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Abstract

The basolateral amygdala (BLA) is a critical brain region for cocaine-memory reconsolidation. 

Corticotropin-releasing factor receptor type 1 (CRFR1) is densely expressed in the BLA, 

and CRFR1 stimulation can activate intra-cellular signaling cascades that mediate memory 

reconsolidation. Hence, we tested the hypothesis that BLA CRFR1 stimulation is necessary and 

sufficient for cocaine-memory reconsolidation. Using an instrumental model of drug relapse, 

male and female Sprague-Dawley rats received cocaine self-administration training in a distinct 

environmental context over 10 days followed by extinction training in a different context over 

7 days. Next, rats were re-exposed to the cocaine-paired context for 15 min to initiate cocaine­

memory retrieval and destabilization. Immediately or 6 h after this session, the rats received 

bilateral vehicle, antalarmin (CRFR1 antagonist; 500 ng/hemisphere), or corticotropin-releasing 

factor (CRF; 0.2, 30 or 500 ng/hemisphere) infusions into the BLA. Resulting changes in drug 

context-induced cocaine seeking (index of context-cocaine memory strength) were assessed three 

days later. Female rats self-administered more cocaine infusions and exhibited more extinction 

responding than males. Intra-BLA antalarmin treatment immediately after memory retrieval (i.e., 

when cocaine memories were labile), but not 6 h later (i.e., after memory reconsolidation), 

attenuated drug context-induced cocaine seeking at test independent of sex, relative to vehicle. 

Conversely, intra-BLA CRF treatment increased this behavior selectively in females, in a U­

shaped dose-dependent fashion. In control experiments, a high (behaviorally ineffective) dose of 

CRF treatment did not reduce BLA CRFR1 cell-surface expression in females. Thus, BLA CRFR1 
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signaling is necessary and sufficient, in a sex-dependent manner, for regulating cocaine-memory 

strength.
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corticotropin-releasing factor; memory reconsolidation; basolateral amygdala; cocaine self­
administration; sex differences

1. Introduction

In the course of chronic drug use, drug-associated environmental stimuli gain powerful 

control over goal-directed behavior in individuals with substance use disorders (SUDs1). 

For instance, exposure to cocaine-predictive stimuli leads to the retrieval of context-cocaine 

memories and evokes drug craving in cocaine users (Ehrman et al. 1992; O’Brien et al. 

1992; Foltin and Haney 2000). However, retrieval can also elicit the destabilization of 

context-cocaine associative memories, and the maintenance of such labile memories requires 

protein synthesis-dependent reconsolidation into long-term memory stores (Tronson and 

Taylor 2007; Sorg 2012). Interference with memory reconsolidation reduces conditioned 

stimulus- and drug context-induced cocaine-seeking behaviors in rats (Lee et al. 2006; Fuchs 

et al. 2009; Sanchez et al. 2010), and it has been theorized that therapeutic disruption of 

drug-memory reconsolidation may promote recovery from SUDs (Taylor et al. 2009; Zhao 

et al. 2011; Sorg 2012; Saladin et al. 2013; Kroes et al. 2016; Paulus et al. 2019; but see 

Pachas et al. 2015). Accordingly, further research into the pharmacological mechanisms of 

cocaine-memory reconsolidation is needed to identify suitable therapeutic targets.

The basolateral amygdala (BLA) is a brain region that is critically involved in the 

reconsolidation of cocaine-associated memories and the subsequent expression of drug 

context-induced drug-seeking behavior and conditioned place preference (Valjent et al. 

2006; Fuchs et al. 2009; Sanchez et al. 2010). Within the BLA, cocaine-memory 

reconsolidation is dependent on β-adrenergic (Bernardi et al. 2006; Fricks-Gleason and 

Marshall 2008; Milton et al. 2008b) and NMDA glutamate (Milton et al. 2008a) 

receptor signaling. Potentially linked to the stimulation of these receptors, cocaine-memory 

reconsolidation requires the activation of intracellular signaling molecules, including protein 

kinase A (PKA) (Sanchez et al. 2010; Arguello et al. 2014) and extracellular signal­

regulated kinase (ERK) (Valjent et al. 2006; Wells et al. 2013), and the expression of 

immediate early-genes (IEGs), such as zinc finger 268 (Lee et al. 2005), in the BLA. 

Similar to β-adrenergic receptor stimulation, corticotropin-releasing factor receptor type 1 

(CRFR1) stimulation can initiate PKA (Chen et al. 1993; Kuryshev et al. 1995) and ERK 

1Abbreviations: ACSF - artificial cerebrospinal fluid, ANOVA – analysis of variance, Anta – antalarmin, ATPase – adenosine 
triphosphatase, AUC – area under the curve, BLA – basolateral amygdala, COC – cocaine-paired context, CRF – corticotropin­
releasing factor, CRF-BP – CRF binding protein, CRFR1 – CRF receptor type 1, CRFR2 – CRF receptor type 2, CeA 
- central nucleus of the amygdala, DMSO – dimethyl sulfoxide, DTT – dithiothreitol, ERK – extracellular signal-regulated 
kinase, EXT – extinction, IEG – immediate-early gene, Ih – hyperpolarization-activated inwardly rectifying current, IPBL-Plus 
– immunoprecipitation lysis buffer containing protease and phosphatase inhibitors, MAPK – mitogen activated protein kinase, MR – 
memory reactivation, NIDA – National Institute on Drug Abuse, NMDA – N-methyl-D-aspartate, PKA – protein kinase A, SUD – 
substance use disorder, Sulfo-NHS-SS-Biotin – sulfosuccinimidyl-20(biotinamido)ethyl-1,3-dithiopropionate, VEH – vehicle, VTA – 
ventral tegmental area.
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(Kageyama et al. 2007; Van Kolen et al. 2010) activation and IEG expression (Rostkowski 

et al. 2013), but the contribution of CRFR1 to cocaine-memory reconsolidation has not been 

investigated.

Corticotropin-releasing factor (CRF) is a neuropeptide that is widely expressed in the rodent 

brain (Swanson et al. 1983) and involved in memory processing in the amygdala (Liang 

and Lee 1988; Lee and Sung 1989; Roozendaal et al. 2002; Roozendaal et al. 2008). It is 

released in response to drug-associated stimuli (Sinha et al. 2003) that trigger drug-memory 

retrieval and subsequent memory destabilization, as well as in response to other affective 

stimuli (Merali et al. 1998; Holly et al. 2016). CRF stimulates CRFR1, which is densely 

expressed in the BLA (Potter et al. 1994). Furthermore, CRFR1 agonist administration 

into the BLA promotes (Roozendaal et al. 2008), while CRFR1 antagonist administration 

inhibits (Hubbard et al. 2007), fear-memory consolidation. However, the contribution of 

BLA CRFR1 signaling to memory reconsolidation, in general, or to cocaine-memory 

reconsolidation, in particular, has not been evaluated.

The present study investigated the necessity and sufficiency of BLA CRF signaling in 

cocaine-memory reconsolidation using an instrumental model of drug relapse. To this 

end, male and female rats were trained to self-administer cocaine infusions in a distinct 

environmental context to establish context-cocaine associative memories. Responding was 

then extinguished in a different context. Seven days after the last drug self-administration 

session, the rats were briefly re-exposed to the previously cocaine-paired context to 

destabilize cocaine memories. Rats received CRFR1-selective antagonist or exogenous 

CRF administration into the BLA immediately after cocaine-memory retrieval (i.e., while 

cocaine memories were labile) or 6 h later (i.e., after memory reconsolidation; control), 

and the effects of these manipulations on cocaine-memory strength were assessed three 

days later based on the magnitude of drug-seeking behavior in the cocaine-paired context. 

Potential effects of intra-BLA CRF administration on CRFR1 cell-surface expression and 

the protracted effects of intra-BLA CRFR1 antagonist and agonist administration on general 

locomotor activity were also assessed in follow-up experiments.

2. Methods

2.1 Subjects

Sprague-Dawley male (N = 57; 275–300 g at the start of the experiment) and female (N = 

88; 240–280 g at the start of the experiment) rats were housed individually on a reversed 

light cycle (lights off at 6:00 AM) with ad libitum access to water and 20–25 g of standard 

rat chow per day. Rats were acclimated to handling prior to experimentation. The housing 

and care of animals was conducted in accordance with the Guide for the Care and Use of 
Laboratory Animals (National Research Council, 2011) and approved by the Washington 

State University Institutional Animal Care and Use Committee.

2.2 Food training

Rats received a 16-h overnight food-training session to facilitate subsequently the 

acquisition of lever responding for un-signaled cocaine infusions. During the food-training 
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session, rats were placed into standard operant-conditioning chambers (26 × 27 × 27 cm; 

Coulbourn Instruments, Allentown, PA) housed within sound-attenuation cubicles (Med 

Associates, Fairfax, Vermont, USA). Each chamber was equipped with two levers, a water 

bottle with sipper tube, a food tray, and a food-pellet dispenser controlled by Graphic State 

Notation software version 4.1.04 (Coulbourn). Water was available ad libitum throughout 

the session. Responses on a designated active lever resulted in food reinforcement (45-mg 

grain-based pellets; Bio-Serv, Flemington, NJ) under continuous reinforcement schedule. 

Responses on a second, inactive lever had no programmed consequences. During the 

session, rats had no access to the visual, olfactory, tactile, and auditory stimuli or to the 

chambers that were later paired with cocaine access.

2.3 Surgery

Rats were deeply anesthetized using ketamine and xylazine (100.0 mg/kg and 5.0 mg/kg, 

i.p., respectively). Intravenous catheters were constructed as described previously (Fuchs et 

al. 2007). The tip of the catheter was inserted into the right jugular vein. The catheter ran 

subcutaneously and exited on the rat’s back, posterior to the shoulder blades.

After the catheter surgery, the rats received bilateral guide cannula implants. Small holes 

were drilled into the skull, and stainless-steel guide cannulae (P1 Technologies, Roanoke, 

Virginia, USA) were positioned 2 mm dorsal to the BLA (DV −6.5 mm, AP −2.7 mm, ML 

+/−4.8 mm relative to bregma). The guide cannulae were affixed to the skull using dental 

cement and jewelers’ screws. Perioperative analgesic treatment was provided for 24 hours 

prior to (bacon-flavored placebo tablet, 5 g/tablet; Bio-Serv) and for at least 48 hours after 

(bacon-flavored Rimadyl® MD tablets, 2 mg carprofen/5-g tablet, Bio-Serv; 5–8 mg/kg) 

surgery.

Rats received five days for post-surgical recovery, during which time the catheters 

were flushed daily with an antibiotic solution of cefazolin (1.0 mg/0.1 mL; West­

Ward, Eatontown, NJ; dissolved in 70 U/mL heparinized saline, Sagent Pharmaceuticals, 

Schaumburg, IL) followed by heparinized saline (0.1 mL, 10 U/mL) to help maintain 

catheter patency. The catheter and cannulae were capped when not in use to prevent 

clogging (P1 Technologies). Catheter patency was assessed periodically using propofol (1 

mg/0.1 mL; Actavis Pharma, Parsippany, NJ), a short-acting anesthetic that produces rapid, 

temporary loss of muscle tone when administered intravenously.

2.4 Drug self-administration and extinction training

Drug self-administration training was conducted in operant-conditioning chambers 

configured to form two contexts. Context 1 consisted of a continuous red house light (0.4 

fc-brightness), intermittent pure tone (80 dB, 1 kHz; 2 s on, 2 s off), pine scented air 

freshener (Car Freshener Corp., Watertown, NY), and wire-mesh flooring (26 cm × 27 cm). 

Context 2 consisted of an intermittent white stimulus light over the inactive lever (1.2-fc 

brightness; 2 s on, 2 s off), continuous pure tone (75 dB, 2.5 kHz), vanilla-scented air 

freshener (Sopus Products, Moorpark, CA), and a slanted ceramic tile wall that bisected the 

bar flooring (19 cm × 27 cm). Rats were randomly assigned to context 1 or context 2 for 

cocaine self-administration training.

Ritchie et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Drug self-administration training sessions took place during the rats’ dark cycle. During 

each session, active-lever responses resulted in the delivery of i.v. cocaine infusions 

(0.5 mg/kg; 50-μL infusion delivered over 2 s; NIDA Drug Supply Program, Research 

Triangle Park, NC) under a fixed ratio 1 reinforcement schedule with a 20-s timeout 

period following each infusion. During the timeout period, active-lever responses had 

no scheduled consequences. Inactive-lever responses had no programmed consequences 

at any time. Training continued for a minimum of 10 days or until rats reached the 

acquisition criterion of ≥10 infusions/session during at least ten 2-h sessions. Rats then 

received daily 2-h extinction sessions in the alternate context. During the extinction sessions, 

lever responses were recorded on both levers but had no programmed consequences. The 

number of extinction sessions was set to seven to control memory age at the time of 

memory reactivation. Immediately after extinction session 4, the rats were acclimated 

to the intracranial infusion procedure. Stainless-steel injection cannulae (33-gauge; P1 

Technologies) were inserted into the guide cannulae to a depth of 2 mm below the tip 

of the guide cannulae. Injector cannulae remained in place for 4 min with no infusion of 

fluids, while the rats were held gently by the experimenter.

2.5 Memory reactivation

On post-cocaine day 8, all rats were placed into the cocaine-paired context for 15 min 

to elicit the retrieval and destabilization of context-cocaine memories. Session length 

was selected based on parametric research indicating that it is sufficient to destabilize 

cocaine memories without producing overt behavioral extinction (Fuchs et al. 2009). During 

the memory reactivation session, the rats were connected to the infusion lines to allow 

for similar perception of the context as during cocaine self-administration training. The 

levers were extended, but lever responses were not reinforced so as to eliminate the acute 

pharmacological effects of cocaine on CRF in the amygdala (Sarnyai et al. 1993).

2.6 Experiment 1: Effects of post-reactivation CRFR1 antagonism in the BLA on drug 
context-induced cocaine seeking three days later

Experiment 1 was designed to determine whether CRFR1 stimulation was necessary 

for cocaine-memory reconsolidation. Rats were assigned to receive bilateral intra-BLA 

infusions of vehicle (0.5 μL/hemisphere; 100% dimethyl sulfoxide; DMSO) or the 

CRFR1-selective antagonist, antalarmin (500 ng per 0.5 μL/hemisphere; Sigma-Aldrich), 

immediately after the memory-reactivation session to disrupt CRFR1 signaling during 

memory reconsolidation. This antalarmin dose was selected based on its effectiveness to 

block CRF-induced reinstatement of cocaine seeking when administered into the ventral 

tegmental area (Blacktop et al. 2011). Treatment-group assignment in experiment 1 and all 

other experiments was balanced based on average active-lever responding and cocaine intake 

during the last three drug self-administration training sessions. Intracranial infusions were 

administered over 2 min. Injection cannulae were inserted into the guide cannulae to a depth 

of 2 mm below the tip of the guide cannulae. Injector cannulae were left in place for 1 min 

before and after infusion.

Twenty-four h after the memory reactivation session, daily extinction training sessions 

resumed in the designated extinction context. Lever responses during the first of these 
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extinction sessions were analyzed to evaluate whether antalarmin had off-target effects 

on extinction memories, as indicated by a change in lever responding. Daily extinction 

training continued until the rats reached an extinction criterion of ≤ 25 active-lever 

responses per session on a minimum of two consecutive days (mean ± SEM = 2.16 ± 

0.08 days). Drug-seeking behavior was then assessed in the cocaine-paired context during 

a 2-h reinstatement test session, approximately three days after memory reactivation and 

intracranial manipulation. During the extinction training sessions and the reinstatement test, 

lever responses had no programmed consequences.

2.7 Experiment 2: Effects of delayed CRFR1 antagonism in the BLA on drug context­
induced cocaine seeking three days later

Experiment 2 was designed to examine the potential memory reactivation-independent 

effects of CRFR1 antagonism in the BLA. The procedures were identical to those in 

experiment 1 except that rats received intra-BLA infusions of vehicle or antalarmin 6 h 

after the memory-reactivation session to disrupt CRFR1 signaling outside of the 2- to 4-h 

time window of memory reconsolidation (Tronson and Taylor, 2007). The rats then received 

additional daily extinction training sessions (mean ± SEM = 2.12 ± 0.07 days) followed by a 

reinstatement test.

2.8 Experiment 3: Effects of post-reactivation CRF administration in the BLA on drug 
context-induced cocaine seeking three days later

Experiment 3 was designed to evaluate whether CRF signaling was sufficient to increase 

cocaine-memory strength during reconsolidation. Rats were assigned to receive bilateral 

intra-BLA infusions of vehicle (20% ascorbic acid in ddH2O, Sigma-Aldrich) or exogenous 

CRF (0.2, 30, or 500 ng per 0.5 μL/hemisphere; Sigma-Aldrich) immediately after the 

memory reactivation to stimulate CRFR1 during memory reconsolidation. These CRF doses 

were selected based on their effectiveness to activate BLA principal neurons (Rostkowski 

et al. 2013), facilitate inhibitory avoidance learning when administered into the amygdala 

(Liang et al. 1988), or elicit reinstatement of cocaine seeking when administered into 

the ventral tegmental area (Blacktop et al. 2011). The rats then received additional daily 

extinction-training sessions (mean ± SEM = 2.14 ± 0.05 days) followed by a reinstatement 

test.

2.9 Experiment 4: Effects of delayed CRF administration in the BLA on drug context­
induced cocaine seeking three days later

Experiment 4 was designed to examine the potential memory reactivation-independent 

effects of CRF in the BLA on cocaine seeking. Only female rats were included in 

experiment 4 based on the results of experiment 3. Rats received intra-BLA infusions of 

vehicle or CRF (0.2 or 30 ng/hemisphere) 6 h after the memory reactivation session to 

stimulate CRFR1 after, but not during, memory reconsolidation. The rats then received 

additional daily extinction training sessions (mean ± SEM = 2.04 ± 0.04 days) followed by a 

reinstatement test.
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2.10 Test of general motor activity

Changes in general activity can alter lever-pressing performance. To evaluate whether the 

intra-BLA treatments altered general activity three days post-treatment, subsets of rats 

from experiments 1, 3, and 4 received bilateral intra-BLA infusions of antalarmin (500 

ng/hemisphere), CRF (0.2, 30, or 500ng), or corresponding vehicles at least three days after 

the reinstatement test. Locomotor activity was assessed in novel Plexiglas chambers (42 × 20 

× 20 cm) three days post treatment to maintain the treatment-to-testing interval implemented 

in the reinstatement experiments. The chambers were equipped with eight infrared light 

sources and photodetectors. Photobeam breaks were measured for 2 h by a computerized 

system (San Diego Instruments, San Diego, CA).

2.11 Brain histology

In experiments 1–4, rats were overdosed with ketamine hydrochloride and xylazine (100 and 

5 mg/kg, i.v., or 300 and 15 mg/kg, i.p., respectively, depending on catheter patency). The 

brains were extracted, rapidly frozen in methyl butane, and stored at −80 °C. Brains were 

sectioned in the coronal plane at 50 μm on a cryostat (Leica Biosystems, Buffalo Grove, 

Illinois, USA). Sections were mounted on glass slides and stained with cresyl violet (Fisher 

Scientific, Waltham, Massachusetts, USA). The most ventral portion of each cannula tract 

was identified under a light microscope. The data of rats with cannula placements outside of 

the BLA were excluded from all statistical analyses.

2.12 Cell-surface CRFR1 biotinylation

Samples from a subset of male and female rats in experiment 4 were used to assess the 

effects of a high (behaviorally ineffective) dose of CRF on CRFR1 cell-surface expression in 

the BLA based on previous reports indicating agonist-induced effects on membrane CRFR1 

trafficking (Bangasser et al. 2010). At least two weeks after completing behavioral testing, 

the rats received bilateral infusions of CRF (30 ng/hemisphere) or vehicle into the BLA. 

Tissue collection took place 30 min after intracranial treatment based on evidence that 

agonist-induced CRFR1 internalization peaks by this time point (Reyes et al. 2006; Holmes 

et al. 2006).

Brains were removed, cooled in an ice slurry of artificial cerebrospinal fluid (ACSF). The 

brains were sectioned (300-μm, frequency = 60, speed = 10) on a Leica VT1000S Vibratome 

(Leica Biosystems, Buffalo Grove, Illinois, USA) while submerged in ice-cold, oxygenated 

ACSF. Cannula placements were recorded during sectioning. BLA tissue was dissected out 

from the sections and recovered in oxygenated ACSF at 32 °C for at least 40 min. BLA 

tissue samples were then washed with cold ACSF (3 × 3 min) to remove proteins released 

from broken cells. The samples were incubated with 1-mg/ml Sulfo-NHS-SS-Biotin solution 

(sulfosuccinimidyl-20(biotinamido)ethyl-1,3-dithiopropionate in cold ACSF; ApexBio, 

Houston, TX) on ice for 30–45 min with shaking and washed again with ACSF (3 × 1 

min plus 10 min). Excess Sulfo-NHS-SS-Biotin was inactivated by shaking in ice-cold 

quenching buffer (100mM glycine in ACSF, pH 8.0–8.3) for 30 min. After additional ACSF 

washes (3 × 5 min), the samples were centrifuged at 200 g for 1 min 4 °C. The buffer 

was aspirated, and 200 μL of immunoprecipitation lysis buffer (IPLB; 25mM Tris-HCl, 

150mM NaCl, 1mM EDTA, 1% Triton X-100, and 5% glycerol) containing 1X protease 
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inhibitor cocktail (P8340, Sigma) and 1X phosphatase inhibitor cocktail 1 (P0044, Sigma) 

(IPLB-Plus) was added to each tissue sample. Samples were stored at −80 °C until further 

processing.

Biotinylated tissue samples were thawed, disrupted by pipetting, and lysed for 1h at 4 °C. 

Homogenized tissue samples were centrifuged for 15 min at 14,000g at 4 °C, and the 

supernatant (total protein fraction) was collected. To pull down biotinylated proteins, 200 μg 

of total protein from the supernatant in 150 μl of IPLB-Plus was combined with 60 μl of 

pre-washed Pierce High Capacity NeutrAvidin Agarose beads (PI29202, Fisher Scientific) 

and shaken at 4 °C overnight. The agarose beads were then washed 4 times with 1 ml of 

IPLB, with vortexing, centrifuging at RT, and aspirating. To extract biotinylated proteins 

from the beads, 40 μL of 1X sample buffer (ProteinSimple, San Jose, California, USA) 

containing 50mM Dithiothreitol (DTT; Sigma-Aldrich) was added to the nearly dry beads 

and incubated at 4 °C for 30 min with shaking. After centrifugation, 40 μl of supernatant 

(biotinylated fraction) was collected and stored at −20 °C. Due to low yield, biotinylated 

fractions were concentrated by acetone precipitation as previously described (Nickerson and 

Doucette, 2020). A sample of the biotinylated fraction (35 μL) was combined with 2M NaCl 

followed by acetone to a final concentration of 100mM NaCl and 80% acetone. The samples 

were kept at RT for 1 h then centrifuged. The supernatant was removed and the tubes were 

air-dried. The precipitate was dissolved in 5 μL of 1X sample buffer (ProteinSimple) by 

gentle pipetting and sonication.

2.13 Capillary electrophoresis immunoassay (Simple Western)

All samples were denatured in the presence of 1X Fluorescent Master Mix (PS-FL01–

8, ProteinSimple) for 5 min at 95 °C. Total protein fractions (500 μg/ml) and acetone­

precipitated biotinylated fractions (at 1:1.25 dilution with 5X Fluorescent Master Mix) were 

assayed on a ProteinSimple Wes automated capillary-based electrophoresis instrument with 

Wes Separation Module protocol (ProteinSimple) using the 12–230 kDa Separation Module 

8 × 25 capillary cartridges (SM-W004, ProteinSimple) and the Anti-Rabbit Detection 

Module (DM-001, ProteinSimple). Anti-goat HRP-labeled secondary antibody (043–522-2, 

ProteinSimple) was also used. Proteins were identified using goat anti-CRFR1 (1:10, 

NBP1–00175, Novus Biologicals, Centennial, Colorado), rabbit anti-MAPK1/2 (1:4000, 

ABS44, EMD Millipore, Darmstadt, Germany), and rabbit anti-ATPase (1:400, 3010S, Cell 

Signaling Technology, Beverly, MA) primary antibodies. Cytoplasmic MAPK1/2 was used 

as an indicator of BLA cell integrity, and ATPase as a loading control. Results (area under 

the curve, AUC) were analyzed using Compass for SW software v4.0.0 (see representative 

electropherograms in Fig. S5). Total and biotinylated CRFR1 values were normalized to 

total and biotinylated loading control values, respectively.

2.14 Data analysis

The data of rats that failed to reach the acquisition or extinction criteria (n = 14) and 

the data of vehicle control rats whose responding varied from the group mean by more 

than two standard deviations at test (n = 6) were excluded from all statistical analyses. 

Potential pre-existing group differences in drug intake and/or lever responses during drug 

self-administration training, extinction training, and memory reactivation were assessed 
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using mixed-factorial analyses of variance (ANOVA) with subsequent treatment (vehicle, 

antalarmin or CRF dose) and sex as between-subjects factors and time (session) as the 

within-subject factor or t-tests, where appropriate. The effects of intracranial treatments on 

lever responses at test were assessed using mixed-factorial ANOVAs with treatment (vehicle, 

antalarmin or CRF dose) and sex as between-subjects factors and context (extinction, 

cocaine-paired) and time (20-min bins) as within-subject factors, where appropriate. 

Locomotor activity was analyzed using mixed-factorial ANOVAs with treatment and sex as 

between-subjects factors, where appropriate, and time (20-min bins) as the within-subjects 

factor. Protein levels were analyzed using between-subjects ANOVAs with treatment 

(vehicle, CRF) and sex as factors. Significant interaction and time main effects were further 

probed using Sidak’s or Tukey’s HSD post hoc tests, where appropriate. Alpha was set at 

0.05 for all analyses.

3. Results

3.1 Female rats exhibit more cocaine-reinforced responding than males

In experiments 1–4, active-lever responding decreased after the first cocaine self­

administration training session independent of sex (Fig. 1A; 2 × 10 ANOVA, time main 

effect, F(9,1269) = 1.94, p = 0.04, Tukey’s tests, day 1 > days 5–10, ps < 0.05; sex main 

and interaction effects, Fs ≤ 1.79, ps ≥ 0.07). However, cocaine intake varied by sex and 

time (Fig. 1A; 2 × 10 ANOVA, sex main effect, F(1, 141) = 7.31, p = 0.01; time main effect, 

F(9, 1269) = 75.36, p < 0.001; sex x time interaction, F(9, 1269) = 0.36, p = 0.95). Specifically, 

females obtained more cocaine infusions than males by making fewer timeout responses. 

Furthermore, the number of cocaine infusions obtained by males and females increased 

over time (Tukey’s tests, day 1 < days 3–10, ps < 0.05), independent of sex. Inactive-lever 

responding remained low and decreased after the first training session, independent of sex 

(Fig. 1A; 2 × 10 ANOVA, time main effect, F(9, 1269) = 3.00, p = 0.002, Tukey’s tests, day 1 

> days 4–10, ps < 0.05; sex main and interaction effects, Fs ≤ 3.39, ps ≥ 0.07).

3.2 Female rats exhibit more robust extinction responding than male rats

After the removal of cocaine reinforcement, active-lever responding varied by sex depending 

on time across the seven extinction sessions (Fig. 1A; 2 × 7 ANOVA, sex x time interaction, 

F(6, 858) = 6.64, p < 0.001; time main effect, F(6, 858) = 127.12, p < 0.001; sex main effect, 

F(1, 143) = 2.37, p = 0.13). Females exhibited more active-lever responding than males during 

the first extinction training session (Tukey’s test, p < 0.05), and active-lever responding in 

males and females declined after the first extinction session (Tukey’s tests: day 1 > days 

2–7, p < 0.05). Inactive-lever responding during extinction training varied by sex depending 

on time (Fig. 1A; 2 × 7 ANOVA, sex x time interaction, F(6, 858) = 3.57, p = 0.002; time 

main effect, F(6, 858) = 19.79, p < 0.001; sex main effect, F(1, 143) = 2.01, p = 0.16). Females 

exhibited more inactive-lever responding than males during the first extinction training 

session (Tukey’s test, p < 0.05), and inactive-lever responding declined in both groups after 

that (Tukey’s tests, male and female day 1 > days 2–7, p < 0.05).
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3.3 Female rats exhibit more responding than males during the memory-reactivation 
session, but not at test

Females exhibited more active-lever responding (t(143) = −2.16, p = 0.03), but not inactive­

lever responding (t(143) = 0.66, p = 0.51), compared to males in the previously cocaine­

paired context during the 15-min memory reactivation session (Fig. 1B). Furthermore, 

time-course analysis indicated that active-lever responding decreased during the last 3-min 

interval of the memory reactivation session, independent of sex (data not shown; 2 × 5 

ANOVA, sex main effect, F(1,66) = 6.58, p = 0.01; time main effect, F(4,264) = 6.31, p < 

0.001, bins 1–4 > bin 5, Tukey’s tests, p < 0.05; sex x time interaction effect, F(4,264) = 

0.33, p = 0.86). Active-lever responding at test varied by testing context, but not sex (Fig. 

1B upper panel; 2 × 2 ANOVA, context main effect, F(1,57) = 244.91, p < 0.001; sex main 

and interaction effects, Fs ≤ 0.12, ps ≥ 0.73). Male and female control groups (after post­

reactivation vehicle treatment) exhibited more active-lever responding upon re-exposure to 

the cocaine-paired context than upon re-exposure to the extinction context, independent of 

sex. Similarly, these groups exhibited more inactive-lever responding in the cocaine-paired 

context at test than in the extinction context, independent of sex (Fig. 1B lower panel; 2 × 2 

ANOVA, context main effect, F(1,62) = 12.89, p < 0.001; sex main and interaction effects, Fs 

≤ 0.34, ps ≥ 0.57).

3.4 Experiment 1: BLA CRFR1 antagonism immediately after memory reactivation 
attenuates subsequent drug context-induced cocaine seeking

Experiment 1 evaluated whether BLA CRFR1 stimulation is necessary for cocaine-memory 

reconsolidation (Fig. 2A). Bilateral intra-BLA infusions of antalarmin (500 ng/hemisphere) 

or vehicle were administered immediately after the 15-min cocaine-memory reactivation 

session. The effects of these manipulations on drug context-induced cocaine-seeking 

behavior were assessed three days after treatment. Only data from rats with bilateral injector 

placement in the lateral, basolateral, or accessory basal nucleus of the amygdala (i.e., BLA) 

were included in data analyses in each experiment. The resulting sample sizes/group (male, 

female) in experiment 1 were: vehicle (n = 6, 6), antalarmin (n = 5, 7).

There were no differences between the subsequent treatment groups in cocaine intake, 

lever responding during drug self-administration and extinction training (Fig. S1), and 

active-lever responding during the memory-reactivation session (MR in Fig. 2B, 2D, and 

2G; 2 × 2 ANOVA; all treatment and sex main and interaction effects, Fs ≤ 0.83, ps ≥ 

0.37). Inactive-lever responding during the memory-reactivation session varied by sex and 

subsequent treatment (MR in Fig. 2F; 2 × 2 ANOVA, sex x treatment interaction effect, 

F(1,20) = 5.03, p = 0.04; sex and treatment main effects, F(1,9) < 2.64, p > 0.12); however, 

post-hoc comparisons failed to detect significant group differences (Tukey’s tests, p > 0.05).

In male rats, active-lever responding at test varied by antalarmin treatment administered 

immediately after memory reactivation depending on the testing context (Fig. 2B; 2 × 2 

ANOVA, treatment x context interaction, F(1,9) = 9.72, p = 0.01; context main effect, F(1, 9) 

= 77.63, p < 0.001; treatment main effect, F(1, 9) = 5.67, p = 0.04). The cocaine-paired 

context elicited more active-lever responding than the extinction context (Sidak’s tests, 

p < 0.05). However, intra-BLA antalarmin treatment immediately after cocaine-memory 

Ritchie et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reactivation reduced active-lever responding in the cocaine-paired context (Sidak’s test, p < 

0.05), but not in the extinction context, relative to vehicle treatment. Time-course analysis 

of active-lever responding in the cocaine-paired context indicated that responding varied by 

treatment depending on time (Fig. 2C; 2 × 6 ANOVA, treatment x time interaction, F(5, 45) 

= 2.45, p = 0.05; treatment main effect, F(1, 11) = 8.59, p = 0.02; time main effect, F(5, 45) 

= 18.70, p < 0.001). Antalarmin treatment immediately after memory reactivation reduced 

active-lever responding during the second 20-minute interval of the test session, relative to 

vehicle treatment (Tukey’s test, p < 0.05). Furthermore, antalarmin treatment reduced the 

persistence of active-lever responding (Tukey’s tests, bin 1 > bins 2–6, ps < 0.05) compared 

to vehicle treatment (Tukey’s tests, bin 1–2 > bins 3–6, p < 0.05). Inactive-lever responding 

remained low and did not vary as a function of testing context or treatment (Fig 2F upper 

panel, treatment and context main and interaction effects, Fs ≤ 0.30, ps ≥ 0.59).

In female rats, active-lever responding at test varied by antalarmin treatment administered 

immediately after memory reactivation and testing context (Fig. 2D; 2 × 2 ANOVA, 

context main effect, F(1,11) = 53.19, p < 0.001; treatment main effect, F(1,11) = 4.96, p 

= 0.05; context x treatment interaction, F(1, 11) = 1.87, p = 0.20). The cocaine-paired 

context elicited more active-lever responding than the extinction context, independent 

of treatment. Furthermore, intra-BLA antalarmin treatment immediately after memory 

reactivation reduced active-lever responding relative to vehicle treatment, independent of 

context. Time-course analysis of active-lever responding in the cocaine-paired context 

revealed that responding decreased after the first 20-minute interval of the test session, 

independent of treatment (Fig. 2E; 2 × 6 ANOVA, time main effect, F(5, 55) = 18.22, 

p < 0.001, Tukey’s tests, bin 1 > bin 2 > bins 4–6, ps < 0.05; treatment main and 

interaction effects, Fs ≤ 3.21, p = 0.10). Re-exposure to the cocaine-paired context increased 

inactive-lever responding compared to re-exposure to the extinction context, independent of 

treatment (Fig. 2F lower panel; 2 × 2 ANOVA, context main effect, F(1,11) = 6.82, p = 0.02; 

group main and interaction effects, Fs ≤ 0.86, ps ≥ 0.37).

The omnibus ANOVA of active-lever responding at test revealed that the effects of 

antalarmin treatment administered immediately after memory reactivation depended on 

testing context (Fig. 2G, 2 × 2 × 2 ANOVA, context x treatment interaction, F(1,20) = 8.75, 

p = 0.008; context main effect, F(1,20) = 119.70, p < 0.001; treatment main effect, F(1,20) = 

10.30, p = 0.004), but not sex (sex main and all sex interaction effects, Fs(1,20) ≤ 0.80, ps ≥ 

0.38). The cocaine-paired context elicited more active-lever responding than the extinction 

context, independent of sex (Tukey’s tests, p < 0.05). Furthermore, intra-BLA antalarmin 

treatment immediately after cocaine-memory reactivation reduced active-lever responding in 

the cocaine-paired context (Tukey’s test, p < 0.05), but not in the extinction context, relative 

to vehicle treatment, independent of sex. Time-course analysis of active-lever responding in 

the cocaine-paired context indicated that the effects of antalarmin treatment varied by time 

(Fig. 2H; 2 × 2 × 6 ANOVA, treatment x time interaction, F(5,100) = 3.92, p = 0.003; time 

main effect, F(5,100) = 36.01, p < 0.001; treatment main effect, F(1,20) = 10.14, p = 0.005), 

but not sex (sex main and sex two- or three-way interaction effects, Fs(1,20) ≤ 0.25, ps 

≥ 0.62). Antalarmin treatment immediately after memory reactivation reduced active-lever 

responding during the first and second 20-minute intervals of the test session relative to 

vehicle treatment (Tukey’s tests, p < 0.05). Furthermore, antalarmin treatment immediately 
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after memory reactivation reduced the persistence of active-lever responding (Tukey’s tests, 

bin 1 > bin 2–6, ps < 0.05) relative to vehicle treatment (Tukey’s tests, bin 1 > bin 2 > 

bins 3–6, p < 0.05). Inactive-lever responding remained low but varied by testing context 

depending on sex (Fig. 2F; 2 × 2 × 2 ANOVA, sex x context interaction, F(1,20) = 7.16, 

p = 0.02; context, sex, and treatment main and all other two- and three-way interaction 

effects, Fs(1,20) ≤ 1.81, ps ≥ 0.19). Females (Tukey’s test, p < 0.05), but not males, exhibited 

more inactive-lever responses in the cocaine-paired context than in the extinction context, 

independent of treatment.

3.5 Experiment 2: BLA CRFR1 antagonism 6 h after cocaine-memory reactivation does 
not alter subsequent drug context-induced cocaine seeking

Experiment 2 evaluated whether the effects of intra-BLA CRFR1 antagonism observed 

in experiment 1 were independent of memory destabilization (Fig. 3A) because bona 
fide deficits in memory reconsolidation are expected to be dependent on memory 

destabilization (Tronson and Taylor, 2007). Bilateral intra-BLA infusions of antalarmin 

(500 ng/hemisphere; ns = 7 males, 6 females) or vehicle (ns = 7 males, 5 females) were 

administered 6 h after the memory reactivation session, when memories were no longer 

expected to be labile. The effects of these manipulations on drug context-induced cocaine 

seeking were assessed three days later. There were no differences between the subsequent 

treatment groups in cocaine intake, lever responding during drug self-administration and 

extinction training (Fig. S2), or lever responding during the memory-reactivation session 

(MR in Fig. 3B, 3D; 2 × 2 ANOVAs; all treatment and sex main and interaction effects, Fs ≤ 

2.42, ps ≥ 0.14).

In male rats, active-lever responding varied by testing context, but not antalarmin treatment 

administered 6 h after cocaine-memory reactivation (Fig. 3B; 2 × 2 ANOVA, context main 

effect, F(1,12) = 51.58, p < 0.001; treatment main and interaction effects, Fs ≤ 0.74, ps ≥ 

0.44). The cocaine-paired context elicited more active-lever responding than the extinction 

context, and delayed antalarmin treatment did not alter active-lever responding in either 

context relative to vehicle treatment. Time-course analysis of active-lever responding in 

the cocaine-paired context at test indicated that responding declined after the first 20-min 

interval of the test session independent of delayed antalarmin treatment (Fig. 3C, 2 × 6 

ANOVA, time main effect, F(5, 60) = 11.81, p < 0.001, Tukey’s tests, bin 1 > bins 2–6, 

ps < 0.05; all treatment main and interaction effects, Fs ≤ 1.37, ps ≥ 0.25). Inactive-lever 

responding remained low and did not vary as a function of testing context or delayed 

antalarmin treatment (Fig. 3F upper panel, all Fs ≤ 2.67, ps ≥ 0.13).

In female rats, active-lever responding varied by testing context, but not delayed antalarmin 

treatment (Fig. 3D; 2 × 2 ANOVA, context main effect, F(1,9) = 22.23, p = 0.001; 

all treatment main and interaction effects, Fs ≤ 0.53, ps ≥ 0.49). The cocaine-paired 

context elicited more active-lever responding than the extinction context, and delayed 

antalarmin treatment did not alter active-lever responding in either context compared to 

vehicle treatment. The time-course analysis of active-lever responding in the cocaine-paired 

context indicated that responding declined after the first 20-min interval of the test session 

independent of delayed antalarmin treatment (Fig. 3E; 2 × 6 ANOVA, time main effect, 
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F(5, 45) = 9.05, p < 0.001, Tukey’s tests, bin 1 > bins 2–6, ps < 0.05; all treatment main and 

interaction effects, Fs ≤ 0.90, ps ≥ 0.49). Inactive-lever responding remained low and did not 

vary as a function of testing context or delayed antalarmin treatment (Fig. 3F lower panel, all 

Fs ≤ 3.49, ps ≥ 0.09).

The omnibus ANOVA of active-lever responding in males and females at test indicated that 

responding varied by testing context, but not sex or delayed antalarmin treatment (Fig 3G; 

2 × 2 × 2 ANOVA, context main effect, F(1,21) = 65.18, p < 0.001; sex and treatment main 

and all interaction effects, Fs ≤ 1.23, ps ≥ 0.27). The cocaine-paired context elicited more 

active-lever responding than the extinction context, independent of sex or delayed treatment. 

The time-course analysis of active-lever responding in the cocaine-paired context indicated 

that responding decreased after the first 20-min interval of the test session, independent of 

sex or delayed treatment (Fig. 3H; 2 × 2 × 6 ANOVA, time main effect, F(5,105) = 20.49, p 

< 0.001; Tukey’s tests, bin 1 > bins 2–6, ps < 0.05; all sex and treatment main and two-way 

and three-way interaction effects, Fs ≤ 1.32, ps ≥ 0.26). Inactive-lever responding remained 

low and did not vary as a function of sex, testing context, or delayed treatment (Fig. 3F; 2 

× 2 × 2 ANOVA, all context, sex, and treatment main and two- and three-way interaction 

effects, Fs ≤ 3.59, ps ≥ 0.07).

3.6 Experiment 3: Intra-BLA CRF treatment immediately after memory reactivation 
increases subsequent drug context-induced cocaine seeking in a sex- and dose­
dependent manner

Experiment 3 evaluated whether CRF in the BLA was sufficient to increase cocaine-memory 

strength during memory reconsolidation (Fig. 4A). Bilateral intra-BLA infusions of CRF 

(0.2, 30, or 500 ng/hemisphere; n = 6–8 males/dose, 8 females/dose) or vehicle (n = 11 

males, 14 females) were administered immediately after the memory reactivation session. 

The effects of these manipulations on drug context-induced cocaine-seeking behavior were 

assessed three days later. There were no differences between the subsequent treatment 

groups in cocaine intake and in lever responding during drug self-administration and 

extinction training (Fig. S3). Females exhibited more active-lever responding than males 

during the 15-min memory reactivation session independent of subsequent treatment group 

(Fig. 4B, 4D upper panels; 2 × 4 ANOVA, sex main effect, F(1,62) = 8.11, p = 0.01; treatment 

main and interaction effects, Fs ≤ 1.9, ps ≥ 0.13), and inactive-lever responding varied by 

sex depending on subsequent treatment group (Fig. 4B lower panel; 2 × 4 ANOVA, sex x 

treatment interaction effect, F(1,62) = 4.04, p = 0.01; sex and treatment main effects, Fs ≤ 

1.78, ps ≥ 0.18). Specifically, the 30ng dose of CRF administered after memory reactivation 

reduced inactive lever responding in females compared to males, and compared to the 0.2ng 

dose of CRF in females (Tukey’s tests, ps < 0.05).

In male rats, active-lever responding at test varied by testing context, but not CRF treatment 

administered immediately after memory reactivation (Fig. 4B upper panel; 2 × 4 ANOVA, 

context main effect, F(1,28) = 154.02, p < 0.001, treatment main and interaction effects, 

Fs ≤ 1.68, ps ≥ 0.19). The cocaine-paired context elicited more active-lever responding 

than the extinction context independent of CRF treatment (Tukey’s tests, p < 0.05). Time­

course analysis of active-lever responding in the cocaine-paired context at test indicated 
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that responding declined after the first 20-min interval of the test session independent of 

treatment (Fig. 4C; 4 × 6 ANOVA, time main effect, F(5,140) = 20.74, p < 0.001, Tukey’s 

tests, bin 1 > bins 3–6, ps < 0.05; treatment main and interaction effects, Fs ≤ 1.34, ps 

≥ 0.28). Inactive-lever responding remained low at test, but it varied by CRF treatment 

depending on testing context (Fig. 4B lower panel; 2 × 4 ANOVA, treatment x context 

interaction, F(3,28) = 4.95, p = 0.01; context main effect, F(1,28) = 15.76, p < 0.001; treatment 

main effect, F(3,33) = 1.53, p = 0.23). The cocaine-paired context elicited more inactive-lever 

responding than the extinction context after vehicle or 30 ng of CRF treatment (Sidak tests, 

ps < 0.05), but not after 0.2 or 500 ng of CRF treatment.

In female rats, active-lever responding varied by CRF treatment immediately after memory 

reactivation depending on testing context (Fig. 4D upper panel; 2 × 4 ANOVA, treatment 

x context interaction, F(3,34) = 4.66, p = 0.01; context main effect, F(1,34) = 137.65, p < 

0.001; treatment main effect, F(3,34) = 6.00, p = 0.002). The cocaine-paired context elicited 

more active-lever responding than the extinction context (Tukey’s tests, p < 0.05). The 0.2 

ng dose of CRF administered immediately after memory reactivation increased active-lever 

responding in the cocaine-paired context, but not in the extinction context, relative to vehicle 

or higher (30 or 500 ng) doses of CRF (Tukey’s tests, p < 0.05). Time-course analysis 

of active-lever responding in the cocaine-paired context revealed that responding varied by 

CRF treatment and time (Fig. 4E; 4 × 6 ANOVA, treatment main effect, F(3,34) = 5.43, p 

= 0.004; time main effect, F(5,170) = 17.29, p < 0.001, Tukey’s tests, bin 1 > bins 3–6, ps 

< 0.05; treatment x time interaction, F(15,170) = 0.80, p = 0.68). The 0.2 ng dose of CRF 

administered immediately after memory reactivation elicited more active-lever pressing at 

test than vehicle or the 30- and 500-ng doses of CRF, independent of time (Sidak’s tests, 

ps < 0.05). Additionally, active-lever responding declined after the first 20-min interval of 

the test session, independent of treatment (Tukey’s tests, bin 1 > bins 2–6, ps < 0.05). 

Inactive-lever responding increased in the cocaine-paired context relative to the extinction 

context, independent of CRF treatment (Fig. 4D lower panel; 2 × 4 ANOVA, context main 

effect, F(1, 34) = 4.35, p = 0.05; treatment main and interaction effects, Fs ≤ 1.18, ps ≥ 0.33).

The omnibus ANOVA indicated that active-lever responding varied by CRF treatment 

depending on sex and testing context (Fig. 4B and 4D upper panels; 2 × 4 × 2 ANOVA, 

sex x treatment x context interaction, F(3,62) = 3.41, p = 0.02; sex x treatment interaction, 

F(3,62) = 3.05, p = 0.04; sex x context interaction, F(1,62) = 6.46, p = 0.01; treatment x 

context, F(1,62) = 2.79, p = 0.05; sex main effect, F(1,62) = 4.10, p = 0.05; treatment main 

effect, F(3,62) = 4.93, p = 0.004; context main effect, F(1,62) = 258.46, p < 0.001). The 

cocaine-paired context elicited more active-lever responding than the extinction context 

(Tukey’s tests, p < 0.05). In the extinction context, neither sex nor CRF treatment altered 

active-lever responding. In the cocaine-paired context, responding did not vary between 

males and females following vehicle treatment immediately after memory reactivation. The 

0.2-ng dose of CRF administered after memory reactivation increased responding in females 

compared to males, and compared to vehicle or higher doses (30 or 500ng) of CRF in 

females (Turkey’s tests, p < 0.05). The time course analysis of active-lever responding in the 

cocaine-paired context confirmed the same sex and CRF treatment effects and also indicated 

that responding decreased over time, independent of sex or CRF treatment (Fig 4C and 4E; 2 

× 4 × 6 ANOVA, sex x treatment interaction, F(3,62) = 3.37, p = 0.02; sex main effect, F(1,62) 
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= 5.57, p = 0.02; treatment main effect, F(3,62) = 3.90, p = 0.01; time main effect, F(5,310) = 

30.85, p < 0.001, Tukey’s tests, bin 1 > bins 3–6, ps < 0.05; all other interaction effects, Fs ≤ 

1.91, ps ≥ 0.09). Inactive-lever responding at test remained low and varied by CRF treatment 

depending on sex and testing context (Fig 4C and 4E lower panels; 2 × 4 × 2 ANOVA, 

sex x treatment x context interaction, F(3,62) = 3.96, p = 0.01; context main effect, F(1,62) 

= 19.29, p < 0.001; sex and treatment main and all other interaction effects, Fs ≤ 2.71, ps 

≥ 0.11). In females, the cocaine-paired context elicited more inactive-lever responding than 

the extinction context, independent of CRF treatment (Tukey’s tests, ps < 0.05), whereas 

the same was only observed in the males following treatment with vehicle or 30 ng of CRF 

immediately after memory reactivation (Tukey’s tests, ps < 0.05). In addition, inactive-lever 

responding was lower in females than in males after administration of 30 ng of CRF (Fig. 

4D lower panel; Tukey’s test, ps < 0.05).

3.7 Experiment 4: Intra-BLA CRF treatment 6 h after memory reactivation did not alter 
drug context-induced cocaine-seeking behavior in female rats

Experiment 4 evaluated whether the effects of intra-BLA CRF administration in female 

rats in experiment 3 were independent of memory reactivation (Fig. 5A). To this end, 

CRF (0.2 or 30 ng/hemisphere; n = 9, 6 respectively) or vehicle (n = 9) was administered 

into the BLA of female rats 6 h after the memory reactivation session, when memories 

were no longer expected to be labile. The effects on drug context-induced cocaine-seeking 

behavior were assessed three days later. There were no differences between the subsequent 

treatment groups in cocaine intake and in lever responding during drug self-administration 

and extinction training (Fig. S4) or during the memory-reactivation session (Fig. 5B; one­

way ANOVAs, Fs ≤ 0.59, ps ≥ 0.57).

Active-lever responding varied as a function of testing context, but not delayed CRF 

treatment (Fig. 5B upper panel; 3 × 2 ANOVA, context main effect, F(1,21) = 51.52, p = 

0.001; treatment main and interaction effects, Fs ≤ 0.48, ps ≥ 0.63). The cocaine-paired 

context elicited more active-lever responding than the extinction context, independent of 

delayed CRF treatment. The time-course analysis revealed that active-lever responding in 

the cocaine-paired context varied by delayed treatment depending on time (Fig. 5C; 3 × 6 

ANOVA, treatment x time interaction, F(1,105) = 1.94, p = 0.05; time main effect, F(5,105) 

= 6.80, p < 0.001; treatment main effect, F(2,21) = 0.36, p = 0.70) due to a decrease in 

active-lever responding after the first 20-min interval of the test session following delayed 

treatment with 0.2 ng of CRF (Bin 1 > bins 2, 3, 5, 6, Tukey’s tests, p < 0.05), but not 

after delayed treatment with vehicle or 30 ng of CRF. There was a similar decrease in 

responding during the second 20-min interval following delayed vehicle treatment (Bin 1–2 

> bin 3, Tukey’s tests, p < 0.05). Inactive-lever responding remained low but increased upon 

re-exposure to the cocaine-paired context relative to re-exposure to the extinction context, 

independent of delayed CRF treatment (Fig. 5B lower panel, 2 × 2 ANOVA, context main 

effect, F(1,21) = 8.62, p = 0.01; all treatment main and interaction effects, Fs ≤ 1.29, ps ≥ 

0.30).
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3.8 Intra-BLA antalarmin, but not CRF, treatment transiently alters general activity

To evaluate the potential effects of our intracranial manipulations on motor performance at 

test, a subset of rats received bilateral infusions of intra-BLA antalarmin (500 ng/0.5 μL per 

hemisphere, (n = 6 males, 6 females), CRF (500 ng/0.5 μL per hemisphere, n = 4 males; 0.2, 

30, or 500 ng/0.5 μL per hemisphere, ns = 5–7 females/dose), or vehicle (n = 10 males, 13 

females) at least two days after the last test of cocaine-seeking behavior. Locomotor activity 

was assessed three days post treatment to match the treatment-to-testing interval employed 

in the earlier experiments.

Locomotor activity varied by sex, antalarmin pre-treatment, and time (Fig. 6A; 2 × 2 × 

6 ANOVA, sex x time interaction, F(5,95) = 2.73, p = 0.02; treatment x time interaction, 

F(5,95) = 2.73, p = 0.03, time main effect, F(5,95) = 87.84, p < 0.001; sex and treatment 

main and all other interaction effects, Fs ≤ 3.40, ps ≥ 0.08). Females exhibited less 

locomotor activity than males during the first 20-min interval of session, independent of 

antalarmin pre-treatment (Tukey’s test, p < 0.05). Furthermore, intra-BLA antalarmin pre­

treatment increased locomotor activity during the fifth 20-min interval relative to vehicle 

pre-treatment, independent of sex (Tukey’s test, p < 0.05).

The potential effects of CRF on locomotor activity were analyzed separately for males and 

females. In males, locomotor activity decreased after the first 20-minute interval of the test 

session, and it was not altered by CRF pretreatment (500 ng) relative to vehicle (Fig. 6B; 

2 × 6 ANOVA, time main effect, F(5,30) = 72.18, Tukey’s tests, bin 1 > bins 2–6, ps < 

0.05; treatment main and interaction effects, Fs ≤ 0.71, ps ≥ 0.62). Similarly, in females, 

locomotor activity decreased after the first 20-minute interval of the test session, and it 

was not altered by CRF pretreatment (Fig. 6C; 4 × 6 ANOVA, time main effect, F(5,115) = 

148.75, p < 0.001, Tukey’s tests, bin 1 > bins 2–6, ps < 0.05; treatment main and interaction 

effects, Fs ≤ 1.33, ps ≥ 0.20).

3.9 Intra-BLA CRF treatment does not alter CRFR1 cell-surface expression

To examine whether the non-significant effects of higher doses of CRF on memory strength 

in experiment 3 were due to compensatory changes in CRFR1 levels or cell-surface CRFR1 

levels in the BLA, male and female rats received intra-BLA infusions of CRF (30 ng; lowest 

dose ineffective in both sexes; n = 4 males, 4 females) or vehicle (n = 4 males, 4 females). 

Tissue was collected 30 min later. Tissue quality was consistent across groups as indicated 

by no effect of sex or treatment on cytosolic protein MAPK levels in the biotinylated 

fraction (data not shown; 2 × 2 ANOVA, all treatment and sex main and interaction effects, 

Fs ≤ 0.18, ps ≥ 0.68). There were no effects of sex or CRF treatment on total CRFR1 

expression normalized to ATPase loading control, (Fig. 7A; 2 × 2 ANOVA, all treatment and 

sex main and interaction effects, Fs ≤ 0.17, ps ≥ 0.69), on biotinylated CRFR1 expression 

normalized to biotinylated ATPase loading control (Fig. 7B, 2 × 2 ANOVA, all treatment 

and sex main and interaction effects, Fs ≤ 0.18, ps ≥ 0.68), or on the ratio of biotinylated 

to total CRFR1, normalized to the appropriate loading controls (Fig. 7C; 2 × 2 ANOVA, all 

treatment and sex main and interaction effects, Fs ≤ 0.06, ps ≥ 0.82).
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4. Discussion

In the present study, we investigated the role of CRF signaling in the BLA in cocaine­

memory reconsolidation. We observed that CRFR1 antagonist treatment in the BLA 

immediately after cocaine-memory reactivation (i.e., when cocaine memories were labile) 

attenuated the reinstatement of extinguished drug-seeking behavior in the previously 

cocaine-paired context three days later, without altering responding in the extinction context, 

relative to vehicle treatment (Fig. 2). Conversely, exogenous CRF treatment in the BLA after 

cocaine-memory reactivation increased drug-seeking behavior selectively in the previously 

cocaine-paired context compared to vehicle treatment, albeit in a sex- and dose-dependent 

manner (Fig. 4). These effects on drug-seeking behavior reflected bona fide changes in 

context-cocaine memory strength as opposed to protracted alterations in motivation or 

motor performance. In support of this, neither CRFR1 antagonist (Fig. 3) nor CRF (Fig. 5) 

administration altered cocaine seeking at test when these manipulations were administered 

6 h after memory reactivation, by which time labile cocaine memories were expected 

to be reconsolidated into long-term memories and invulnerable to manipulation (Tronson 

and Taylor, 2007; Fuchs et al. 2009). The CRFR1 antagonist, antalarmin, elicited mild 

hyperactivity selectively during the fifth 20-min interval of the locomotor test (Fig. 6A), but 

that subtle change in motor activity is unlikely to have interfered with drug-seeking behavior 

(Fig. 2F). Furthermore, intra-BLA CRF administration did not alter locomotor activity (Fig. 

6B).

Notably, the observed changes in memory strength may signify changes in cocaine-memory 

reconsolidation or extinction memory consolidation. Modest within-session extinction 

learning during the non-reinforced memory reactivation session, as indicated by a slight 

decrease in lever responding during the last 3-minute interval of the session (data not 

show, see result in Section 3.3), could evoke extinction-memory consolidation. Furthermore, 

CRFR1 might modulate this phenomenon based on a report that intra-BLA administration 

of a CRFR2 antagonist/CRFR1 partial agonist facilitates, whereas intra-BLA administration 

of a CRF binding protein (CRF-BP) inhibitor that augments CRF bioavailability impairs, 

fear extinction-memory consolidation (Abiri et al. 2014). Accordingly, BLA CRFR1 

antagonist treatment in our study could reduce cocaine-memory strength either through 

interference with context-cocaine memory reconsolidation or through enhancement of 

context-no-cocaine extinction memory consolidation; even though, reconsolidation was 

likely the dominant process (Eisenberg et al. 2003). Intra-BLA CRF treatment could 

increase context-cocaine memory strength during, or the efficacy of, reconsolidation 

or interfere with extinction memory consolidation. Through these mechanisms, CRFR1 

signaling in the BLA can regulate both the mnemonic and/or motivational effects of cocaine­

paired contextual stimuli.

CRF may regulate cocaine-memory strength through multiple intracellular signaling 

pathways, given the complexity of effector systems connected with CRFR1. CRFR1 can be 

coupled with Gs and Gq G-proteins, but it can also signal through β-arrestin (for review, 

see Hauger et al. 2006). Thus far, evidence from the cocaine-memory reconsolidation 

literature is consistent with the idea that modulation of Gs- or β-arrestin-mediated signaling 

pathways in the BLA may mediate the effects of CRFR1 manipulations on cocaine-memory 
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reconsolidation in the present study. Stimulation of Gs-coupled CRFR1 results in cAMP 

formation and PKA activation (Aguilara et al. 1983), which drives synaptic plasticity 

associated with learning and memory (Esteban et al. 2003). PKA activation is also required 

for the reconsolidation of both aversive (Koh and Bernstein 2003; Tronson et al. 2006) 

and appetitive associative memories (Kemenes et al. 2006). In particular, inhibition of PKA 

in the BLA impairs drug context-induced (Arguello et al. 2014) and explicit conditioned 

stimulus-induced (Sanchez et al. 2010) reinstatement of cocaine-seeking behaviors in a 

memory-reactivation dependent manner. These findings confirm that PKA activation in the 

BLA is necessary for cue-cocaine memory reconsolidation, but future research will need to 

ascertain whether PKA activation downstream from CRFR1 stimulation per se is requisite 

for this phenomenon.

PKA-dependent, as well as PKA-independent (e.g., β-arrestin-mediated), ERK activation 

may be another critical mediator of CRFR1-dependent effects on memory strength (Wan and 

Huang 1998; Lefkowitz and Sudha 2005; Kageyama et al. 2007). Similar to PKA activation, 

ERK activation is key to memory storage, including Pavlovian fear-memory consolidation 

(Schafe et al. 2000) and object recognition memory consolidation and reconsolidation (Kelly 

et al. 2003). Importantly, ERK activation in the BLA is necessary for cocaine-memory 

reconsolidation, as ERK inhibitor administration into the BLA immediately after cocaine­

memory reactivation attenuates subsequent drug context-induced cocaine-seeking behavior 

(Wells et al. 2013). Since CRFR1 in the BLA may mediate cocaine-memory reconsolidation 

through a number of distinct intracellular signaling pathways, additional systematic research 

will be needed to identify the most critical signaling molecules involved.

Intra-BLA administration of the 0.2-ng dose of CRF enhanced cocaine-memory strength 

selectively in female rats (Fig. 4D–E), whereas higher doses (30 or 500 ng) failed to 

alter memory strength in either female or male rats (Fig. 4B–C). Below we consider the 

dose-dependent and sex-dependent aspects of these responses.

The inverted U-shaped dose-effect relationship observed in females suggests that CRF 

concentration must remain within an optimal range to augment memory strength. This may 

be related to the effects of CRF on glutamate neurotransmission in the BLA, based on 

observations that intra-BLA CRF administration elicits c-Fos-mediated neuronal activation 

in CaMKII-immunoreactive BLA principal neurons in an inverted U-shaped dose-dependent 

manner (Rostkowski et al. 2013) and glutamatergic signaling in the BLA is critical for 

cocaine-memory reconsolidation (Milton et al. 2008; Higginbotham et al. 2021b) and 

extinction memory consolidation (Feltenstein and See, 2007). There are several possible 

mechanistic explanations for the null effects of high-dose CRF treatment. First, CRFR1 

stimulation enhances BLA excitability in part by augmenting hyperpolarization-activated 

inwardly rectifying (Ih) current (Giesbrecht et al. 2010). However, high concentrations of 

CRF might result in over-recruitment of Ih, leading to a depolarization block (Bianchi 

et al. 2012), disruption in pyramidal neuronal output, and impairment in memory 

processing. Second, CRF has ~40-fold greater affinity for CRFR1 than for CRF receptor 

type 2 (CRFR2) (Dautzenberg et al. 2001), a receptor subtype that is expressed in 

low abundance within the BLA (Chalmers et al. 1995; Pett et al. 2000). Nonetheless, 

high-dose CRF treatment might significantly increase the stimulation of CRFR2, which 
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contributes differently to physiological responses to stress compared to CRFR1 (Janssen 

and Kozicz 2013) and may exert opposite effects on cocaine-memory strength. Third, 

CRF at high concentrations might lead to CRFR1 desensitization or β-arrestin-mediated 

CRFR1 internalization in the BLA (Reisine and Hoffman 1983; Perry et al. 2005; Ferguson 

2001; Rasmussen et al. 2004; Teli et al. 2005; Dunn et al. 2013). To our knowledge, 

BLA CRFR1 internalization has not been studied. Therefore, we examined whether intra­

BLA CRF administration (30 ng) reduced CRFR1 cell-surface expression 30-minutes post­

treatment based on the in vivo kinetics of agonist-induced CRFR1 internalization in the 

locus coeruleus (LC; Reyes et al. 2006). We found no evidence of agonist-induced receptor 

internalization in the BLA (Fig. 6). Thus, the null effects of high-dose CRF treatment on 

memory strength may be related to the additive effects of exogenous CRF treatment and 

memory reactivation-associated endogenous CRF release (DeVries et al. 1998; Sinha et al. 

2003; Stringfield et al. 2017; Higginbotham et al. 2021a), which we did not investigate. 

Alternatively, these may involve CRFR1 desensitization, including receptor phosphorylation 

and G-protein uncoupling (Teli et al. 2005; Bangasser et al. 2010; Howerton et al. 2014).

The sex-dependent nature of intra-BLA CRF treatment effects might be related to 

differences between male and female rats in the sensitivity of the CRF system at the 

molecular and behavioral levels. Prior research indicates that female rats exhibit more 

robust cocaine-seeking behavior upon intracerebroventricular CRF administration (Buffalari 

et al. 2012). Furthermore, LC neurons in female rats are activated by 10–30-fold lower 

concentrations of exogenous CRF than in males (Curtis et al. 2006; Bangasser et al., 

2010). These sex differences in the sensitivity of the CRF system are produced at least 

in part by greater CRFR1 Gs coupling within the LC and cortex of unstressed female 

rats (Bangasser et al. 2010) and by increased β-arrestin-mediated CRFR1 internalization in 

the LC of stress-exposed males (Bangasser et al. 2010). Conversely, female rats are less 

sensitive to the memory-impairing effects of CRF in the medial septum than males, and 

this may be related to more robust expression of CRF-BP, an endogenous inhibitor of CRF 

and urocortin 1 bioavailability (Potter et al. 1991; Behan et al. 1995), in females than in 

males (Wiersielis et al. 2019). Since sex differences in the sensitivity of the CRF system are 

brain region specific, future research will need to evaluate whether the increased memory 

strength observed in females in the present study reflects a shift of the inverted U-shaped 

CRF dose-effect curve to the left (i.e., increased sensitivity to a CRF dose that falls on the 

ascending limb of the dose-effect curve) or to the right (i.e., tolerance to a CRF dose that 

falls on the descending limb of the dose-effect curve for males).

We have extensively demonstrated that brain regions dorsally adjacent to the BLA are not 

involved in cocaine-memory reconsolidation (Fuchs et al. 2009; Wells et al. 2013; Arguello 

et al. 2014; Stringfield et al. 2017; Higginbotham et al. 2021a). Injection cannula placements 

in the present study were located in the ventral lateral BLA, but it is possible that CRF could 

diffuse to the central nucleus of the amygdala (CeA), a CRFR1-expressing brain region (Pett 

et al. 2000; Weera et al. 2021). Previous studies indicate that the CeA is recruited during 

memory reconsolidation if memory reactivation is elicited using interoceptive cues (e.g., 

cocaine itself, Zhu et al. 2018; cue signaling post-ingestive nutrient state, Yan et al. 2020) 

or the labile memory is manipulated using the retrieval-extinction procedure (Olshavsky et 
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al. 2013), possibly based on the CeA’s involvement in valence and salience encoding (Kong 

and Zweifel 2021). Conversely, the CeA is not recruited during memory reconsolidation 

if memory reactivation elicited using environmental stimuli (e.g., shock-predictive auditory 

cue, Si et al. 2012; cocaine-conditioned context, Zhu et al. 2018), suggesting that it is 

unlikely that CeA CRFR1 mediated the alterations in memory strength in the present study.

Overall, our results indicate that the level of CRFR1 stimulation in the BLA critically 

regulates cocaine-memory strength; however, the source of the relevant pool of CRF in 

the BLA has yet to be identified. CRF-expressing neurons are located throughout the 

neocortex and limbic system (Swanson et al. 1983), and several brain regions may supply 

CRF to support cocaine-memory reconsolidation through monosynaptic projections to the 

BLA (for review, Sah et al. 2003). The medial prefrontal cortex is one such candidate 

brain region based on its neuropeptide chemistry (Swanson et al. 1983; Hupalo et al. 

2019), monosynaptic connectivity with the BLA (McDonald et al. 1996), and role in the 

reconsolidation of Pavlovian and explicit conditioned stimulus-cocaine memories (Otis et al. 

2013; Sorg et al. 2015). However, we have been unable to confirm the involvement of the 

medial prefrontal cortex in context-cocaine memory reconsolidation per se (Ramirez et al. 

2009). A second potential source of CRF is the CeA. In the absence of direct CeA inputs, 

CRF from the CeA may passively diffuse to the BLA. This mechanism of action has been 

proposed to underlie fear-memory consolidation in rats and is supported by the observation 

that foot-shock exposure increases CRF-like immunoreactivity in the dorsal-medial BLA, 

adjacent to the CeA (Roozendaal et al. 2002). Finally, a third possible source of CRF is 

the oval nucleus of the bed nucleus of the stria terminals based on its monosynaptic CRF 

projections to the BLA (Dabrowska et al. 2016). Future research will need to systematically 

map the specific CRF circuits involved in cocaine-memory reconsolidation.

The present study confirmed previously reported patterns of sex differences in cocaine 

intake and cocaine-motivated goal-directed behaviors in rats. Female rats obtained more 

cocaine infusions than males by making fewer timeout responses (Fig. 1). Similar results 

have been reported in rats trained to self-administer the same dose of cocaine coupled with 

discrete light-tone conditioned stimuli (Fuchs et al. 2005; Zhou et al. 2014). It has also 

been shown that female rats acquire cocaine-reinforced responding faster and in greater 

proportions than males (Lynch and Carroll 1999). These preclinical findings parallel results 

from clinical studies which indicate that female cocaine users self-report more intense 

cocaine craving upon cocaine-cue exposure and are more severely impacted by cocaine use 

disorder than male users (Griffin and Mirin 1989; Kosten et al. 1993; Robbins et al. 1999).

Females also exhibited more responding on the previously cocaine-reinforced lever than 

males during extinction training in the extinction context (Fig. 1A) and during the memory 

reactivation session, but not the reinstatement test, in the cocaine-paired context (Fig. 1B). 

On one hand, the absence of this sex difference at test might result from more effective 

extinction-memory consolidation in females after the memory reactivation test. On the 

other hand, the literature has been inconsistent regarding sex differences in cue-induced 

reinstatement with studies reporting either more robust cue-induced cocaine-seeking in 

females than in males (Zhou et al. 2014) or no sex differences (Fuchs et al. 2005; Feltenstein 

et al. 2011).
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The present study included free-cycling females without estrous cycle monitoring, and 

this approach did not permit the investigation of the potential impact of estrous state 

on cocaine-memory strength or reconsolidation efficacy. Previous research suggests that 

estrous phase at the time of memory reconsolidation does not alter contextual-fear memory 

strength or the ability of an amnesic agent to disrupt reconsolidation (Franzen et al. 2019). 

However, our findings indicate that sex differences exist in the efficacy of CRF in the BLA 

to enhance cocaine-memory strength. The potential contribution of estrous state to these 

effects will have to be investigated in preparations that permit maximal experimental control 

and sensitivity to detect the potentially nuanced, circuit and cell-type specific influence of 

ovarian hormones on cocaine-memory reconsolidation.

5. Conclusion

The results from the present study suggest that interference with CRFR1 signaling may 

weaken cocaine-related maladaptive memories as part of an anti-relapse treatment strategy. 

Antalarmin has low oral bioavailability (Habib et al. 2000), which precludes its use as a 

pharmacotherapeutic agent. However, the efficacy of several other CRFR1 antagonists has 

been evaluated for the treatment of psychiatric disorders that may involve abnormally strong 

or intrusive memories, including alcohol use disorder (Kwako et al. 2015; Schwandt et al. 

2016), post-traumatic stress disorder (Dunlop et al. 2017), major depression (Binneman et 

al. 2008), and generalized anxiety disorder (Coric et al. 2010), in clinical trials. Despite 

encouraging results in animal models (Mansbach et al. 1997; Le et al. 2000; Boyson et 

al. 2011), CRFR1 antagonist treatments were ineffective, albeit well tolerated (Binneman 

et al. 2008; Coric et al. 2010; Schwandt et al. 2016; Dunlop et al. 2017), in these clinical 

samples. The effects of CRFR1 antagonist treatment on memory reconsolidation has not 

been investigated in human subjects, but our results provide impetus for future research in 

this direction. Moving forward, understanding the critical effector systems responsible for 

CRFR1 antagonist effects on memory strength in preclinical models will be key to identify 

viable therapeutic approaches for drug relapse prevention.
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Highlights:

• Female rats self-administer more cocaine than males

• Cocaine memory strength can be altered during memory reconsolidation

• BLA CRFR1 antagonism weakens an index of cocaine-memory strength in 

both sexes

• BLA CRF treatment increases this index in females only at low, but not high, 

doses

• High dose CRF treatment did not reduce CRFR1 cell-surface expression

• Off-target motor effects did not account for changes in cocaine-memory 

strength
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Figure 1. Sex differences in cocaine intake and lever responding.
(A) Active- and inactive-lever responses and cocaine infusions (mean ± SEM) obtained 

by male (n = 57) and female (n = 88) rats in experiments 1–4 during daily 2-h cocaine-self­

administration and extinction training sessions. (B) Active- and inactive-lever responses 

during the 15-min cocaine-memory reactivation (MR) session (before intra-BLA treatment 

in males, n = 57, and females, n = 88) and upon first re-exposure to the extinction (EXT) 

and cocaine-paired (COC) contexts (after intra-BLA vehicle treatment in males (n = 24) and 

females (n = 36). Symbols: Double daggers indicate difference from subsequent training 

sessions, ‡ ANOVA time main effect collapsed across sex, ‡time simple-main effect in a sex, 

Tukey’s test. Silcrows indicate difference from males, §ANOVA sex main effect collapsed 

across time, §sex simple-main effect during a session, Tukey’s test, or sex effect during the 

MR session, t-test. Pound sign indicates difference from the extinction context, #ANOVA 

context main effect collapsed across sex. All ps < 0.05.
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Figure 2. BLA CRFR1 antagonism immediately after memory reactivation attenuates drug 
context-induced cocaine seeking three days later.
(A) Experimental timeline. Rats were trained to self-administer cocaine (SA) in a distinct 

context, and their lever responding was then extinguished (EXT) in a different context. 

On post-cocaine day 8, rats were re-exposed to the cocaine-paired context for 15 min to 

elicit memory reactivation (MR). They then received bilateral intra-BLA vehicle (VEH) or 

antalarmin (Anta, 500 ng/0.5 μL per hemisphere) infusions. Cocaine-seeking behavior was 

assessed in the cocaine-paired context (Test) three days later, after at least two additional 

daily extinction training sessions in the extinction context. The schematic illustrates cannula 

placements in experiment 1. (B) Active-lever responses (mean ± SEM) in males (n = 5–6/

group) in the cocaine-paired (COC) context during the MR session (before treatment) and 

upon first re-exposure to the extinction (EXT) and COC contexts at test (after treatment). 

(C) Time-course of active-lever responses (mean ± SEM) in males in the COC context at 

test. (D) Active-lever responses (mean ± SEM) in females (n = 6–7/group) in the COC 

context during the MR session (before treatment) and upon first re-exposure to the EXT and 

COC contexts at test (after treatment). (E) Time-course of active-lever responses (mean ± 

SEM) in females in the COC context at test. (F) Inactive-lever responses (mean ± SEM) in 

males (upper panel) and females (lower panel) in the COC context during the MR session 

(before treatment) and upon first re-exposure to the EXT and COC contexts at test (after 
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treatment). (G) Active-lever responses (mean ± SEM; collapsed across sex based on the 

lack of sex effects; n = 12/group) in the COC context during the MR session (before 

treatment) and upon first re-exposure to the EXT and COC contexts at test (after treatment). 

(H) Time-course of active-lever responses (mean ± SEM; collapsed across sex based on 

the lack of sex effects) in the COC context at test. Symbols: Asterisks indicate difference 

from vehicle treatment, *ANOVA treatment simple main effect or main effect collapsed 

across testing context (Panel D). Pound signs indicate difference from the extinction context, 
#ANOVA context main effect collapsed across treatment. Double daggers indicate difference 

from subsequent training sessions, ‡ ANOVA time main effect collapsed across treatment, 
‡time simple-main effect in a treatment group, Tukey’s test. All ps < 0.05.
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Figure 3. BLA CRFR1 antagonism 6 h after cocaine-memory reactivation does not alter drug 
context-induced cocaine seeking three days later.
(A) Experimental timeline. Rats were trained to self-administer cocaine (SA) in a distinct 

context, and their lever responding was then extinguished (EXT) in a different context. 

On post-cocaine day 8, rats were re-exposed to the previously cocaine-paired context 

for 15 min to elicit memory reactivation (MR). Six h after MR, they received bilateral 

intra-BLA vehicle (VEH) or antalarmin (Anta, 500 ng/0.5 μL per hemisphere) infusions. 

Cocaine-seeking behavior was assessed in the cocaine-paired context (Test) three days later, 

after at least two additional daily extinction training sessions in the extinction context. 

The schematic illustrates cannula placements in experiment 2. (B) Active-lever responses 

(mean ± SEM) in males (n = 7/group) in the cocaine-paired (COC) context during the MR 

session (before treatment) and upon first re-exposure to the extinction (EXT) and COC 

contexts at test (after treatment). (C) Time-course of active-lever responses (mean ± SEM) 

in males in the COC context at test. (D) Active-lever responses (mean ± SEM) in females 

(n = 5–6/group) in the COC context during the MR session (before treatment) and upon 

first re-exposure to the EXT and COC contexts at test (after treatment). (E) Time-course 

of active-lever responses (mean ± SEM) in females in the COC context at test. (F) Inactive­

lever responses (mean ± SEM) in males (upper panel) and females (lower panel) in the COC 

context during the MR session (before treatment) and upon first re-exposure to the EXT and 
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COC contexts at test (after treatment). (G) Active-lever responses (mean ± SEM; collapsed 

across sex based on the lack of sex effects; n = 12–13/group) in the COC context during 

the MR session (before treatment) and upon first re-exposure to the EXT and COC contexts 

at test (after treatment). (H) Time-course of active-lever responses (mean ± SEM; collapsed 

across sex based on the lack of sex effects) in the COC context at test. Symbols: Pound 

signs indicate difference from the extinction context, #ANOVA context main effect collapsed 

across treatment. Double daggers indicate difference from subsequent training sessions, ‡ 

ANOVA time main effect collapsed across treatment. All ps < 0.05.
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Figure 4. Intra-BLA CRF treatment immediately after memory reactivation dose-dependently 
increases drug context-induced cocaine seeking in female, but not male, rats three days later.
A) Experimental timeline. Rats were trained to self-administer cocaine (SA) in a distinct 

context, and their lever responding was then extinguished (EXT) in a different context. 

On post-cocaine day 8, rats were re-exposed to the cocaine-paired context for 15 min to 

elicit memory reactivation (MR). They then received bilateral intra-BLA vehicle (VEH) or 

corticotropin-releasing factor (CRF; 0.2, 30, or 500 ng/0.5 μL per hemisphere) infusions. 

Cocaine-seeking behavior was assessed in the cocaine-paired context (Test) three days later, 

after at least two additional daily extinction training sessions in the extinction context. The 

schematics illustrate cannula placements in males (upper) and females (lower) in experiment 

3. (B) Active and inactive-lever responses (mean ± SEM) in males (n = 6–11/group) in 

the cocaine-paired (COC) context during the MR session (before treatment) and upon first 

re-exposure to the extinction (EXT) and COC contexts at test (after treatment). (C) Time­

course of active-lever responses (mean ± SEM) in males in the COC context at test. (D) 
Active- and inactive lever responses (mean ± SEM) in females (n = 8–14/group) in the COC 

context during the MR session (before treatment) and upon first re-exposure to the EXT and 

COC contexts at test (after treatment). (E) Time-course of active-lever responses (mean ± 

SEM) in females in the COC context at test. Symbols: Pound signs indicate difference from 

the extinction context, #ANOVA context main effect collapsed across treatment or time, 
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or context simple-main effect in a treatment group, Tukey’s tests. Double daggers indicate 

difference from subsequent training sessions, ‡ANOVA time main effect independent of 

treatment. Silcrows indicate difference from males, §ANOVA sex main effect collapsed 

across treatment, §sex simple-main effect for a treatment condition, Tukey’s test. All ps < 

0.05.
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Figure 5. Intra-BLA CRF treatment in females 6 h after cocaine-memory reactivation does not 
alter drug context-induced cocaine seeking three days later.
(A) Experimental timeline. Female rats were trained to self-administer cocaine (SA) in 

a distinct context, and their lever responding was then extinguished (EXT) in a different 

context. On post-cocaine day 8, rats were re-exposed to the cocaine-paired context for 

15 min to elicit memory reactivation (MR). Six hours after MR, they received bilateral 

intra-BLA vehicle (VEH) or corticotropin-releasing factor (CRF, 0.2 or 30 ng/0.5 μL per 

hemisphere) infusions. Cocaine-seeking behavior was assessed in the cocaine-paired context 

(Test) three days later, after at least two additional daily extinction training sessions in 

the extinction context. The schematic illustrates cannula placements in experiment 4. (B) 
Active- and inactive-lever responses (mean ± SEM) in females (n = 6–9/group) in the 

cocaine-paired (COC) context during the MR session (before treatment) and upon first 

re-exposure to the extinction (EXT) and COC contexts at test (after treatment). (C) Time­

course of active-lever responses (mean ± SEM) in females in the COC context at test. 

Symbols: Pound signs indicate difference from the extinction context, #ANOVA context 

main effect collapsed across treatment. Double daggers indicate difference from subsequent 

training sessions, ‡ANOVA time simple-main effect in a treatment group. All ps < 0.05.

Ritchie et al. Page 37

Neuropharmacology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Intra-BLA antalarmin or CRF pre-treatment does not alter locomotor activity in a 
novel context three days later.
Rats received intra-BLA administration of antalarmin (Anta; 500 ng/0.5 μL per hemisphere), 

corticotropin-releasing factor (CRF; 0.2, 30, or 500 ng/0.5 μL per hemisphere), or their 

respective vehicles (VEH) three days prior to a 2-h locomotor activity test in a novel 

chamber. (A) Total number of photobeam breaks (mean/2 h ± SEM) elicited by males and 

females that received intra-BLA VEH (n = 6 males, 5 females) or Anta pre-treatment (n 

= 6 males, 6 females). (B) Total number of photobeam breaks (mean/2 h ± SEM) elicited 

by males that received intra-BLA vehicle or CRF (500 ng/hemisphere) pre-treatment (n = 

4/group). (C) Total number of photobeam breaks (mean/2 h ± SEM) elicited by females 

that received intra-BLA vehicle or CRF (0.2, 30, or 500 ng/hemisphere) pre-treatment 

(n = 5–8/group). Symbols: Silcrow indicates difference from males during the first time 

bin, §ANOVA sex simple-main effect collapsed across treatment, Tukey’s test. Asterisk 

indicates difference from vehicle treatment at a time bin, *ANOVA treatment simple-main 

effect collapsed across sex. Double daggers indicate difference from subsequent time bins, 
‡ANOVA time simple-main effect collapsed across treatment, but not sex (Panel A) or time 

main effect collapse across treatment (Panels B, C).
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Figure 7. Intra-BLA CRF treatment did not alter total or biotinylated (cell-surface) CRFR1 
expression in the BLA.
Male and female rats received bilateral infusions of CRF (30 ng/hemisphere) or vehicle 

(VEH; DMSO) into the BLA. BLA tissue was collected 30 min later for cell-surface protein 

biotinylation and analysis total and biotinylated protein levels using an automated capillary 

electrophoresis immunoassay on the Wes ProteinSimple instrument. (A) Total of CRFR1 

area under the curve (AUC) values normalized to total ATPase (loading control) AUC 

values (mean ratio of AUCs ± SEM). Representative digital western blot image generated 

by Compass for SW software v4.0.0 (ProteinSimple). The bands corresponding to protein 

peaks observed for ATPase (99 or 129 kDa), CRFR1 (61 kDa), and MAPK1/2 (41 and 

45 kDa) in the total and biotinylated (acetone precipitated) fractions, respectively. See Fig. 

S5 for representative electropherograms used to measure AUC. MAP1/2 was measured as 

an indicator of BLA cell integrity. (B) Biotinylated (cell-surface) CRFR1 normalized to 

biotinylated ATPase (loading control) (mean ratio of AUCs ± SEM). Representative digital 

western blot image generated by Compass for SW software (ProteinSimple, v4.0.0). A 

separate, high-contrast image of the ladder was taken and superimposed on the original to 

increase image quality. (C) Ratio of normalized biotinylated to normalized total CRFR1 

AUC values (mean ± SEM).
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