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Abstract

Although our lab, as well as several others, has demonstrated a role for corticosterone in cocaine
self-administration, there are no studies of the central dynamics of this hormone over the course of
a behavioral session when rats are self-administering cocaine or receiving passive injections. The
assay of corticosterone in microdialysates collected during such sessions allows for determinations
of changes in brain corticosterone during drug-taking behavior. By using the combination of
microdialysis in terminal fields for the mesocorticolimbic dopaminergic system and the yoked-triad
model, one can distinguish between the direct cocaine-induced activation of the hypothalamo-
pituitary-adrenal (HPA) axis from the activation of the HPA axis related to drug-taking. In these
experiments, we measured corticosterone in microdialysis samples collected from probes aimed at
the medial prefrontal cortex, nucleus accumbens and basolateral amygdala in rats self-administering
cocaine and receiving identical, passive infusions of cocaine or saline. While corticosterone was
increased in all three brain regions in rats receiving cocaine, medial prefrontal cortex corticosterone
was increased significantly more in rats receiving non-contingent infusions of the drug compared to
rats self-administering cocaine. The results of these experiments demonstrate that control over drug
delivery can affect the influence of a hormonal input on the functional characteristics of specific
anatomical projections of the central nervous system. These results also provide evidence of the role
steroid hormones play in shaping the functional activity of the brain.
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Introduction

The abuse of cocaine and other psychomotor stimulants persists as a major health problem in
the United States (National Drug Threat Assessment, 2009). Clearly, there is a significant need
for new pharmacological treatments to combat the abuse of these drugs; however, no
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pharmacotherapy has yet demonstrated sufficient efficacy for widespread clinical use (Carroll
etal., 1999; Vocci etal., 2005, Vocci and Montoya, 2009). A better understanding of the effects
of cocaine on central nervous system neurochemistry will help to identify more effective
pharmacologic approaches for treating cocaine dependence.

The role of adrenal steroids in the neurobiology of cocaine has been intensively studied, and
the actions of cocaine within the hypothalamo-pituitary-adrenal (HPA) axis have been
implicated in its abuse potential (Goeders 2002a,b; Goeders 2004; Brady and Sinha, 2005; Li
and Sinha, 2008). Cocaine stimulates the release of corticosterone in rats (Moldow and
Fischman 1987) via mechanisms dependent on the secretion of corticotropin-releasing factor
(CRF) from the paraventricular nucleus of the hypothalamus (Rivier and Vale 1987; Koob and
Kreek 2007; Koob et al., 1990). During the last several years, the ability of stressors (with the
subsequent activation of the HPA axis) to alter the acquisition of psychomotor stimulant self-
administration has received considerable attention (Goeders 2002a,b; Goeders, 2004).
Corticosterone is also involved in ongoing cocaine self-administration: pretreatment with
metyrapone, which blocks the 11B-hydroxylation reaction in the production of corticosterone
(Haleem et al., 1988), decreases cocaine self-administration in rats, suggesting a role for
corticosterone in cocaine-taking behavior (Goeders and Guerin 1996). These data were
supported by experiments with ketoconazole, an oral antimycotic agent that also inhibits the
11p-hydroxylation and 18-hydroxylation steps in the synthesis of adrenocorticosteroids
(Engelhardt et al. 1985) and may also function as a glucocorticoid receptor antagonist (Loose
et al. 1983). Pretreatment with ketoconazole reduced low dose (0.125-0.25 mg/kg/infusion)
cocaine self-administration without affecting food-reinforced responding during the same
session (Goeders et al., 1998). Ketoconazole also reduces the cue-induced reinstatement of
extinguished cocaine seeking in rats (Goeders and Clampitt, 2002), further suggesting a role
for corticosterone in cocaine-seeking behavior.

However, while the role of corticosterone (and the HPA axis) in cocaine self-administration
has been supported empirically, there are no studies on the central dynamics of this hormone
over the course of the behavioral session when rats are self-administering cocaine or receiving
passive injections. The assay of corticosterone in microdialysates (Linthorst and Reul, 2008)
collected during such sessions allows for determinations of changes in brain corticosterone
during drug-taking behavior. By using the combination of microdialysis in terminal fields for
the mesocorticolimbic dopaminergic system (Koob et al. 1998) and the yoked-triad model
(Smith et al., 1982, 2003; Hemby et al. 1997), one can distinguish between the direct cocaine-
induced activation of the HPA axis from the activation of the HPA axis related to drug-taking.
Accordingly, the results of these experiments demonstrate how control over drug delivery can
affect the influence of a hormonal input on the functional characteristics of specific anatomical
projections of the central nervous system. These results also provide evidence of the role steroid
hormones play in shaping the functional activity of the brain.

Materials and Methods

Animals

Experimentally naive male Wistar rats (90-120 days old) were housed in individual cages in a
temperature- and humidity-controlled, AAALAC-accredited animal care facility on a reversed
12-hour light, 12-hour dark cycle (lights on at 19:00 hr). The animals had free access to water
and food throughout the experiment. All procedures were approved by the LSUHSC-S animal
care and use committee and were carried out in accordance with the NIH “Principles of
Laboratory Animal Care” (NIH publication No. 85-23).
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Guide cannulae implantation

Approximately 7 days before the start of the experiment, the animals were stereotaxically
implanted with guide cannulae (CMA/12, CMA/Microdialysis AB, Solna, Sweden) under
sodium pentobarbital anesthesia (50 mg/kg, i.p.) with methylatropine nitrate pretreatment (10
mg/kg, i.p.). The cannulae were implanted 2.0 mm above the medial prefrontal cortex (MPC;
+ 2.5 mm anterior from bregma; = 0.6 mm from the midline and 1 mm ventral to dura (Paxinos
and Watson, 1986), nucleus accumbens (NAC; + 1.4 anterior from bregma, £ 1.5 mm from
the midline and 5.4 ventral) or basolateral amygdala (-2.5 anterior from bregma, + 5.0 mm
from the midline, and 5.6 mm ventral). The guide cannulae were secured to the skull using
anchor screws and dental acrylic cement.

Implantation of jugular catheters

In the same surgical session, each rat was implanted with a chronic indwelling jugular catheter
using previously reported procedures (Goeders and Clampitt 2002; Goeders and Guerin.,
2008). The catheter was anchored to tissue in the area and continued subcutaneously to the
back where it exited on the head through a 22-gauge guide cannula (Plastics One, Roanoke,
VA) assembly that was used for the attachment of a leash. The stainless steel spring leash was
attached to the guide cannula assembly and to a leak-proof fluid swivel suspended above the
cage. Tubing was connected to the swivel and to a 20-ml syringe in a motor-driven pump
located outside the chamber. The swivel and leash assembly were counterbalanced to permit
relatively unrestrained movement of the animal.

Behavioral Procedures

Specially constructed, sound-attenuating chambers were used for these experiments. These
chambers were designed to hold 3 operant conditioning chambers at the same time so that all
three treatment conditions (i.e. self-administration, yoked-cocaine, and yoked-saline) could be
tested simultaneously. Each chamber was equipped with an exhaust fan that supplied
ventilation and white noise to mask extraneous sounds, a response lever, and a stimulus light
located above the response lever. The illumination of the stimulus light above the response
lever indicated the availability of cocaine. Responding by one rat controlled drug or saline
infusions for all three rats in each triad. The first rat in each triad was allowed to self-administer
cocaine (0.25 mg/kg/infusion in 0.2 ml of saline delivered over 5.6 sec) during 2-hour daily
sessions under a fixed-ratio 1 (FR1) schedule of reinforcement. The response requirement was
subsequently increased to FR2 when responding stabilized (i.e., defined as three consecutive
sessions in which the total number of infusions did not vary by more than 15%). Each
completion of the ratio requirement resulted in an intravenous infusion of cocaine to the self-
administration (SA) rat and an identical, simultaneous infusion to the yoked-cocaine (YC) rat
and a simultaneous infusion of saline to the yoked-saline (YS) rat. A 20 s timeout period
followed each infusion. Lever presses by the YC and YS rats were counted but produced no
programmed consequences. Once responding stabilized under the FR2 schedule, the
microdialysis procedure was initiated. An IBM-compatible personal computer and interface
system (Med-Associates, Inc., St. Albans, VT) was used to program the procedure and collect
the experimental data.

In vivo microdialysis

Microdialysis started at approximately 10:00, the behavioral part of the experiment (self-
administration) started at 12:00, and the entire experiment was completed by 16:00. Probes of
the concentric design (CMA12, CMA/Microdialysis, N. Chelmsford, MA) were inserted into
the guide cannulae approximately 8-12 hr prior to the start of the experiments (i.e., the night
before) in order to minimize the damage-induced release of neurotransmitters and metabolites.
Probes were perfused with artificial cerebrospinal fluid (aCSF: 1.2 mM CaCl,, 1.2 mM
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NayHPO,4, 0.3 mM NaH,POy4, 3.4 mM KCI, 140 mM NaCl adjusted to pH 7.2) at a flow rate
of 1 pl/min using a CMA/100 microdialysis pump for at least two hours before the start of the
behavioral experiments.

On the day of the experiment, four baseline samples were collected directly into 250 pl
microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA). Samples were collected every 20 min
throughout the dialysis procedure and were immediately frozen on dry ice and stored at -70°
C until analysis.

Cocaine HCl was obtained from the National Institute on Drug Abuse (Research Triangle Park,
N.C.) and was dissolved in bacteriostatic 0.9% NaCl.

ACTH and corticosterone assays

Histology

For the determination of adrenocorticotropin hormone (ACTH), blood samples (0.5 ml) were
collected via the implanted catheters into chilled tubes containing EDTA prior to the start of
the self-administration session and again after the end of the session. ACTH concentrations
were determined using the Allegro RIA kit (Nichols Institute Diagnostics, San Juan Capistrano,
CA, USA). Plasma corticosterone was assayed by RIA using ICN kits (ICN Pharmaceuticals,
Costa Mesa, CA, USA). “Free” corticosterone was measured in the microdialysis samples
using the same RIA kits as described above, with a modification of the assay procedure
(Linthorst et al. 1995). For this assay, microdialysate samples (20 pL) were directly used for
the assay without the dilution recommended by the manufacturer. The volume was brought up
to 50 puL with assay buffer as indicated in the assay manual, and then all components of the
assay (i.e., the antibody and labeled corticosterone) were added in the amounts suggested
according to the manufacturer's protocol. Concentrations of corticosterone in the
microdialysate samples were expressed as ng/ml of microdialysate. “Free” (i.e., not bound to
a protein carrier) corticosterone reflects tissue concentrations of the hormone. “Free”
corticosterone concentrations in tissues directly correlate with serum corticosterone
concentrations and can be used to characterize the activity of the HPA axis (Linthorst et al.
1995). However, no calculations can be made to estimate serum concentration of corticosterone
from tissue concentrations due to the unknown recovery of corticosterone during microdialysis
sampling.

The locations of the probes were verified histologically after the completion of the experiment,
and only rats in which more than half of the probe was found in the target area were included
in the analysis. Briefly, animals were anesthetized and perfused intracardially with phosphate-
buffered saline followed with 10% formalin within 2-3 days after the completion of experiment.
The brains were removed and stored in a 10% formalin solution. To verify probe placements,
brains were frozen and sectioned in 40-um sections that were mounted onto slides and stained
with neutral red. The slide-mounted tissue sections were examined under the microscope.

Statistical analysis

Repeated measures ANOVA and post hoc tests were used to determine significant differences
over time and between groups. Group was the main factor and Time was the repeated measure.
Post hoc analyses were conducted as needed using Student's Newman-Keuls test. The null
hypothesis was rejected when P<0.05.
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Baseline MPC corticosterone concentrations were low and stable in all groups prior to the start
of the self-administration session and remained stable throughout the entire experiment. The
actual concentration of corticosterone was approximately 100 ng/ml in the Y'S rats, suggesting
that the procedure itself was not overly stressful (Goeders and Clampitt, 2002; Linthorst et al.,
2008; Figure 2). A two-way ANOVA with repeated measures revealed a significant effect of
time [(F2 234)=4.5, P=0.002], treatment [(F 54)=6.8, P=0.003], and a time x treatment
interaction (P<0.001). MPC corticosterone was significantly elevated in microdialysates from
the SA rats during the self-administration session (a 269% increase) and was increased 553%
above baseline in the YC rats (Figure 2). These differences were statistically significant

[(qu 190):5.7, P:0.04].

In a separate experiment, microdialysis probes were implanted into the nucleus accumbens and
microdialysis samples were collected as above for the corticosterone assay. Exposure to the
cocaine session produced a significant increase in nucleus accumbens corticosterone in both
the SA and YC animals [(F,, 175)=11.3, P=0.04], while YS animals did not exhibit any
significant changes in corticosterone [(F, 175)=2.3, P=0.36]. However, unlike the MPC, there
were no significant differences in corticosterone concentrations in the nucleus accumbens
between the YC and SA animals [(F, 175)=1.76, P=0.12 (Figure 3)]. Similar results were
observed in the animals with microdialysis probes implanted into the basolateral nucleus of
the amygdala. There were significant increases in corticosterone concentrations in response to
the cocaine session in YC and SA rats compared to the YS rats [(F2, 160)=6.3, P=0.02], but
once again there were no significant differences between the YC and SA animals [(Fy, 165)
=1.8, P=0.68; (Figure 4)].

The determination of corticosterone in plasma samples taken before and after the behavioral
sessions demonstrated that prior to the start of the behavioral session, plasma corticosterone
levels were not different among the groups and were approximately 105+15 ng/ml (Figure 5).
However, after the end of the behavioral session, plasma corticosterone was significantly
elevated [(Fy, 147)=5.8, P=0.034] in the YC and SA rats (21017 ng/ml), while there were no
significant differences in pre- and post-session plasma corticosterone in YS rats. The
measurement of ACTH in pre-session and post-session samples revealed a somewhat different
picture. The concentrations of ACTH in the YC and SA rats were significantly higher than in
the YS group [(F2, 146)=9.2, P=0.01] prior to the start of the session (Figure 6), reaching
170-190 pg/ml (compared to 120 pg/ml in the YS rats). However, there were no differences in
ACTH concentrations among the groups at the end of the behavioral session. This increase in
ACTH before the session may indicate an anticipatory response in rats trained to receive
cocaine.

Discussion

Over the last several years, our laboratory, as well as a number of others, has explored the
complex relationship between stress and the subsequent activation of the HPA axis in
psychomotor-stimulant reinforcement (Goeders, 2002a; b; Majewska, 2002; Winhusen and
Somoza, 2001; Sarnyai et al., 2001). We have shown that corticosterone is involved in the
acquisition and maintenance of cocaine self-administration as well as the cue-induced
reinstatement of extinguished cocaine seeking in rats (Goeders 1997; 2002a; b; 2003). In our
aforementioned work, we measured plasma corticosterone responses to cocaine and following
various pretreatment conditions. However, it is not clear if plasma corticosterone
concentrations actually reflect tissue concentrations of the hormone due to the presence of the
blood-brain barrier and the presence of specific proteins (e.g., P-glycoproteins) that actively
transport corticosterone out of the brain (Droste et al., 2008). Corticosterone in the extracellular
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space is reported to reflect free, biologically active corticosterone since the extracellular fluid
does not contain corticosterone-binding globulin and other plasma proteins, suggesting that
the direct measurement of brain corticosterone provides a better estimate of corticosterone
available to bind to adrenocorticosteroid receptors in the brain than analyses of plasma
concentrations (Linthorst et al., 1994; Linthorst et al., 2008; Droste at al., 2008). Furthermore,
it is well established that in the absence of active efflux mechanisms, brain corticosterone also
matches plasma concentrations of the hormone, indicating that brain corticosterone reflects
temporal changes in plasma corticosterone. It has been previously reported that it is possible
to measure corticosterone concentrations in the extracellular fluid in the brains of freely-
moving rats using in vivo microdialysis (Linthorst et al., 1994), suggesting this as a viable
procedure for measuring tissue concentrations of corticosterone in the brain. Therefore, we
used in vivo microdialysis to measure free concentrations of corticosterone in the medial
prefrontal cortex, nucleus accumbens, and basolateral amygdala in rats self-administering
cocaine and receiving simultaneous, yoked infusions of cocaine or saline.

The yoked triad self-administration model has been used to study the neurobiology of drug
addiction in rats for over 25 years (Smith et al., 1982). When using this model, there is general
agreement that rats receiving passive infusions of the drug (i.e., the yoked-drug animals) reflect
the general neurobiological effects attributable to the drug itself, while self-administrating
animals reveal the neurobiological effects of the drug as well as the effects of drug-seeking
and/or drug reinforcement (Smith et al., 1982; Hemby et al., 1997; Smith et al., 2003). In the
current study, concentrations of corticosterone measured using microdialysis were increased
in response to cocaine, attesting to an activation of the HPA axis by the drug. It is important
to note, however, that the pattern of changes in corticosterone in the three distinct brain areas
that we studied was very different. In the medial prefrontal cortex, we observed a significant
increase in corticosterone in YC animals compared to the SA rats (i.e., 553% vs. 269%). This
increase is not attributable simply to a cocaine-induced stimulation of the HPA axis, since in
that case we would expect to see similar concentrations in both groups of rats. In contrast, the
increases in corticosterone in the basolateral amygdala and the nucleus accumbens were very
similar in SA and YC rats and probably reflect the general activation of the HPA axis in
response to the cocaine infusions, especially since saline infusions had no effect on
corticosterone in YS rats in any brain region studied. These data suggest that corticosterone in
the medial prefrontal cortex, but not in the nucleus accumbens or basolateral amygdala, is
involved in cocaine reinforcement, although it is not readily apparent why medial prefrontal
cortex corticosterone was increased more in the YC rats compared to the SA rats.

One plausible explanation for the differences observed in medial prefrontal cortex
corticosterone between the SA and YC rats is that there is a narrow concentration range
whereby cocaine-induced increases in corticosterone are reinforcing, but only up to a certain
level. If corticosterone exceeds this range, this may lead to an exaggerated stress-like response
and a decrease in reinforcement, or possibly even aversion. In support of this possibility is the
finding that the passive or yoked administration of cocaine is associated with higher mortality
rates in rats (Dworkin et al, 1995), suggesting that the non-contingent injection of cocaine is
indeed a potent stressor. Of the numerous molecules involved in stress response pathways, the
P-glycoprotein multdrug resistance 1 (MDR1) efflux transporter is found in many tissues,
including brain, and acts to remove various drugs and endogenous substances (including
corticosterone) from the interior of cells to the extracellular space (Carson et al, 2002; Uhr et
al, 2002; Vaalburg et al, 2005). The MDR1a subtype is found in vascular endothelial cells and
is active at the blood-brain barrier, whereas the MDR1b subtype is found mainly in astrocytes
and microglia. We recently tested the hypothesis that MDR1 genes respond differentially to
self-administered vs. yoked cocaine administration. We found that levels of the MDR1a, but
not MDR1b transcripts were higher in each of the SA animals compared to its respective YC
control (unpublished observations). These preliminary data suggest that the MDR1a gene may
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contribute to the reduced toxicity in SA relative to YC rats and may also be involved in the
differences we observed in medial prefrontal cortex corticosterone. Obviously, additional
research will be necessary to uncover the mechanisms mediating this effect. Finally, ACTH
concentrations were elevated in animals self-administering cocaine and in animals passively
infused with the drug compared to animals receiving passive infusions of saline just prior to
the start of the behavioral session. These increases in ACTH in animals receiving cocaine may
result from the anticipation or expectation of the cocaine session and from the conditioned
effects of the cocaine (Goeders and Clampitt, 2002) on the HPA axis since similar increases
were not seen in rats passively infused with saline.

In summary, the results of these experiments demonstrate how control over drug delivery can
affect the influence of a hormonal input on the functional characteristics of specific anatomical
projections of the neural system. Self-administered cocaine increased corticosterone differently
than passive infusions of the drug, but only in the medial prefrontal cortex, suggesting a
potential role for corticosterone in this brain region in cocaine reinforcement. Accordingly,
these results also provide evidence of the role that is played by steroid hormones in shaping
the functional activity of the brain, in this case with respect to cocaine reinforcement.
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Figure 1.

Experimental design

Panel A. Blood samples were collected for the determination of plasma corticosterone and
ACTH prior to and after the self-administration session.

Panel B. Microdialysis samples were collected prior to, during and after the self-administration
session every 20 minutes, as indicated by the arrows.
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Figure 2.

Corticosterone concentrations in microdialysates from the MPC of self-administration (SA),
yoked-cocaine (YC) and yoked-saline (YS) rats. N=12-13 in each group. During the collection
of samples 7 -13, the first rat in each triad was allowed to self-administer cocaine (0.25 mg/
kg/infin 0.2 ml of saline delivered over 5.6 sec) under a fixed-ratio 2 schedule of reinforcement.
* significantly different from YC (P<0.05).
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17

Corticosterone concentrations in microdialysates from the nucleus accumbens of SA, YC and

YS rats. N=8-9 in each group.
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Figure 4.

Corticosterone concentration in the microdialysate from the basolateral amygdala of SA, YC

and YS rats. N=8-9 in each group.
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Figure 5.

Plasma corticosterone concentration of self-administration (SA), yoked-cocaine (YC) and
yoked-saline (YS) rats. The average number of injections during the session was 24 + 5. Blood
samples were collected 15 min before the session and immediately after. Plasma was separated
from the red blood cells in 1 minute after blood collection. N=7-8 in each group.

* Significantly different from the pre-session sample, P<0.01,

& Significantly different from SA and YC groups, P<0.05.
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Figure 6.

Plasma ACTH in self-administration (SA, n=14), yoked-cocaine (YC, n=19) and yoked-saline
(YS, n=14) rats. The average number of injections during the session was 28 + 5. Blood samples
were collected 15 min before the session and immediately after. Plasma was separated from
the red blood cells in 1 minute after blood collection.

* Significantly different from SA after the session

& Significantly different from Y'S prior to the session
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