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extended amygdala attenuates the anxiogenic effects of cocaine
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Abstract

In addition to its initial rewarding effects, cocaine has been shown to produce profound negative/
anxiogenic actions. Recent work on the anxiogenic effects of cocaine has examined the role of
corticotropin releasing factor (CRF), with particular attention paid to the CRF cell bodies resident
to the extended amygdala (i.e, the central nucleus of the amygdala [CeA] and the bed nucleus of
the stria terminalis [BNST]) and the interconnections within and projections outside the region
(e.g., to the ventral tegmental area [VTA]). In the current study, localized CRF receptor
antagonism was produced by intra-BNST, intra-CeA or intra-VTA application of the CRF
antagonists, D-Phe CRI41)0r astressin-B. The effect of these treatments were examined in a
runway model of i.v. cocaine self-administration that has been shown to be sensitive to both the
initial rewarding and delayed anxiogenic effects of the drug in the same animal on the same trial.
These dual actions of cocaine are reflected in the development of an approach-avoidance conflict
(“retreat behaviors”) about goal box entry that stems from the mixed associations that subjects
form about the goal. CRF antagonism within the VTA, but not the CeA or BNST, significantly
reduced the frequency of approach-avoidance retreat behaviors while leaving start latencies (an
index of the positive incentive properties of cocaine) unaffected. These results suggest that the
critical CRF receptors contributing to the anxiogenic state associated with acute cocaine
administration may lie outside the extended amygdala, and likely involve CRF projections to the
VTA.
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1. INTRODUCTION

Human users of cocaine report that the initial euphoric “high” produced by the drug’s
ingestion is soon followed by an aversive “crash” characterized by intense feelings of
anxiety, dysphoria, irritability, and drug craving (Gawin and Kleber, 1986; Kosten, 1989;
Resnick et al., 1977; Rohsenow et al., 2007; Williamson et al., 1997). The onset of this
aversive state is not likely a simple consequence of drug clearance since human self-reports
indicate that the negative subjective response to the drug occurs even while plasma (and
hence presumably brain) levels of the drug remain high (Van Dyke and Byck, 1982).
Animal studies have likewise confirmed these dual and opposing actions of cocaine; while
animals will readily self-administer the drug (Koob and Goeders, 1989; Porrino et al., 2004,
Woolverton, 1992) and develop learned preferences for places associated with its
administration (Bardo et al., 1995; Carr et al., 1989; Mucha et al., 1982; Spyraki et al.,
1987), they also exhibit cocaine-induced decreased entries into the center of an open field
(Simon et al., 1994; Yang et al., 1992), into a brightly illuminated area of a light-dark box
(Costall et al., 1989), and into the open arms of an elevated plus maze (Costall et al., 1990;
Paine et al., 2002; Rogerio and Takahashi, 1992) — all indices of heightened anxiety. In our
own laboratory, we have shown that while animals develop learned preferences for places
paired with the immediate positive effects of cocaine, they come to avoid places associated
with the affective state present 15-min after an intravenous injection (Ettenberg et al., 1999;
2004). Additionally, animals trained to run a straight alley for a reward of i.v. cocaine
develop a unique behavior in which they leave the start box faster and faster over trials (an
indication of the drug’s positive incentive properties) but then stop at the threshold of the
goal box and retreat back toward the start box (Ettenberg et al., 1999, Knackstedt et al.,
2002). The frequency of this approach-avoidance “retreat” behavior increases with trials and
has been shown to result from mixed positive and negative associations that the animals
form with the cocaine-paired goal box (see reviews by Ettenberg 2004, 2009). The runway
test therefore uniquely provides information about both the positive (start latency) and
negative (retreat frequency) aspects of the goal-box experience in the same animal on the
same trial.

Given the mixed consequences of cocaine administration, it seems likely that an organism'’s
decision to self-administer the drug must entail an assessment of the relative valence of its
dual and opposing effects. A complete understanding of the neuronal systems underlying
cocaine self-administration must therefore include the identification of the mechanisms
responsible for both the positive/rewarding and negative/anxiogenic states produced by the
drug. In this regard, a considerable body of research from both human and animal studies
has implicated central mesocorticolimbic dopamine (DA) pathways in the development and
maintenance of cocaine self-administration. Cocaine is a potent indirect agonist at DA
synapses by way of its inhibition of the DA transporter (Koe, 1976; Reith et al., 1986) and
lesions or pharmacological incapacitation of the DA system prevent the rewarding effects of
cocaine as measured in both conditioned place preference (Morency and Beninger, 1986;
Spyraki et al., 1987; Wenzel et al., 2013) and in operant self-administration studies
(Ettenberg et al., 1982; Pettit et al., 1984; Roberts and Koob, 1982; Wise, 1984). In humans,
brain imaging studies have identified a correlation between DA neuronal activity and the
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“high” reported by cocaine users (Breiter et al., 1997; Volkow et al., 1996; 1997) and the
administration of DA antagonist drugs has been reported to dose-dependently reduce the
self-reported ratings of the drug’s rewarding/euphoric impact (Romach et al., 1999).

In contrast to the strong consensus regarding the role of DA in cocaine reward, the
neurobiological systems underlying the drug’s negative/anxiogenic effects remain unclear.
One system that has received considerable recent attention is the “extended amygdala”,
which is comprised of several interconnected regions including the central nucleus of the
amygdala (CeA), the posterior portion of the nucleus accumbens shell, and the bed nucleus
of the stria terminalis (BNST) (Alheid, 2003; Alheid and Heimer 1988). The extended
amygdala projects to several hypothalamic and brainstem nuclei that modulate the
hypothalamic-pituitary-adrenal (HPA) axis and can thereby alter the organism’s response to
stress (Gray, 1993). It has also been implicated in fear conditioning, in the aversive state
associated with withdrawal from chronic drug exposure, and in stress-induced reinstatement
of drug-seeking behavior (e.g., Aston-Jones et al., 1999; Koob and LeMoal, 2008; Erb et al.,
2001; Walker et al., 2009). Our own work has demonstrated that inactivation of the CeA or
BNST dramatically reduces the aversive effects of cocaine as measured in both the
conditioned place test and the runway self-administration test (Wenzel et al., 2011; 2014).
What remains unclear is which neurons within the BNST and/or CeA might be critical for

the anxiogenic effects of cocaine. A reasonable candidate in response to this question would
be corticotropin releasing factor (CRF).

Cocaine has been shown to increase circulating plasma levels of CRF (Goeders, 1997;
Rivier and Vale, 1987; Sarnyai et al., 2001) and produce changes in CRF peptide or mRNA
levels within the extended amygdala (Maj et al., 2003; Richter et al., 1995; Zhou et al.,
1996). Indeed, both the CeA and the BNST contain CRF-immunoreactive cells bodies,
terminals and receptors (Cassel and Gray, 1989; Sakanaka et al., 1986; Swanson et al., 1983)
and CRF signaling within the extended amygdala has been correlated with behavioral
responses to fearful and/or anxiogenic stimuli (Funk et al., 2006). Infusions of CRF or a
CRF agonist into the BNST elicits anxiogenic responses in both the elevated plus-maze and
the social interaction test (Lee et al., 2008; Sahuque et al., 2006; Shepard et al., 2000) and
produces aversions for places associated with its administration (Sahuque et al., 2006). In
contrast, antagonism of CRF function in the CeA or BNST has been reported to attenuate
the anxiogenic response to bright light or the stress inherent to the social defeat test (de
Jongh et al., 2003; Heinrichs et al., 1992; Liebsch et al., 1995; Swiergiel et al., 1993; Walker
et al., 2009) and Erb and Stewart (1999) reported that CRF antagonism within the BNST
(but not the CeA) completely blocked reinstatement of cocaine-seeking induced by
presentation of foot-shock stress. Finally, as stated above, we have reported that reversible
lesions of either the CeA or BNST reduce the approach-avoidance anxiogenic response to
cocaine in the self-administration runway (Wenzel et al., 2011; 2014).

Of course it remains possible that while the CRF cell bodies contributing to the negative
subjective response to cocaine lie within the extended amygdala, the critical target of those
cells lie outside the region in areas to which the CRF cells project. Of particular relevance in
this regard is the CRF innervation of the DA cell bodies of the mesocorticolimbic system in
the ventral tegmental area (VTA)(e.g., Rodaros et al., 2007; Tagliaferro and Morales, 2008;
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Wang and Morales, 2008). In fact several recent studies have suggested that aversive stimuli
and aversive states (e.g., stress, drug withdrawal) might produce their behavioral effects via
CRF modulation of VTA-DA neurons (e.g., Blacktop et al., 2011; Boyson et al., 2014;

Grieder et al., 2014; Twining et al., 2014; Wang et al., 2007). The current study was
therefore devised to further examine the relative roles of CRF receptors in the extended
amygdala and the VTA in the anxiogenic response to cocaine as measured in the runway
self-administration test.

2. METHODS

2.1 Subjects

2.2 Surgery

A total of 91 adult male Sprague-Dawley rats (Charles River Laboratories, Hollister,
California, USA) weighing 275-300g at the time of surgery served as subjects for the
current experiments. Rats were pair-housed in hanging plastic cages within a temperature-
controlled (23° C) vivarium maintained under a reverse 12-hour light-dark cycle (lights off
at 0800h). Subjects were providadilibitum access to food (Purina Rat Chow) and water
throughout the duration of the study. All animal handling and procedures adhered to the
PHSGuide for the Care and Use of Laboratory Animals and were reviewed and approved

by University of California at Santa Barbara’s Institutional Animal Care and Use
Committee.

The surgical procedures employed here were as previously described (e.g., Wenzel et al.,
2011, 2014). Briefly, subjects were gentled through daily handling for one week after which
each was individually fitted with a chronic indwelling jugular catheter (13 mm of
polyethylene tubing, 0.3 mm inner diameter, 0.64 outer diameter; Dow Corning

Corporation, Midland, MI, USA) inserted under deep anesthesia induced by an injection of a
combined solution of ketamine and xylazine (56.5 and 7.5 mg/kg, i.m. respectively). During
the same surgical session each subject was stereotaxically implanted with bilateral guide
cannula (Item 313G; Plastics One) aimed either at the bed nucleus of the stria terminals
(BNST), the central nucleus of the amygdala (CeA), or the ventral tegmental area (VTA).
Stereotaxic coordinates were based upon the brain atlas of Paxinos and Watson (2005) and
were aimed 1 mm above the target to account for the internal injection cannula (which
protruded 1 mm below the end of the guide cannula). Coordinates were: BNST = A/P -0.3
mm from bregma, M/L +3.5 mm from midline with a lateral inclination of 15°, D/V -6.2

mm below skull surface; CeA = A/P —2.1 mm, M/L +4.0 mm, D/V —6.4mm from skull
surface; and VTA = A/P —6.0 mm, M/L +0.75 mm, D/V =7.0 mm. During surgery each
subject received a 2.0 mg/kg s.c. injection of the non-opiate analgesic, flunixin meglumine
(FluMeglumine; Phoenix Pharmaceuticals, Belmont, California, USA) to reduce post-
surgical pain and 3ml of 0.9% physiological saline s.c. to prevent dehydration.

All subjects were allowed a minimum of one week to recover from surgery before
experimental procedures began. During this time, i.v. catheters were flushed once daily with
0.1 ml of Timentin antibiotic (25 mg/kg) followed by 0.1 ml of heparinized 0.9%

physiological saline. Prior to the start of the experiment, and every seven days thereafter, i.v.
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catheter patency was confirmed by observing the behavioral impact of an i.v. injection of the
fast-acting barbiturate, methohexital sodium (Brevital; 2.0 mg/kg in 0.1 ml filtered nanopure
water). Those animals that were unresponsive to the Brevital (i.e. did not exhibit the loss of
their righting reflex) when examined prior to testing were re-implanted with a new catheter
using the left jugular vein and given additional days for recovery. If catheter patency failed
during the course of behavioral testing, that animal was removed from the data analysis (n =
8).

2.3 Drugs

Cocaine hydrochloride (provided by the National Institute on Drug Abuse) was dissolved in
0.9% physiological saline and sterile filtered. For runway trials, a reinforcing dose of 1.0
mg/kg i.v. was delivered in a volume of 0.1 ml over 4.3 seconds via a 10 ml syringe nested
in a motorized syringe pump (Razel Scientific Instruments, St. Albans, Vermont, USA).
This dose was selected on the basis of prior work in our laboratory demonstrating it to
reliably produce both approach and avoidance behavior in the runway and to produce
consistent conditioned place preferences and aversions in response to immediate and
delayed effects of the drug, respectively (Ettenberg et al., 1999; Ettenberg and Bernardi,
2006; 2007; Knackstedt et al., 2002; Raven et al., 2000).

The experiments described herein were conducted in two phases. An initial study was
completed to investigate the effects of CRF antagonism within the extended amygdala
(Wenzel, 2013; unpublished data) followed more recently by a second study of CRF
antagonism within the VTA. For the “extended amygdala” experiment the nonselective CRF
receptor 1 (CRF-R1) and 2 (CRF-R2) antagonist D-Phe GRI (Sigma Aldrich, St.

Louis, MO) was dissolved in sterile saline to produce three dose concentrations (0.0, 5.0,
and 25.0 ng/ 0.5pl). These doses were selected from research demonstrating that the 25 ng
dose infused into the BNST significantly decreased stress-induced cocaine reinstatement in
rats (Erb and Stewart, 1999). For the VTA, astressin B, a newer, and slightly longer-acting
nonselective CRF R1/R2 antagonist (Rivier and River, 2014) was dissolved in sterile saline
and centrally infused in doses of 0.0, 0.25, 0.5 and 1.0 pug /0.5ul). Note that both drugs have
been shown to be potent antagonists at the CRF-1 and CRF-2 receptor sites (Rivier and
Rivier, 2014). The astressin B was generously provided by Dr. Jean Rivier, at the The Salk
Institute, La Jolla, California. All i.c. injections were administered bilaterally in volumes of
0.5 pl over 90 s via a 10 pl Hamilton syringe seated in a motorized Razel syringe pump.

2.4 Apparatus

2.4.1 Self-Administration Runway— Two straight-arm runways (155 cm Lx 15 cm W x
40 cm H) served as the test apparatus. On opposite ends of the straight alley were
identically-sized start and goal boxes (24 x 25 x 40 cm) separated from the runway by
retractable doors. Imbedded in the walls of each alley were 13 equally-spaced infrared
photodetector-emitter pairs the input from which was fed through a custom ANY-maze
interface (Stoelting Co., Wood Dale, IL) to a desktop computer that recorded the subjects’
location in the runway in real time. Above and running along the entire length of each
runway were two magnetic tracks placed between which was a flow-through swivel (model
375-22PS; Instech Laboratories Inc., Plymouth Meeting, PA) that was connected via PE20
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tubing to the animal’s i.v. catheter on one end, and to a cocaine-filled 10 ml syringe seated
in a syringe pump on the other end. The swivel was fitted with a plastic disc that prevented it
from falling through the opening between the tracks. A pot magnet affixed to the underside
of the disc was aligned to create a magnetic repulsion between the swivel and the tracks so
that the swivel floated slightly above the tracks thereby providing a low-friction mechanism
that allowed the rat to move freely throughout the alley (for a more detailed description of
the runway apparatus, see Geist and Ettenberg, 1990).

2.4.2 Locomotor Activity Chambers— Locomotor activity was measured in 12

identical Plexiglas chambers each measuring 20 cm L x 40 cm W x 20 cm H (Kinder
Scientific, San Diego, California, USA). Each chamber contained a set of 15 infrared photo
emitter-detector pairs located 8 cm above the floors and evenly spaced along the long axis;
seven more emitter-detector pairs were distributed along the narrow axis of each chamber. A
subject’s movement within the chamber was detected via interruption of the infrared-
photobeams. A desktop computer running custom software (Kinder Scientific) recorded the
animals’ movements in real time during two 1-h test sessions. Activity was measured as
distance traveled in cm during 5-min intervals.

2.5 Procedures

2.5.1 Runway Self-administration— Rats were habituated to the runway on a single 10-
min trial with the goal door closed. Runway testing began 24 h later. Each rat was bilaterally
infused with either i.c. saline (vehicle) or an assigned dose of one of the two nonselective
CRF receptor antagonists. Final sample sizes for the treatment groups (after histological
analyses; see below) were as follows: or the CeA n=5, n= 6 and n=10 for high dose, low
dose and vehicle groups, respectively; for the BNST n=5, n=6 and n=6 for the high, low and
vehicle groups respectively; for the VTA n=8, n=8, n=7 and n=9 for the high, medium, low
dose and vehicle groups, respectively). Infusions were accomplished with a 28-gauge
internal cannula (Plastics One) that was inserted into and protruded 1.0 mm beyond the tip
of the indwelling guide cannula. The infusion cannula was connected by PE tubing to a 10l
syringe seated in a Razel syringe pump. The pump was then activated and infusions were
slowly applied over a 90 sec period. An additional 60 sec was provided to permit the
solutions to diffuse away from the cannula tip before the internal cannula were removed.
Each animal was then returned to its home cage for 10 min, followed by a single runway
trial each day.

For runway testing, a rat was connected to the drug delivery system and then placed into the
start box for 5-s after which the start door was opened and the trial thereby initiated. Once
the rat traversed the runway and entered the goal box, the goal door was closed (to prevent
retracing) and a single i.v. infusion of cocaine (1.0 mg/kg) was administered. After 5 min in
the goal box, the animal was removed from the apparatus and returned to its home cage.
Testing consisted of 15 single daily trials during which three dependent measures were
recorded Sart latency—the time required for the animal to leave the start box once the start
door openediun time—the time required for the rat to enter the goal box after it had left the
start box; and the frequency of approach-avoidaeiceats—the number of times an animal
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halted its forward motion, turned and retreated back at least the length of two photocells in
the runway (a minimum distance of approximately 30 cm).

2.5.2 Locomotor Activity Test— Forty-eight hours following the final runway trial, the
impact of CRF antagonist infusions on spontaneous locomotor behavior was assessed to
determine whether or not group differences in runway behavior could be accounted for by
treatment-induced changes in the motor capacity of the animals. Since the effects of
astressin-B (relative to vehicle controls) tended to strengthen with repeated administration as
testing continued, it was important to examine the effects of the drug (and of D-Phe

CRF (12-41) in subjects having had prior exposure to the antagonists, as opposed to naive
animals. A subset of subjects was therefore randomly drawn from the antagonist groups in
the runway portion of the study to form a drug and vehicle group from each of the three
“brain target” conditions (CeA, BNST and VTA). For this purpose, and based on the results
observed in the runway test, only the high dose of each antagonist was examined (and
compared to a saline control group). Testing began with a 60-min habituation period in
which the animals were placed into an assigned activity chamber and allowed to acclimate
to the environment for 60-min. Each animal was then removed and bilaterally infused with
either a CRF antagonist (25ng of D-Phe GRF1yor 1.0 pg of astressin-B) or vehicle,
followed 10-min later by a return to their assigned activity chamber where the distance
travelled over the next 15 min was collected in three 5-min bins. The data thus reflect
locomotor activity for six groups of animals: rats that received pretreatment with vehicle
(n=11) or the high dose of D-Phe CRE.41)delivered to the CeA (n=11), the high dose of
D-Phe CRR12.41)(n=12) or vehicle (n=12) delivered into the BNST (n=12), or the high
dose of astressin-B (n=6) or vehicle (n=6) delivered into the VTA.

At the conclusion of behavioral testing, animals were euthanized with a lethal i.v. dose of
sodium pentobarbital and phenytoin sodium solution (Euthasol®, Virbac, Fort Worth,
Texas, USA). Brains were removed and stored in 10% Formalin and subsequently sliced on
a cryostat (Leica CM 1800) into 40 um frozen coronal sections that were mounted on 1.5%
gelatin-coated slides and stored at —20° C prior to staining. Slides were stained in cresyl
violet solution and viewed under magnification to determine cannula tip placement within
the CEA, BNST, or BLA.

3. RESULTS

3.1 Histology

The regions within which successful cannula implants were confirmed for each brain target
(BNST, CeA and VTA) are schematically provided in Figure 1. Subjects were excluded
from the final data analyses in cases where one or both of the bilateral cannula in a given
subject missed their intended targets. A total of 13 animals were removed from the data set
because they did not meet this criterion.
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3.2 Runway Self-Administration

Figure 2 illustrates the mean (+SEM) performance of animals running an alley for i.v.

cocaine in the presence of CRF-antagonist challenge to the CeA, BNST or VTA. Note that
the data were averaged over 3 trial bins to increase the clarity of the results by reducing
some of the inherent trial-to-trial variability common in the use of one-trial/day test

protocols. Separate two-factor (Group x Trial) ANOVAs (with repeated measures over

Trials) were utilized to evaluate group performance on each of the three dependent measures
(i.e., on the data depicted in each of the panels of Fig 2).

3.2.1 Start Latency— The time required to leave the start box once the start door opened

is depicted in the top three panels of Figure 2. In general, start latency tended to decrease as
trials progressed for subjects in all groups. While this main effect of Trial was only

marginally significant in the CeA animals [F(4,92) = 2.22, p=0.07], it reached statistical
significance in both the BNST [F(4,92)=2.58, p<.05] and VTA groups [F(4,112)=8.35, p<.

01]. There were no statistically reliable effect of Group and no Group x Trial interaction for
subjects in all three brain regions, indicating that across all groups animals left the start box
faster as testing continued.

3.2.2 Run Time— Mean Run Times for each group of subjects are depicted in the middle
panels of Figure 2. For both the CeA and BNST, repeated testing resulted in longer times to
enter the goal box; a main effect of Trials [CeA -- F(4,92)=4.74, p<.01; BNST — F(4,92) =
3.87, p<.01]. However, all groups behaved comparably relative to each other and across
trials, as reflected in the fact that there were no significant differences for Group nor a
Group x Trial interaction for either brain area. In contrast, animals in the VTA groups
behaved differently from one another [a main effect of Group; F(3,28)=2.91, p<.05), an
effect clearly seen in the Figure where animals treated with the two higher doses of the CRF
antagonist into the VTA entered the goal box sooner than those treated with either the low
dose or the vehicle. For the VTA, the analyses identified no significant effect of Trials nor a
Group x Trial interaction; results likely attributable to the fact that when averaged across all
groups and across trials, the elevated response in two of the groups was offset by the
decreased responding in the other two groups

3.2.3 Retreat Frequency— Of particular interest for the current study was the effect of
CRF antagonist treatments on the approach-avoidance behavior of animals running for i.v.
cocaine. Those data are depicted in the bottom three panels of Figure 2. For both the CeA
and BNST groups, when averaged across all groups, animals emitted more retreat behaviors
as testing progressed [main effect of Trial; CeA-- F(4,92)=10.76, p<.001; BNST --
F(4,92)=9.345, p<.001] but the groups did not differ from one another nor was there a
reliable Group X Trial interaction. Once again, in contrast to the lack of any treatment
effects in the extended amygdala groups, intra-VTA administration of astressin-B produced
dose-dependent effects similar to those observed in the run time data. Animals treated with
the low dose of the antagonist behaved comparably to those treated with vehicle, while the
two higher doses of the antagonist produced dramatic reductions in the frequency of
approach-avoidance behaviors. These results were reflected in the data analyses which
produced statistically significant effects for both Trial and Group [F(4,112)=3.57, p<.01 and
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F(3,28)=3.00, p<.05, respectively]. The Group x Trial interaction approached but failed to
reach statistical significance [F(12,112)=1.69, p=.07].

3.3 Locomotor Activity Test

Figure 3 illustrates the mean (xSEM) spontaneous locomotor response of subjects (measured
as distance traveled in mm) during a 15-min test session beginning 10-min after i.c.
treatment with either the vehicle or the high dose of the CRF antagonist into the CeA (left
panel), BNST (middle panel) or VTA (right panel). Mixed two-factor (Group x Time)
ANOVAs were computed on the data depicted in each of the panels of Figure 3. As the
illustration suggests, in each treatment condition there was a dramatic decrease in activity
over the course of testing [main effect of Trial for the CeA, BNST and VTA respectively:
F(2,44)=122.11, p<.001; F(2,40)=93.54, p<.001; and F(2,30)=30.15, p<.001]. There were no
differences between vehicle and CRF treatment groups in any of the three brain regions nor
were there any statistically reliable Group x Trial interactions. Clearly, CRF antagonist pre-
treatment did not alter the locomotor response of animals relative to vehicle pre-treatment.

4. DISCUSSION

Non-selective CRF receptor antagonism within the VTA, but not the extended amygdala
(i.e., the CeA or BNST) produced dose-dependent decreases in the approach-avoidance
conflict behavior of rats running an alley once daily for i.v. cocaine administration (Fig 2).
The lack of any significant effects of treatment in the extended amygdala is unlikely to be a
result of an inadequate dose of D-Phe G¢R3f1)since the intracranial doses employed here
are within the range used to successfully block shock-induced reinstatement of cocaine
seeking in prior studies (e.g., Erb and Stewart, 1999). Additionally, the differential effects of
CRF antagonism within the VTA and extended amygdala cannot easily be accounted for by
the different antagonists employed in the two regions since both have been shown to be
potent at both the CRF-1 and CRF-2 receptors (Rivier and Rivier, 2014). Additionally, the
reduction in retreat behaviors observed following CRF antagonism within the VTA cannot
be explained by a nonspecific impairment in motoric function since the treatments produced
no significant alterations in the spontaneous locomotor response of subjects in the absence
of cocaine (Fig 3). It would seem then that the most parsimonious explanation for the
current results is that CRF receptor antagonism within the VTA, but not the CeA or BNST,
attenuates the anxiogenic response to cocaine. Thus, the current results suggest that CRF
release within the VTA likely contributes to the anxiogenic response of animals
experiencing acute cocaine administration.

Of course the lack of significant behavioral effects during CRF antagonism within the
extended amygdala should not be taken to suggest that the structures of this brain region
play no role in the negative or aversive effects of cocaine. Indeed, our own previous work
has shown that reversible blockade of cells within either the CeA or BNST reduces the
approach-avoidance conflict of animals running an alley for i.v. cocaine (Wenzel et al.,
2011). Furthermore, we have shown that this effect appears to involve norepinephrine
release within the extended amygdala from terminals originating in the cells bodies of the
ventral noradrenergic bundle (Wenzel et al., 2014; see also Cecchi et al., 2002a; 2002b;
Pacak et al., 1995). Indeed, others have similarly shown that post-synaptic noradrenergic
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receptors are located on CRF immunoreactive cells of the CeA (Rudoy et al., 2009) and the
BNST (Phelix et al., 1992; 1994), and binding of norepinephrine to its receptors has been
shown to increase CRF release (Tsagarakis et al., 1988). The current results need not be
inconsistent with these results if in fact the critical terminals of the CRF cell bodies within

the extended amygdala reside outside the region. In that regard, note that both the CeA and
BNST send CRF projections to the VTA (Rodaros et al., 2007), and cells of the VTA

express type 1 and type 2 CRF receptors (Sauvage and Steckler, 2001; Ungless et al., 2003).
CREF levels have been shown to increase in the VTA during footshock-induced reinstatement
of cocaine seeking (Wang et al., 2005) and intra-VTA CRF receptor antagonism reportedly
prevents such reinstatement from occurring (Blacktop et al., 2011; Wang et al., 2005, Wang
et al., 2007). In other studies, the administration of CRF itself directly into the VTA has

been shown to reinstate cocaine-seeking behavior in rats, an effect thought to result from
either direct or indirect activation of DA cell bodies (Hahn et al., 2009). These authors
suggest that, during stressor presentation, CRF acts to excite DA mesolimbic “reward”
circuitry that thereby promotes drug seeking behavior (Wise and Morales, 2010). However,
in the current study, CRF antagonism within the VTA produced no evidence of enhanced
motivation to seek cocaine; i.e., start latencies were unaffected by the treatment. Thus, the
reduction in retreat behaviors observed following intra-VTA treatment would appear to be a
consequence of a selective reduction in the anxiogenic response to cocaine rather than an
increase in the positive incentive properties of the drug.

A plausible explanation for the differences between the authors’ interpretation of CRF's
action and that stemming from researchers conducting response-reinstatement studies may
relate to differences in the degree of drug exposure experienced by the subjects in the two
behavioral paradigms. Animals in the runway received only 15 single daily injections of a
moderate dose of cocaine (1 mg/kg i.v.), while typical lever-press self-administration studies
involve the repeated ingestion of cocaine over prolonged test sessions that result in much
larger doses of daily cocaine exposure. Given that chronic cocaine administration has been
shown to cause neuroplastic changes in several addiction-related brain systems including the
extended amygdala (for review, see Corominas et al., 2010; Everitt et al., 2008; Koob and
Volkow, 2010; Szumlinksi et al., 2008), the neural mechanisms mediating cocaine
experience likely differ in animals with varying degrees of drug history. Thus, while CRF
appears to be integral to withdrawal-related anxiety and stress-induced reinstatement in
animals with chronic cocaine experience, the nature and impact of CRF release within the
VTA may be different in animals without the same record of chronic drug exposure. Indeed,
Wang and colleagues (2005) have shown that footshock stress increased CRF release in the
VTA of both chronically cocaine-treated and cocaine naive rats, however, but only increased
VTA DA and glutamate levels in rats with a history of chronic cocaine administration.

These neurochemical effects were blocked by pretreatment with a CRF antagonist,
suggesting that following repeated cocaine exposure, changes in the sensitivity of CRF
systems may influence the subjects’ susceptibility to stress. In contrast, the current study
was devised to examine the state of the organism during the initial stages of drug use, i.e.,
prior to the development of many of the neuroadaptations that occur during and/or following
more extended drug administration. We hypothesize that once exposed to cocaine, it is the
balance between the acute positive and negative properties of the drug that greatly
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determines the likelihood that the organism will seek the drug again (Ettenberg et al., 2015).
In this context, CRF release within the VTA appears to contribute to the anxiogenic

response to acute cocaine and in that way factors into the organism’s decision whether or not
to self-administer the drug after initial exposure.
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Highlights

—

e Rats running an alley for i.v. cocaine develop an approach-avoidance confli
about goal-box entry

» Start latencies were unaffected by CRF receptor antagonism within the VTA
BNST or CeA

« Locomotor behavior was also unaffected by CRF antagonist treatments

» Approach-avoidance conflict behavior was reduced only by CRF antagonism
within the VTA

» Cocaine’s anxiogenic effects were reduced by CRF antagonism of the VTA but
not the BNST or CeA
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Figure 1.
Schematic representation of the target regions (outlined in black) within which the cannula

placements were located within the bed nucleus of the stria terminal (BNST), the central
nucleus of the amygdala (CeA) or the ventral tegmental area (VTA). Numbers represent mm
posterior to bregma. The figure was redrawn from Paxinos and Watson (2005).
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Figure 2.
The runway performance of each group (SEM) of animals following intracranial

administration of varying doses of the CRF antagonist D-Phe GRJr)delivered into the

CeA (left column of panels) or the BNST (middle column of panels) or astressin B delivered
into the VTA (right column of panels). The top three panels (horizontally) reflect start
latencies, the middle three horizontal panels show run times, and bottom three panels depict
approach-avoince retreat behaviors.
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Figure 3.
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Mean (SEM) locomotor activity during a 15-min test beginning 10-min after intra-cranial
administration of the high dose of the CRF antagonist D-Phe R delivered into the
CeA or the BNST (left and middle panels, respectively) or astressin B delivered into the

VTA (right panel).
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