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Abstract

Previous work has demonstrated an important role for adrenergic receptors in memory processes in
fear and drug conditioning paradigms. Recent studies have also demonstrated alterations in extinction
in these paradigms using drug treatments targeting p- and ay-adrenergic receptors, but little is known
about the role of aj-adrenergic receptors in extinction. The current study examined whether
antagonism of o4-adrenergic receptors would impair the consolidation of extinction in fear and
cocaine conditioned place preference (CPP) paradigms. After contextual fear conditioning, injections
of prazosin (1.0 or 3.0 mg/kg) following nonreinforced context exposures slowed the loss of
conditioned freezing over the course of five extinction sessions (Experiment 1). After cocaine place
conditioning, prazosin had no effect on the rate of extinction over eight nonreinforced test sessions.
Following post-extinction reconditioning, however, prazosin-treated mice showed a robust place
preference, but vehicle-treated mice did not, suggesting that prazosin reduced the persistent effects
of extinction (Experiment 2). These results confirm the involvement of the o4-adrenergic receptor
in extinction processes in both appetitive and aversive preparations.
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Introduction

Recent studies of the cellular and molecular mechanisms involved in memory have focused
on mechanisms that underlie extinction, a process by which conditioned behavior is eliminated
as a result of nonreinforced exposure to previously conditioned stimuli. Understanding these
mechanisms is important not just for a general understanding of the mechanisms involved in
memory formation, but also for clinical applications, in which pharmacotherapies targeting
extinction represent an important treatment strategy for conditions such as learned fears, post-
traumatic stress disorder (PTSD), and drug addiction (Amaral & Roesler, 2008; Taylor,
Olausson, Quinn, & Torregrossa, 2009). The noradrenergic system has received a great deal
of attention in animal models of these disorders, due to the involvement of norepinephrine
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(NE) in a variety of cognitive processes, including attention, arousal, emotion, learning, and
memory consolidation (reviewed in McGaugh & Roozendaal, 2009; Sara, 2009).

NE exerts its effects through activation of three families of adrenergic receptors (ARs), B, a1
and oy (Bylund et al., 1994). The majority of studies examining the role of NE in facilitating
plasticity related to learning and memory have focused on the B-AR, demonstrating a
requirement for this receptor in memory processes involved in fear (e.g., Ferry & McGaugh,
1999; Liang, Juler, & McGaugh, 1986) and drug conditioning (e.g., Bernardi, Lattal, & Berger,
2006; Bernardi, Ryabinin, Berger, & Lattal, 2009; Fricks-Gleason & Marshall, 2008; Robinson
& Franklin, 2007), including the extinction of learned fear (Berlau & McGaugh, 2006; Cain,
Blouin, & Barad, 2004; Mueller, Porter, & Quirk, 2008). Recent studies have also begun to
elucidate the role of the ao-AR in learning and retrieval processes. This receptor has been
shown to be involved in learning, consolidation and recall (Ferry and McGaugh, 2008; Galeotti,
Bartolini, & Ghelardini, 2004; Gibbs & Summers, 2003; Samini, Kardan, & Mehr, 2008;
Tahsili-Fahadan et al., 2006), as well as extinction (Cain et al., 2004; Kupferschmidt, Tribe,
& Erb, 2009; Morris & Bouton, 2007), in fear and drug conditioning preparations.

Little is known about the role of the a;1-AR in extinction, despite the fact that this class of
adrenergic receptors has been shown to be important for memory consolidation processes that
follow initial learning and retrieval in both fear and drug paradigms (Bernardi et al., 2009;
Ferry, Roozendaal, & McGaugh, 1999a, 1999b; see also Walker, Rasmussen, Raskin, & Koob,
2008). For example, selective activation of the a1-AR in the basolateral nucleus of the amygdala
(BLA), a site that has a well-demonstrated role in memory processing (McGaugh &
Roozendaal, 2009), has been shown to enhance memory for an inhibitory avoidance task in
rodents, while blockade with intra-BLA administration of the a,-AR antagonist, prazosin,
impaired long-term retention. These results are likely due to the influence of the a;-AR on B-
AR activity, as prazosin has been shown to impair the enhancement of memory retention caused
by the B-AR agonist clenbuterol, but not the synthetic cAMP analog 8-bromo-cAMP (Ferry et
al., 1999a), and antagonism at B-AR has been shown to attenuate the effects of a1-AR agonism
on memory consolidation (Ferry et al., 1999b). Because many studies have shown that
consolidation processes also operate after extinction (e.g., Berlau & McGaugh, 2006), it is
likely that a1-ARs may be involved in modulating these processes.

Several recent studies have noted similarities in the circuitry involved in the extinction of both
learned fears and conditioned drug seeking behaviors (reviewed in Peters, Kalivas, & Quirk,
2009). For example, the medial prefrontal cortex (mPFC) has been demonstrated to play a
significant role in both fear extinction (e.g., Burgos-Robles, Vidal-Gonzalez, & Quirk, 2009;
Mueller et al., 2008) and drug seeking behaviors following extinction (Peters, LaLumiere, &
Kalivas, 2008; Peters, Vallone, Laurendi, & Kalivas, 2008), likely via projections from the
infralimbic cortex (IL) of the mPFC to the BLA and nucleus accumbens (NAcc) (reviewed in
Peters et al., 2009). Furthermore, dopamine projections to the PFC, which are commonly
studied in reward-related learning (reviewed in Hyman, Malenka, & Nestler, 2006), have been
shown to be involved in the extinction of fear (Morrow, Elsworth, Rasmusson, & Roth,
1999; Storozheva, Afanas'ev, Proshin, & Kudrin, 2003). In addition, alterations in
glutamatergic signaling can impair or promote extinction of fear or drug-induced CPP,
depending on the alteration (e.g., Engblom et al., 2008; Groblewski, Lattal, & Cunningham,
2009; Walker, Ressler, Lu, & Davis, 2002), and drugs that promote or inhibit gene expression
can also alter extinction in these different preparations (e.g., Lattal, Barrett, & Wood, 2007;
Malvaez, Sanchis-Segura, Vo, Lattal, & Wood, 2009; Santini, Ge, Ren, Pena de Ortiz, & Quirk,
2004). Together, these findings suggest that extinction as a general process may share
underlying neurobiological mechanisms that are at least somewhat independent of the
unconditioned stimulus that supports the original learning.

Behav Neurosci. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bernardi and Lattal

Methods
Subjects

Drugs

Page 3

In the following experiments, we examined the effects of systemic administration of the -
AR antagonist prazosin on the extinction of contextual fear conditioning (Experiment 1) and
cocaine CPP (Experiment 2) in mice. If the a1-AR is important for post-extinction memory
processes, then long-term extinction should be impaired in mice that receive prazosin after the
extinction sessions.

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) aged 8-16 weeks served as
subjects. Mice were housed four per cage in a temperature-controlled (21 °C) environment
maintained on a 12-hr light-dark cycle (lights on at 6 a.m.). Food and water were available ad
libitum. Experiments were performed in accordance with the NIH guidelines for the care and
use of laboratory animals and the IACUC of Oregon Health & Science University. All
behavioral testing was conducted during the light phase between 0700 h and 1600 h.

For cocaine CPP, cocaine HCI (Sigma, St. Louis, MO) was dissolved in physiological saline
for intraperitoneal (IP) injection and administered at 20 mg/kg for conditioning trials and 5 and
20 mg/kg for reconditioning trials in a volume of 10 ml/kg. Prazosin (Sigma) was dissolved
in sterile water and administered at 1.0 or 3.0 mg/kg IP in a volume of 10 ml/kg. These doses
were based on previous studies in mice examining the effects of prazosin on memory (Galeotti
et al., 2004; Introini-Collison, Saghafi, Novack, & McGaugh, 1992; Knauber & Muller,
2000).

Experiment 1: Fear Conditioning

Apparatus—~Four Coulbourn Instruments mouse conditioning chambers (H10-11M-TC)
were used. The floor consisted of stainless steel grid rods spaced 6.4 mm apart. On top of the
floor was a clear Plexiglas cylinder (15.2 cm in diameter). The chambers were housed in sound-
and light-attenuating shells and a fan provided background noise at 70 dB. Scrambled shock
(2 s, 0.35 mA) was delivered to the grid floor by a computer-controlled shock generator
(Coulbourn H13-15). Mounted 18 cm above the floor of each chamber was an automated
infrared activity monitor (Coulbourn H24-61). Experimental events were controlled by
Graphic State 3.01 software.

Behavioral Procedures—Mice were handled for 1-2 min/day for 3 days prior to the
experiment. On Day 1 (conditioning), mice received a 12-min exposure to the context with
four unsignaled shocks, each delivered on average every 180 s (range = 60-300 s). On Days
2-4, mice received a 3-min nonreinforced exposure to the context, followed immediately by
an injection of 1.0 mg/kg of prazosin (n=26), 3.0 mg/kg of prazosin (n=15) or vehicle (n=15).
On Days 4 and 5, mice received a 12-min nonreinforced exposure to the context followed by
prazosin or vehicle injections. Mice received one additional 12-min test on Day 12. Again,
activity was recorded by infrared activity monitors mounted on the ceiling of each chamber,
and freezing was defined as bouts of inactivity that lasted at least 3 s. Total time meeting this
criterion was divided by the total time in the session to calculate percent time freezing (see
Lattal, 2007).

Experiment 2: Conditioned Place Preference

Apparatus—Conditioned place preference was assessed using an unbiased design
(Cunningham, Gremel, & Groblewski, 2006) in four automated one-compartment place
conditioning boxes housed in sound- and light-attenuating melamine shells (McCarthy
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Manufacturing, Gresham, OR). Each conditioning box consisted of a clear acrylic test cage
(30 cm x 15 cm x 15 cm) with removable floors composed of interchangeable halves (left/
right) of two distinct floor types. A GRID floor consisted of 2.3-mm stainless steel rods
mounted 6.4 mm apart in an acrylic frame. A HOLE floor consisted of perforated 16 gauge
stainless steel sheets with 6.4-mm diameter round holes on 9.5 mm staggered centers. Position
in the box (left/right side) and general activity were assessed by EthoVision computer software
(Noldus, Leesburg, VA) that records and analyzes the position of the mouse within the
apparatus via a camera mounted to the ceiling of the melamine shell.

Behavioral Procedures—Place conditioning involved the following phases: habituation,
conditioning, postconditioning preference/extinction testing, reconditioning, and
postreconditioning preference testing.

Habituation (1 session): During habituation, mice were injected with saline (1P, 10 ml/kg)
and placed in the apparatus without floors for 15 min to reduce the stress associated with
injections and exposure to the apparatus.

Conditioning (8 sessions): Mice in each drug treatment group were randomly assigned to one
of two conditioning subgroups (cocaine on GRID floor = GRID+; cocaine on HOLE floor =
GRID-) and exposed to a Pavlovian discrimination conditioning procedure (Cunningham et
al., 2006). Thus, on alternate days over eight conditioning sessions (four cocaine sessions and
four saline sessions), mice in the GRID+ subgroup received cocaine (20 mg/kg IP) immediately
prior to 15-min conditioning trials on the GRID floor and saline (10 mil/kg IP) immediately
prior to 15-min trials on the HOLE floor. Alternatively, mice in the GRID— subgroup received
cocaine (20 mg/kg IP) immediately prior to 15-min conditioning trials on the HOLE floor and
saline (10 ml/kg IP) immediately prior to 15-min trials on the GRID floor. The order of
treatment exposure was counterbalanced within each GRID+ and GRID— subgroup, such that
half of the mice in each subgroup received conditioning to cocaine during the first conditioning
trial and half of the mice received saline during the first trial. During conditioning trials, left
and right floor types were identical and mice had access to both sides of the apparatus
(Cunningham et al., 2006).

Postconditioning preference/extinction testing (8 sessions): Mice were randomly assigned
to one of three groups: vehicle (n = 16; 8 per GRID+/GRID- conditioning subgroups), 1 mg/
kg prazosin (n = 15; 7/8 per GRID+/GRID- conditioning subgroups), and 3 mg/kg prazosin
(n = 16; 8 per GRID+/GRID- conditioning subgroups). During Test 1, which occurred 72 hr
following the end of conditioning trials, mice received a saline injection (1 ml/kg IP)
immediately prior to placement into the apparatus with half GRID floor and half HOLE floor
for a 12-min preference test designed to demonstrate the acquisition of the cocaine-cue
association during the conditioning phase. For the half GRID floor and half HOLE floor
combination, the position of the floors (left vs. right) was counterbalanced within each GRID
+and GRID- subgroup. Immediately following this test session, mice received drug treatment
injections (vehicle, 1 mg/kg prazosin, or 3 mg/kg prazosin) and were returned to their home
cages. Beginning twenty-four hours later, mice received an additional five daily 12-min choice
extinction trials (Tests 2—6, with a two-day break between Tests 4 and 5) and two 30-min choice
extinction sessions (Tests 7-8), each immediately followed by vehicle or prazosin injections
to assess the effects of post-test prazosin on the extinction of a cocaine-induced conditioned
place preference. Magnitude of place preference was determined by comparing the amount of
time spent on the GRID floor between the GRID+ and GRID— conditioning subgroups, as well
as percent time spent on the drug-paired floor (collapsed across conditioning subgroup).
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Reconditioning and post-reconditioning preference testing (6 sessions): Four days
following the last extinction session, mice received a single pair of 15-min CS+ (5 mg/kg
cocaine)/CS— (vehicle) conditioning trials (as described earlier) and a 15-min preference test
conducted over three consecutive days. Seven days later, mice received another pair of 15-min
CS+ (20 mg/kg cocaine)/CS— (vehicle) conditioning trials (as described earlier) and a 15-min
preference test over three consecutive days. Again, magnitude of place preference was
determined by comparing the amount of time spent on the GRID floor between the GRID+
and GRID- conditioning subgroups, as well as percent time spent on the drug-paired floor
(collapsed across conditioning subgroup).

Data analysis—Fear conditioning data were analyzed using repeated measures ANOVA and
Student’s t test. CPP data were analyzed in two ways. First, to simplify the presentation and
analysis during extinction, GRID+ and GRID— groups were collapsed and the effects of the
drug treatment on time spent on the cocaine-paired floor was analyzed. Second, differences
between GRID+ and GRID— subgroups in time spent on the GRID floor were used to assess
preference as a function of counterbalancing assignments (Cunningham, Ferree, & Howard,
2003). Repeated measures ANOVA (drug treatment x extinction session), two-way ANOVA
[prazosin dose x conditioning subgroup (GRID+/GRID-) and Student’s t-test were used for
these comparisons. Bonferroni-corrected alpha levels are reported for cases of multiple
Student’s t tests.

Experiment 1: Fear Conditioning

Mice showed high levels of freezing that decreased over the course of the six extinction
sessions. Effects of post-session administration of prazosin became evident during the fourth
extinction session (the first of the longer extinction sessions; Figure 1). During the first three
days of extinction (Figure 1, Blocks 1-3), which consisted of a 3-min exposure to the context
with no shock, prazosin did not reliably impair extinction [reliable main effect of session, F
(2,106)=36.0, p<0.001; no reliable main effect of dose or interaction, Fs<1]. However, effects
of prazosin were detected during the longer extinction sessions conducted on Days 4, 5, and
12. Separate ANOVAs with dose and 3-min time block as factors revealed reliable main effects
of dose [Fs(2, 53)>3.2, ps<0.05] and time block [F(3, 159)>5.4, ps<0.001], but no interactions
[Fs(6, 159)<1.9, ps>.09] during Days 4 and 5. During Day 12, the main effect of dose was not
reliable [F(2, 53)=2.7, p=0.07].

Analyses of the simple effects during each of Days 4, 5, and 12 revealed reliable differences
between mice treated with vehicle and 3.0 mg/kg prazosin [main effect of dose: Fs(1,28)>5.1,
ps<.05; no interactions: Fs<1.8, ps>.15], but no reliable differences between mice treated with
vehicle and 1.0 mg/kg prazosin [Fs(1,39)>2.8, ps>0.08; no interactions (Fs<2.2, ps>0.08].
Together, these findings show that a higher dose (3.0 mg/kg) of prazosin impaired extinction
over multiple days.

Experiment 2: Conditioned Place Preference

Performance during extinction and tests after reconditioning are shown both as percent time
on the cocaine-paired floor (Figure 2A) and time (s/min) on the Grid floor (Figures 2B and
2C). Both measures confirmed that prazosin did not affect rate of extinction, but did result in
enhanced post-extinction reconditioning.

Extinction—A repeated measures ANOVA (dose x session) of percent time on the cocaine

floor during the eight sessions of extinction (Figure 2A; Extinction 1-8) revealed a significant
main effect of session [F(7,308) = 7.2, p < .001], but no interaction or main effect of dose (Fs
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< 1). Similar statistical results were obtained with the analysis of time spent on the grid floor
in the counterbalanced subgroups (Figure 2B). There was no effect of time block within the
30-min extinction sessions [Sessions 7 and 8; Fs(4, 164)=1.1, ps>.35], so the analyses included
the mean preference from those sessions.

Mice in each drug subgroup group showed a conditioned place preference during Test 1, prior
to drug treatment (Figure 2B, Panel 1; First Extinction Session). A two-way ANOVA revealed
a significant main effect of conditioning subgroup [F(1,41) = 112.2, p <.001], indicating
reliable preference across drug treatments for the cocaine-paired floor, but no interaction or
main effect of dose (Fs < 1). Comparing the first and last extinction session revealed only a
reliable interaction between conditioning subgroup and session [F(1,41)=41.8, p<.0001],
demonstrating a large loss of preference from the beginning to the end of extinction. During
the final extinction session (Figure 2B, Panel 2), there were no effects of prazosin, as indicated
by a significant main effect of conditioning subgroup [F(1,41) = 31.3, p < .001], but no
interaction (F < 1) or main effect of dose [F(2,41) = 1.2, p =.29].

Reconditioning—~Prazosin impaired the persistence of extinction, as indicated by stronger
reconditioning compared to vehicle. When post-reconditioning preference data were examined
[Figure 2A; RC(5) and RC(20)], ANOVA revealed that following reconditioning with 5 mg/
kg cocaine, there was no significant difference between the groups [F(2,44) = 1.7, p =.19], but
following reconditioning with 20 mg/kg cocaine, there was a significant main effect of dose
[F(2,44) = 3.7, p < .05]. Student’s t-test confirmed that although the difference in percent
preference between the vehicle and 1 mg/kg prazosin did not reach significance [t(29) = 1.7,
p = .15], there was a reliable difference in percent preference between the vehicle and 3 mg/
kg prazosin groups [t(30) = 2.4, p =.023; Bonferroni-corrected 0=0.025].

Figure 2C, Panel 1 shows the mean (+SEM) time spent on the GRID floor during the post-
reconditioning (5 mg/kg cocaine) preference test for groups treated with vehicle, 1, or 3 mg/
kg prazosin during extinction. There was no difference between the groups in the magnitude
of preference, as indicated by a significant main effect of conditioning subgroup [F(1,41) =
17.8, p <.001], but no interaction [F(2,41) = 1.8, p =.19] or main effect of dose (F < 1).
However, post-hoc tests found a reliable difference between GRID+ and GRID— groups within
the 1 mg/kg dose [t(13)=4.2, p<.001], but no difference in the 3 mg/kg group [t(14)=2.1, p=.
056] or vehicle [t(14)=1.2, p=.25; Bonferroni-adjusted alpha=.017]. Following reconditioning
with 20 mg/kg cocaine, mice that received either dose of prazosin during extinction showed
greater reacquisition of cocaine CPP compared to mice that received vehicle during extinction.
Figure 2C, Panel 2 shows the mean (+SEM) time spent on the GRID floor during the post-
reconditioning (20 mg/kg cocaine) preference test for groups vehicle, 1 and 3 mg/kg prazosin.
There was a significant dose x conditioning subgroup interaction [F(2,41) = 17.8, p < .001],
suggesting a difference in preference as a function of prazosin treatment, as well as a main
effect of conditioning subgroup [F(1,41) = 27.0, p <.001] and no main effect of dose (F < 1).
Further analysis with Student’s t-test comparing time spent on the GRID floor for the GRID+
and GRID- subgroups within each drug treatment confirmed that the vehicle group [t(14) =.
71, p = .49] failed to show a preference for the cocaine-paired floor following reconditioning,
while both the 1 mg/kg [t(13) = 5.4, p <.001; Bonferroni alpha = 0.017] and 3 mg/kg [t(14) =
5.8, p <.001; Bonferronialpha=0.017] prazosin groups continued to show reliable preferences,
indicative of a prazosin-mediated impairment of the persistence of extinction.

Discussion

This study demonstrates an impairment in extinction of fear and cocaine-induced CPP by
systemic administration of the o;-AR antagonist prazosin immediately after the extinction
sessions. In both cases, however, the effects on extinction were evident only after multiple
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extinction sessions. In the case of fear extinction, these effects were most apparent beginning
on the fourth session of extinction. In the case of CPP extinction, no effects on rate of extinction
were observed, but reconditioning was more pronounced in prazosin-treated mice, consistent
with a weaker extinction effect in those mice. In general, these findings are consistent with
studies of initial memory consolidation, which have found effects of a;-AR antagonists on the
consolidation of inhibitory avoidance (Ferry etal., 1999a, 1999b). Further, these results extend
previous demonstrations of the importance of adrenergic signaling in fear extinction, including
studies of the ap-AR and B-AR (Berlau & McGaugh, 2006; Cain et al., 2004; Morris & Bouton,
2007; Mueller et al., 2008), to the a;-AR in extinction of fear. The precise relationship of o;-
ARs with ay-ARs and B-ARs and the locus of action of a;-AR-mediated impairment of
extinction remain to be systemically characterized, but previous studies have reported
interactions between aq-ARs and both ay-ARs and $-ARs in the BLA in mediating the memory
enhancing effect of NE (Ferry et al., 1999a, 1999b). Furthermore, recent evidence has further
implicated the BLA, as well as the IL cortex, in mediating extinction and extinguished
behaviors in fear and drug conditioning paradigms, respectively (Bernardi et al., 2009; Peters
et al., 2008b; Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 2006).

The most obvious explanation for the failure to observe an effect of prazosin early in extinction
is that behavior was at a ceiling. Vehicle-treated animals did not show a large loss of freezing
between the initial extinction sessions, which makes observing a drug-induced impairment in
extinction even more difficult. Only after behavior began to move to the lower part of the scale
in vehicle-treated animals were the effects of prazosin observed. In CPP, vehicle-treated
animals moved from an approximate 65% preference to a 55% preference over the course of
extinction, which may not have provided enough room in behavior to see effects on rate of
extinction. Post-extinction reconditioning was stronger in prazosin-treated animals, however,
which is consistent with the idea that extinction was deeper in vehicle-treated animals.
Together, these findings demonstrate that multiple extinction and reconditioning sessions may
reveal pharmacological effects that were not evident in behavior during early stages of
extinction.

These findings also are consistent with some literature on extinction showing that extinction

must develop in behavior before pharmacological effects can be observed (Bouton, Vurbic, &
Woods, 2008; Weber, Hart, & Richardson, 2007). If little or no extinction occurs, animals may
not be sensitive to the extinction contingencies, meaning that there is no learning to be impaired.
The gradual loss of freezing over several extinction sessions in our experiments is consistent
with this idea, with the effects being most evident when behavior moved to the lower parts of
the scale on Days 4-6 in fear.

As with fear paradigms, few studies have examined a role for the a;-AR in memories associated
with drug conditioning (e.g., Bernardi et al., 2009). Using CPP, we found here that prazosin
did not affect the rate at which extinction developed. However, prazosin did impair the
persistence of extinction, as mice treated with both 1 and 3 mg/kg showed a reacquisition of
cocaine CPP following a single re-exposure to 20 mg/kg cocaine with the CS+ after extinction.
Vehicle-treated animals failed to reacquire a cocaine CPP following reconditioning with 20
mg/kg cocaine. Our reconditioning data with prazosin are an important extension to the study
of extinction processes in animal models of drug-seeking behaviors, as the conditions under
which drug cues reacquire motivational value following abstinence in humans remain the
biggest detriment to developing pharmacotherapies for addiction. Furthermore, previous work
has implicated the reconditioning of drug cues as a more important contributor to relapse than
reinstatement (Leri & Rizos, 2005). Leri and Rizos (2005) demonstrated using heroin CPP in
rats that the persistence of drug-seeking behaviors following reconditioning with heroin after
extinction, lasting at least 96 hours, was stronger than that of heroin-primed reinstatement
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following extinction, which was absent 24 hours later, and thus more relevant to the human
condition.

Other studies of reconditioning after extinction of CPP have demonstrated rapid reconditioning
in vehicle-treated animals (e.g., ethanol CPP, Groblewski et al., 2009; heroin CPP, Leri &
Rizos, 2005). Groblewski et al. (2009), for example, found that the partial NMDA receptor
agonist D-cycloserine (DCS) administered during extinction of ethanol CPP led to weaker
reconditioning compared to vehicle-treated mice. Groblewski et al. (2009) concluded that DCS
did enhance extinction, even though rate of extinction was unaffected (see also Nic
Dhonnchadha et al., 2010). These findings, like ours, suggest that post-extinction
reconditioning is a useful tool for unmasking extinction effects that may not be evident during
the course of CPP extinction itself. At a theoretical level, our findings of enhanced
reconditioning in groups that received prazosin during extinction is consistent with the idea
that the learning processes that occurred during extinction were not as strong as in those animals
that received vehicle.

Describing the general role of noradrenergic receptors in extinction is complicated because
studies have shown that in addition to impairing extinction, noradrenergic antagonists can
impair the expression of conditioned behavior (Rodriguez-Romaguera, Sotres-Bayon, Mueller,
& Quirk, 2009) or enhance behavioral extinction (Bernardi et al., 2009; Debiec & Ledoux,
2004). One notable difference between our experiments and those of Bernardi et al. (2009),
who found rapid loss of CPP following post-retrieval injections of prazosin in rats, is that in
the Bernardi et al. paper, the difference in loss of preference in vehicle- and prazosin-treated
animals was dramatic between Tests 1 and 2, with very little change in vehicle-treated animals.
In the current experiments, there was a change in preference in the 1 mg/kg group, as shown
in the previous paper, but with a similar change in preference in vehicle-treated mice. Thus,
the effects of prazosin may depend on the amount of extinction that occurs in vehicle-treated
animals (e.g., Lee, Milton, & Everitt, 2006; Suzuki et al., 2004). Furthermore, because of the
more rapid decline in preference in vehicle-treated animals between Tests 1 and 2 in the current
study as compared to Bernardi etal. (2009), it is plausible that the cocaine memory was stronger
in this prior study, and previous work has suggested a correlation between memory strength
and susceptibility to disruption, such that stronger memories may be more susceptible to
pharmacological impairment than weaker ones (e.g., Eisenberg, Kobilo, Berman, & Dudai,
2003). Clearly the effects of prazosin during extinction are complex and future studies will
need to determine the conditions under which a;-AR blockade can promote or retard extinction.

In an animal model of the hyper-responsiveness and increased startle associated with PTSD in
humans (Servatius, Ottenweller, & Natelson, 1995), prazosin was shown to attenuate the stress-
induced elevation of the acoustic startle response in rats, suggesting a potential clinical efficacy
of this drug in fear- and stress-related paradigms. In humans, prazosin has been studied as a
pharmacotherapy for PTSD, and has been demonstrated to reduce the nightmares associated
with this illness in a variety of populations (Raskind et al., 2003; Taylor et al., 2008). Though
not thought to be due to effects on extinction of fear, but rather the retrieval of fearful memories
(Miller, 2008), these studies indicate a role for the a1-AR in memory processes in humans.
Further characterizing the effects of prazosin on extinction of fear in clinical populations will
be important, because one implication of our findings is that an unintended consequence of
prazosin in these populations could potentially be a poorer response to behavioral therapies
that use extinction techniques.

In conclusion, our findings implicate the a1-ARs in extinction in two very different behavioral
paradigms, and are consistent with the idea that common mechanisms are involved in extinction
in fear and drug learning paradigms (Peters et al., 2009). Similar behavioral effects on
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extinction in these paradigms suggest that targeting the a1-AR may be fruitful in developing
pharmacotherapies for disorders involving deficits in extinction.
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Figure 1.

Effects of post-session prazosin injections on extinction of context-evoked fear. Sessions 1-3
of extinction consisted of a 3-min nonreinforced context exposure; sessions 4—6 consisted of
a 12-min exposure. Each of the first five sessions was followed by an IP injection of 1.0 mg/
kg prazosin (n=26), 3.0 mg/kg prazosin (n=15), or vehicle (n=15). Error bars represent standard
error of the mean.
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Figure 2.

Effects of post-session prazosin injections on extinction of cocaine-induced conditioned place
preference. (A) Percent time spent on the cocaine-paired floor is shown for the eight sessions
of extinction and for the two test sessions following post-extinction reconditioning (RC) with
5 mg/kg (RC5) or 20 mg/kg (RC20) of cocaine. Each of the extinction sessions was followed
by IP injection of 1.0 mg/kg prazosin (n=15), 3.0 mg/kg prazosin (n=16), or vehicle (n=16).
Mean time spent on the GRID floor during (B) the first and last extinction session and (C) the
two sessions following reconditioning is shown for mice that received cocaine pairings with
the GRID floor (G+) and mice that received pairings with the HOLE floor (G-). Error bars
represent standard error of the mean.
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