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Basolateral amygdala CB1 receptors gate HPA axis activation
and context-cocaine memory strength during reconsolidation

Jessica A. Higginbotham', Nicole M. Jones', Rong Wang', Robert J. Christian', Jobe L. Ritchie, Ryan J. McLaughlin'*® and

Rita A. Fuchs®'*3

Re-exposure to a cocaine-associated context triggers craving and relapse through the retrieval of salient context-drug memories.
Upon retrieval, context-drug memories become labile and temporarily sensitive to modification before they are reconsolidated into
long-term memory stores. The effects of systemic cannabinoid type 1 receptor (CB1R) antagonism indicate that CB1R signaling is
necessary for cocaine-memory reconsolidation and associated glutamatergic plasticity in the basolateral amygdala (BLA); however,
the contribution of BLA CB1R signaling to cocaine-memory reconsolidation is unknown. Here, we assessed whether intra-BLA CB1R
manipulations immediately after cocaine-memory retrieval alter cocaine-memory strength indexed by subsequent drug context-
induced cocaine-seeking behavior in an instrumental rodent model of drug relapse. Administration of the CB1R antagonist, AM251
(0.3 pg/hemisphere) into the BLA increased subsequent drug context-induced cocaine-seeking behavior in a memory retrieval-
dependent and anatomically selective manner. Conversely, the CB1R agonist, WIN55,212-2 (0.5 or 5 pug/hemisphere) failed to alter
this behavior. In follow-up experiments, cocaine-memory retrieval elicited robust hypothalamic-pituitary-adrenal axis activation, as
indicated by a rise in serum corticosterone concentrations. Intra-BLA AM251 administration during memory reconsolidation
selectively increased this cocaine-memory retrieval-induced corticosterone response. Intra-BLA corticosterone administration (3 or
10 ng/hemisphere) during memory reconsolidation did not augment subsequent cocaine-seeking behavior, suggesting that CB1R-
dependent effects of corticosterone on memory strength, if any, are mediated outside of the BLA. Together, these findings suggest
that CB1R signaling in the BLA gates cocaine-memory strength, possibly by diminishing the impact of cue-induced arousal on the

integrity of the reconsolidating memory trace or on the efficacy of the memory reconsolidation process.

Neuropsychopharmacology (2021) 46:1554-1564; https://doi.org/10.1038/s41386-020-00919-x

INTRODUCTION
Exposure to drug-associated environmental stimuli precipitates
the retrieval of context-drug memories, thereby eliciting drug
craving and relapse [1-3]. Upon retrieval from long-term memory
stores, context-drug memories can become temporarily unstable
and susceptible to modification. The maintenance of such labile
memories requires their reconsolidation into long-term memory
stores through a process that involves de novo protein synthesis
[4] and synaptic plasticity [5]. Importantly, pathology in memory
reconsolidation may result in overly salient or intrusive drug
memories, contributing to the etiology of substance use disorders
(SUD:s), and reconsolidation can be manipulated therapeutically to
weaken drug memories and thus relapse propensity [6]. Therefore,
elucidating the neurobiological underpinnings of cocaine-memory
reconsolidation is important from a SUD treatment perspective.
Cannabinoid type 1 receptor (CB1R) signaling plays a critical
role in cocaine-memory reconsolidation. Specifically, our labora-
tory has shown that systemic CB1R antagonist administration
during cocaine-memory reconsolidation attenuates subsequent
drug context-induced cocaine-seeking behavior [7]. Systemic
CB1R antagonist administration also interferes with glutamatergic
transmission in the basolateral amygdala (BLA) [7], a site of protein
synthesis-dependent memory reconsolidation [8-13]. However,

questions remain about the contribution of BLA CB1R signaling,
because BLA CB1R agonism [14] or antagonism [15] can similarly
impair fear-memory reconsolidation. Furthermore, the role of BLA
CB1Rs in appetitive memory reconsolidation has not been
investigated.

The present study examined whether BLA CB1R signaling
mediates cocaine-memory reconsolidation. First, we evaluated
the effects of intra-BLA CB1R-antagonist and -agonist treatments
administered immediately after cocaine-memory retrieval (i.e.,
while the memory was labile) on memory strength, as indicated
by the magnitude of subsequent context-induced cocaine-seeking
behavior. Next, we examined whether the effects were anatomi-
cally specific to BLA CB1Rs by manipulating CB1Rs in the adjacent
posterior caudate putamen (pCPu), a possible site of injection-
related tissue damage and infusate diffusion away from the BLA. As
a step toward identifying a mechanism by which intra-BLA CB1R
antagonism enhanced cocaine-memory strength, we assessed the
effects of cocaine-memory retrieval and intra-BLA CB1R antagonist
treatment on serum corticosterone concentrations, an index of
hypothalamic pituitary adrenal (HPA)-axis activity, during reconso-
lidation. Finally, we evaluated the effects of intra-BLA corticoster-
one administration on cocaine-memory reconsolidation. Cocaine-
memory reconsolidation is associated with HPA-axis activation [16],
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Intra-BLA AM251 administration during cocaine-memory reconsolidation increases drug context-induced cocaine seeking 3 days

later. A Experimental timeline. After cocaine self-administration training in one context (cocaine-paired context, Context A), and extinction
training in a different context (extinction context, Context B), rats received bilateral intra-BLA administration of the CB1R antagonist, AM251
(0.3 ug/0.5 pL per hemisphere; n = 9) or vehicle (n = 11) immediately after the 15-min cocaine-memory retrieval session. After two additional
extinction sessions in the extinction context with <25 active lever responses, cocaine-seeking behavior was tested in the cocaine-paired
context. B Schematic of cannula placements. Symbols represent the most ventral point of injection cannula tracts for rats that received vehicle
or AM251. C Active-lever responses (mean + SEM) during cocaine self-administration (last 10 days) and extinction training prior to AM251 or
vehicle treatment. D Active-lever responses (mean + SEM) during the memory-retrieval session (before treatment) and upon first re-exposure
to the extinction context and the cocaine-paired context (after treatment) at test. E Time course of active-lever responses (mean + SEM) at test
in the cocaine-paired context. Symbols: ANOVA #context simple-main effects, Sidak’s tests, ps < 0.05; *treatment simple-main effect, Sidak’s

test, p < 0.05; *time simple-main effects, Tukey’s tests, intervals 1> 2-6, ps < 0.05; #treatment main effect, p < 0.05.

and stressor-induced suppression of endocannabinoid signaling in
the BLA is critical for stress-induced HPA-axis activation [17].
Furthermore, intra-BLA glucocorticoid receptor (GR) antagonism
enhances cocaine-memory strength during reconsolidation [16].
Therefore, we predicted that intra-BLA CB1R-antagonist treatment
would selectively potentiate increases in corticosterone levels
during reconsolidation, and intra-BLA corticosterone administra-
tion would limit cocaine-memory strength.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (N=144; 275-300g upon arrival;
Envigo Laboratories, South Kent, WA) were housed individually
in a temperature- and humidity-controlled vivarium on a reversed
light/dark cycle (lights on at 6:00 am). Rats received ad libitum
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water access and 20-25 g of standard rat chow per day. Animal
housing and care followed the Guide for the Care and Use of
Laboratory Animals [18] and was approved by IACUC. After
acclimation to handling, rats received a single food-training
session followed by surgery 24 h later (Supplemental Material).
The surgery involved the implantation of a catheter into the right
jugular vein and bilateral injection cannulae into the BLA or pCPu
(Supplemental Material).

Cocaine self-administration and extinction training

Five days after surgery, rats were randomly assigned to one of two
distinctly different environmental contexts for cocaine self-
administration training (Context A, Supplemental Material; [19]).
Training was conducted for two h each day. Active-lever responses
were reinforced under a fixed ratio 1 cocaine reinforcement
schedule (0.15mg of cocaine hydrochloride/50-uL infusion,
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Fig. 2 Intra-BLA AM251 administration after memory reconsolidation does not alter drug context-induced cocaine seeking 3 days later.

A Experimental timeline. After cocaine self-administration training in one context (cocaine-paired context, Context A) and extinction training
in a different context (extinction context, Context B), rats received bilateral intra-BLA administration of the CB1R antagonist, AM251 (0.3 pg/
0.5 pL per hemisphere; n = 8) or vehicle (n = 6) six hours after the 15-min cocaine-memory retrieval session (after memory reconsolidation was
completed). After two additional extinction sessions in the extinction context with <25 active lever responses, cocaine-seeking behavior was
tested in the cocaine-paired context. B Schematic of cannula placements. Symbols represent the most ventral point of injection cannula tracts
for rats that received vehicle or AM251. C Active-lever responses (mean + SEM) during cocaine self-administration (last 10 days) and extinction
training prior to AM251 or vehicle treatment. D Active-lever responses (mean + SEM) during the memory-retrieval session (before treatment)
and upon first re-exposure to the extinction context and the cocaine-paired context (after treatment) at test. E Time course of active-lever
responses (mean + SEM) at test in the cocaine-paired context. Symbols: ANOVA, #context main effect, p <0.05 ftime simple'main effects,

Tukey’s tests, intervals 1 > intervals 2-6, ps < 0.05.

delivered over 2.25s, iv.; NIDA Drug Supply Program, Research
Triangle Park, NC) with a 20-s timeout period. Infusions and
timeouts were not signaled by explicit conditioned stimuli.
Timeout and inactive-lever responses were not reinforced.
Training continued until rats obtained =10 infusions per session
on at least 10 days. Next, rats received daily 2-h extinction training
sessions in the alternate context (Context B) over seven days to
control memory age at the time of manipulation. During
extinction sessions, lever presses were not reinforced. After
extinction session 4, rats were habituated to the microinfusion
procedure (Supplemental Material).

Experiment 1: effects of post-retrieval AM251 administration in the
BLA on subsequent cocaine-seeking behavior

Twenty-four h after extinction session 7, the rats were re-exposed
to the cocaine-paired context for 15min to trigger cocaine-
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memory retrieval and destabilization (Fig. 1A). Cocaine reinforce-
ment was withheld to prevent acute cocaine effects on
neurotransmission and endocannabinoid mobilization indepen-
dent of memory processes [20, 21]. Immediately after the session,
rats received bilateral intra-BLA microinfusions of the CB1R
antagonist/inverse agonist, AM251 (0.3 ug/0.5 uL/hemisphere;
n=29; Sigma-Aldrich, St. Louis, MO), or vehicle (8% DMSO/5%
Tween80/saline; n = 11) over 2 min. This intra-BLA dose of AM251
impairs contextual fear-memory reconsolidation [15]. After treat-
ment, daily extinction-training sessions continued in the extinc-
tion context to isolate the motivational effects of the drug-paired
context on reinstatement. Lever responses during the first post-
treatment extinction session were analyzed to evaluate possible
off-target treatment effects on extinction memories. Extinction
training concluded when rats reached the extinction criterion
(i.e., <25 active-lever presses per session on two consecutive days).

Neuropsychopharmacology (2021) 46:1554 — 1564



Twenty-four h later, cocaine-seeking behavior (i.e., non-reinforced
lever responses) was assessed in the cocaine-paired context
for 2 h.

Experiment 2: effects of delayed AM251 administration in the BLA
on subsequent cocaine-seeking behavior

Experiment 2 evaluated whether intra-BLA AM251 altered memory
strength if administered after the 2-4 h time window of memory
reconsolidation [22]. The procedures were identical to those in
Experiment 1 except that rats received AM251 (n =8) or vehicle
(n=6) 6 h after memory retrieval (Fig. 2A).

Experiment 3: effects of post-retrieval AM251 administration in the
pCPu on subsequent cocaine-seeking behavior

Experiment 3 evaluated whether the AM251 effects observed in
Experiment 1 were anatomically specific to the BLA. The
procedures were identical to those in Experiment 1 except that
rats received AM251 (n=9) or vehicle (n=7) into the pCPu
immediately after memory retrieval (Fig. 3A).

Experiment 4: effects of post-retrieval WIN55,212-2 administration
in the BLA on subsequent cocaine-seeking behavior

Experiment 4 evaluated the effects of intra-BLA CB1R agonist
administration on cocaine-memory reconsolidation. The proce-
dures were identical to those in Experiment 1, except that rats
received bilateral intra-BLA microinfusions of the CB1/CB2R
agonist, WIN55,212-2 (0.5 or 5pug/0.5-uL infusion/hemisphere;
n=11, 11, respectively; Tocris Bioscience, Minneapolis, MN) or
vehicle (10% DMSO/10% Tween80/saline; n=14) immediately
after memory retrieval (Fig. 4A). These intra-BLA doses of
WIN55,212-2 enhance nicotine-memory consolidation [23] and
fear-memory consolidation and reconsolidation [24-26].

Experiment 5: effects of post-retrieval AM251 administration in the
BLA on corticosterone levels during cocaine-memory
reconsolidation

Experiment 5 examined the effects of cocaine-memory retrieval
and intra-BLA AM251 treatment on serum corticosterone con-
centrations during reconsolidation [16]. The training procedures
were identical to those in Experiment 1, except that rats were
habituated to the tail-nick procedure immediately before and after
extinction session 6. Blood samples (~200 pL/sample) were
collected immediately before extinction session 7 (Baseline),
immediately after extinction session 7 (Extinction), and immedi-
ately after the memory-retrieval session in the cocaine-paired
context (Retrieval) or after comparable exposure to the home cage
(Home Cage; Fig. 5A). Intra-BLA AM251 or vehicle was adminis-
tered immediately after re-exposure to the cocaine-paired context
(n=6, 5, respectively) or the home cage (n =6, 5, respectively).
Post-treatment blood samples were collected 30, 60, and 90 min
later. Blood samples were centrifuged at 4 °C. Blood serum was
collected and stored at —20°C. Samples were assayed in
duplicates using the MP Biomedicals Corticosterone RIA kit for
rats and mice (intra-assay coefficient of variation =1.77%, lower
limit of detectability =25 ng/mL).

Experiment 6: effects of post-retrieval corticosterone
administration in the BLA on subsequent cocaine-seeking
behavior

Experiment 6 evaluated the effects of intra-BLA corticosterone
administration on cocaine-memory reconsolidation. The procedures
were identical to those in Experiment 1, except that rats received
bilateral intra-BLA microinfusions of corticosterone (3 or 10 ng/0.5 pL
infusion/hemisphere, n =7, 7, respectively; Sigma-Aldrich) or vehicle
(0.2% EtOH; n=6) immediately after cocaine-memory retrieval
(Fig. 6A). These corticosterone doses exceed acute stress-induced
peak brain dialysate concentrations (0.8 ng/ulL) [27] but fall below
aversive intra-BLA doses (=25 ng/side) [28].
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Histology

Rats were overdosed with ketamine and xylazine (300 and
15 mg/kg, respectively, i.p.). The brains were removed, flash frozen
in isopentane, and stored at —80°C. Forty-um coronal brain
sections were collected and stained with cresyl violet (Kodak,
Rochester, NY, USA) to visualize cannula placement.

Data analysis

Rats that had misplaced cannulae (n=24) or failed to reach the
acquisition criterion in 21 days (n=10) were excluded from the
study. Potential pre-existing group differences in drug intake and
lever responses during drug self-administration training (last
10 days), extinction training (7 days), and during the memory-
retrieval session were analyzed using separate analyses of variance
(ANOVA) with group as the between-subjects factor and time as the
within-subject factor or using t-tests, when appropriate. Lever
presses during the first post-treatment exposure to the extinction
and cocaine-paired contexts were analyzed using ANOVAs with
treatment (dose) as the between-subjects factor and context and
time as within-subject factors, where appropriate. Serum corticos-
terone concentrations were analyzed using ANOVAs with future
treatment group or treatment (AM251, vehicle) and memory
retrieval (memory retrieval, home cage) as between-subjects factors,
and time or context (Baseline, Extinction, Home Cage, Post-Retrieval;
30-min intervals) as within-subject factors, where appropriate.
Significant interaction and main effects were further analyzed using
post hoc Sidak's or Tukey's tests depending on the number of
comparisons and the associated familywise error. Pearson’s r was
calculated to assess the relationship between active-lever respond-
ing and corticosterone concentrations. a was set at 0.05.

RESULTS

Behavioral history

The groups did not significantly differ in drug intake or lever
responding during cocaine self-administration, extinction training,
or cocaine-memory retrieval in Experiments 1-6 (Supplemental
Material). The groups also did not differ in the number of sessions
required to reach the acquisition (mean = SEM = 11.59 + 0.35 ses-
sions) or the post-treatment extinction criterion (2.05+0.03 ses-
sions). Thus, testing in the cocaine-paired context occurred for
most rats three days post treatment. Inactive-lever responding
was negligible during the post-treatment sessions in Experiments
1-4 and 6 (Supplemental Material).

Experiment 1: post-retrieval AM251 administration into the BLA
increases cocaine-memory strength

Intra-BLA AM251 treatment immediately after cocaine-memory
retrieval selectively increased drug context-induced cocaine-
seeking behavior, the index of memory strength, at test relative
to vehicle (2x2 ANOVA; context X treatment, F(; 15 = 14.60, p =
0.001; context, F(1,15 = 299.20, p < 0.0001; treatment, F(; 15y = 9.79,
p =0.006). Active-lever responding was higher in the cocaine-
paired context than in the extinction context (Fig. 1D; Sidak's test,
p < 0.05). Furthermore, AM251 administered after memory retrie-
val increased responding in the cocaine-paired (Sidak’s test, p <
0.05), but not in the extinction, context relative to vehicle. Active-
lever responding declined over time in the cocaine-paired context
at test (Fig. 1E; 2x6 ANOVA; time, F590 =25.61, p<0.0001,
Tukey's tests, interval 1 > 2-6, ps < 0.05; time x treatment, F(s o0y =
044, p=0.82), and AM251 increased responding relative to
vehicle independent of time (treatment, F(; 15y = 12.46, p = 0.002).

Experiment 2: intra-BLA AM251 administration after memory
reconsolidation does not alter cocaine-memory strength
Intra-BLA AM251 administration six h after memory retrieval
did not alter drug context-induced cocaine-seeking behavior at
test relative to vehicle (Fig. 2D; 2x2 ANOVA; treatment X context,
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Fig. 3 Intra-pCPu AM251 administration during memory reconsolidation does not alter drug context-induced cocaine seeking 3 days

later. A Experimental timeline. After cocaine self-administration training in one context (cocaine-paired context, Context A) and extinction
training in a different context (cocaine-paired context, Context B), rats received bilateral intra-pCPu administration of the CB1R antagonist,
AM251 (0.3 pg/0.5 uL per hemisphere; n=9) or vehicle (n =7) immediately after the 15-min cocaine-memory retrieval session. After two
additional extinction sessions in the extinction context with <25 active lever responses, cocaine-seeking behavior was tested in the cocaine-
paired context. B Schematic of cannula placements. Symbols represent the most ventral point of injection cannula tracts for rats that received
vehicle or AM251. C Active-lever responses (mean + SEM) during cocaine self-administration (last 10 days) and extinction training prior to
AM251 or vehicle treatment. D Active-lever responses (mean + SEM) during the memory-retrieval session (before treatment) and upon first re-
exposure to the extinction context and the cocaine-paired context (after treatment) at test. E Time course of active-lever responses (mean +
SEM) at test in the cocaine-paired context. Symbols: ANOVA, #context main effect, p < 0.5; $time simple-main effects, Tukey’s tests, interval 1 >
intervals 2-6, ps < 0.05.

Faa2) = 002, p=0.90; treatment, F 12 = 0.0001, p =0.99). How- context x treatment, F; 14 = 0.22, p = 0.65; treatment, F(; 15y = 0.82,

ever, active-lever responding was higher in the cocaine-paired
context than in the extinction context independent of treatment
(context, Fi12 = 86.26, p<0.0001). Active-lever responding
declined over time in the cocaine-paired context at test, indepen-
dent of treatment (Fig. 2E; 2x 6 ANOVA; time, Fs60 = 18.02, p <
0.0001, Tukey's tests, interval 1>2-6, ps<0.05; time X treatment,
Fs60)=0.26, p = 0.93; treatment, F(; 1 = 0.002, p = 0.96).

Experiment 3: post-retrieval AM251 administration into the pCPu
anatomical-control region does not alter cocaine-memory
strength

Intra-pCPu  AM251 administration immediately after cocaine-
memory retrieval did not alter drug context-induced cocaine-
seeking behavior at test relative to vehicle (Fig. 3D; 2x2 ANOVA;

SPRINGERNATURE

p = 0.38). Active-lever responding was higher in the cocaine-paired
context then in the extinction context independent of treatment
(context, F14 = 3442, p<0.0001). Furthermore, responding
declined over time in the cocaine-paired context, independent of
treatment (Fig. 3E; 2x6 ANOVA; time, Fis70 = 15.75, p <0.0001,
Tukey's tests, interval 1>2-6, ps < 0.05; treatment x time, F(s70) =
0.51, p =0.77; treatment, F; 14 = 0.26, p=0.62).

Experiment 4: Post-retrieval WIN55,212-2 administration into the
BLA fails to alter cocaine-memory strength

Intra-BLA WIN55,212-2 administration (0.5 or 5 ug/hemisphere)
after cocaine-memory retrieval did not alter drug context-induced
cocaine-seeking behavior at test relative to vehicle (Fig. 4D; 3x2
ANOVA; treatment x context, F;33 = 0.10, p =0.90; treatment,

Neuropsychopharmacology (2021) 46:1554 — 1564
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Fig. 4

Intra-BLA WIN55,212-2 administration during memory reconsolidation does not alter drug context-induced cocaine seeking

3 days later. A Experimental timeline. After cocaine self-administration training in one context (cocaine-paired context, Context A) and extinction
training in a different context (extinction context, Context B), rats received bilateral intra-BLA administration of the CB1R agonist, WIN55,212-2 (0.5
or 5pg/0.5 uL per hemisphere; n=11 and 11, respectively) or vehicle (n = 14) immediately after the 15-min cocaine-memory retrieval session.
After two additional extinction sessions in the extinction context with <25 active lever responses, cocaine-seeking behavior was tested in the
cocaine-paired context. B Schematic of cannula placements. Symbols represent the most ventral point of injection cannula tracts for rats that
received vehicle or a dose of WIN55,212-2. C Active-lever responses (mean + SEM) during cocaine self-administration (last 10 days) and extinction
training prior to WIN55,212-2 or vehicle treatment. D Active-lever responses (mean + SEM) during the memory-retrieval session (before treatment)
and upon first re-exposure to the extinction context and the cocaine-paired context (after treatment) at test. E Time course of active-lever
responses (mean + SEM) at test in the cocaine-paired context. Symbols: ANOVA, #context main effect, p < 0.05; Ftime simple'main effect, Tukey's

tests, vehicle: interval 1> 3-6, WIN55,212-2 (0.5 ug): interval 1 > 2-6, WIN55,212-2 (5 ug): interval 1 > 5-6, ps < 0.05.

Fi233) = 0.68, p=0.51). Active-lever responding was higher in the
cocaine-paired context than in the extinction context indepen-
dent of treatment (context, F;33 = 57.80, p <0.0001). Further-
more, active-lever responding declined at slightly different rates at
test but did not result in treatment effects at any time point
(Fig. 4E; 3x6 ANOVA; treatment x time, F(10165y = 2.32, p=0.01,
Tukey's tests, vehicle: interval 1>3-6, 0.5 ug dose: 1>2-6, 5ug
dose: 1>5-6, ps < 0.05; time, Fs165y = 35.12, p<0.0001;
treatment, F, 33 = 047, p=0.63).

Experiment 5: Intra-BLA AM251 administration increases serum
corticosterone levels during cocaine-memory reconsolidation
The two groups did not differ in active-lever responding during
the memory-retrieval session (tgy = 142, p=0.19; Fig. 5B).

Neuropsychopharmacology (2021) 46:1554 - 1564

Furthermore, the four groups did not exhibit pre-existing
differences in baseline and extinction session serum corticoster-
one concentrations (Fig. 5D; 4x2 ANOVA; group x time, F3,15 =
0.50, p =0.69; group, F315 = 2.70, p=0.08; time, F(1,15 = 2.94,
p=0.10).

Cocaine-memory retrieval increased corticosterone levels com-
pared to extinction context exposure (Fig. 5D; 2x2 ANOVA; time,
Fag = 2188, p=0.001, Sidak's test, p<0.05; time x future-
treatment, Fyg = 0.54, p=048; future-treatment, F;o = 1.75,
p =0.22), whereas home cage re-exposure did not (2x2 ANOVA;
time, Fu 9 = 21.88, p=0.001; time x future-treatment, F; ) = 0.54,
p = 048; future-treatment, F; gy = 1.75, p = 0.22). Cocaine-memory
retrieval also increased corticosterone levels compared to home-
cage re-exposure (2x2 ANOVA; retrieval, F; 15 = 9.69, p = 0.006;
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Fig. 5 Intra-BLA AM251 administration prolongs memory retrieval-induced increase in blood serum corticosterone concentrations
during cocaine-memory reconsolidation. A Experimental timeline. Rats received cocaine self-administration training in one context (cocaine-
paired context, Context A) and extinction training in a different context (extinction context, Context B). Rats were habituated to the tail-nick
procedure before and after extinction session 6 (Habituation). Blood samples were collected immediately prior to extinction session 7
(Baseline), after extinction session 7 (Extinction), after either the 15-min cocaine memory-retrieval session (Retrieval) or comparable exposure
to the home cage (Home Cage), and after intra-BLA infusions of AM251 (0.3 ug/0.5 pL per hemisphere) or vehicle at 30-min intervals (30, 60,
90; n = 5-6/group). B Active-lever responses (mean + SEM) during cocaine self-administration (last 10 days), extinction training, and during the
15-min cocaine-memory retrieval session prior to treatment manipulations. C Schematic of cannula placements in the BLA with symbols
representing the most ventral point of injection cannula tracts for rats that were re-exposed to the cocaine-paired context or home cage
followed by vehicle or AM251 treatment. D Blood serum corticosterone concentrations (mean + SEM) at baseline, immediately after exposure
to the extinction context, the home cage, or the cocaine-paired context (i.e., cocaine-memory retrieval), and at 30, 60, and 90 min post
treatment. Symbols: #context simple-main effect, one-way ANOVA, Tukey'’s tests, ps < 0.05 or #retrieval simple-main effect, 2 x 2 x3 ANOVA,
retrieval x time, Sidak’s test, p < 0.05; *treatment simple-main effect, 2 x 2 x 3 ANOVA, retrieval x treatment, Sidak’s test, p < 0.05.

Corticosterone (ng/mL) + SEM

retrieval x future-treatment, F(; 15y = 0.03, p = 0.87; future-treatment, time, Fp,36) = 0.22, p = 0.80; treatment, F(; 15 = 3.74, p = 0.07), due
Fi1.18) = 1.13, p=0.30). Furthermore, active-lever responses during primarily to effects at the 30 and 60-min time points.
the memory retrieval session positively correlated with corticoster-

one levels immediately post session (r =0.63, p = 0.7304). Experiment 6: Post-retrieval corticosterone administration into the
Cocaine-memory retrieval transiently increased corticosterone BLA fails to alter cocaine-memory strength

levels relative to home-cage re-exposure (Fig. 5D: 2x2x3 ANOVA; Intra-BLA corticosterone administration (3 or 10 ng/hemisphere)

retrieval x time, Fp36) = 4.28, p =0.02, Tukey'’s tests, 60-min time after cocaine-memory retrieval did not alter drug context-induced

point, p < 0.05; time, F;36 = 43.51, p<0.0001; retrieval, F; 15 = cocaine-seeking behavior at test (Fig. 6D; 3x2 ANOVA; treatment x

421, p=0.06). Moreover, intra-BLA AM251 administered after context, Fp17 =0.58, p=0.57; treatment, F( 17y = 0.46, p = 0.64).
memory retrieval increased corticosterone levels relative to Active-lever responding was higher in the cocaine-paired context
vehicle during reconsolidation independent of time (2x2x3 than in the extinction context independent of treatment (context,
ANOVA; treatment x retrieval, F(; 15y = 5.26, p = 0.03, Sidak’s tests, Fa,17y=31.45, p<0.0001). Furthermore, active-lever responding
p < 0.05; three-way interaction, F; 36 = 1.45, p = 0.25; treatment x declined over time at test, independent of treatment (Fig. 6E; 3x6
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Fig. 6 Intra-BLA corticosterone administration during memory reconsolidation does not alter drug context-induced cocaine seeking
3 days later. A Experimental timeline. After cocaine self-administration training in one context (cocaine-paired context, Context A) and
extinction training in a different context (extinction context, Context B), rats received bilateral intra-BLA administration of corticosterone (3 or
10 ng/0.5 pL per hemisphere; n =7 and 7, respectively) or vehicle (n = 6) immediately after the 15-min cocaine-memory retrieval session. After
two additional extinction sessions in the extinction context with <25 active lever responses, cocaine-seeking behavior was tested in the
cocaine-paired context. B Schematic of cannula placements. Symbols represent the most ventral point of injection cannula tracts for rats that
received vehicle or a dose of corticosterone. C Active-lever responses (mean + SEM) during cocaine self-administration (last 10 days) and
extinction training prior to corticosterone or vehicle treatment. D Active-lever responses (mean + SEM) during the memory-retrieval session
(before treatment) and upon first re-exposure to the extinction context and the cocaine-paired context (after treatment) at test. E Time course
of active-lever responses (mean+SEM) at test in the cocaine-paired context. Symbols: ANOVA, #context main effect, p <0.05; *time
simple'main effect, Tukey's tests, interval 1> intervals 2-6, ps < 0.05.

ANOVA; time, Fs g5y = 21.23, p < 0.0001, Tukey's tests, interval 1 > retrieval-induced HPA-axis activation on neural circuits engaged
2-6, ps < 0.05; treatment X time, F(10,g5) = 0.32, p = 0.97; treatment, during reconsolidation.
F(2,17) = 0.53, p = 060)
BLA CB1R antagonism enhances appetitive-memory
reconsolidation

DISCUSSION BLA CB1R antagonism by AM251 immediately after cocaine-
In the present study, we used site-specific pharmacological memory retrieval (i.e, when the memory was labile) increased
manipulations to examine the contribution of BLA CB1R signaling subsequent drug context-induced cocaine-seeking behavior
to cocaine-memory reconsolidation in an instrumental rat model (Fig. 1). This effect likely reflected an AM251-induced augmenta-

of drug relapse. Our findings suggest that BLA CB1R antagonism tion of memory strength during reconsolidation as opposed to
increases, therefore, CB1R signaling in the BLA may limit the protracted enhancement of the performance of cocaine-seeking
strength of reconsolidating cocaine memories in a time- behavior, since AM251 treatment 6h after cocaine-memory
dependent manner, possibly by reducing the impact of memory retrieval (i.e., after reconsolidation) did not increase this behavior
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at test relative to vehicle (Fig. 2). The AM251-induced increase in
cocaine seeking was also more robust than what could be
accounted for by extinction-memory consolidation interference,
an effect reported in some fear-memory studies ([24] but see
[25, 29]). However, we cannot rule out this possibility. Finally, the
effects of AM251 were anatomically specific to the BLA, as AM251
administration into the adjacent pCPu after memory retrieval
failed to alter subsequent cocaine-seeking behavior relative to
vehicle (Fig. 3). Together, these findings demonstrate that CB1R
signaling in the BLA may limit appetitive-memory reconsolidation.
These findings expand upon a complex literature indicating that
intra-BLA administration of either CB1R antagonists [15] or CB1R
agonists [14] can impair fear-memory reconsolidation. In fact, even
the same CB1R agonist can either facilitate or impair object-
recognition memory consolidation depending on whether con-
ditioning takes place in an unhabituated (thus emotionally
arousing) or a familiar environment [30], and similar mechanisms
may be at play in reconsolidation. Such varying results may reflect
that specific appetitive and aversive emotional and arousal states
evoked in these paradigms may differently alter endocannabinoid
recruitment and, thus, the functional contribution of CB1R
populations to memory reconsolidation [29-32].

Intra-BLA administration of the non-selective CB1R agonist,
WIN55,212-2, after memory retrieval failed to alter subsequent
drug context-induced cocaine-seeking behavior (Fig. 4); even
though BLA CB1R antagonism potentiated this behavior. It is
unlikely that the lack of a WIN55,212-2 effect reflected insufficient
dosing, since these intra-BLA doses of WIN55,212-2 inhibit
nicotine-memory consolidation [23] and fear-memory reconsoli-
dation [14, 26]. Therefore, we postulate that BLA CB1R signaling is
not sufficient, but necessary, for limiting cocaine-memory strength
during reconsolidation. We offer this explanation with the caveat
that WIN55,212-2 and AM251, to an extent, impact distinct
cannabinoid and off-target receptor and distinct cell populations.
AM251 may exert competitive CB1R antagonist effects at BLA
CB1Rs that are experiencing dynamic endocannabinoid mobiliza-
tion and inverse agonist effects at all BLA CB1Rs. Additionally,
AM251 may influence memory function through agonist effects at
GPR55 (CB1 orphan receptor) [33] and antagonist effects at p
opioid receptors [34]. In contrast, WIN55,212-2 stimulates CB1Rs
on inhibitory (~90%) and excitatory (~10%) terminals within the
BLA [35], which likely impact reconsolidation differently.
WIN55,212-2 is a non-selective agonist with 19-fold greater
selectivity for CB2Rs than for CB1Rs [36], both of which are
expressed in the BLA [37]. Finally, WIN55,212-2 is a biased CB1R
agonist that exhibits lower efficacy at Gi/o- and Gg-coupled CB1Rs
than the endocannabinoids, anandamide (AEA) and 2-
arachydonoylglicerol (2-AG), but higher efficacy at arrestin-2-
coupled CB1Rs than AEA [38]. Therefore, differential recruitment of
distinct CB1R- and CB2R-expressing cell populations, CB1Rs with
different effector systems, and off-target effects may contribute to
inconsistencies between the effects of WIN55,212-2 and AM251 in
the present study as well as to discrepancies in the effects of
WIN55,212-2 across various fear-memory reconsolidation para-
digms. Future studies will need to reinvestigate these questions
with neutral CB1 antagonists and selective CB1R agonists when
the latter become available.

BLA CB1R antagonism potentiates the impact of cocaine-memory
retrieval on HPA-axis activation during memory reconsolidation

It has been well documented that exposure to drug-associated
stimuli triggers HPA-axis activation in cocaine users [39] and
cocaine-trained rats [16, 40]. Furthermore, stress-induced reduc-
tions in AEA tone in the BLA facilitate HPA-axis activation [17, 41].
In the present study, drug context-induced cocaine-memory
retrieval resulted in a significant increase in serum corticosterone
concentrations compared to two control conditions: re-exposure
to the extinction context or the home cage (Fig. 5). There was a
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direct relationship between corticosterone levels and cocaine-
seeking behavior during the memory-retrieval session, suggesting
that corticosterone tracked the motivational effects of these
stimuli or behavioral performance as opposed to a more general
affective state or stress response; even though, the magnitude of
the response was comparable to that observed upon exposure to
mild stressors [42-44] in previous studies.

Intra-BLA AM251 administration increased the drug context-
induced corticosterone response after cocaine-memory retrieval
relative to vehicle (Fig. 5), while it did not alter peak corticosterone
levels following no-memory retrieval. These findings are consis-
tent with extant literature indicating that intra-BLA AM251
treatment alone is not anxiogenic [24], and it selectively enhances
stress-induced, but not baseline, corticosterone levels [17]. There-
fore, in the present study, intra-BLA AM251 administration might
prolong a memory retrieval-induced motivational state that
increased the strength of reconsolidating cocaine memories or
the efficacy of reconsolidation. Thus, BLA CB1R signaling may gate
memory strength and protect against the development of strong
and intrusive cocaine memories.

CONCLUSIONS

While intra-BLA AM251 administration enhanced, systemic AM251
administration in our previous study impaired [7], and cocaine-
memory strength during reconsolidation. Together, these findings
indicate that functionally heterogenous CB1Rs populations
bidirectionally regulate, and BLA CB1R signaling, in particular,
may limit, cocaine-memory strength or reconsolidation as
components of larger neural circuits.

The contributions of specific endocannabinoids, including AEA
and 2-AG, to CB1R-mediated effects on cocaine-memory
reconsolidation have yet to be determined, but some insights
may be gained from the stress literature. Upon exposure to a
stressor, corticotropin-releasing factor (CRF) is released. CRF
stimulates AEA hydrolysis and, thus, reduces BLA AEA tone [45].
Reductions in AEA levels disinhibit BLA glutamatergic principal
neurons and trigger phasic 2-AG mobilization through metabo-
tropic glutamate receptor-mediated processes [46-48], conco-
mitant with corticosterone-mediated stimulation of 2-AG
synthesis [49]. Similar to stressors, cocaine-memory retrieval
stimulates HPA-axis activity ([16], Fig. 5), likely reducing tonic
AEA levels and increasing phasic 2-AG levels in the BLA during
reconsolidation. As a CB1R antagonist, AM251 in the BLA blocks
AEA signaling and, as such, augments the impact of cocaine-
memory retrieval on HPA-axis activity, as indicated by the
potentiated corticosterone response (Fig. 5). The resulting
increase in BLA principal neuronal firing and 2-AG mobilization
during reconsolidation may enhance cocaine-memory strength
or storage efficacy, similar to fear memory consolidation [50].
Future studies will need to determine whether memory retrieval-
induced alterations in BLA AEA, 2-AG, or both are critical for this
phenomenon.

The effects of CB1R and GR manipulations in the BLA on
cocaine-memory strength are similar, but it remains to be
determined whether these systems interact with one another.
Intra-BLA CB1R or GR antagonist administration enhances (Fig. 1,
Stringfield et al. [16]), while intra-BLA CB1R or GR agonist
administration fails to alter (Figs. 4 and 6), cocaine-memory
strength during reconsolidation. This suggest that any direct
contribution of the CB1R antagonist-potentiated corticosterone
response to cocaine-memory reconsolidation must be mediated
outside of the BLA. Further, increases in corticosterone levels likely
signify a general HPA axis-mediated neuroendocrine response,
suggesting that it may be the associated CRF surge that enhances
reconsolidation in the BLA or in other brain regions. For instance,
CRF may enhance reconsolidation through the stimulation of
adrenergic locus coeruleus inputs to the BLA [51-53].
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Based on the emerging role of CB1Rs in memory reconsolida-
tion, CB1R genetic polymorphisms and other factors, that lead to
abnormalities in CB1R signaling, may regulate an individual’s
susceptibility to SUDs and other psychiatric disorders. Moreover,
dysfunction of endocannabinoid recruitment upon exposure to
drug-associated environmental stimuli and during subsequent
drug-memory retrieval and reconsolidation may influence sub-
sequent drug-relapse propensity. Interfering with neural mechan-
isms that enhance cocaine-memory strength  during
reconsolidation may be a useful adjunct to other approaches for
drug-relapse prevention.
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