perhaps because of increased peptide
synthesis. Consistent with this possibility, stressors, which elicit CRF release, reinstate
cocaine-seeking behavior more effectively in LgA rats than ShA rats, and CRF1 antagonists
more effectively reduce cocaine self-administration in LgA rats than in ShA rats (Mantsch et
al. 2008; Specio et al. 2008). Future work comparing the mRNA synthesis and dynamic
secretion of CRF peptide (e.g. via in vivo microdialysis) between cocaine access groups may
better clarify the molecular basis for and significance of differences in peptide tissue
content.

The DR is a serotonin-rich nucleus that widely innervates the forebrain, and increased DR
serotonin transmission has traditionally been associated with increased anxiety-like behavior
(Gingrich & Hen 2001). The higher CRF concentrations seen in LgA rats as compared with
ShA rats in the DR could represent greater local synthesis or distribution in CRF-positive
afferents in LgA rats, because CRF is present in both cell bodies and terminals in the raphe
(Cummings et al. 1983; Merchenthaler 1984; Palkovits et al. 1985; Chappell et al. 1986;
Austin, Rhodes & Lewis 1997; Valentino, Liouterman & Van Bockstaele 2001). In vitro,
CRF increases firing rates of a ventral subpopulation of DR neurons that project primarily to
basal forebrain corticolimbic structures. Activation of this CRF-responsive subpopulation is
sensitized after prior exposure to stress (Lowry et al. 2000). In vivo, intraraphe CRF
produces biphasic effects on neuronal firing, with inhibition at low doses and excitation at
high doses (Price et al. 1998; Kirby, Rice & Valentino 2000; Price & Lucki 2001). Both
CRF receptor subtypes are expressed in the DR (Chalmers, Lovenberg & De Souza 1995;
Van et al. 2000; Waselus et al. 2009), and it has been proposed that the biphasic effects of
CRF represent a differential recruitment of CRF1 versus CRF2 receptors in relation to CRF
concentration (Waselus et al. 2009). Thus, chronic cocaine self-administration, by yielding a
greater releasable pool of CRF in the DR, may yield more serotonergic signaling and,
perhaps thereby, more stress sensitivity and susceptibility to relapse in LgA rats as
compared with ShA rats.

The BLA, which subserves both unconditioned and conditioned stress-related emotional
behavior, is rich in CRF1 receptors but exhibits very little CRF synthesis under basal
conditions. Rather, BLA CRF1 receptors are putatively activated by CeA-derived CRF via
volume transmission, as occurs following stress for example (Roozendaal et al. 2002).
Microinfusion of CRF receptor agonists into the BLA elicits anxiogenic-like behavior in the
social interaction test via CRF receptors (Sajdyk et al. 1999; Sajdyk & Gehlert 2000).
Stress-induced consolidation of aversively motivated learning also is mediated by BLA
CRF1 receptors (Roozendaal et al. 2002). Moreover, repeated microinfusion of subthreshold
doses of CRF and related peptides sensitizes panic-like responses to otherwise innocuous
stimuli (Sajdyk et al. 1999; Sajdyk & Gehlert 2000). Conversely, chronic administration of
mood stabilizers (Gilmor et al. 2003), antidepressants (Aubry, Pozzoli & Vale 1999) or
anxiolytics (Skelton et al. 2000) downregulates BLA CRF1 expression in parallel with the
therapeutic time course of these agents. In view of these observations, it is notable that
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repeated passive cocaine treatment transiently decreases the number of BLA CRF1-like
binding sites in rat (Ambrosio, Sharpe & Pilotte 1997), an effect that may reflect
compensatory downregulation in response to the increased amygdalar CRF release
associated with repeated cocaine exposure (Richter et al. 1995). Future studies that examine
the effects of voluntary cocaine self-administration on CRF receptor levels would clearly
complement the present results. The present finding of increased pre-session CRF
immunoreactivity in the BLA of LgA rats as compared with ShA rats lends support to the
hypothesis that chronic cocaine exposure facilitates BLA CRF1–mediated
neurotransmission, with possible long-term neuro-adaptive consequences for emotional
behavior and learning. Insofar as levels in LgA rats were greater than those in ShA rats at
baseline and not following cocaine intake, the results in LgA rats are potentially consistent
with a withdrawal-induced elevation in BLA CRF tissue content. An alternative possibility
is that differential classical conditioning may underlie differences between the access
groups. That is, a single experimenter-administered dose of cocaine is known to increase
amygdala CRF content (Sarnyai et al. 1993). The greater history of cocaine self-
administration in the LgA group, as compared with ShA group, may thereby yield greater
conditioned responses of amygdala CRF systems at the scheduled self-administration time
(‘pre-session’).

A limitation of the present study is that a cocaine-naive comparison group was not included.
Thus, it cannot be ruled out for some ‘null’ findings that both ShA and LgA rats may exhibit
altered CRF levels as compared with drug-naive subjects. Also, where group or time
differences are present, it cannot be stipulated which concentrations deviate from a cocaine-
naive group in a normative sense. A comparison group was not included in part because
most previous behavioral comparisons of LgA versus ShA groups have not included
cocaine-naive subjects and because it is a complex question of what constitutes an
appropriate cocaine-naive comparison group (e.g. a cocaine-naive group without self-
administration history versus one with ShA to a non-cocaine reinforcer versus one with LgA
to a non-cocaine reinforcer versus some combination thereof). Also, the focus of the present
study was to identify regions and timepoints at which LgA and ShA groups differed from
one another. Such group differences, irrespective of their comparison to cocaine-naive
subjects, might be key to the motivational differences seen between groups to self-
administer cocaine. For example, the LgA group might have CRF tissue content that is
higher than (e.g. greater withdrawal/exposure-induced CRF synthesis), lower than (e.g.
greater withdrawal/exposure-induced CRF release and depletion) or equivalent to a cocaine-
naive group (e.g. loss of cocaine’s aversive stimulus properties). Yet each scenario might be
germane to the motivational difference between LgA versus ShA groups if the LgA group
differs from the ShA group.

Increased immunoreactivity was not observed in the CeA of LgA rats as compared with ShA
rats at any time-point. This negative result is consistent with studies that observed changes
in CeA CRF peptide or mRNA levels only after acute, and not repeated, cocaine exposure
(Maj et al. 2003; Zhou et al. 2003). Increased extracellular CeA CRF immunoreactivity was
observed previously using in vivo microdialaysis ~12 hours following ‘binge-like’ (12-hour
session) cocaine access (Richter & Weiss 1999), but that study reflected interstitial (rather
than whole tissue) CRF levels, and did not involve a repeated history of LgA cocaine
exposure. We also previously observed reduced CRF tissue content in whole amygdala ~24
hours following two ‘binge’ cocaine session (Zorrilla et al. 2001), but that finding again did
not follow a repeated history of LgA cocaine exposure and reflected concentrations in whole
amygdala rather than CeA only. A final key caveat is that it cannot be ruled out that ShA
and LgA rats may both exhibit altered CRF levels in the CeA as compared with drug-naive
subjects, since each of the above studies involved comparison to cocaine-naive subjects
rather than LgA versus ShA comparisons.
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A final result was that CRF levels in the CeA and DR were higher 3 hours after the cocaine
self-administration session than immediately before or after the session. These results extend
upon studies that showed that passive exposure to cocaine acutely activates amygdalar CRF
systems (Sarnyai et al. 1993; Zhou et al. 1996; Maj et al. 2003) by finding that voluntary
cocaine self-administration also results in CRF system activation, and that the DR CRF
system is involved as well. One interpretation of these data is that the delayed rise in CRF
concentrations reflects the time needed to complete cocaine exposure-induced CRF
synthesis (Zhou et al. 1996; Maj et al. 2003) or, alternatively, a rapid rise in CRF synthesis
secondary to withdrawal from cocaine access (Zhou et al. 2003; Erb et al. 2004; Rudoy,
Reyes & Van Bockstaele 2009). An alternative interpretation, however, is that the results
reflect depleted levels of CRF both pre- and post-session—with levels normalizing by 3
hours post-session. Under the latter interpretation, the lower levels observed pre-session may
reflect depletion secondary to withdrawal from the previous day’s cocaine self-
administration session. Indeed, a microdialysis study found that after completion of binge-
like cocaine self-administration, extracellular CRF levels did not significantly increase until
5 hours post-session and did not peak until at least 11–12 hours following the completion of
cocaine self-administration (Richter & Weiss 1999). In that study, cocaine self-
administration led to decreased CRF release as compared with cocaine-naive controls
(Richter & Weiss 1999), an effect that might account for restoration of CRF tissue content
by 3 hours post-session in the present study. Future comparison of CRF tissue content in
drug-taking subjects to cocaine-naive controls would help determine whether the changing
CRF levels seen here represent absolute elevations (e.g. 3 hours post-session) or depletions
(e.g. pre- and post-session).

In summary, the present results confirm that voluntary cocaine self-administration, and not
only passive cocaine exposure, dynamically engages stress-regulatory CRF systems of the
amygdala. Even more novel, the results demonstrate recruitment of DR CRF systems by
cocaine intake. Finally, it is well established that compared with rats receiving daily, short
access (ShA) to cocaine, rats self-administering cocaine under LgA conditions show
persistently increased cocaine intake, increased progressive-ratio responding, an upward
shift in the dose–response function for the reinforcing effects of self-administered cocaine,
withdrawal-like deficits in brain reward function that are relieved by renewed access to
cocaine, resistance to extinction of cocaine-seeking behavior, and increased vulnerability to
relapse to cocaine-seeking and use (Ahmed & Koob 1998, 1999; Ahmed et al. 2002;
Paterson & Markou 2003; Wee et al. 2007). Here, cocaine dependence, as modeled in the
comparison of LgA rats to ShA rats, was associated with higher levels of CRF in the
amygdala in time-dependent fashion and in the DR at all timepoints. The results support the
hypothesis that extrahypothalamic CRF systems participate in the transition from
uncomplicated drug use to cocaine addiction.
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Figure 1.
Self-administration of cocaine by rats under a fixed-ratio schedule during the escalation
period. Data from the first hour of sessions (a) and from the entire session (b). The data
represent least squares mean (±SEM) cocaine intake adjusted for body weight (mg/kg).
Filled symbols represent data for rats in 1-hour short-access sessions (ShA, n = 18). Open
symbols represent data for rats in 6-hour long-access sessions (LgA, n = 20). Note that error
bars in panel b for ShA rats are smaller than the symbol. *P < 0.05, **P < 0.01, ***P <
0.001 versus ShA group and versus baseline (‘B’) first hour intake (a) or session 1 intake (b)
(Fisher’s protected LSD tests)
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Figure 2.
Regional brain corticotropin-releasing factor (CRF) levels in rats receiving daily short-
access (1 hour/day, ShA, n = 18) or long-access (6 hours/day, LgA, n = 20) to intravenous
cocaine self-administration. Panels show CRF concentrations in the (top) central nucleus of
the amygdala (CeA), (middle) basolateral nucleus of the amygdala (BlA) or (bottom) dorsal
raphe (DR). The data represent least squares mean (±SEM) CRF immunoreactivity
normalized for total protein content (pg/mg) across the following 3 timepoints of
observation (n = 6–7 per timepoint): the time of day the self-administration would otherwise
occur (pre-session), immediately following the completion of the self-administration session
(post-session), or 3 hours following the completion of the self-administration session (3
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hours post). Note scale differences across regions. **P < 0.01 versus other timepoints, # P <
0.05 versus respective ShA group (Fisher’s protected LSD tests)
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