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Abstract

Alcohol use dysregulates responsivity to stress, which is mediated by corticotropin-releasing 

factor (CRF). With repeated cycles of alcohol use, the hypothalamic-pituitary-adrenal axis 

becomes hyporesponsive, rendering individuals vulnerable to the reinstatement of alcohol-seeking 

behavior during stressful episodes. Orexin (Orx; also called hypocretin) plays a well-established 

role in regulating diverse physiological processes, including stress, and interacts with CRF. The 

infralimbic cortex (IL) is a CRF-rich region. Anatomical evidence suggests that CRF and Orx 

interact in this area. To test the behavioral implication of CRF and Orx transmission in the IL 

during the stress-induced reinstatement of alcohol-seeking behavior, male Wistar rats were trained 

to self-administer 10% alcohol for 3 weeks. The rats then underwent two weeks of extinction 

training (identical to the alcohol self-administration sessions, but alcohol was withheld). The 

day after the last extinction session, the rats received a bilateral intra-IL injection of the CRF1 

receptor antagonist CP154,526 (0.6 μg/0.5 μl/side), the dual Orx receptor antagonist TCS1102 

(15 μg/0.5 μl/side), or their combination and then were tested for the footshock stress-induced 

reinstatement of alcohol-seeking behavior. CP154,526 significantly prevented reinstatement, but 

TCS1102 did not produce such an effect. Interestingly, the co-administration of TCS1102 and 

CP154,526 reversed the effect of CP154,526 alone, and footshock stress induced a significant 

increase in Crhr1 and Hcrtr2 mRNA expression in the IL. These results demonstrate a functional 

interaction between Orx receptor and CRF1 receptor signaling and suggest that CRF1 receptor 

antagonism may ameliorate stress-induced alcohol-seeking behavior.
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Introduction

Repeated alcohol use is well known to dysregulate stress responses, including the 

hypothalamic-pituitary-adrenal (HPA) axis and extrahypothalamic stress systems (Quadros, 

Macedo, Domingues, & Favoretto, 2016; Stephens & Wand, 2012). Recurrent exposure to 

alcohol appears to increase extrahypothalamic corticotropin-releasing factor (CRF) activity 

in several brain structures that play a role in withdrawal-related anxiety and dysphoria 

(Becker, 2012; Merlo Pich et al., 1995; Olive, Koenig, Nannini, & Hodge, 2002; Winsky-

Sommerer et al., 2004) and blunt responsivity of the HPA axis (Koob & Kreek, 2007; Koob, 

2008).

Several neuropeptides have been proposed to interact with CRF to either promote or prevent 

the reinstatement of drug-seeking behavior (Shalev, Erb, & Shaham, 2010). Behavioral 

and functional studies highlighted that the orexin (Orx; also called hypocretin) system 

plays an important role in neurobehavioral and motivational effects of drugs of abuse, 

including alcohol (Bonci & Borgland, 2009; Borgland, Taha, Sarti, Fields, & Bonci, 

2006; Harris, Wimmer, & Aston-Jones, 2005; Thompson & Borgland, 2011). Stress has 

been shown to activate Orx neurons (Ida et al., 2000), and Orx has been proposed to 

modulate the stress response (for review, see Giardino & de Lecea, 2014). Neuroanatomical 

studies have shown that CRF terminals from the prefrontal cortex directly contact Orx 

cells that express CRF1 and CRF2 receptors in the hypothalamus and that CRF-expressing 

neurons receive contacts from the Orx system (Winsky-Sommerer et al., 2004). Supporting 

these anatomical studies, some behavioral evidence of an Orx/CRF interaction has been 

reported. For example, intracerebroventricular Orx administration increased anxiety-like 

behavior (Suzuki, Beuckmann, Shikata, Ogura, & Sawai, 2005) and elevated intracranial 

self-stimulation thresholds (Boutrel et al., 2005), an effect that was mediated by CRF (Hata 

et al., 2011), and reinstated cocaine-seeking behavior in a CRF-dependent manner (Boutrel 

et al., 2005). Altogether, these findings provide evidence that the Orx modulation of CRF 

neurons participates in the maintenance and persistence of negative affective states that 

characterize drug addiction.

Of the many brain structures that contain CRF interneurons (Swanson, Sawchenko, Rivier, 

& Vale, 1983), the medial prefrontal cortex (mPFC) has emerged as being directly involved 

in compulsive drug-seeking behavior (Kalivas, 2008; Koob, 2008). There is a dearth of 

knowledge about the exact function of these neurons, but they were recently identified as 

γ-aminobutyric acid (GABA)ergic inhibitory interneurons (Chen et al., 2020). In rodents, a 

functional dichotomy has been described between mPFC subregions, consisting of the dorsal 

region (i.e., prelimbic cortex [PL]) and ventral region (i.e., infralimbic cortex [IL]). The PL 

was shown to play a role in executing behaviors, whereas the IL is involved in response 

inhibition (Moorman & Aston-Jones, 2015; Moorman, James, McGlinchey, & Aston-Jones, 

2015). With regard to drug-seeking behavior, earlier studies suggested that the PL promotes 
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drug seeking, whereas the IL suppresses it. Activation of the IL has been associated with 

the extinction and inhibition of drug-seeking behavior (Moorman et al., 2015; Van den 

Oever, Spijker, Smit, & De Vries, 2010). Furthermore, chronic alcohol exposure produces 

greater effects on neuronal transmission and excitability in the IL compared with the PL, 

indicating a more pronounced role of the IL in alcohol-seeking behavior (Pleil et al., 

2015). Additionally, the inactivation of a neuronal ensemble in the IL but not PL increased 

alcohol-seeking behavior (Pfarr et al., 2015). Evidence suggests that mPFC CRF neurons 

interact with Orx in the IL. The IL receives Orx projections from the hypothalamus (HYP; 

Date et al., 1999), and Hcrtr1 and Hcrtr2 mRNA expression has been detected in the IL 

(Marcus et al., 2001). Altogether, these studies suggest that dysregulation of the IL and 

functional interactions between the CRF and Orx systems in the IL may play a central role 

in compulsive alcohol seeking that is exacerbated by stress.

Therefore, to verify the implication of both CRF and Orx transmission in the IL during 

the stress-induced reinstatement of alcohol-seeking behavior, the present study had a 

threefold purpose: (1) test the ability of intra-IL administration of the CRF1 receptor 

antagonist CP154,526 and dual Orx receptor antagonist (DORA) TCS1102 to reverse the 

stress-induced reinstatement of alcohol-seeking behavior, (2) behaviorally assess whether an 

interaction between IL CRF1 receptor and Orx receptor signaling exists that could alter the 

stress-induced reinstatement of alcohol-seeking behavior by co-administering both ligands, 

and (3) further dissected this interaction by evaluating whether stress alters Crhr1, Hcrtr1, 

and Hcrtr2 mRNA expression in the IL.

Based on previous research from our laboratory (Matzeu & Martin-Fardon, 2020), we 

hypothesized that CP154,526, but not TCS1102, would be efficacious in preventing stress-

induced reinstatement of alcohol-seeking behavior. Furthermore, we also hypothesized that 

an interaction between the CRF and Orx system will occur, influencing stress-induced 

reinstatement by increasing the effects of CP154,526 with a coadministration of TCS1102.

1. Methods

2.1. Animals

Sixty-four male Wistar rats (Charles River Laboratories, Hollister, CA, USA), weighing 

150–170 g upon arrival, were housed two per cage in a temperature- and humidity-

controlled vivarium on a reverse 12 h/12 h light/dark cycle (lights OFF at 8:00 AM; 

Lights ON at 8:00 PM) with ad libitum access to food and water. All of the procedures 

were conducted in strict adherence to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals (Council, 2003) and Animal Research: Reporting In Vivo 
Experiments Guidelines (Percie du Sert et al., 2020) and were approved by the Institutional 

Animal Care and Use Committee of The Scripps Research Institute. Before the experiments 

began, the animals were given a 1-week acclimation period to the housing and handling 

conditions.
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2.2. Drugs

CP154,526 and TCS1102 (Tocris Bioscience, Bristol, UK) were dissolved in 100% 

dimethylsulfoxide (DMSO; Sigma Aldrich, St. Louis, MO, USA) at doses of 0.6 μg/0.5 

μl and 15 μg/0.5 μl, respectively. Control vehicle (VEH)-treated animals received 100% 

DMSO only.

2.2. Alcohol self-administration training

Alcohol self-administration training was conducted as previously described (Matzeu & 

Martin-Fardon, 2020). Importantly, no fading (saccharin or sucrose) was required to induce 

voluntary alcohol intake. After the 1-week housing acclimation period and for the remainder 

of the alcohol training procedure (Fig. 1A), the rats were given access to standard operant 

conditioning chambers (29 cm × 24 cm × 19.5 cm; Med Associates, St. Albans, VT, USA) 

at 2:00 PM in daily 30-min self-administration sessions on a fixed-ratio 1 (FR1) schedule 

of reinforcement. In these sessions, responses on the right lever resulted in the delivery of 

0.1 ml of 10% (w/v) alcohol (prepared in tap water from 95% w/v alcohol) and the brief 

(0.5 s) illumination of a cue light above the lever. To calculate total intake (g/kg), the total 

number of rewards (i.e., when active lever presses resulted in the delivery of alcohol) was 

normalized to the animal’s body weight on the day of that session. To assess whether the 

animals had drunk, we checked that the feeding wells in the chambers were dry after each 

self-administration session. Responses on the left inactive lever resulted in no programmed 

consequences. Responses on both levers were recorded.

2.3. Infralimbic and prelimbic cannulation

Two weeks after self-administration training began, the animals were implanted with 

bilateral guide cannulas (22-gauge, 15 mm, Plastics One, Roanoke, VA, USA) that were 

aimed at the IL (anterior/posterior, +3.2 mm from bregma; medial/lateral, ±0.75 mm; dorsal/

ventral, −2.6 mm from dura; Paxinos & Watson, 1998) and positioned 2 mm above the target 

injection point. Bilateral guide cannulas were also aimed at the PL (anterior/posterior, +3.2 

mm from bregma; medial/lateral, ±0.75 mm; dorsal/ventral, −1.6 mm; Paxinos & Watson, 

1998) and positioned 2 mm above the target injection point. After 7 days of recovery from 

surgery, all rats resumed self-administration training for 1 week (Fig. 1A).

2.4. Extinction

Twenty-four hours after the last alcohol self-administration session, the rats underwent daily 

30-min extinction sessions for 10 days (Fig. 1A). Extinction sessions were identical to 

the alcohol self-administration sessions, but alcohol was withheld. For habituation to the 

footshock stress procedure, the rats were placed in the operant chambers 15 min before the 

extinction sessions. At the end of this 15-min period, both levers were extended into the 

operant chambers, and the sessions began. The rats underwent extinction training for 10 

days. Fifteen minutes before the last extinction session, the rats received a sham injection 

to habituate them to the microinjection procedure. This involved the insertion of an injector 

(that was left in place for 2 min) in the guide cannula that extended into the IL. After the 

sham injections, the rats were returned to their home cages for 2 min and then placed in the 
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operant chamber for 15 min. At the end of this 15-min period, both levers were extended 

into the operant chambers, and the rats were tested under extinction conditions (Fig. 1A).

2.5. Stress-induced reinstatement

Twenty-four hours after the sham injection, separate groups of rats received a central 

injection of DMSO (VEH), the CRF1 receptor antagonist CP154,526 (0.6 μg/0.5 μl/side; 

Hwa, Debold, & Miczek, 2013), the DORA TCS1102 (15 μg/0.5 μl/side; Dong, Li, & 

Kirouac, 2015; Hsiao, Jou, Yi, & Chang, 2012; Matzeu & Martin-Fardon, 2020), or 

their combination and then were tested for the footshock stress-induced reinstatement of 

alcohol-seeking behavior via footshock stress. To test specificity of the effect to the IL, a 

group of rats (n = 6) received an infusion of CP154,526 (0.6 μg/0.5 μl/side) in the PL. 

Intra-IL and -PL microinjections were performed using of a microinfusion pump (Harvard 

22 Syringe Pump, Holliston, MA, USA) and injectors (Plastics One, Roanoke, VA, USA) 

that extended 2.0 mm beyond the guide cannula. Injections were performed at a flow rate 

of 0.5 μl/min over 1 min. While the pump was shut off, the injectors were left in the 

guide canula for an additional 1 min to allow diffusion away from the injector tip. Once 

the injectors were removed, the animals were returned to their home cages for 2 min 

and then placed in the operant chambers to undergo footshock stress (15 min; variable 

intermittent electric footshock, 0.5 mA; duration, 0.5 s; mean shock interval, 40 s; range, 

10–70 s; Martin-Fardon, Ciccocioppo, Massi, & Weiss, 2000; Matzeu & Martin-Fardon, 

2020; Sidhpura, Weiss, & Martin-Fardon, 2010; Zhao et al., 2006). Two minutes after the 

termination of footshock, the levers were extended into the chamber, and responses were 

recorded for 30 min. Each animal was tested only once with vehicle, CP154,526, TCS1102, 

or CP154,526+TCS1102 according to a between‐subjects design. To verify the injections 

sites, the rats were euthanized, and their brains were harvested, snap frozen, and cut into 30 

μM coronal sections using a cryostat (Leica CM3050S, Leica Biosystems Nussloch GmbH, 

Heidelberg, Germany). Using an adult rat brain atlas as a reference (Paxinos & Watson, 

1998), the injector tips were plotted from clear representative sections to determine their 

exact location. Off-target cannulations were excluded from the study (Fig. 1A, right).

2.6. Spontaneous locomotion

Given that the co-administration of CP154,526 (0.6 μg/0.5 μl/side) and TCS1102 (15 μg/0.5 

μl/side) increased inactive lever responses during stress-induced reinstatement (see Fig. 

3B), spontaneous locomotion tests were conducted in a separate group of alcohol- and 

experimentally naive rats (n = 8) to control for the nonspecific increase in locomotor activity 

that was induced by intra-IL injections of CP154,526+TCS1102. After recovery from IL 

cannulation (Fig. 1B), the rats received vehicle or CP154,526+TCS1102 and individually 

placed in their home cage. Fifteen minutes later (i.e., to match the duration of the footshock 

stress session), the total distanced traveled and velocity were recorded for 30 min using a 

standard video camera and EthovisionXT video tracking software (Noldus, Leesburg, VA) to 

analyze behavior in this task. Injection sites were verified, and off-target cannulations were 

excluded from the study (see Fig. 1B, right)
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2.7. Quantitative polymerase chain reaction procedure

Rats that were used for the gene expression analysis were prepared in parallel and underwent 

the same behavioral procedure as described above, but they did not undergo IL cannulation, 

did not receive IL injections, and did not undergo reinstatement testing (Fig. 1C). Twenty-

four hours after the last extinction session, the rats were split into three groups: one group 

(n = 8) that was experimentally naive to all conditions, one group (n = 8) that underwent 

training and extinction and was euthanized and whose brains were rapidly harvested, snap 

frozen in methylbutane, and stored at −80°C, and one group (n = 8) that underwent a 15-min 

footshock stress session in the operant chambers and was euthanized and whose brains were 

rapidly harvested, snap frozen, and stored at −80°C. Brains from all groups were dissected 

into serial coronal sections, and the IL was collected using tissue punches. RNA isolation 

was performed using RNA concentrator-5 kits according to the manufacturer’s instructions 

(Zymo Research, Irvine, CA, USA). Total RNA was measured using a NanoDrop 2000c 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and then reversed 

transcribed into cDNA using 5X mix, iScript, reverse transcription, and Supermix for 

real-time quantitative polymerase chain reaction (RT-qPCR) with the CFX 384 Real-Time 

System (Bio-Rad, Hercules, CA, USA). The amplification of cDNA was achieved using 

SYBR, iTap Universal SYBR, and Green Supermix running duplicate samples from each 

animal. Cycle threshold (Ct) values were determined, and changes in gene expression were 

assessed using the ΔCq method with β-actin as the housekeeping reference gene. The 

forward and reverse primer sequences, respectively, of the antisense oligonucleotides were 

the following: β-actin (5’-ATC TGG CAC ACC TTC-3’ and 5’-AGC CAG GTC CAG ACG 

CA-3’), Crhr1 (5’-TGC CAG GAG ATT CTC AAC GAA-3’ and 5’-AAA GCC GAG ATG 

AGG TTC CAG-3’), Hcrtr1 (5’-CCC TCA ACT CCA GTC CTA GC-3’ and 5’-CAG GGA 

GGG CCT ATA ATT GA-3’), and Hcrtr2 (5’-CCA TGT TGG GGT GCT TA-3’ and 5’-TCC 

CCC TCT CAT AAA CTT GG-3’).

2.8. Statistical analysis

Alcohol self-administration was analyzed using two-way repeated-measures analysis of 

variance (ANOVA). The extinction data were analyzed using two-way repeated-measures 

ANOVA, with time (i.e., session) and lever (active vs. inactive) as independent factors. 

Stress-induced reinstatement was analyzed using mixed-factors ANOVA, with session 

(i.e., sham and reinstatement tests) and treatment (i.e., CP154,526, TCS1102, and 

CP154,526+TCS1102) as within- and between-subjects factors, respectively. Significant 

interactions and main effects were followed by the Bonferroni post hoc test for the 

two-way repeated-measures ANOVA. For analyses of spontaneous locomotion data, two-

tailed Student’s t-tests were used. The gene expression data were analyzed using one-way 

ANOVA, followed by the Tukey post hoc test. The data are expressed as mean + SEM. 

Values of p < 0.05 were considered statistically significant. The statistical analyses were 

performed using Prism 8 software (GraphPad, San Diego, CA, USA).

3. Results

Among the rats that were designated for the stress-induced reinstatement study (Fig. 1A), 

four were lost because of health complications. The remaining 28 animals were divided 
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into the VEH group (n = 8), CP154,526 group (n = 8), TCS1102 group (n = 6), and 

CP154,526+TCS1102 group (n = 6). To test specificity of the effect to the IL, a separate 

group of rats (n = 6) received an infusion of CP154,526 in the PL. To assess whether the 

effect of the CRF1 receptor antagonist was confined to the IL, an additional group (n = 6) 

received an infusion of CP154,526 in the PL. For the spontaneous locomotion study (Fig. 

1B), one rat was lost because of health complications, and one rat was removed because of 

cannula misplacement, reducing the total number of animals for this experiment to n = 6. No 

rats were lost for the qPCR analysis (n = 24; Fig. 1C).

3.1. Stress-induced reinstatement

Over the 21 sessions of self-administration training (30 min/day), the rats (n = 34) acquired 

alcohol self-administration (two-way repeated measures ANOVA; main effect of session: 

F20,1320 = 5.80, p < 0.0001; main effect of lever: F1,66 = 130.45, p < 0.0001; session × lever 

interaction: F20,1320 = 15.21, p < 0.0001; Fig. 2A). The Bonferroni post hoc test confirmed 

that beginning in the fifth training session, active lever presses were significantly higher than 

inactive lever presses (p < 0.05; Fig. 2A). Furthermore, no-differences in self-administration 

training were observed in animals that received IL cannulation (n = 8) and designated to 

receive CP154,526, when compared to the ones that received PL cannulation (n = 6) and 

were designated to receive CP154,526 (three-way factorial ANOVA; main effect of session: 

F20,480 = 3.05, p = 0.0092; main effect of lever: F1,24 = 51.18, p < 0.0001; main effect of 

mPFC subregion: F1,24 = 0.0049, p > 0.05; session × lever interaction × mPFC subregion: 

F20,480 = 1.048, p > 0.05; data not shown).

Over the 10 days of extinction training, the number of responses at the active lever gradually 

decreased until the total number of responses on the active lever was undistinguishable from 

the number of responses at the inactive lever (two-way repeated-measures ANOVA; main 

effect of session: F9,585 = 7.95, p < 0.0001; main effect of lever: F1,65 = 67.79, p < 0.0001; 

session × lever interaction: F9,585 = 4.26, p < 0.0001; Fig. 2B). The Bonferroni post hoc test 

revealed a significantly higher number of responses at the active lever from the first to the 

seventh extinction session (p < 0.05). After the seventh extinction session, the number of 

active lever presses was the same as the number of inactive lever presses (Fig. 2B).

Following extinction, the rats received a sham injection in the IL and PL to habituate 

them to the injection procedure. Exposure to stress precipitated the reinstatement of 

alcohol-seeking behavior in rats that received the VEH injection, which was prevented 

by the intra-IL injection of CP154,526. Alcohol-seeking behavior was reinstated by stress 

in rats that received an intra-IL injection of TCS1102 alone, and the intra-IL injection 

of CP154,526+TCS1102 reversed the effect of CP154,526 alone. Finally, alcohol-seeking 

behavior was also reinstated in animals that received intra-PL CP154,526 (Bonferroni post 
hoc test following two-way ANOVA; main effect of session: F1,29 = 69.66, p < 0.0001; main 

effect of treatment: F4,29 = 3.81, p = 0.013; session × treatment interaction: F4,29 = 4.36, 

p = 0.018; Fig. 3A). Rats that received CP154,526+TCS1102 emitted a significantly higher 

number of inactive lever responses (Bonferroni post hoc test following two-way ANOVA; 

main effect of session: F1,29 = 17.22, p = 0.0003; main effect of treatment: F4,29 = 8.61, p = 

0.0001; session × treatment interaction: F4,29 = 10.83, p = 0.0001; Fig. 3B).
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3.2. Spontaneous locomotion

Given that the number of responses at the inactive lever in the stress-induced reinstatement 

test was higher in animals that received CP154,526+TCS1102, we conducted an 

experiment to determine whether this combination affects spontaneous locomotion. The 

co-administration of CP154,526 and TCS1102 significantly increased the total distance 

traveled (t10 = 2.34, p = 0.041; Fig. 4A), but no differences in speed were observed (p = 

0.60; Fig. 4B).

3.3. qPCR

Over the 21 self-administration training sessions (30 min/day), the rats (n = 16) acquired 

alcohol self-administration (two-way repeated-measures ANOVA: main effect of session: 

F20,600 = 4.50, p < 0.0001; main effect of lever: F1,30 = 103.96, p < 0.0001; session × lever 

interaction: F20,600 = 12.14, p < 0.0001; Fig. 5A). The Bonferroni post hoc test confirmed 

that beginning in the fifth training session, the number of responses at the active lever was 

significantly higher than the number of responses at the inactive lever (p < 0.05; Fig. 5A).

Over the 10 extinction sessions, the number of responses at the active lever gradually 

decreased until they were the same as the number of responses at the inactive lever starting 

in the fourth session (two-way repeated-measures ANOVA; main effect of session: F9,198 = 

3.84, p = 0.046; main effect of lever: F1,22 = 7.67, p = 0.011; session × lever interaction: 

F9,198 = 3.00, p = 0.0023). The Bonferroni post hoc test revealed a significantly higher 

number of responses at the active lever from the first to the third extinction session (p < 0.05, 

Fig. 5B). After the third extinction session, the number of active lever presses was the same 

as the number of inactive lever presses.

Analyses of mRNA expression in the IL demonstrated that stress significantly increased 

Crhr1 and Hcrtr2 mRNA expression (separate one-way ANOVAs: Crhr1, F2,21 = 29.41, p 
< 0.0001, Fig. 5C; Hcrtr1, F2,21 = 19.56, p < 0.0001, Fig. 5D; Hcrtr2, F2,21 = 46.45, p < 

0.0001, Fig. 5E). A decrease in Crhr1 mRNA expression was observed following extinction 

compared with naive rats, whereas stress significantly increased Crhr1 mRNA expression 

(Tukey post hoc test; p = 0.0021, vs. naive, and p < 0.0001, vs. 2-Week EXT; Fig. 5C). 

Interestingly, the patterns of Hcrtr1 and Hcrtr2 mRNA expression were different. Although 

stress increased Hcrtr2 mRNA expression (Tukey post hoc test; p < 0.0001, vs. naive; 

Fig. 5D, E), a significant increase in Hcrtr1 mRNA expression was also found following 

extinction (Tukey post hoc test; p = 0.002, vs. naive; Fig. 5D), whereas no change in Hcrtr2 
mRNA expression was observed (p = 0.093, vs. naive; Fig. 5E).

4. Discussion

The present study investigated the participation of CRF1 and Orx receptor signaling in the 

IL and whether an interaction between their transmission occurs during the stress-induced 

reinstatement of alcohol-seeking behavior. To explore whether stress causes molecular 

changes, Crhr1, Hcrtr1, and Hcrtr2 mRNA expression were measured in the IL following 

footshock stress. Consistent with many previous studies (Ahmed & Koob, 1997; Erb & 

Stewart, 1999; Le et al., 1999; Martin-Fardon et al., 2000; Matzeu & Martin-Fardon, 2020), 
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the present results showed that intermittent footshock stress reinstated extinguished alcohol-

seeking behavior. The intra-IL administration of CP154,526 significantly blocked stress-

induced reinstatement, whereas TCS1102 did not produce a significant effect. Interestingly, 

the co-administration of CP154,526 and TCS1102 blocked the effect of TCS1102 alone but 

also increased spontaneous locomotion. Furthermore, the administration of CP154,526 in the 

PL did not prevent the reinstatement of alcohol-seeking behavior, suggesting an IL-specific 

effect. Ultimately, alterations of Crhr1, Hcrtr1, and Hcrtr2 gene expression were apparent 

following extinction and following the delivery of footshock stress.

Interestingly, the intra-IL administration of CP154,526 significantly reduced the stress-

induced reinstatement of alcohol-seeking behavior, suggesting that CRF1 receptor signaling 

in the IL contributes to the stress-induced reinstatement of alcohol-seeking behavior. 

Behaviorally, this is consistent with previous studies that reported that acute intraperitoneal 

pretreatment with CP154,526 attenuated the footshock stress-induced reinstatement of 

alcohol-seeking behavior in male Wistar rats (Le et al., 2000), decreased both cocaine 

and heroin self-administration (Shaham, Erb, Leung, Buczek, & Stewart, 1998), and 

decreased the κ-opioid receptor agonist-induced reinstatement of cocaine-seeking behavior 

in squirrel monkeys (Valdez, Platt, Rowlett, Ruedi-Bettschen, & Spealman, 2007). Similarly, 

intraperitoneal administration of the CRF1 receptor antagonist antalarmin significantly 

decreased established volitional alcohol consumption in high alcohol-preferring Fawn-

Hooded rats (Lodge & Lawrence, 2003). Notably, CP154,526 administration in the PL 

did not prevent the stress-induced reinstatement of alcohol-seeking behavior, providing 

evidence that the compound’s ability to prevent relapse may be confined to the IL. This is 

unsurprising because of functional dichotomy between these two regions, in which the PL 

is involved in executive behavior, while the IL plays a more significant role in response 

inhibition (Moorman & Aston-Jones, 2015; Moorman et al., 2015). Indeed, others have 

reported that these regions have opposite functions in the control of stress responsivity. 

For example, inhibition of the IL decreased activation of the HPA axis and cardiovascular 

reactivity that were induced by acute aversive stimuli, whereas inhibition of the PL 

increased these responses (Frysztak & Neafsey, 1994; Radley, Gosselink, & Sawchenko, 

2009; Tavares, Correa, & Resstel, 2009). These opposite roles have also been reported for 

behavioral responsivity to stress (Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 2006). 

Together with the extant literature, the present data suggest that selectively blocking CRF1 

receptors in the IL specifically can prevent stress-induced alcohol craving and relapse and 

that the IL is a pivotal brain region in mediating this effect.

In recent decades, to study neurobehavioral mechanisms that underlie stress-induced relapse 

to alcohol seeking, several behavioral neuroscience research groups have used models of 

reinstatement (Le & Shaham, 2002; Shaham, Shalev, Lu, de Wit, & Stewart, 2003). Indeed, 

mimicking relapse-like behavior by reinstating alcohol-seeking following the delivery of 

intermittent footshock has been extensively validated (Cippitelli et al., 2010; Le et al., 

1999; Le et al., 1998; Martin-Fardon et al., 2000; Schank et al., 2011), which highlights 

stress-induced reinstatement as an adequate model for assessing possible therapeutic targets 

for the prevention of craving and relapse. Notably, previous research from our laboratory 

(Matzeu & Martin-Fardon, 2020) showed that stress also induces the reinstatement of 

sweetened condensed milk-seeking behavior in nondependent rats, suggesting that stress 
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affects generalized reward-seeking behavior and not just drug reward. Indeed, using an 

experimental approach that allowed them to identify two separate reward neuronal networks, 

Pfarr et al. (2018) found that the cued-induced seeking of both alcohol and saccharin 

activated neuronal ensembles that were analogous with regard to organization and size, and 

these networks comprised mostly overlapping cellular populations, indicating that the IL is a 

hub that integrates general reward-seeking behavior.

Individually, OrxR1 and OrxR2 have been shown to be involved in drug self-administration 

and reinstatement (Plaza-Zabala, Flores, Maldonado, & Berrendero, 2012; Plaza-Zabala 

et al., 2013; Uslaner et al., 2014). Administration of the DORA almorexant reduced 

cocaine- and amphetamine-induced conditioned place preference (Steiner, Lecourt, & Jenck, 

2013) and alcohol self-administration in rats (Srinivasan et al., 2012). Additionally, the 

DORA suvorexant selectively decreased the reinstatement of nicotine-seeking behavior 

that was induced by an intraperitoneal injection of nicotine but not food-seeking behavior 

that was induced by the noncontingent delivery of a food pellet (Winrow et al., 2010). 

In the present study, intra-IL TCS1102 administration did not prevent footshock stress-

induced alcohol-seeking behavior. This result is consistent with a previous study from our 

laboratory that showed that TCS1102 administration in the paraventricular nucleus of the 

thalamus (PVT) did not prevent stress-induced reinstatement in nondependent rats (Matzeu 

& Martin-Fardon, 2020). Our results are also consistent with a study that reported that 

intracerebroventricular TCS1102 administration had no effect on nicotine reinstatement in 

rats in a short (15-day) nicotine self-administration regimen (Khoo, McNally, & Clemens, 

2017). Although differences in methodologies should be considered (i.e., different drugs of 

abuse and different brain regions), TCS1102’s lack of effect in the present study, together 

with previous studies, may indicate that although CRF and Orx mechanisms interact with 

each other, CRF may play a more pronounced role in stress-induced reinstatement than Orx, 

at least in the IL and in nondependent animals.

One major finding in the present study was that TCS1102 reversed the effects of CP154,526, 

indicating that an interaction between CRF1 and Orx receptor signaling occurred in the 

IL in animals that were subjected to footshock stress. This effect was surprising, given 

that we expected TCS1102 to increase CP154,526’s ability to prevent reinstatement. 

Nevertheless, accumulating neuroanatomical evidence shows that projections from the 

lateral hypothalamus innervate the IL (Date et al., 1999), where Orx receptors are 

expressed (Marcus et al., 2001). Moreover, CRF receptor subtypes are expressed in the 

lateral hypothalamus (Winsky-Sommerer et al., 2004), which has been shown to receive 

projections from the IL (Vertes, 2004), forming a potential reciprocal loop and suggesting 

that an interplay between these two systems may mediate alcohol craving and relapse, 

given their well-known roles in regulating diverse physiological processes, including stress, 

motivation, and drug-seeking behavior. Interestingly, previous studies showed that the 

systemic administration of an OrxR1 antagonist inhibited the stress (yohimbine)-induced 

reinstatement of alcohol seeking, without affecting locomotor activity, suggesting that 

Orx receptor blockade can prevent the CRF-mediated stress response, thus supporting 

the possibility of a functional Orx-CRF interaction (Richards et al., 2008). Supporting 

this possibility, TCS1102 reversed the effect CP154,526, strongly suggesting a functional 

interaction between CRF1 and Orx receptors such that Orx receptors exert an inhibitory 
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influence on CRF1 receptor signaling in the IL under stress conditions. The novel findings in 

the present study further confirm a functional, albeit complex, interaction between CRF1 and 

Orx receptors in the IL.

The co-administration of CP154,526 and TCS1102 resulted in more inactive lever responses 

after footshock stress. Thus, an experiment was designed to assess whether this effect was 

attributable to an overall increase in spontaneous locomotion in animals that received this 

treatment. The results confirmed that CP154,526+TCS1102 significantly increased the total 

distance traveled but had no effect on speed during a 30 min locomotion test in the rats’ 

home cage 15 min after the IL injections. These results are intriguing when considering that 

central CRF administration increases locomotor activity in rats in a familiar environment 

(Sutton, Koob, Le Moal, Rivier, & Vale, 1982), an effect that is known to be ameliorated by 

nonselective CRF receptor antagonists (Britton, Lee, Vale, Rivier, & Koob, 1986; Menzaghi 

et al., 1994). Indeed, chronic administration of the CRF1 receptor antagonist CRA1000 

significantly decreased locomotor activity in the dark phase of the diurnal cycle. Moreover, 

the DORA almorexant decreased locomotor activity and induced a sedative effect in rats, 

dogs, and humans (Brisbare-Roch et al., 2007). Interestingly, in the present study, the 

administration of CP154,526 or TCS1102 alone had no effect on inactive lever responses. 

Altogether, these results further confirm an interaction between CRF1 and Orx receptor 

signaling in the IL, in which TCS1102 blocks the effects of CP154,526, resulting in a 

paradoxical increase in spontaneous locomotion.

Although the molecular mechanisms by which the CRF1/Orx receptor interaction in the IL 

mediates alcohol craving and relapse are not completely understood, the present study found 

a decrease in Crhr1 mRNA expression after extinction and an increase following intermittent 

footshock stress. These results are intriguing and may partially explain CP154,526’s ability 

to prevent the stress-induced reinstatement of alcohol seeking via a possible increase in 

CRF1 receptor expression in the IL in the present study. To date, there is no evidence to 

suggest that the IL receives major inputs from other major CRF regions (e.g., amygdala); 

therefore, the present results may be attributable to local (i.e., IL) CRF signaling. In this 

context, using cell morphology, calcium imaging, and electrophysiological approaches, 

previous research has shown that CRF neurons in the mPFC may be identified as a unique 

subtype of GABAergic inhibitory interneurons that when inhibited exacerbate responsivity 

to stressful stimuli, whereas activating them has an opposite effect (Chen et al., 2020). 

Interestingly, this contrasted with the effect of inhibiting interneurons that expressed 

vasoactive intestinal polypeptide, which resulted in the amelioration of avoidance behavior 

(Lee et al., 2019). Thus, CP154,526’s ability to prevent stress-induced alcohol-seeking 

behavior in the present study may have occurred via a different neuronal ensemble in the 

IL beyond GABAergic inhibitory interneurons. Given we only measured mRNA and not 

actual CRF1 receptor density and did not assess the actual function of these interneurons, 

this hypothesis requires further testing.

Notably, stress increased Hcrtr2 mRNA expression compared with the extinction and 

naive control rats, whereas no difference in Hcrtr1 mRNA expression was found between 

extinction and stress groups of rats, suggesting the differential regulation of Hcrtr1 vs. 
Hcrtr2 transcription by stress. Consistent with these results, previous studies showed 
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that Orx administration increased stress-related behavior, an effect that was blocked 

by OrxR1 and OrxR2 antagonists (Duxon et al., 2001; Grafe et al., 2017; Ida et al., 

2000). Additionally, restraint stress increased calcium signals of Orx neurons (Gonzalez, 

Iordanidou, Strom, Adamantidis, & Burdakov, 2016), and acute stress increased Orx neuron 

activation (Panhelainen & Korpi, 2012) and produced long-lasting effects on Hcrt gene 

expression (Chen et al., 2014). Altogether, these previous studies provide evidence of an 

interaction between CRF1 and Orx receptor signaling, which we now extend to the IL in 

the present study. Considering that CRF-containing neurons innervate hypothalamic Orx 

cells and that CRF depolarizes these cells through CRF1 receptors, CRF may likely be 

released onto Orx cells during episodes of stress, thereby increasing arousal and mediating 

the response to stress (Winsky-Sommerer et al., 2004), which may partially explain the 

molecular findings in the present study.

One limitation of the present study was that female rats were not included, which may 

limit the generalizability of our results. There are well-established sex differences in alcohol 

intake and preference in two-bottle choice tests (Li & Lumeng, 1984) and sex differences 

in reactivity to the rewarding and aversive properties of alcohol (Torres, Walker, Beas, 

& O’Dell, 2014). Future studies should elucidate the possible sex-dependent relationship 

between the CRF and Orx systems in mediating the reinstatement of alcohol-seeking 

behavior after an episode of stress. Furthermore, given that the timing of the microinjections 

did not align with the timing of the intermittent footshock stress, the exact meaning of 

our qPCR results is difficult to ascertain. Our original goal was to only assess whether 

stress alone leads to changes in Crhr1, Hcrtr1, and Hcrtr2 mRNA expression, thereby 

providing evidence of a functional interaction between CRF and Orx systems. Future studies 

should assess actual receptor density in groups of animals that receive the pharmacological 

compounds that were used in the present study.

Overall, the present findings support the hypothesis of a functional interaction between Orx 

and CRF transmission in the IL and the participation of this interaction in the reinstatement 

of alcohol use as a function of exposure to stress. The present results highlight the 

importance of considering multiple pharmacological targets when developing therapies to 

prevent stress-induced craving and relapse.
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Highlights

• The blockade of CRF1 receptors with CP154,526 in the infralimbic cortex 

decreased the stress-induced reinstatement of alcohol-seeking behavior.

• Co-administration of the dual orexin receptor antagonist TCS1102 and CRF1 

receptor antagonist CP154,526 in the infralimbic cortex reversed the effect of 

CP154,526, suggesting a functional interaction between orexin receptor and 

CRF1 receptor signaling.

• Intermittent footshock stress increased Crhr1 and Hcrtr2 mRNA expression.
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Fig. 1. 
Timeline of the experimental procedures. (A) Behavioral procedure for stress-induced 

reinstatement and representation of injection sites in animals that received bilateral IL 

and PL cannulations. (B) Spontaneous locomotion testing procedure and representation of 

injection sites. o, Rats with correct injection sites. ×, Rats with missed injection sites. (C) 

Molecular procedure (qPCR).
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Fig. 2. 
Time course of alcohol self-administration over 21 sessions of training and 10 extinction 

sessions. (A) Rats acquired alcohol self-administration over the 21 training sessions. (B) 

Extinction of alcohol-seeking behavior rats over the 10 sessions. The data are expressed as 

mean + SEM. ***p < 0.001, vs. inactive lever presses.
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Fig. 3. 
Effects of CP154,526 (CP), TCS1102 (TCS), and CP154,526+TCS1102 (CP+TCS) on 

the stress-induced reinstatement of alcohol-seeking behavior. (A) Intermittent footshock 

stress precipitated alcohol-seeking behavior in rats that received vehicle (VEH). The 

administration of CP154,526 in the IL prevented the stress-induced reinstatement of alcohol 

seeking, an effect that was blocked by the co-administration of CP154,526+TCS1102. The 

administration of CP154,526 in the PL had no effect on the stress-induced reinstatement 

of alcohol-seeking behavior. (B) Co-administration of CP154,256 and TCS1102 increased 

inactive lever responses following administration in the IL. The data are expressed as mean 

+ SEM. +p < 0.05, vs. respective sham injection; *p < 0.05, vs. VEH.
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Fig. 4. 
Effects of CP154,526+TCS1102 on spontaneous locomotion. (A) CP154,526+TCS1102 

administration increased the total distance traveled compared with VEH administration. (B) 

No significant difference in speed was found between VEH and CP154,526+TCS1102. The 

data are expressed as mean + SEM. *p < 0.05.
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Fig. 5. 
Effects of alcohol extinction and intermittent footshock stress on the gene expression 

of Crhr1, Hcrtr1, and Hcrtr2. (A) Rats acquired alcohol self-administration over the 21 

training sessions. (B) Extinction of alcohol-seeking behavior over the 10 extinction sessions. 

(C) Stress increased Crhr1 mRNA expression compared with extinction and naive rats 

but decreased following extinction. (D) Increase in Hcrtr1 mRNA expression following 

extinction and stress. (E) Increase in Hcrtr2 mRNA expression by stress. The data are 

expressed as mean + SEM. ***p < 0.001, vs. inactive lever; +p < 0.05, vs. extinction (EXT). 

*p < 0.05, vs. naive.

Flores-Ramirez et al. Page 23

Neuropharmacology. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Animals
	Drugs
	Alcohol self-administration training
	Infralimbic and prelimbic cannulation
	Extinction
	Stress-induced reinstatement
	Spontaneous locomotion
	Quantitative polymerase chain reaction procedure
	Statistical analysis

	Results
	Stress-induced reinstatement
	Spontaneous locomotion
	qPCR

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

