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ABSTRACT 

Addiction is characterized by compulsive drug use, loss of control over drug 

intake, and development of withdrawal symptoms when the drug is abruptly 

discontinued. The most substantial challenge for the treatment of substance use disorders 

is the prevention of relapse to further drug use once the user has become abstinent. Of all 

drugs of abuse, cocaine is most commonly involved in emergency department visits, and 

since 2013 there has been a rampant increase in overdose deaths involving cocaine. 

Symptoms of withdrawal from cocaine include anhedonia, sleep disturbances, intense 

cocaine craving, and negative affect such as anxiety and depression. 

Although the majority of cocaine users are men, women begin use at an earlier 

age, progress from use to dependence more quickly, and are more sensitive to stress 

during withdrawal. Women often experience more severe affective withdrawal 

symptoms, and likelihood of relapse is influenced by ovarian hormones. There is no 

current FDA-approved pharmacological treatment for cocaine use disorder; developing 

an effective therapeutic, especially for females is critical. 

One of the most common triggers of relapse is stress. Cocaine use, dependence, 

and withdrawal all activate the hypothalamic-pituitary-adrenal (HPA) axis stress system, 

which triggers the release of glucocorticoids from the adrenal cortex. The HPA axis is 

governed by a negative feedback system where released glucocorticoids inhibit the axis 

by binding to their own glucocorticoid receptors (GR). FKBP5 is a co-chaperone of the 

GR complex that forms an intracellular feedback loop modulating GR sensitivity that 

regulates HPA axis negative feedback. Aberrant FKBP5 function can lead to HPA axis 
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dysregulation, which has been implicated in a number of stress-related and negative 

affective psychological disorders. 

As cocaine use develops into cocaine dependence, an extrahypothalamic stress 

circuit is recruited by a group of associated brain regions called the extended amygdala. 

The extended amygdala consists of the central nucleus of the amygdala (CeA), bed 

nucleus of the stria terminalis (BNST), and the shell of the nucleus accumbens (NAsh). 

These regions are highly interconnected by CRF neurons and regulate negative affect and 

stress-related responses during cocaine withdrawal. 

Delta opioid receptors (DOR) are involved in pain modulation and further play a 

role in the regulation of mood. Delta opioid agonists can reduce stress-induced and 

cocaine withdrawal-induced negative affect in rodents. Although the mechanism 

underlying this effect is unclear, DOR and CRF are colocalized in the CeA which 

provides an opportunity for interaction. 

Experiments presented in this dissertation were designed to first investigate the 

time course of regulation of stress-related genes (FKBP5, CRF, CRFR1) during 

withdrawal from chronic cocaine in the CeA, PVN, and BNST of rats, comparing males 

and females. We hypothesized that the DOR agonist SNC80 could attenuate withdrawal-

induced increases in stress-related genes. We injected male and female rats with saline or 

cocaine for 14 days, before removal of brain tissue at five withdrawal time points. 

FKBP5, CRF, and CRFR1 mRNAs were measured by qRT-PCR. An additional cohort of 

rats was injected with SNC80 or vehicle twice before brain collection 24 hours post-

cocaine. Our studies found that regulation of these genes following chronic cocaine is 
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time-, sex-, and brain region-dependent. SNC80 attenuated withdrawal-induced increases 

in CRF mRNA in the CeA of females, but not males. 

Next, studies using intravenous cocaine self-administration investigated 

withdrawal-induced anxiety and stress-induced reinstatement in male and female rats. 

Here we hypothesized that the DOR agonist SNC80 and the FKBP5 inhibitor SAFit2 

would alleviate cocaine withdrawal-induced anxiety, as well as decrease stress-induced 

cocaine seeking. Male and female rats underwent cocaine self-administration for at least 

10 days before anxiety testing. Although males did not show an anxiety-like phenotype, 

both SNC80 and SAFit2 administration significantly reduced withdrawal-induced anxiety 

in female rats. Contrary to our hypothesis, SNC80 did not prevent stress-induced 

reinstatement to cocaine seeking in male rats. In fact, SNC80 administration exacerbated 

cocaine seeking in female rats. On the other hand, SAFit2 significantly reduced stress-

induced lever pressing in males, while having no effect in females. After separating 

female data by estrous cycle stage, it was found that the effect of SAFit2 on stress-

induced cocaine seeking in females may depend on estrous phase. Finally, data were 

evaluated to determine if there were sex differences in cocaine self-administration 

behaviors, and revealed that females acquired cocaine self-administration responding 

faster, earned more cocaine infusions, and reinstated cocaine seeking to a greater extent 

than males. 

Taken together, these results suggest that divergent regulation of stress-related 

genes between sexes, as well as estrous cycle phase, may be responsible for females’ 

increased susceptibility to cocaine relapse. On the contrary, while SAFit2 administration 

showed promising results in males, development of FKBP5 inhibitors for therapeutic use 
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in females may be hindered by effects on FKBP5 complexed with estrogen or 

progesterone receptor.  
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CHAPTER 1: INTRODUCTION 

Epidemiology of Cocaine Use Disorder 

A report published in 2013 (SAMHSA) identified cocaine as the drug most 

commonly involved in emergency department visits. Cocaine-involved overdose deaths 

have been increasing almost exponentially since 2013, and this escalation is only partly 

driven by simultaneous opioid use (Kariisa et al., 2019). The majority of cocaine users 

tend to be young adult males from urban settings (SAMHSA, 2016); approximately 40% 

of Americans using cocaine are women (Becker and Hu, 2008). 

Sex Differences 

Several distinct sex differences in the clinical presentation of cocaine use 

disorders have been described between male and female and these differences have 

implications for treatment strategies. Women use cocaine longer than men before seeking 

treatment (Griffin et al., 1989), but abstain for significantly shorter amounts of time 

(Kosten et al., 1993). Women initiate cocaine use at a younger age and escalate to 

dependence faster than men (Brady and Randall, 1999), reporting greater sensitivity to 

subjective effect of cocaine (Lukas et al., 1996; Sofuoglu et al., 1999). Women with 

cocaine use disorder also report a higher incidence of comorbid mood disorders such as 

anxiety and depression (Becker and Hu, 2008). 

In addition to, or perhaps as a consequence of these sex differences, women are 

more vulnerable to relapse than men. Female cocaine users are more sensitive to (Back et 

al., 2005) and report greater cocaine craving in response to stress (Sinha et al., 1999). 

Women often experience more severe affective withdrawal symptoms and are more 

likely to reestablish cocaine use during periods of intense anxiety or depression (McKay 
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et al., 1996). A substantial amount of evidence implicates ovarian hormones in women’s 

susceptibility to relapse (reviewed in Hudson and Stamp, 2011), particularly during these 

times when negative affect is greatest.  

The Reward Pathway and Addiction 

The reward system evolved as a way to ensure survival. Behaviors necessary to 

keep us alive and continue the species, such as eating, drinking, and reproduction, are 

naturally rewarding. Dopaminergic neurons in the ventral tegmental area (VTA) project 

to the medium spiny neurons of the nucleus accumbens (NA), where the release of 

dopamine facilitates reinforcement of a behavior.  

Drugs of abuse activate this mesolimbic dopamine pathway to a greater extent 

than natural rewards. Repeated use of a drug is required to develop an addiction, as 

persistent drug-taking leads to an impaired dopamine reward system and 

neuroadaptations throughout the brain. George Koob would consider this the 

“binge/intoxication” phase of the addiction cycle (Koob and Schulkin, 2019). The drug-

effected modifications include dysregulated motivational circuits, activation of stress 

systems, and enhanced memory sensitivity for emotions, objects, and places associated 

with drug use. As substance use becomes more frequent, the underlying impetus for drug 

seeking shifts from positive reinforcement (acquiring the reward), to negative 

reinforcement (removing the negative emotions experienced during drug absence) that 

eventually results in compulsive, uncontrollable drug-taking.  

Mechanism of Action of Cocaine 

Cocaine can be administered intranasally, intravenously, or smoked as ‘crack’. 

The intensity and duration of the effect depends on the route of administration, but 
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typically do not last longer than 30 minutes. Upon entering the brain, cocaine binds to the 

dopamine transporter (DAT) (as well as the serotonin transporter (SERT) and the 

norepinephrine transporter (NET)) and blocks the reuptake of these neurotransmitters into 

the presynaptic terminal, increasing the amount of dopamine, serotonin, and 

norepinephrine present in the synapse. Dopamine is primarily responsible for the 

reinforcing effects of cocaine, but the increase in all three activates their respective pre- 

and post-synaptic receptors, which results in feelings of euphoria, increased energy, and 

alertness, accompanied by increases in heart rate and internal temperature.  

Withdrawal and Relapse 

The “withdrawal/negative affect” phase of the addiction cycle begins almost 

immediately after cessation of cocaine use, with a steep decline in alertness, energy, and 

mood, and increases in paranoia and irritability, commonly referred to as the “crash” 

(Gawin, 1991). Unlike cessation of alcohol or opiates that produces severe physiological 

symptoms, withdrawal from cocaine dependence is primarily psychological. Patients 

experience anhedonia, sleep disturbances, intense cocaine cravings, cognitive 

impairments, and negative affect, such as anxiety and depression (Gawin and Kleber, 

1986). The “preoccupation/anticipation” phase of the addiction cycle consists of 

protracted abstinence, which involve craving in response to stress or drug cues. The 

greatest challenge to treating substance use disorders is the propensity to relapse to 

further drug use, even after years of sobriety. 

 Recruitment of Stress Systems: Focus on CRF 

One of the neuroadaptations produced by chronic drug use and acute withdrawal 

from all drugs of abuse is the recruitment of stress systems (Koob and Schulkin, 2019). 
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The hypothalamic-pituitary-adrenal (HPA) axis is the main physiological response to 

stress. Input from several different brain circuits activate the release of corticotropin-

releasing factor (CRF) from the paraventricular nucleus (PVN) of the hypothalamus 

(Zorrilla et al., 2014). CRF then stimulates the release of adrenocorticotropic hormone 

(ACTH) from the anterior pituitary, which then triggers the release of glucocorticoids 

from the adrenal cortex. Glucocorticoids circulate throughout the body to implement the 

physiological response to a perceived stressor (Goeders, 2002).  

Under normal circumstances, the HPA axis is tightly regulated by negative 

feedback mechanisms via brain glucocorticoids on their own glucocorticoid receptors 

(GR). In the PVN, activation of GR quickly inhibits CRF gene expression (Watts, 2005). 

The hippocampus and prefrontal cortex also participate in negative feedback and work to 

inhibit the stress response upon binding of glucocorticoids to GRs in those regions 

(Herman et al., 2012). Separately, there is evidence of a feed-forward mechanism where 

high levels of glucocorticoids can sensitize CRF systems in the amygdala. Acute cocaine 

administration activates the HPA axis in both humans and rodents, and is therefore 

persistently activated as dependence develops (Koob, 2010).  

The Role of the Extended Amygdala in Withdrawal-Induced Negative Affect 

Accompanying chronic cocaine use is the constant amygdala CRF sensitization, which 

recruits an extrahypothalamic stress system (Figure 1). Referred to as the “extended 

amygdala” (Alheid and Heimer, 1988), the interconnected central nucleus of the 

amygdala (CeA), bed nucleus of the stria terminalis (BNST), and shell of the nucleus 

accumbens (NAsh) regulate the negative affective state produced by withdrawal, mainly 

through CRF actions.  
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Figure 1. Activation of HPA axis and recruitment of an extrahypothalamic stress 
system as addiction progresses from positive to negative reinforcement. The HPA Axis 
is activated in the early stages of the addiction cycle. Glucocorticoids regulate HPA axis 
negative feedback (dotted lines), and interact with the dopamine reward system in the 
ventral tegmental area. As drug use shifts from positive reinforcement to negative 
reinforcement, glucocorticoids facilitate the Extrahypothalamic Stress Neurocircuit, where 
norepinephrine (NE) from the brain stem stimulates the amygdala and bed nucleus of the 
stria terminalis (BNST) to release CRF, which feeds forward to the brain stem. (Adapted 
from Koob, 2010).    
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Most involved in negative affect and relapse are the CeA and BNST. These two 

regions are highly interconnected by CRF-containing neurons. CRF neurons in the CeA 

project to the BNST, and BNST CRF neurons provide local CRF tone as well as project 

to the VTA and PVN (Lebow and Chen, 2016). A significant amount of evidence 

supports the role of CeA CRF in withdrawal-induced anxiety (Sarnyai et al., 1995; 

Richter and Weiss, 1999; Zorrilla et al., 2001) and there is a case for BNST involvement 

as well (Stamatakis et al., 2014). Increased CRF activity in these regions most likely 

underlies anxiety during early withdrawal (Koob and Heinrichs, 1999). While it is the 

CeA that primarily influences withdrawal-induced anxiety, it is CRF in the BNST, or 

CRF projections to the BNST, that regulate rodent models of cocaine relapse (Erb, 2010).  

CRF binds to two G-protein-coupled receptors, CRFR1 and CRFR2 (Bale and 

Vale, 2004). The CRF-CRFR1 system has been extensively studied for its role in 

withdrawal-induced negative affect and relapse, while the role of CRFR2 in withdrawal 

and relapse behaviors is relatively understudied (Koob, 2010). Studies suggest both 

CRFR1 and CRFR2 are involved in stress-induced reinstatement to cocaine seeking 

(Gysling, 2012). Specifically, the CRF pathway from the CeA to the BNST and 

subsequent activation of BNST CRFR1 mediates stress-induced behaviors during 

reinstatement (Shaham et al., 2000; Salmaso et al., 2001). Wise and colleagues have 

reported that activation of CRFR2 but not CRFR1 in the VTA is critical for stress-

induced cocaine seeking (Wang et al., 2007), although this has been disputed (Blacktop et 

al., 2011) and remains unsolved (Gysling, 2012). Due to greater expression levels of 

CRFR1 in our target regions (CeA, PVN, BNST), and because CRFR1 signaling in the 
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BNST plays a significant role in responses to stress during cocaine withdrawal, the 

following studies focused on CRFR1 rather than CRFR2. 

Delta Opioid Receptors and Cocaine 

Opioid receptors are G protein coupled receptors (GPCRs) that play a role in 

reward, modulation of pain, and mood. Of the three subtypes of opioid receptors (mu, 

kappa, and delta) mu opioid receptors (MOR) have been the most extensively studied for 

their analgesic and addictive properties. While comparatively understudied, delta opioid 

receptors (DOR) possess similar, yet pharmacologically distinct properties. Like MOR 

ligands, DOR agonists also reduce pain and are particularly advantageous in rodent 

models of chronic pain states (Gavériaux-Ruff and Kieffer, 2011). Additionally, delta 

opioid receptors play a prominent role in the regulation of mood and emotional 

processing (Filliol et al., 2000; Dripps and Jutkiewicz, 2017), which is especially relevant 

to the studies within this dissertation. Administration of DOR agonists reduces anxiety-

like (Saitoh et al., 2005; Perrine et al., 2006; Randall-Thompson et al., 2010) and 

depression-like (Jutkiewicz et al., 2005; Torregrossa et al., 2006; Hudzik et al., 2011) 

behaviors in rodents. 

The interaction between dopamine and opioid systems has been widely 

documented. Endogenous opioids and their receptors populate areas of the brain rich in 

dopaminergic neurons where they work together to modulate reward and locomotion 

(Wood et al., 1980; Spanagel et al., 1992). Since cocaine influences dopaminergic tone, 

endogenous opioids and their receptors can modulate some of the effects of cocaine. 

Frequent cocaine exposure, however, induces lasting modifications to the endogenous 

opioid system (Kreek, 1996; Shippenberg et al., 2008). 
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Although chronic cocaine administration does not alter the number of striatal 

DOR (Unterwald et al., 1994; Azaryan et al., 1996), repeated cocaine results in 

impairment of DOR signaling (Unterwald et al., 1993). A similar dysfunction in striatal 

DOR signaling occurs during early withdrawal from chronic cocaine (Perrine et al., 2008) 

which accompanies withdrawal-induced anxiety- and depression-like behaviors (Sarnyai 

et al., 1995; Rudoy and Van Bockstaele, 2007; Perrine et al., 2008; Philogene-Khalid et 

al., 2017). Even though DOR signaling is deficient, administration of the DOR agonist 

SNC80 mitigates cocaine withdrawal-induced anxiety- and depression-like behavior 

(Perrine et al., 2008; Ambrose-Lanci et al., 2010). 

As discussed above, CRF plays a key role in withdrawal-induced negative affect. 

DOR and CRF are colocalized in the amygdala (Reyes et al., 2017) and the hippocampus 

(Williams and Milner, 2011). Their juxtaposition in these regions suggests that DOR and 

CRF systems interact to regulate stress-related responses. This interaction may be 

implicated in negative affective states during cocaine withdrawal, although the cellular 

mechanisms underlying the anxiolytic effect of DOR agonists have yet to be identified. 

FKBP5 

FKBP5 (FK506-binding protein 51, or FKBP51) is important for the regulation of 

responses to stress. In conjunction with Hsp90, FKBP5 is a co-chaperone of the 

glucocorticoid receptor (GR) complex (Figure 2). FKBP5 modulates GR sensitivity to 

cortisol (Scammell et al., 2001) by binding to the receptor complex, reducing the affinity 

of the GR for cortisol, and preventing its translocation to the nucleus (Wochnik et al., 

2005). However, when cortisol does bind, FKBP5 is exchanged for FKBP4 which 

promotes nuclear translocation, allowing GR transcriptional activity (Davies et al., 2002; 
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Wochnik et al., 2005). One of the transcriptional targets of the GR is FKBP5 itself. 

Newly translated FKBP5 then inhibits GR activity (Denny et al., 2000), forming an 

intracellular feedback loop. This is another HPA axis feedback mechanism, as discussed 

above. In general, FKBP5 bound to the GR complex disrupts HPA axis negative 

feedback. Frequent activation of the HPA axis and subsequent cortisol release can lead to 

increased FKBP5 production, GR resistance, and HPA axis dysregulation. Due to this, 

FKBP5 has been implicated in the pathology of human psychiatric diseases such as 

anxiety, depression, and post-traumatic stress disorder (Binder et al., 2008; Ising et al., 

2008; Lekman et al., 2008; Minelli et al., 2013; Pérez-Ortiz et al., 2013).  

Until relatively recently, it was impossible to selectively pharmacologically 

manipulate FKBP5 due to its structural similarity to FKBP4. SAFit2, a selective inhibitor 

of FKBP5, was developed by a group led by Dr. Felix Hausch at Max Plank Institute of 

Psychiatry (Gaali et al., 2015). SAFit2 rescues depression-like behavior in the forced 

swim test (Gaali et al., 2015) and decreases anxiety-like behaviors in mice using the 

elevated plus maze and dark-light box tests (Hartmann et al., 2015). 

Literature on substance abuse and FKBP5 is limited, although several studies 

have investigated drug use and FKBP5 genetic variability in humans. Several single 

nucleotide polymorphisms (SNPs) comprise a haplotype that has been associated with an 

increase in GR-activated FKBP5 mRNA. FKBP5 genotype is associated with the severity 

of withdrawal from nicotine (Jensen and Sofuoglu, 2016), as well as the effect of nicotine 

on the HPA axis (Koopmann et al., 2016). The interaction of early life trauma and 

FKBP5 genetic variation predicts heavy drinking in college students (Lieberman et al., 

2016), and FKBP5 genetic variability is associated with severity of alcohol  
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Figure 2. Representation of glucocorticoid-mediated FKBP5 induction and the 
resulting negative feedback loop. a) Glucocorticoids enter the cytoplasm and activate the 
GR complex. FKBP5 binding reduces glucocorticoid affinity and sequesters the GR in the 
cytoplasm. b) Upon glucocorticoid binding, FKBP5 is exchanged for FKBP4. c) This 
allows GR translocation into the nucleus. d) Monomeric GR can interact with other 
transcription factors or e) activate FKBP5 transcription at either a high rate or low rate 
depending on FKBP5 polymorphisms%. f) FKBP5 mRNA translocates to the cytoplasm 
where it is translated to protein. g) FKBP5 inhibits GR activity, forming an intracellular 
negative feedback loop, and modulating other pathways. Reproduced with permission from 
(Zannas et al., 2016). 
%: SNPs that confer risk or protection for development of PTSD are not conserved in rodents 
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withdrawal (Huang et al., 2014). Additionally, two studies found significant associations 

between the functional FKBP5 SNP rs1360780 and heroin addiction (Levran et al., 2014; 

Rovaris et al., 2016). Unfortunately, these SNPs are not conserved in rodents. 

Scientific Rationale and Project Aims 

The experiments presented in this dissertation aimed to investigate sex differences 

in stress-related gene regulation and behaviors during cocaine withdrawal. We compared 

stress-related gene expression between males and females in the extended amygdala and 

paraventricular nucleus of the hypothalamus. Another goal of this project was to 

investigate sex differences in cocaine self-administration and stress-induced 

reinstatement behaviors. 

These studies herein were designed to test the ability of the DOR agonist SNC80 

to normalize withdrawal-induced increases in CRF mRNA, mitigate withdrawal induced 

anxiety, and attenuate stress-induced reinstatement to cocaine seeking. Since FKBP5 has 

not yet been explored (in either sex) with regard to cocaine-related behavior, we used its 

selective inhibitor SAFit2 to probe the role of FKBP5 in cocaine withdrawal-induced 

anxiety, as well as stress-induced reinstatement to cocaine seeking  

In aim 1, we compared changes in stress-related gene expression associated with 

cocaine withdrawal between males and females. Male and female rats were non-

contingently exposed to chronic cocaine, and FKBP5, CRF, and CRFR1 mRNAs in the 

CeA, PVN, and BNST were measured at 5 time points during withdrawal by qRT-PCR.  

We also hypothesized that SNC80 administered within the first 24 hours of withdrawal 

could normalize cocaine-induced changes in CRF mRNA. 
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In aim 2, male and female rats self-administered cocaine for at least 10 days 

before being tested for anxiety-like behavior. We hypothesized that withdrawal from 

cocaine self-administration would activate the HPA axis and increase anxiety; therefore, 

we expected to observe a withdrawal-induced heightened anxiety-like phenotype. Since 

both SNC80 and SAFit2 have decreased anxiety-like behavior in previous studies, we 

anticipated they would be efficacious here as well. 

In aim 3 we investigated the effect of SNC80 and SAFit2 on a rodent model of 

relapse: footshock stress-induced reinstatement. Male and female rats were again allowed 

to self-administer cocaine for at least 10 days before undergoing extinction training until 

criteria was reached. SNC80 or vehicle, or SAFit2 or vehicle were administered in a 

counterbalanced manner before reinstatement testing in separate cohorts of rats. Since 

FKBP5 also complexes with estrogen and progesterone receptors, vaginal cytology 

samples were taken after each reinstatement session to assess any influence of estrous 

cycle on reinstatement behaviors. Data from all sessions were compiled and compared to 

identify sex differences in self-administration, extinction, and reinstatement behaviors. 
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CHAPTER 2: STRESS-RELATED GENE EXPRESSION FOLLOWING 

CHRONIC COCAINE ADMINISTRATION IN MALE AND FEMALE RATS 

Introduction 

Chronic cocaine use and withdrawal persistently activate the hypothalamic-

pituitary-adrenal (HPA) axis (Kuhn and Francis, 1997; Richter and Weiss, 1999; Koob, 

2008) and involve the extended amygdala which consists of the interconnected central 

amygdala (CeA), bed nucleus of the stria terminalis (BNST), and nucleus accumbens 

shell. Interaction between the HPA axis and extended amygdala stress systems is 

important in both the development of cocaine addiction and the withdrawal syndrome 

following cocaine cessation (Sarnyai et al., 1992; Goeders, 1997).  

A major component of both of these stress systems, is the neuropeptide 

corticotropin-releasing factor (CRF). Alterations in CRF mRNA (Zhou et al., 1996, 

2003a, 2003b; Maj et al., 2003; Erb et al., 2004; Mantsch et al., 2007b; Rudoy et al., 

2009) and peptide content (Sarnyai et al., 1995; Richter and Weiss, 1999; Zorrilla et al., 

2001; Maj et al., 2003) have been reported in these brain regions at different time points 

following chronic cocaine administration.  

FKBP5 is a co-chaperone of the glucocorticoid receptor (GR), and plays a major 

role in regulation of the HPA axis by modulating GR sensitivity to cortisol (Scammell et 

al., 2001). Frequent activation of the HPA axis and subsequent cortisol release can lead to 

an increase in FKBP5 production, GR resistance, and HPA axis dysregulation. Thus, 

FKBP5 has been implicated in several human affective disorders such as anxiety, 

depression, and posttraumatic stress disorder (Binder et al., 2008; Ising et al., 2008; 

Lekman et al., 2008; Minelli et al., 2013). There are few existing studies that have 
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investigated FKBP5 and cocaine use (Caffino et al., 2015; Rovaris et al., 2016), and not 

much is known of the relationship between cocaine withdrawal and FKBP5 

dysregulation. Both of these conditions produce negative affective states (Binder et al., 

2004; Perrine et al., 2008; Hartmann et al., 2015) and the association between cocaine 

and FKBP5, if any, has yet to be investigated. 

The majority of the cocaine withdrawal studies have investigated males. As 

female humans and rats progress from cocaine abuse to dependence more quickly 

(Griffin et al., 1989; Becker and Hu, 2008), are more sensitive to the subjective effects of 

cocaine (Lukas et al., 1996; Sofuoglu et al., 1999; Back et al., 2005), and are more 

vulnerable to relapse (Erb et al., 1998; Hudson and Stamp, 2011), all stages of addiction 

involving stress systems, it is important to consider the underlying mechanisms 

responsible for these sex differences (Lynch et al., 2002; Lynch, 2018).  

Delta opioid receptors (DOR) play an important role in not only analgesia but also 

regulation of mood (Filliol et al., 2000; Drolet et al., 2001). DOR signaling is disrupted 

by chronic cocaine which may contribute to the negative affect experienced during 

cocaine withdrawal (Perrine et al., 2008). Indeed, cocaine withdrawal-induced anxiety is 

reduced by the selective DOR agonist SNC80 in both male and female rats (Perrine et al., 

2008; Ambrose-Lanci et al., 2010). The molecular or cellular mechanisms underlying the 

ability of DOR agonists to reduce cocaine withdrawal-induced anxiety remains unknown.  

These experiments aimed to provide a comprehensive time course analysis of 

gene regulation of FKBP5, CRF, and its type 1 receptor in the CeA, PVN, and BNST of 

both male and female rats following chronic cocaine administration. Our preliminary 

studies did not find FKBP5, CRF, or CRFR1 mRNA regulation in the nucleus accumbens 
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shell, therefore this region was excluded from further study (see Appendix). An 

additional aim of these experiments was to investigate the ability of DOR agonist SNC80 

to normalize cocaine withdrawal-induced increases in CRF gene expression in the central 

amygdala given its ability to reduced withdrawal-induced anxiety. 

Methods 

Animals 

Male and female Sprague Dawley rats (7 weeks old upon arrival, Charles River 

Laboratories, Wilmington, MA) were housed on ventilated racks in pairs of the same sex 

in a room on a 12 hour light/dark cycle (lights on at 7:00AM) for at least one week before 

experiments began. Rats had access to standard rat chow and water ad libitum. All 

procedures were in compliance with the NIH’s Guide for the Care and Use of Laboratory 

Animals and approved by Temple University’s Institutional Animal Care and Use 

Committee.  

Drugs 

Cocaine HCl (generously supplied by the National Institute on Drug Abuse drug 

supply program) was dissolved in 0.9% normal saline and injected i.p. in a volume of 

1ml/kg body weight. Rats were injected with saline or 15mg/kg cocaine three times per 

day, one hour apart (ie, binge-pattern) starting at 9:30AM for 14 days. SNC80 (Tocris 

Bioscience) was dissolved in 2µl of 1M HCl per milligram SNC80, and sterile water was 

slowly added with vortexing to achieve a concentration of 10mg/ml. SNC80 was injected 

s.c. in a volume of 1ml/kg body weight. An additional cohort of rats was injected with 

saline or cocaine for 14 days, followed by 10mg/kg SNC80 or vehicle 8 hours and 20 
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hours (two SNC80 injections total) following the last cocaine or saline injection. These 

brains were obtained 24 hours post-last cocaine or saline injection. 

Brain Tissue Collection 

Rats were euthanized 30 minutes, 24 hours, 48 hours, 7 days, or 14 days 

following the last cocaine or saline injection by brief CO2 anesthesia followed by 

decapitation. Brains were removed, flash frozen in isopentane (-35 – -40°C), and stored at 

-80°C. Frozen brains were sectioned with a cryostat microtome and 1mm punches were 

used to dissect bilateral PVN, BNST, and CeA from two adjacent slices 300µm thick. 

Tissue punches were placed in RNAlater-ICE (Invitrogen) overnight at -20°C before 

storage at -80°C.  

Quantitative RT-PCR 

Total RNA was isolated using a Quick-RNA Miniprep kit (Zymo Research, 

Irvine, CA) and RNA concentration was measured using a NanoDrop 2000 

spectrophotometer. Samples were diluted to the same RNA concentration before cDNA 

was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA). Quantitative RT-PCR was performed using TaqMan Fast 

Advanced Master Mix and TaqMan Gene Expression Assays for FKBP5 

(Rn01768371_m1), CRF (Rn01462137_m1), CRFR1 (Rn00578611_m1), and the control 

18S rRNA (Hs99999901_s1) (Thermo Fisher, Waltham, MA). Relative fold change was 

calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).  To facilitate analysis 

of sex differences, quantitative fluorescent data was collected simultaneously from 

samples from one brain region at a single time point from both sexes. For time course 

data within individual sexes, mRNA levels in cocaine-injected rats were normalized to 
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saline controls of the same sex at the same time point. To identify sex differences, mRNA 

levels in cocaine-injected males, cocaine-injected females, and saline-injected females 

were all normalized to male saline controls, which did not differ across the time course. 

Corticosterone Measurement 

To evaluate the effect of SNC80 administration on corticosterone levels, 24 hours 

following the last cocaine or saline injection trunk blood was collected upon decapitation 

and allowed to clot at room temperature before being stored at 4°C overnight. Samples 

were then centrifuged at 1200rpm at 4°C for 10 minutes. Serum was separated and stored 

at -80°C until corticosterone levels were measured by ELISA (Enzo Life Sciences, 

Farmingdale, NY).  

Statistical Analysis 

Statistical analyses were performed with GraphPad Prism v8.0 software using 

two-way or three-way ANOVA where appropriate followed by Sidak post hoc tests for 

individual time point planned comparisons. P values <0.05 were considered significant. 

Results 

Time Course of FKBP5 Gene Expression in the CeA, PVN, BNST 

 Following 14 days of chronic cocaine or saline injections FKBP5 mRNA was 

measured after 30 minutes, 24 hours, 48 hours, 7 days, and 14 days in male and female 

rats (Connelly and Unterwald, 2019). In the CeA of female rats (Figure 3A), two-way 

ANOVA revealed a significant effect of cocaine (F(1,45)=6.889 p=0.0118), but not time 

(F(4,45)=1.049 p=0.3928), nor a significant interaction (F(4,45)=0.9808 p=0.4276). 

FKBP5 mRNA was increased 30 minutes following the last injection (1.46-fold, post hoc 

p=0.0301), but not at other time points. While two-way ANOVA found a significant 
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main effect of cocaine (F(1,45)=4.426 p=0.0410) in the CeA of males (Figure 3B), there 

was no significant effect of time (F(4,45)=1.301 p=0.2841) and no significant interaction 

(F(4,45)=1.499 p=0.2186). Post hoc tests found no significant differences between saline- 

and cocaine-injected males at any time point. 

In the PVN of female rats (Figure 3C), two-way ANOVA discovered significant 

main effects of cocaine (F(1,43)=7.282 p=0.0099) and time (F(4,43)=2.823 p=0.0364), as 

well as a significant interaction (F(4,43)=3.794 p=0.0099). Post hoc analysis showed a 

significant increase in FKBP5 mRNA only at 30 minutes post-cocaine (1.50-fold, 

p=0.0037). Similarly, two-way ANOVA found significant main effects of cocaine 

(F(1,46)=9.040 p=0.0043) and time (F(4,46)=4.127 p=0.0061), plus a significant 

interaction (F(4,46)=4.249 p=0.0052) in the PVN of male rats (Figure 3D). FKBP5 

mRNA was elevated 30 minutes following the last injection (1.49-fold, post hoc 

p=0.0004), but not at other time points. 

In the BNST of female rats (Figure 3E), two-way ANOVA identified a significant 

main effect of time (F(4,39)=3.850 p=0.0099) and a significant interaction 

(F(4,39)=3.978 p=0.0084), but not a significant main effect of cocaine (F(1,39)=2.789 

p=0.1029). However, post hoc tests indicated a significant increase in FKBP5 mRNA 30 

minutes following cocaine (1.77-fold p=0.0010). No significant differences were found at 

other time points. In the BNST of male rats (Figure 3F), two-way ANOVA found a 

significant main effect of cocaine (F(1,48)=13.25 p=0.0007) and a significant interaction 

(F(4,48)=2.773 p=0.0375). The main effect of time did not quite reach significance 

(F(4,48)=2.477 p=0.0565). Post hoc tests determined that FKBP5 mRNA was elevated 30 

minutes post-cocaine only (1.72-fold, p=0.0004). 
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Figure 3. FKBP5 mRNA is upregulated during early withdrawal from chronic 
cocaine administration in male and female rats. Fold changes in FKBP5 mRNA are 
shown for 5 time points after the last injection of saline or cocaine in the central amygdala 
(CeA; A, B), the paraventricular nucleus (PVN; C, D), and the bed nucleus of the stria 
terminalis (BNST; E, F) of male (B, D, F) and female (A, C, E) rats. Post hoc tests: * = 
p<0.05, **=p<0.01, ***=p<0.001. N=5-6 rats/time point/group. 
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Time Course of CRF Gene Expression in the CeA, PVN, BNST 

CRF mRNA was measured 30 minutes, 24 hours, 48 hours, 7 days, and 14 days 

following 14 days of binge-pattern cocaine or saline injections in male and female rats. In 

the CeA of female rats (Figure 4A), two-way ANOVA indicated a significant interaction 

(F(4,38)=3.240 p=0.0221) between the main effects of cocaine (F(1,38)=2.035 p=0.1619) 

and time (F(4,38)=2.020 p=0.1112). Post hoc analysis revealed that CRF mRNA was 

elevated 24 hours following cocaine (3.05-fold, p=0.0084) but not at other time points. 

Similarly, two-way ANOVA showed an increase in CRF mRNA (Figure 4B) in the CeA 

of cocaine-injected males (interaction F(4,48)=3.884 p=0.0082; cocaine F(1,48)=0.0107 

p=0.9181; time F(4,48)=4.436 p=0.0039) which was significant at 24 hours only (2.02-

fold, post hoc p=0.0255). 

No significant differences in CRF mRNA levels between cocaine- and saline-

injected males were found in the PVN at any time point (Figure 4D). In the PVN of 

female rats (Figure 4C), two-way ANOVA found a significant effect of time 

(F(4,48)=3.039 p=0.0287; cocaine F(1,38)=3.784 p=0.0592; interaction F(4,48)=2.220 

p=0.0850), and post hoc analysis indicated that CRF mRNA was significantly elevated 

(4.01-fold, post hoc p=0.0081) 48 hours following the last cocaine injection. 

In the BNST of female rats (Figure 4E), two-way ANOVA revealed a significant 

interaction (F(4,39)=3.027 p=0.0288) between time (F(4.39)=2.624 p=0.0493) and 

cocaine (F(1,39)=2.274 p=0.1396). CRF mRNA was significantly elevated (2.05-fold, 

post hoc p=0.0105) 24 hours following the last cocaine injection. In the BNST of male 

rats (Figure 4F), two-way ANOVA indicated a significant interaction (F(4,46)=15.58 

p<0.0001) as well as significant main effects of time (F(4,46)=17.29 p<0.0001) and  
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Figure 4. Withdrawal from chronic cocaine administration increases CRF mRNA in 
a time- and brain region-specific manner in male and female rats. Fold changes in CRF 
mRNA are shown for 5 time points after the last injection of saline or cocaine in the central 
amygdala (CeA; A, B), paraventricular nucleus (PVN; C, D), and bed nucleus of the stria 
terminalis (BNST; E, F) of male (B, D, F) and female (A, C, E) rats. Post hoc tests: * = 
p<0.05, ** = p<0.01, **** = p<0.0001. N=5-7 rats/time point/group. 
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cocaine (F(1,46)=16.32 p=0.0002). CRF mRNA was elevated in the BNST of male rats 

30 minutes post cocaine (6.01-fold, post hoc p<0.0001) but not at other time points. 

Time Course of CRFR1 Gene Expression in CeA, PVN, BNST 

CRFR1 mRNA was measured 30 minutes, 24 hours, 48 hours, 7 days, and 14 

days following 14 days of binge-pattern cocaine or saline injections in both males and 

females. No significant differences were found in CRFR1 expression between cocaine- 

and saline-injected male or female rats in the CeA, PVN, or BNST (Figure 5). 

Sex Differences in the Regulation of FKBP5, CRF, and  

CRFR1 Gene Expression 

At the majority of time points and brain regions, males and females did not differ 

significantly when analyzed together (i.e., cocaine-injected males, cocaine-injected 

females, and saline-injected females were all normalized to male saline controls); 

however, some sex differences did emerge. Thirty minutes following the last injection 

(Figure 6B), two-way ANOVA indicated a significant main effect of sex (F(1,17)=25.73 

p<0.0001; cocaine F(1,17)=0.2262 p=0.6404; interaction F(1,17)=0.0271 p=0.8712) and 

post hoc tests showed that the CeA of both saline- and cocaine-injected females 

contained less CRF mRNA as compared to male saline controls (0.317-fold, p=0.0073 

and 0.411-fold, p=0.0190, respectively).  

Also in the CeA 30 minutes post-cocaine (Figure 6D), two-way ANOVA 

identified significant main effects of cocaine (F(1,16)=6.630 p=0.0204) and sex 

(F(1,16)=8.651 p=0.0096; interaction F(1,16)=2.147 p=0.1622). Post hoc tests discovered 

that the CeA of cocaine-injected females (1.72-fold) contained significantly (p=0.0133) 

more FKBP5 mRNA than the CeA of cocaine-injected males (1.16-fold). 
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Figure 5. CRFR1 mRNA expression remains unchanged in male and female rats 
during withdrawal from chronic cocaine administration. Fold changes in CRFR1 
mRNA are shown for 5 time points after the last injection of saline or cocaine in the central 
amygdala (CeA; A, B), paraventricular nucleus (PVN; C, D), and bed nucleus of the stria 
terminalis (BNST; E, F) of male (B, D, F) and female (A, C, E) rats. N=5-7 rats/time 
point/group. 
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In the BNST 30 minutes following the last injection (Figure 6E), two-way 

ANOVA revealed a significant interaction between the main effects of sex and cocaine 

(interaction F(1,16)=5.319 p=0.0348; sex F(1,16)=29.87 p<0.0001; cocaine 

F(1,16)=17.83 p=0.0006). Cocaine did not regulate CRF mRNA at 30 minutes in the 

BNST of females analyzed alone, but when compared to male saline controls, post hoc 

tests showed the BNST contained significantly higher amounts of CRF mRNA in both 

saline- (6.92-fold, p=0.0001) and cocaine-injected (8.33-fold, p<0.0001) females. 

Additionally, the BNST of female rats contained significantly more CRFR1 mRNA than 

that of males (Figure 6C) 30 minutes following the last injection (two-way ANOVA, sex 

F(1,16)=24.88 p=0.0001; interaction F(1,16)=0.3297 p=0.5738; cocaine F(1,16)=0.1153 

p=0.7386). 

Another difference between sexes became apparent in the BNST (Figure 6A) 24 

hours following the last injection (two-way ANOVA, interaction F(1,16)=19.27 

p=0.0005; sex F(1,16)=6.059 p=0.0256; cocaine F(1,16)=4.235 p=0.0563). While CRF 

mRNA levels in saline- and cocaine-injected males did not differ, CRF mRNA was 

higher in cocaine-injected females (1.61-fold) compared to saline-injected females 

(0.797-fold, p=0.0041) when normalized to saline control males. 

SNC80 Administration Attenuated Cocaine Withdrawal-Induced Increases in  

CRF mRNA in the CeA of Female Rats 

The effect of SNC80 on CRF mRNA levels in the CeA and BNST was assessed 

in male and female rats 24 hours following the last injection. Since CRF mRNA levels in 

the PVN were not regulated at 24 hours in either sex, this region was not assessed. In the 

CeA of females (Figure 7A) two-way ANOVA found a significant interaction  



25 
 

 

Figure 6. Sex differences in regulation of CRF, CRFR1, and FKBP5 mRNAs during 
early withdrawal from chronic cocaine administration. Fold changes (compared to 
male saline controls) in CRF (A, B, E), CRFR1 (C), and FKBP5 (D) mRNAs are shown in 
the central amygdala (CeA; B, D) and bed nucleus of the stria terminalis (BNST; A, C, E) 
of male and female rats.  ANOVA main effect of sex: ### = p<0.001, #### = p<0.0001. 
Post hoc tests: *=p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. N=5-7 rats/group. 
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(F(1,23)=7.189 p=0.0133) between the main effects of SNC80 (F(1,23)=7.042 p=0.0142) 

and cocaine (F(1,23)=0.2878 p=0.5968).  

Post-hoc tests showed CRF mRNA levels in cocaine-injected rats treated with 

SNC80 were significantly lower compared to cocaine-injected rats given vehicle 

(p=0.0058). CRF mRNA in the BNST of female rats was higher 24 hours following 

chronic cocaine and vehicle administration, but lower following chronic cocaine and 

SNC80 administration (Figure 7C); however, this did not reach statistical significance 

due to variability between animals. In contrast to the findings in females, SNC80 

administration did not regulate CRF mRNA levels in the CeA (Figure 7B) or BNST 

(Figure 7D) of male rats 24 hours following the last injection. 

Sex Differences in Corticosterone Regulation 

Rats were injected with SNC80 or vehicle 8 and 20 hours following the last 

chronic saline or cocaine injection, and trunk blood was collected 4 hours later (i.e. 24 

hours post-cocaine). Corticosterone data were analyzed by three-way ANOVA for main 

effects of cocaine, SNC80, and sex. The main effect of sex (F(1,54)=5.870 p=0.0188) and 

the interaction between sex and cocaine (F(1,54)=4.369 p=0.0413) were found to be 

significant. Post hoc tests indicated that female rats that received chronic cocaine and 

vehicle had higher serum corticosterone levels compared to male rats that also received 

chronic cocaine and vehicle (p=0.0029). Corticosterone levels in females were higher 

than in males 24 hours following chronic cocaine, although SNC80 administration did 

not have a significant effect in either sex (Figure 8). 
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Figure 7. SNC80 attenuated cocaine withdrawal-induced increases in CRF mRNA in 
the central amygdala of female rats. Fold changes in CRF mRNA (compared to saline + 
vehicle controls) in the central amygdala (A, B) and bed nucleus of the stria terminalis (C, 
D) are shown for female (A, C) and male (B, D) rats injected with SNC80 or vehicle 
following chronic cocaine or saline administration. Post hoc tests: ** = p<0.01. N=6-8 
rats/group. 
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Figure 8. Withdrawal from chronic cocaine elevated corticosterone levels to a greater 
extent in females than males. Serum corticosterone levels are shown from male and 
female rats injected with SNC80 or vehicle and euthanized 24 hours following chronic 
cocaine or saline administration. Post hoc tests: ** = p<0.01. N=7-8 rats/group. 
 
 

Discussion 

Negative mood states experienced during cocaine withdrawal are a challenge for 

prevention of relapse. Although many studies suggest involvement of the extended 

amygdala in the negative affective state produced by drug withdrawal (reviewed in Koob 

and Volkow, 2010), the specific mechanisms underlying withdrawal-induced anxiety, 

depression, and anhedonia remain unclear. Identification of molecules and pathways 

involved in negative withdrawal symptoms is crucial for development of treatment 
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strategies for cocaine dependence and will enhance the understanding of the pathogenesis 

of mood and stress-related disorders. The studies presented here investigated the effect of 

chronic exposure to cocaine on the regulation of FKBP5, CRF, and CRFR1 expression, 

genes implicated in stress responses and psychiatric disorders. Using quantitative RT-

PCR to measure mRNA at five time points following cessation of cocaine administration, 

significant increases and sex differences in FKBP5 and CRF expression were found 

during early withdrawal from chronic cocaine.  

FKBP5 

For the first time, we characterize the regulation of FKBP5 gene expression in the 

CeA, PVN, and BNST following chronic cocaine administration and describe a 

significant sex difference in FKBP5 mRNA levels. Limited literature exists on the 

regulation of FKBP5 following chronic cocaine exposure. Congruent with the results of 

the present study, FKBP5 mRNA was not altered in the amygdala of male rats 10-11 days 

following cocaine self-administration (Hadad et al., 2016). In contrast, FKBP5 protein 

levels are lower in the prefrontal cortex of adolescent male rats in early withdrawal from 

chronic cocaine (Caffino et al., 2015); the prefrontal cortex was not investigated in the 

present study. 

 Repeated cocaine exposure and withdrawal cause persistent over-activation of the 

HPA axis, leading to increased cortisol levels and impaired negative feedback control 

(Goeders, 2002; Mantsch et al., 2007a). Loss of negative feedback may contribute to 

negative affective states including anxiety, depression and anhedonia. Withdrawal from 

chronic cocaine results in affective symptoms similar to psychiatric and stress-related 

disorders. For example, using binge-pattern cocaine administration similar to the current 
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study, our lab has found increases in anxiety- and depression-like behavior at 24 hours 

withdrawal in male rats (Perrine et al., 2008). Others have reported similar studies in 

female rats (Ambrose-Lanci et al., 2010). Human FKBP5 polymorphisms are associated 

with depression (Binder et al., 2004; Lekman et al., 2008; Appel et al., 2011) and anxiety 

(Ising et al., 2008; Attwood et al., 2011; Minelli et al., 2013), two of the negative 

affective states experienced during cocaine withdrawal (Gawin and Kleber, 1986). Thus, 

targeting FKBP5 may restore negative feedback of the HPA axis and reduce negative 

affect associated with cocaine withdrawal.  

Several preclinical studies demonstrate the antidepressant and anxiolytic 

properties of FKBP5 inhibition. Attwood et al. (2011) demonstrate that silencing the 

FKBP5 gene in the amygdala reduces stress-induced anxiety in mice. Additionally, an 

FKBP5 inhibitor increases struggling time and reduces floating time in the forced swim 

test, indicating antidepressant actions (Gaali et al., 2015), and reduces anxiety in mice as 

measured by the elevated plus maze and dark-light box tests (Hartmann et al., 2015). In 

addition, chronic stress in rats increases FKBP5 mRNA in the ventral hippocampus and 

prefrontal cortex, which is reduced by administration of the antidepressant duloxetine 

(Guidotti et al., 2013). Therefore, it is possible that inhibition of FKBP5 will mitigate 

anxiety and depression experienced during early withdrawal from chronic cocaine, which 

is supported by the present findings of upregulation of FKBP5 during early cocaine 

withdrawal. The effect of FKBP5 inhibition on cocaine withdrawal-induced anxiety will 

be examined in Chapter 3. The studies presented here are recognizably limited, and in 

future studies it will be important to investigate other facets of FKBP5 regulation 
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following chronic cocaine exposure, including measurement of protein levels of FKBP5 

and examination of cellular trafficking of the glucocorticoid receptor. 

CRF and CRFR1 

These experiments also investigated the regulation of CRF and CRFR1 gene 

expression during early and protracted withdrawal from chronic cocaine administration. 

CRF mRNA was significantly higher in the CeA of both male and female rats injected 

with cocaine as compared with those injected with saline 24 hours after the last injection. 

Regardless of treatment group, the CeA of female rats contained less CRF mRNA than 

males and the BNST of females contained more CRFR1 mRNA than males when 

measured 30 minutes after the last injection. Additional sex differences in CRF regulation 

emerged in the BNST. Thirty minutes following the last injection, CRF mRNA levels in 

cocaine-injected males and both saline- and cocaine-injected females were higher than 

that of saline-injected male controls. Twenty-four hours later, CRF mRNA content 

returned to control levels in males and saline-injected females, while CRF mRNA 

remained elevated in cocaine-injected females. 

The CRF-related experiments described above are based on an important 

foundation of previous work. Expanded by a thorough time-course analysis during 

withdrawal and by the addition of females treated in parallel to males, the present results 

support previous findings and extend those results in several ways. For example, two 

studies found an increase in CRF mRNA in the CeA of male rats 24 hours post cocaine 

(Maj et al., 2003; Erb et al., 2004), which is replicated here. In contrast, other studies 

have found an increase in CRF mRNA in the amygdala at 48 hours, not 24 hours, post 

cocaine (Zhou et al., 2003a; Rudoy et al., 2009). While the current study and others 
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(Mantsch et al., 2007b) show no significant differences in CRF mRNA in the PVN, 

another found a decrease in CRF mRNA in the hypothalamus 30 minutes following the 

last cocaine injection (Zhou et al., 1996). Congruent with the present study, previous 

work report no differences in CRF mRNA in the BNST after 1, 3, or 10 days withdrawal 

(Erb et al., 2004).  

The reason(s) for discrepancies in CRF mRNA levels in the amygdala and 

hypothalamus are uncertain; however, differences may be due to the tissue included in 

the analysis. Studies that analyzed the whole amygdala found increases in CRF mRNA at 

48 hours following chronic cocaine administration (Zhou et al., 2003a; Rudoy et al., 

2009) while studies that selectively analyzed only the CeA agree on an increase in CRF 

mRNA at 24 hours (Maj et al., 2003; Erb et al., 2004). It should be noted that other nuclei 

of the amygdala, such as the basolateral amygdala, also contain CRF and play a role in 

cocaine withdrawal-induced negative affect, which may have affected the study outcome. 

In similar fashion, results from studies investigating the whole hypothalamus (Zhou et al., 

1996, 2003b, 2003a) differ from those that processed the PVN specifically (Mantsch et 

al., 2007b). Variability in CRF mRNA expression levels in the PVN in the current study 

may also be a factor in the different outcomes.  

In terms of lack of changes in gene expression during long-term withdrawal, the 

present findings support several studies that showed no differences in CRF mRNA levels 

between rats given chronic saline or cocaine at longer withdrawal time points (i.e. 7, 10, 

or 14 days post cocaine) (Zhou et al., 1996, 2003a, 2003b; Erb et al., 2004). It should be 

noted that all of the above cited studies investigated male animals. To the authors’ 
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knowledge, regulation of CRF mRNA during withdrawal from chronic cocaine has not 

been reported in females. 

Effect of SNC80 Administration on CRF mRNA 

Furthermore, these studies investigated the effect of the delta opioid receptor 

agonist SNC80 on elevated CRF mRNA levels in the CeA during cocaine withdrawal. 

SNC80 administration significantly reduced elevated CRF mRNA levels in females, but 

had no effect on CRF mRNA in males. This was unexpected given that DOR agonists can 

modulate anxiety-like behavior in both sexes (Perrine et al., 2006, 2008; Ambrose-Lanci 

et al., 2010; Randall-Thompson et al., 2010; van Rijn et al., 2010). Why SNC80 reduced 

CRF mRNA in females but not males is unclear. One possible explanation could be the 

timing of SNC80 administration. In previous behavioral studies, SNC80 was injected 30 

to 60 minutes before anxiety testing. In the current study, SNC80 was injected 8 hours 

and 20 hours following the last cocaine or saline injection (i.e. 4 hours before brain 

collection). It is possible that the timing of CRF regulation by SNC80 differs between 

males and females. Sex differences in subcellular distribution of DORs have been 

documented in the hippocampus following stress (Mazid et al., 2016) and in the nucleus 

accumbens following chronic cocaine (Ambrose-Lanci et al., 2008). This may contribute 

to the difference in regulation of CRF by DOR agonists.  

It is likely that the effect of DOR agonists on CRF expression and, subsequently, 

downstream effects of CRF are modulated by a network of brain areas. Recent studies 

provide evidence of sex differences in stress-related brain circuits. Using cFos as a 

marker of neuronal activation, Bangasser and colleagues measured functional 

connectivity between stress-related brain regions and found sex differences in activated 
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networks both in unstressed rats as well as in rats that received CRF by icv injection 

(Wiersielis et al., 2016; Salvatore et al., 2018). They further showed that behavioral 

responses to CRF, such as anxiety, are regulated by different brain area connections in 

males and females. Further studies investigating different SNC80 administration 

protocols or measuring CRF protein levels are needed to address the noted sex difference 

in CRF regulation by DOR agonists. 

Precisely how DOR activation regulates CRF gene expression is unknown. The 

CRF gene features a cyclic adenosine monophosphate (cAMP) response element (CRE) 

in its promotor region (Seasholtz et al., 1988). Increases in cAMP activate CREB (cAMP 

binding protein) to induce transcription of CRF (Guardiola-Diaz et al., 1994; Itoi et al., 

1996). Because delta opioid receptors are Gi/Go coupled, their activation results in the 

inhibition of adenylyl cyclase and subsequent decrease of cAMP (Al-Hasani and 

Bruchas, 2011). Stimulation of DOR with agonists such as SNC80 would decrease 

intracellular cAMP levels, leading to a reduction of CRF gene induction. Since DOR and 

CRF are expressed in the same cell (Reyes et al., 2017), this mechanism is likely one of 

many by which DOR agonism modulates CRF expression. 

Sex Differences 

A growing body of literature highlights sex differences in the escalation of 

cocaine use, the subjective effects of cocaine, and susceptibility to relapse. One of the 

main triggers to relapse is stress, and sex differences in stress systems have emerged as a 

critical factor driving substance abuse and relapse in women. Cocaine-using women are 

more sensitive to CRF (Brady et al., 2009), and female rats show greater HPA axis 

activation in response to acute cocaine (Kuhn and Francis, 1997). Female rats are also 
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more sensitive to stress-induced reinstatement of cocaine seeking (Erb et al., 1998; Anker 

and Carroll, 2010; Buffalari et al., 2012a). One possible explanation for this is the 

difference in CRF receptor trafficking and signaling. In males, in response to CRF 

release, CRF receptors are internalized, while in females CRF receptors are internalized 

to a lesser extent, leaving more receptors on the cell membrane to continue signaling 

(Reyes et al., 2008; Bangasser et al., 2010; Valentino et al., 2013). Although these studies 

were performed in the locus coeruleus, it is probable that this phenomenon occurs 

elsewhere in the brain. Indeed, the locus coeruleus, CeA, PVN, and BNST are highly 

interconnected by CRF fibers (reviewed in Koob and Volkow, 2010). The current study 

identified the BNST as a region of significant sex-specific gene regulation induced by 

cocaine exposure and withdrawal. The BNST of female rats contains more CRF neurons 

than the BNST of male rats (Funabashi et al., 2004), and more BNST neurons are 

activated after an acute stressor in female rats (Babb et al., 2013). The current study 

shows differential regulation of CRF gene expression between males and females 

following chronic cocaine, and highlights that the BNST of both cocaine- and saline-

injected female rats contained more CRFR1 mRNA than that of males.  

Conclusions 

 For the first time, increases in FKBP5 during early withdrawal from chronic 

cocaine have been documented. While changes in CRF mRNA during withdrawal from 

chronic cocaine have been described in males, this study identifies important sex 

differences in FKBP5, CRF, and CRFR1 regulation in the CeA and particularly in the 

BNST. Perhaps these differences play a role in females’ increased vulnerability to 

cocaine withdrawal-induced negative affect and relapse. Since SNC80 attenuated cocaine 
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withdrawal-induced increases in CRF mRNA in the CeA of females and mitigated 

withdrawal-induced anxiety (Perrine et al., 2008; Ambrose-Lanci et al., 2010), delta 

opioid receptor agonists may be a valuable tool for managing withdrawal symptoms and 

preventing relapse, especially in females. Inhibition of FKBP5 as a therapeutic for 

cocaine withdrawal-induced negative affect, particularly in females, warrants further 

study. 
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CHAPTER 3: SEX DIFFERENCES IN ANXIETY-LIKE BEHAVIOR AND 

STRESS-INDUCED REINSTATEMENT FOLLOWING  

COCAINE SELF-ADMINISTRATION 

Introduction 

Unlike withdrawal from alcohol or opiates, the experience of withdrawal from 

cocaine is primarily psychological, rather than physical (Gawin and Kleber, 1986; Wood 

and Lal, 1987). Symptoms include cognitive dysfunction, sleep disturbances, negative 

affect, cocaine cravings, and fatigue (Weddington et al., 1990; Gawin, 1991). The main 

goal of treatment is to prevent relapse to cocaine use during abstinence, but there is no 

FDA-approved medication for the treatment of cocaine use disorder. There are several 

known triggers of relapse; if one of these triggers could be targeted pharmacologically, 

perhaps new therapeutics to alleviate cocaine withdrawal symptoms and prevent relapse 

could be developed. 

 Sex differences in cocaine use and relapse to cocaine dependence have been 

documented both in humans (Kosten et al., 1993; Back et al., 2005) and in rodent models 

of addiction (Becker and Hu, 2008; Lynch, 2018). While males are overall more likely to 

use cocaine, females escalate from use to dependence more quickly (Griffin et al., 1989; 

Brady and Randall, 1999), are more sensitive to the subjective effects of cocaine (Lukas 

et al., 1996; Sofuoglu et al., 1999), and are more vulnerable to relapse (Kuhn and Francis, 

1997; Hudson and Stamp, 2011). Females are also more susceptible to stress-related and 

negative affective disorders such as PTSD, anxiety, and depression (Breslau et al., 1997; 

McLean et al., 2011). This may contribute to divergent reasons for initial use of cocaine 
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(F. McCance-Katz, Kathleen M. Carrol et al., 1999; Fox and Sinha, 2009) or reasons for 

relapse to continued use (McKay et al., 1996). 

For humans, stress is a major trigger for relapse to all drugs of abuse. For over 

twenty years, researchers have used the reinstatement procedure to model stress-

prompted relapse in rodents (Stewart and de Wit, 1987) (reviewed in Mantsch et al., 

2016). In this method, rats are trained to respond for drug rewards; then, after a period of 

extinction of reward responding, rats are tested for reinstatement of drug seeking 

following a stressor (de Wit and Stewart, 1981). The first, and perhaps most widely used, 

stressor was intermittent mild footshock (Shaham et al., 2000). Footshock reinstates 

cocaine seeking in male and female rats, and was therefore used to examine stress-

induced reinstatement in the following studies. 

FKBP5 plays a role in HPA axis negative feedback by regulating glucocorticoid 

receptor (GR) sensitivity to cortisol (discussed in Chapters 1 and 2). Given the 

participation of FKBP5 in regulating stress systems, the ability of the selective FKBP5 

inhibitor SAFit2 to reduce negative affective behaviors makes it an ideal candidate to 

examine the role of FKBP5 in anxiety-like behavior following cocaine self-

administration and in stress-induced reinstatement to cocaine seeking. 

As reviewed above, DOR agonists like SNC80 reduce anxiety-like behavior 

during withdrawal from non-contingent chronic cocaine in male and female rats (Perrine 

et al., 2008; Ambrose-Lanci et al., 2010). The effect of SNC80 on anxiety-like behavior 

following cocaine self-administration has yet to be investigated. Since SNC80 reduces 

baseline anxiety as well as stress-induced anxiety (Randall-Thompson et al., 2010), we 
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hypothesized that administration of a DOR agonist would decrease lever pressing during 

stress-induced reinstatement.  

This set of experiments first aimed to compare cocaine self-administration 

behaviors between male and female rats. Then, the effect of SNC80 and SAFit2 on 

anxiety-like behaviors during withdrawal was measured using the open field test. Finally, 

these studies investigated the effect of SNC80 and SAFit2 administration on stress-

induced reinstatement to cocaine seeking in male and female rats. 

Methods 

Animals 

Male and female Sprague Dawley rats (Charles River Laboratories, Wilmington, 

MA) arrived at 7 weeks old. Rats were housed two per cage in a room on a 12-hour 

reverse light cycle (lights off at 9AM), and had unlimited access to water and standard rat 

chow. Rats were allowed to acclimate to the facility and the light cycle for at least one 

week before jugular catheter implantation surgery. Following jugular catheter 

implantation surgery, rats were individually housed in the same space. All procedures 

were approved by the Institutional Animal Care and Use Committee of Temple 

University and were in compliance with the NIH Guide for the Care and Use of 

Laboratory Animals. 

Drugs 

Cocaine hydrochloride (acquired from the NIDA Drug Supply Program) was 

dissolved in 0.9% normal saline at a concentration of 2mg/ml. Cocaine was administered 

intravenously (see below). SNC80 (Tocris Bioscience, Minneapolis, MN) was dissolved 

in 2ul 1M HCl per mg SNC80, then brought to a concentration of 10mg/ml by slowly 
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adding sterile water and vortexing. SNC80 was administered by subcutaneous injection in 

a volume of 1ml/kg body weight (10mg/kg dose) or 2ml/kg (20mg/kg dose). 

SAFit2 (molecular formula C46H62N2O10; [(1R)-3-(3,4-dimethoxyphenyl)-1-[3-(2-

morpholin-4-ylethoxy)phenyl]propyl] (2S)-1-[(2S)-2-cyclohexyl-2-(3,4,5-

trimethoxyphenyl)acetyl]piperidine-2-carboxylate) is the first FKBP5 inhibitor with 

selectivity over FKBP4 (FKBP5 Ki 6 +/- 2nm, FKBP4 Ki >50,000 nm (Gaali et al., 

2015)). SAFit2, generously supplied by Dr. Felix Hausch at Max Planck Institute of 

Psychiatry, was solubilized in 8% ethanol, 10% polyethylene glycol 300, and 10% Tween 

80 in 0.9% normal saline to produce a concentration of 10mg/ml. SAFit2 was 

administered by intraperitoneal injection in a volume of 2ml/kg body weight to achieve a 

20mg/kg dose. 

Jugular Vein Catheter Implantation Surgery and Maintenance 

Rats were anesthetized with isoflurane (5% induction, 2-3% maintenance) and 

polyurethane catheters 13cm long (males) or 11cm long (females) (Instech Laboratories, 

Plymouth Meeting, PA) were implanted into the right jugular vein as previously 

described (Enman et al., 2015). The catheter travelled subcutaneously over the scapula 

and was affixed to a back-mounted port (Plastics One, Roanoke, VA). On the day of 

surgery, rats received 5mg/kg enrofloxacin (Baytril®) antibiotic and 1mg/kg meloxicam 

for analgesia. Catheters were flushed with 0.2-0.3ml heparinized (100USP/ml) saline 

containing 2.25mg/ml enrofloxacin for 3 days following surgery. Catheters were flushed 

with heparinized saline before each self-administration session, and locked with 

heparinized saline containing 0.225mg/ml enrofloxacin after each session. Catheters were 

flushed daily with heparinized saline plus 0.225mg/ml enrofloxacin otherwise. 
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Self-Administration Apparatus and Procedure 

Experiments were carried out in standard modular chambers within a sound-

attenuating cabinet (Med Associates, Fairfax, VT). Each chamber featured a house light 

opposite two retractable levers with circular lights positioned above them, and a 

footshock-generating harness (Med Associates) attached to the bar floor. A swivel-tether 

system connected to the back-mounted port of the rat delivered a drug infusion via a 10-

ml syringe in a computer-controlled syringe pump. 

Once the session was initiated, the house light illuminated and the two levers 

extended. Responses on the active (right) lever triggered the light above it, activated a 

tone, and delivered an infusion of cocaine. The house light then turned off and a 20 

second time out began. During the time out, the house light remained dark and any 

subsequent presses of the active lever were recorded, but had no effect. Responses on the 

inactive (left) lever were recorded but had no programmed consequences. When the 

session concluded, the levers retracted and all lights extinguished.  

Rats were allowed to self-administer cocaine during daily two-hour sessions on a 

fixed-ratio 1 (FR1) schedule of reinforcement. Each infusion delivered a 0.5mg/kg dose 

of cocaine. Rats were required to achieve a minimum of 10 infusions for at least 10 

consecutive days before behavioral testing. In order to provide proper experimental 

controls for anxiety testing, after catheter surgeries were complete a group of rats from 

each sex were designated “shams”. During the daily self-administration session these rats 

were exposed to the chamber with only the house light illuminated (no cocaine was 

available); they were treated identically otherwise.  
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Open Field Testing 

Forty-eight hours following the last self-administration session, rats were tested 

for anxiety-like behavior in the open field test. Rats were injected with SAFit2 20mg/kg 

or vehicle 4 hours before testing. A separate cohort of rats was injected with SNC80 

10mg/kg or vehicle 1 hour before testing. Each rat was tested only once. Rats that 

received vehicle went on to extinction training.  

The open field apparatus consisted of a 45cm square box with a black floor grid 

enclosing a 15cm square center area, gray walls and an open top. Room lighting was 

adjusted to approximately 65 lux in the center of the field, and approximately 35 lux in 

the corners. Each rat was placed in the same corner to initiate the test and allowed to 

explore the open field for ten minutes. Open field tests were video recorded from above.  

Behaviors were scored from the videos by an unblinded experimenter as well as by an 

experimenter blind to treatment condition. These scores were averaged to attain the final 

data. Experimenters measured the time a rat spent in the center grid of the open field as 

well at the number of entries a rat made into the center area. Movement of the head, 

upper torso, and both front paws into the center was considered an entry and time was 

counted.  

Extinction and Stress-Induced Reinstatement Procedures 

During extinction training, rats were placed in the chamber, and presses on either 

lever had no effects. Rats underwent daily extinction sessions until they reached less than 

30% of their active lever presses during the final self-administration session. When rats 

reached extinction criteria, they underwent stress-induced reinstatement testing the 

following day. The stressor consisted of 15 minutes of variably-timed mild footshocks 
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(10s – 70s, randomly generated, mean 35s) delivered in the self-administration chamber. 

Footshocks lasted for 0.5 seconds at 0.5 mA. Rats were monitored for signs of 

disproportionate distress or excessive vocalizing. Immediately following the footshock 

stress, a reinstatement session (identical to previous self-administration conditions, but 

without cocaine) lasted for two hours, during which active and inactive lever presses 

were recorded. Using a within-subjects design, rats were tested with experimental drug or 

vehicle, i.e. each rat underwent extinction and reinstatement twice in a counterbalanced 

manner. One cohort received SAFit2 or vehicle 4 hours prior to footshock; another cohort 

received SNC80 or vehicle 1 hour prior to footshock. 

Estrous Cycle Phase Determination 

In order to assess the effect of ovarian hormones on reinstatement behavior, 

vaginal cytology samples were collected and estrous phase was determined following 

previously described protocols (MARCONDES et al., 2002; Goldman et al., 2007; 

McLean et al., 2012; Cora et al., 2015). Immediately following the reinstatement session, 

the rat was gently restrained by gripping the base of the tail and lifting the hind legs. A 

sterile cotton swab dipped in sterile saline was briefly inserted into the vagina and gently 

twisted. The cotton swab was them rolled/pressed onto a microscope slide (Fisherbrand 

Superfrost Plus Slides, Waltham, MA) for later analysis. Slides were stained with 0.1% 

Crystal Violet (Fisher Scientific, Waltham, MA), then washed twice with diH2O and 

allowed to dry. Slides were assessed using a simple light microscope. Estrous cycle phase 

was determined by examining cell number, type (epithelial cell, leukocyte), and 

morphology (round, nucleated epithelial cell vs cornified epithelial cell). 
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Statistical Analyses 

Statistical analyses were carried out using GraphPad Prism v8.0 software. All data 

are displayed as mean ± SEM. Significant differences between groups were evaluated 

using unpaired t-tests (or unpaired t-tests with Welch’s correction when variances 

differed significantly), ordinary two-way ANOVA, or repeated measures two-way 

ANOVA where appropriate, followed by Sidak post hoc tests. A p value of <0.05 was 

considered significant. 

Results 

Female Rats Acquired Cocaine Self-Administration Faster, Obtained More  

Cocaine Infusions, and Reinstated Cocaine Seeking to a Greater Extent  

Compared to Male Rats 

In order to compare acquisition rate and cocaine intake between male and female 

rats, data was compiled from all rats studied. To quantify acquisition rate, the mean 

number of infusions from each of the first 10 self-administration sessions was compared 

(Figure 9A). Two-way repeated measures ANOVA found significant main effects of 

session (F(9,765)=26.20 p<0.0001) and sex (F(1,85)=48.12 p<0.0001), as well as a 

significant interaction (F(9,765)=1.946 p=0.0429). Post hoc tests revealed that female 

rats achieved more infusions than males at each session, particularly during session 2 

through 5 (p<0.0001 for each individual session).  

Differences in cocaine intake once rats had acquired self-administration behavior 

(i.e. earned 10 or more infusions) were measured in two ways. First, the mean number of 

infusions for each of the final 10 sessions was compared between males and females  
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Figure 9. Female rats acquired cocaine self-administration faster and earned more 
cocaine infusions than male rats. The number of infusions earned (A, C) and all lever 
presses (B, D) are shown during the first ten (A, B) and the last ten (C, D) self-
administration sessions in male and female rats. Additionally, the cumulative number of 
infusions (E) for each rat is shown. Post hoc and t tests: *=p<0.05, **=p<0.01, 
***=p<0.001, ****=p<0.0001. N=41 male rats, 46 female rats. 
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(Figure 9C). Two-way repeated measures ANOVA indicated significant main effects of 

session (F(9,765)=13.16 p<0.0001) and sex (F(1,85)=13.91 p=0.0003), but no significant 

interaction (F(9,765)=1.496 p=0.1448). Post hoc tests revealed that females earned 

significantly more infusions than males during several sessions, in particular the final 

session (p=0.0001). Second, the total number of infusions from each rat were quantified, 

cumulative over the final 10 sessions (Figure 9E). Female rats achieved a greater total 

number of infusions (341.5±10.52) compared to males (277.2±13.93) (t(85)=3.730 

p=0.0003). Not only did female rats acquire the self-administration behavior faster than 

male rats, female rats earned more cocaine infusions overall. 

To analyze sex differences in extinction and reinstatement behavior, data were 

compiled from the vehicle sessions and compared between males and females. During the 

final self-administration session females pressed the active lever significantly more 

(Figure 10A) than males (45.3±3.4, 33.1±3.0 respectively) (t(42)=2.672 p=0.0107), 

which agrees with the preceding intake data on infusions earned (Figure 9). 

Correspondingly, female rats pressed the active lever more than male rats during the final 

extinction training (Figure 10B) (8.68±0.51, 6.09±0.68 respectively) (t(42)=3.054 

p=0.0039). Furthermore, the active lever pressing of female rats (125.9±24.46) 

significantly exceeded that of males (62.77±8.98) (Welch-corrected t(26.56)=2.423 

p=0.0225) during stress-induced reinstatement sessions (Figure 10C). 
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Figure 10. Female rats pressed the active lever more than male rats during self-
administration, extinction, and in response to footshock stress-induced reinstatement. 
The number of active lever presses are shown for male and female rats during the final 
self-administration session (A), the final extinction training (B), and stress-induced 
reinstatement (C). t tests: *=p<0.05, **=p<0.01. N=22 male rats, 22 female rats. 
 

Male Rats Did Not Display Anxiety-like Behavior during Early Abstinence  

from Cocaine Self-Administration 

Forty-eight hours following the last self-administration session, rats were tested in 

the open field for anxiety-like behavior. Male rats abstinent from cocaine for 48 hours did 

not spend a significantly different amount of time in the center area (Figure 11A) 

compared to sham controls (t(25)=0.5816 p=0.5661). Likewise, male rats in withdrawal 

from cocaine did not differ from sham controls in the amount of entries into the center 

area (Figure 11B) (t(25)=1.172 p=0.2523). Compared to sham controls, female rats 

abstinent from cocaine spent significantly (t(10)=2.564 p=0.0282) less time in the center 

area (Figure 11C), indicating anxiety-like behavior. Female cocaine-experienced and 

sham rats did not differ in the number of entries into the center area (Figure 11D) 



48 
 

(t(10)=0.6257 p=0.5455). Given that males did not initially display anxiety-like behavior, 

they were excluded from further open field testing with SNC80 and SAFit2. 

 

 

Figure 11. Female, but not male, rats display cocaine withdrawal-induced anxiety-
like behavior. Rats were tested for anxiety-like behavior 48 hours following the last 
cocaine self-administration session. The amount of time rats spent in the center of the open 
field (A, C) as well as the number of entries into the center area (B, D) are shown for male 
(A, B) and female (C, D) rats. N=13-14 male rats/group, 5-7 female rats/group. 
 

SNC80 and SAFit2 Reduced Anxiety-like Behavior in Female Rats during  

Early Abstinence from Cocaine Self-Administration 

To determine the effect of DOR agonism on anxiety-like behavior in female rats 

during withdrawal from cocaine self-administration, groups of cocaine-experienced and 

sham control rats were treated with 10mg/kg SNC80 or vehicle 1 hour prior to open field 

testing. When evaluating differences in the number of entries into the center area of the 

open field (Figure 12B), two-way ANOVA did not find a significant interaction 

(F(1,35)=0.3720 p=0.5459) between main effects of SNC80 (F(1,35)=5.737 p=0.0221) 

and cocaine (F(1,35)=0.4130 p=0.5246). While the main effect of SNC80 was 

statistically significant, post hoc tests did not identify any differences in the number of 
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entries into the center area between individual groups. Time in center (Figure 12A) was 

analyzed by two-way ANOVA which did not show a significant interaction 

(F(1,35)=0.5057 p=0.4817) between main effects (cocaine: F(1,35)=0.6586 p=0.4225), 

but revealed a significant main effect of SNC80 (F(1,35)=7.701 p=0.0088). Post hoc tests 

revealed that rats in withdrawal from cocaine and treated with SNC80 spent more time in 

the center area of the open field than rats in withdrawal from cocaine and injected with 

vehicle (p=0.0199).  These results demonstrate the anxiolytic effects of SNC80 

administration during cocaine withdrawal in female rats. 

 

 

Figure 12. SNC80 administration attenuated anxiety-like behavior in female rats 
during early abstinence from cocaine self-administration. Rats were tested for anxiety-
like behavior 48 hours following the last cocaine self-administration session. The amount 
of time rats spent in the center of the open field (A) as well as the number of entries into 
the center area (B) following 10mg/kg SNC80 or vehicle administration is shown. Post hoc 
tests: *=p<0.05. N=6-12 rats/treatment/group. 
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In similarly designed studies, groups of cocaine-experienced and sham control 

rats were treated with 20mg/kg SAFit2 or vehicle 4 hours prior to open field testing. 

Two-way ANOVA did not identify a significant interaction (F(1,31)=0.2749 p=0.6038) 

nor main effects of cocaine (F(1,31)=1.607 p=0.2144) or SAFit2 (F(1,31)=0.6624 

p=0.4219) on the number of entries to the center area of the open field (Figure 13B). 

When analyzing the amount of time spent in the center of the open field (Figure 13A), 

two-way ANOVA did show a significant interaction (F(1,31)=10.49 p=0.0029) between 

main effects of cocaine (F(1,31)=1.976 p=0.1698) and SAFit2 (F(1,31)=3.110 p=0.0877). 

 

 

Figure 13. SAFit2 administration attenuated anxiety-like behavior in female rats 
during early abstinence from cocaine self-administration.  Rats were tested for anxiety-
like behavior 48 hours following the last cocaine self-administration session. The amount 
of time rats spent in the center of the open field (A) as well as the number of entries into 
the center area (B) following 20mg/kg SAFit2 or vehicle administration is shown. Post hoc 
tests: ***=p<0.001. N=5-13 rats/treatment/group. 
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Post hoc tests revealed that rats in withdrawal from cocaine and treated with SAFit2 spent 

significantly more time in the center area compared to rats in cocaine withdrawal injected 

with vehicle (p=0.0009). These results indicate anxiolytic effects of the FKBP5 inhibitor, 

SAFit2, during withdrawal from cocaine in female rats. 

SNC80 Did Not Prevent Stress-Induced Reinstatement to Cocaine  

Seeking in Male Rats 

Male rats were injected with 10mg/kg SNC80, 20mg/kg SNC80, or vehicle one 

hour prior to initiation of the footshock stress, and active lever presses were documented 

during reinstatement (Figure 14A). Two-way repeated measures ANOVA found a 

significant main effect of day (F(1,31)=20.37 p<0.0001), indicating the number of active 

lever presses was different in extinction sessions versus reinstatement sessions, as 

expected. However, there was no main effect of SNC80 (F(2,31)=0.3865 p=0.6827) nor 

an interaction (F(2,31)=0.4054 p=0.6702) between day and SNC80. These data 

demonstrate that SNC80 had no effect on active lever presses during stress-induced 

cocaine reinstatement at either dose in male rats. 

SNC80 Dose-Dependently Exacerbated Stress-Induced Reinstatement to  

Cocaine Seeking in Female Rats 

Similarly to the males, female rats were injected with 10mg/kg SNC80, 20mg/kg 

SNC80 or vehicle one hour prior to footshock stress-induced reinstatement to cocaine 

seeking (Figure 14B). Active lever presses were measured and two-way repeated 

measures ANOVA indicated a significant interaction (F(2,12)=14.34 p=0.0007) between 

main effects of day (F(1,6)=53.48 p=0.0003) and SNC80 (F(2,12)=14.78 p=0.0006), 

which were also significant. Post hoc tests revealed that, compared to vehicle control, 
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active lever presses during reinstatement increased in rats treated with 10mg/kg SNC80 

(p=0.0191) and 20mg/kg SNC80 (p<0.0001). Furthermore, rats injected with 20mg/kg 

SNC80 produced a higher number of active lever presses compared to rats injected with 

10mg/kg SNC80 (p=0.0034). These data suggest that SNC80 dose-dependently 

exacerbates stress-induced reinstatement in female rats, contrary to our initial hypothesis. 

 

 

Figure 14. SNC80 administration did not prevent stress-induced reinstatement to 
cocaine seeking in male rats, and dose-dependently exacerbated cocaine seeking in 
female rats. The number of active lever presses during stress-induced reinstatement is 
shown following vehicle, 10mg/kg SNC80, and 20mg/kg SNC80 administration in males 
(A) and females (B). Post hoc tests: *=p<0.05, ****=p<0.0001. N=14 males, 7 females. 
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SAFit2 Attenuated Stress-Induced Reinstatement to Cocaine Seeking  

in Male Rats 

Male rats were injected with 20mg/kg SAFit2 or vehicle 4 hours prior to 

footshock stress-induced reinstatement, and active lever presses were recorded. Two-way 

repeated measures ANOVA detected significant main effects of day (F(1,7)=49.65 

p=0.0002) and SAFit2 (F(1,7)=7.956 p=0.0257) as well as a significant interaction 

(F(1,7)=10.69 p=0.0137). Post hoc tests determined that, compared to vehicle controls, 

rats that received SAFit2 produced fewer active lever presses during reinstatement 

(p=0.0055), demonstrating that inhibiting FKBP5 can limit stress-induced reinstatement 

in male rats (Figure 15A). 

The Effect of SAFit2 on Stress-Induced Reinstatement in Female Rats  

May Depend on Ovarian Hormones 

Four hours prior to footshock stress-induced reinstatement, female rats were injected with 

20mg/kg SAFit2 or vehicle, and active lever presses were counted. Two-way repeated 

measures ANOVA showed a significant main effect of day (F(1,17)=64.33 p<0.0001) but 

no effect of SAFit2 (F(1,17)=0.6586 p=0.4283) and no significant interaction 

(F(1,17)=0.6964 p=0.4156). A significant effect of day indicates active lever presses 

were significantly different on extinction days versus reinstatement days, which is to be 

expected. These data suggest that SAFit2 does not affect stress-induced reinstatement in 

female rats (Figure 15B). However, given that FKBP5 also complexes with steroid 

hormone receptors (Zannas et al., 2016), female rats were separated by estrous phase into 

two groups: 1) proestrus and estrus and 2) metestrus and diestrus. Since values were no 

longer matched, the effects of phase (F(1,25)=1.710 p=0.2029) and SAFit2 
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(F(1,25)=0.00112 p=0.9736) were analyzed by factorial two-way ANOVA, which 

revealed a significant interaction (F(1,25)=7.999 p=0.0091). Post hoc tests determined 

that rats in metestrus/diestrus pressed the active lever less during reinstatement following 

SAFit2 treatment (Figure 15C) compared to rats in proestrus/estrus during reinstatement 

following SAFit2 treatment, (67.4 presses, 166.1 presses respectively p=0.0124). Given 

these results, the effect of SAFit2 on stress-induced reinstatement in females may depend 

on estrous phase and ovarian hormone levels. 

 

 

Figure 15. SAFit2 administration attenuated stress-induced reinstatement to cocaine 
seeking in male rats, while effects in female rats may depend on estrous phase. The 
number of active lever presses during stress-induced reinstatement following vehicle or 
20mg/kg SAFit2 administration is shown for males (A) and females (B). Active lever 
presses are compared between females in metestrus/diestrus phases and proestrus/estrus 
phases during stress-induced reinstatement (C). Post hoc tests: *=p<0.05, **=p<0.01. N=8 
males, 18 females. 
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Discussion 

First and foremost, the studies presented here replicate documented sex 

differences in the acquisition rate, intake, and reinstatement to cocaine self-

administration. Specifically, female rats acquire the self-administration behavior faster 

than males, earn more cocaine infusions than males, and respond to a greater extent than 

males during reinstatement (Lynch and Carroll, 1999, 2000; Roth and Carroll, 2004).  

A sex difference we did not anticipate was a withdrawal-induced anxiety-like 

phenotype in female rats, but not in male rats. Previous studies from our own lab and 

others demonstrated anxiety-like behavior in both males and females following non-

contingent chronic cocaine administration (Sarnyai et al., 1995; Perrine et al., 2008; 

Ambrose-Lanci et al., 2010), and several other groups have shown anxiety-like behavior 

following cocaine self-administration (Mantsch et al., 2001; Aujla et al., 2008; Buffalari 

et al., 2012b). One likely explanation for this discrepancy is the schedule and timing of 

cocaine reinforcement: short access versus long access versus intermittent access. This 

concept will be discussed in Chapter 4. Another possible cause may be the timing of 

testing; the time of maximal anxiety experienced during withdrawal may differ between 

males and females. Alternatively, anxiety may have to be activated by a stressor to 

distinguish a withdrawal phenotype. 

Since we did identify an anxiety-like phenotype in female rats following cocaine 

self-administration, we proceeded to assess the effects of the DOR agonist SNC80 and 

the FKBP5 inhibitor SAFit2 on withdrawal-induced anxiety. Both agents were successful 

in increasing the time female rats spent in the center of the open field, indicating their 

administration reduced anxiety-like behavior. Although there is no evidence to suggest 
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that the mechanism of action of these drugs overlap, both SNC80 and SAFit2 interact 

with stress systems (Pradhan et al., 2011; Zannas et al., 2016). As a DOR agonist, SNC80 

has anxiolytic effects, possibly through a reduction of CRF mRNA in the extra-

hypothalamic stress system (see Chapter 3), and SAFit2 inhibits the interaction between 

FKBP5 and glucocorticoid receptors, modulating HPA axis sensitivity and feedback. 

When we examined the effect of both of these drugs on stress-induced 

reinstatement, we had expected an attenuation of cocaine seeking. We did not find this to 

be true with SNC80 in either sex. In fact, SNC80 exacerbated cocaine seeking in female 

rats. This could be due to several factors. Other anxiolytics have been successful in 

attenuating cue- or drug prime-induced reinstatement (Goeders et al., 1993, 2009; Shelton 

et al., 2013), but have not investigated stress-induced reinstatement. We hypothesized 

that SNC80 would attenuate stress-induced reinstatement, given its anxiolytic properties 

(Perrine et al., 2006) and ability to attenuate stress-induced anxiety (Randall-Thompson 

et al., 2010). It may be that the neuronal pathways involved in withdrawal-induced 

anxiety contrast with those that participate in stress-induced reinstatement to cocaine 

seeking (Erb, 2010). 

Although evidence of the anxiolytic effect of SAFit2 in rodents exists (Hartmann 

et al., 2015), SAFit2 had not yet been examined in the context of cocaine abuse-related 

behaviors. We hypothesized that administration of SAFit2 would attenuate stress-induced 

reinstatement to cocaine seeking by enhancing HPA axis negative feedback. Indeed, 

SAFit2 administration significantly reduced the number of active lever presses produced 

by male rats during reinstatement.  
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The results from female rats were not as definitive. There was no significant 

difference in lever pressing following SAFit2 administration as compared with vehicle 

when data from all females were analyzed together. When data were assessed by high 

and low estrous phases, an effect of SAFit2 became apparent. Estrous cycle phase was 

recorded immediately following the reinstatement session. We collapsed the four estrous 

phases (proestrus, estrus, metestrus, diestrus) into two groups based on relative levels of 

estrogen and progesterone due to the small sample size. Rats in metestrus or diestrus 

phases were combined into one group as hormone levels are relatively low during these 

phases; conversely, rats in proestrus or estrus phases were combined into one group as 

hormone levels during these phases are relatively high (BUTCHER et al., 1974).  

Ultimately, we found that rats in metestrus/diestrus at the time of reinstatement pressed 

the active lever significantly less than rats in proestrus/estrus following SAFit2 

administration.  

In addition to glucocorticoid receptors, FKBP5 interacts with other steroid 

hormone receptors, importantly the estrogen and progesterone receptors (Hubler et al., 

2003; Shrestha et al., 2015). The relationship between FKBP5 and progesterone receptors 

(PR) is similar to that of FKBP5 and GR. FKBP5 and PR also form a short feedback 

loop, such that FKBP5 decreases PR sensitivity, and PR activation results in induction of 

FKBP5 mRNA (Hubler et al., 2003). Some evidence indicates that FKBP5 associates 

with estrogen receptors and promotes their activity (Shrestha et al., 2015). In a cell 

model, estradiol potentiates the increase in FKBP5 mRNA produced by corticosterone 

and subsequent sequestration of GR in the cytosolic compartment (Malviya et al., 2013). 

Although the FKBP5 gene does not have an estrogen response element (Hubler and 
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Scammell, 2004), estradiol may regulate FKBP5 gene expression indirectly. Indeed, 

estradiol enhances HPA axis activity and disrupts HPA axis negative feedback (Heck and 

Handa, 2019) in which FKBP5 plays a major role; progesterone generally opposes these 

effects.  

Inhibiting FKBP5 with SAFit2 would then not only enhance HPA axis negative 

feedback regulated by GR, but also increase PR sensitivity and may disturb the effects of 

estradiol. We found SAFit2 administration to be effective at reducing cocaine seeking in 

female rats that were in an estrous phase with relatively low levels of estrogen 

(metestrus/diestrus), but not relatively high levels of estrogen (proestrus/estrus). This 

could be due to many factors. Perhaps the dose of SAFit2 was insufficient to overcome 

the potentiating effect of estrogen on the HPA axis following footshock stress. It may be 

possible that SAFit2 had not fully taken effect, since one study found a decrease in 

anxiety-like behavior 16 hours, but not one hour, following SAFit2 administration 

(Hartmann et al., 2015). Full dose-effect and time-course studies are needed to resolve 

this issue. 

In addition to enhancing HPA axis activation, estrogens facilitate cocaine self-

administration (Jackson et al., 2006), potentiate dopamine signaling in the nucleus 

accumbens following cocaine administration (Becker and Hu, 2008), and increase 

cocaine seeking during reinstatement (Hudson and Stamp, 2011; Doncheck et al., 2018). 

Estradiol (the predominant estrogen) exerts these effects through three known receptors: 

ERα, ERβ, and the G-protein-coupled estrogen receptor (GPER) (Almey et al., 2015). 

Sex differences in responses to cocaine are most likely mediated by estrogen receptors 

found in the mesolimbic dopamine pathway (Calipari et al., 2017; Tonn Eisinger et al., 
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2018). Estradiol directly and indirectly increases dopamine release in the nucleus 

accumbens of male and female rodents (Thompson and Moss, 1994; Cummings et al., 

2014) most likely by activating the fast-acting GPER (Yoest et al., 2018). Furthermore, 

estradiol enhances the activity as well as sensitivity to dopamine of ventral tegmental 

area dopaminergic neurons (Zhang et al., 2008; Calipari et al., 2017; Vandegrift et al., 

2017), although the ER subtype responsible for this has yet to be elucidated. Evidence 

indicates that behavioral responses to drugs of abuse in female rodents require ERα, 

ERβ, or both (Larson and Carroll, 2007; Van Swearingen et al., 2013; Hilderbrand and 

Lasek, 2018; Satta et al., 2018). Determining the role of ER type and location in the 

effects of cocaine will provide valuable information for understanding the sex differences 

in cocaine addiction, as well as the role of FKBP5 in these differences. 

It should be noted that, to the author’s knowledge, the effect of SAFit2 

administration on rat vaginal cell type, number, or morphology has not been studied. 

SAFit2 was administered 4 hours prior to footshock stress and subsequent 2-hour 

reinstatement session, meaning collection of vaginal cytology samples occurred more 

than 6 hours following SAFit2 administration; the entirety of metestrus phase can last 

only 6 hours in the rat (Cora et al., 2015). If it is possible for a rat to experience an entire 

cycle phase in the time between SAFit2 administration and vaginal smear, the accuracy 

of assignment to estrous phase at time of SAFit2 treatment is suspect. Future studies 

should aim to analyze estrous cycle phase in a timely manner without disrupting the 

primary cocaine-related behavior experiments. Additional experiments examining the 

effect of SAFit2 on estrous cycle and FKBP5 interaction with the estrogen and 
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progesterone receptors are vital to developing FKBP5 inhibitors for therapeutic use in 

females. 

The studies reported here support previously reported sex differences in the 

acquisition, maintenance, and reinstatement of cocaine self-administration behaviors, and 

expand those results to include divergence in the expression of withdrawal-induced 

anxiety-like behavior as well as responses to stress-induced reinstatement. These 

experiments identify the FKBP5 inhibitor SAFit2 as a possible therapeutic for prevention 

of relapse during cocaine withdrawal in males. In females, use of FKBP5 inhibitors may 

need to be correctly timed in relation to hormonal cycle to be most effective. 
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CHAPTER 4: SUMMARY OF CONCLUSIONS AND FUTURE DIRECTIONS 

Summary of Conclusions 

The studies illustrated in this dissertation identify distinct sex differences in 

stress-related gene expression and behavior following chronic cocaine. Additionally, we 

describe novel effects of the FKBP5 inhibitor SAFit2 on stress and anxiety-like behavior. 

We attempted to determine a mechanistic component of the anxiolytic effect of the DOR 

agonist SNC80, but were met with another sex difference and further questions. 

First, we completed a thorough examination of gene expression of FKBP5, CRF, 

and CRFR1 mRNAs in the CeA, PVN, and BNST of male and female rats at five time 

points during withdrawal from chronic cocaine administration. While CRFR1 mRNA 

levels remained constant, changes in CRF mRNA were sex-, time-, and brain region-

dependent. We are the first to demonstrate regulation of FKBP5 mRNA in male and 

female rats following chronic cocaine administration. Our studies found notable sex 

differences in all three genes, and these sex differences were most often found in the 

BNST. Corticosterone levels 24 hours following chronic cocaine were elevated to a 

greater extent in females than males. We also showed that the DOR agonist SNC80 can 

reverse cocaine withdrawal-induced increases in CRF mRNA in the CeA of female rats. 

These results demonstrate that regulation of stress-related genes differs by sex, and 

therefore the effect of SNC80 on CRF mRNA differs as well. 

We then utilized the self-administration model of cocaine use to examine the 

effect of two pharmacological agents, DOR agonist SNC80 and FKBP5 inhibitor SAFit2, 

on cocaine withdrawal-induced anxiety and stress-induced reinstatement to cocaine 

seeking. Congruent with previous reports (Lynch and Carroll, 1999; Roth and Carroll, 
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2004), female rats acquired cocaine self-administration faster than males and were more 

responsive to stress-induced reinstatement of cocaine seeking. Although we did not detect 

an anxiety-like phenotype in male rats, both SNC80 and SAFit2 attenuated anxiety-like 

behavior in females during withdrawal from cocaine self-administration. SNC80 did not 

prevent stress-induced reinstatement in male or female rats. SAFit2 significantly 

attenuated stress-induced cocaine seeking in male rats, but the effect of SAFit2 in female 

rats most likely depends on the estrous cycle. 

Taken together, these results suggest that divergent regulation of stress-related 

genes between sexes, as well as estrous cycle phase, may be responsible for females’ 

increased susceptibility to relapse. Since SNC80 administration in females attenuated 

increases in CRF mRNA 24 hours post cocaine and mitigated anxiety-like behavior 48 

hours following cocaine self-administration, but exacerbated stress-induced cocaine 

seeking following extinction training, DOR agonists may be better suited for therapeutic 

use during early withdrawal from cocaine, particularly in females. On the contrary, while 

SAFit2 administration showed promising results in males, development of FKBP5 

inhibitors for therapeutic use in females may be hindered by effects on FKBP5 

complexed with estrogen or progesterone receptor.  

Future Directions 

While the findings herein present a comprehensive investigation of the time 

course of stress-related gene expression in the CeA, PVN, and BNST during withdrawal 

from chronic cocaine, there is much left still to be characterized. First, it would be 

pleasant to assume that what happens to the mRNA also happens to the translated protein. 

However, this relationship is not always straightforward. Therefore, future studies should 
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investigate protein levels, particularly in elucidating sex differences in the effect of 

SNC80 on CRF mRNA in the CeA. Other brain regions, such as the prefrontal cortex, 

hippocampus, and ventral tegmental area, although they do not play a direct role in the 

negative affective component of withdrawal, would also benefit from exploration of sex 

differences in stress-related gene expression, notably FKBP5.  

Another aspect that should be considered in future studies is the regulation of 

FKBP5, CRF, and CRFR1 during protracted withdrawal (30+ days), as craving increases 

over time in both humans and rodents (Grimm et al., 2001) and cocaine use induces 

lasting circuitry changes (Pickens et al., 2011). Stress exposure during early abstinence 

from cocaine can accelerate craving (Sinha et al., 1999; Glynn et al., 2018), so it is 

important to understand the role of stress-related genes in this phenomenon. 

Although the studies presented in Chapter 3 offer novel insights into the use of the 

FKBP5 inhibitor SAFit2 as a therapeutic for cocaine withdrawal, some methodological 

considerations should be noted. First, all of the self-administration experiments in this 

dissertation used a model in which rats were allowed to lever press for two hours daily, or 

a short-access model. Some studies in the field have used long-access models, usually 6 

or more hours, contending that long access is required for rats to develop behavioral 

symptoms of addiction such as escalation of intake of cocaine, increased motivation for 

cocaine, and greater sensitivity to relapse (Ahmed and Koob, 1999; Mantsch et al., 2004; 

Edwards and Koob, 2013). However, relatively recently Roberts and colleagues 

developed an intermittent-access self-administration procedure (Zimmer et al., 2012). 

Intermittent-access sessions are also approximately 6 hours long, but drug availability is 

restricted to small 5-minute periods between 25-minute periods when drug is unavailable. 
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This pattern of drug-taking more closely resembles that of humans, establishes the 

behavioral symptoms of addiction, produces incubation of craving, and replicates the 

previously discussed sex differences in cocaine seeking (Kawa et al., 2016; Allain and 

Samaha, 2019; Nicolas et al., 2019).  

In planning and performing our experiments we were fully aware that long-access 

self-administration may be needed to test the hypotheses we proposed. In our hands 

(using short-access), both male and female rats acquired and maintained self-

administration of cocaine, successfully extinguished this behavior, strongly reinstated 

lever pressing in response to mild footshock, and females displayed withdrawal-induced 

anxiety-like behavior. Had we extended the session time to six hours, would we have 

seen an anxiety-like phenotype in the male rats? It is possible; we do not believe the 

current findings would change significantly. 

Second, while researchers have been modeling relapse in rodents using extinction 

and reinstatement procedures for many years, a more translational approach termed 

“forced abstinence” (Reichel and Bevins, 2009; Venniro et al., 2016) may better 

represent the human condition. Instead of an extinction period in the self-administration 

context, animals are removed and kept “abstinent” for predetermined periods of time. 

Relapse testing measures lever pressing upon re-exposure to the self-administration 

chamber context. An additional benefit of the forced abstinence model is the opportunity 

to study repeated dosing of SAFit2 before relapse testing, as this more closely resembles 

human treatment strategies as patients undergo the rehabilitation process. 

The studies in this dissertation have identified novel and meaningful sex 

differences in stress responses during withdrawal from cocaine. It is important to 
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acknowledge that our findings are purely descriptive. In order to fully understand what 

mechanisms govern the effect of the sex differences described here, future studies will 

need to utilize gonadectomies, exogenous hormones, or other pharmacological 

manipulations.  

The findings presented herein add to the slowly but surely growing body of 

literature on the use of DOR agonists to treat affective disorders. These findings also add 

to the rapidly expanding body of literature on FKBP5. We have barely scratched the 

surface of elucidating the role of FKBP5 in cocaine dependence. Overall, the hope is that 

these data will have some influence, however minute, on the development of effective 

therapeutics for substance abuse and affective disorders, especially for women. 
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APPENDIX 

 

 

Chronic Cocaine Administration Did Not Regulate DOR mRNA. Fold changes in DOR 
mRNA are shown for two time points after the last injection of saline or cocaine in the 
central amygdala (CeA), the paraventricular nucleus (PVN), the bed nucleus of the stria 
terminalis (BNST), and the nucleus accumbens shell (NAsh) of male and female rats. 
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Chronic Cocaine Administration Did Not Regulate CRF, CRFR1, or FKBP5 mRNAs 
in the Shell of the Nucleus Accumbens. Fold changes in CRF, CRFR1, and FKBP5 
mRNAs are shown for two time points after the last injection of saline or cocaine in the 
nucleus accumbens shell (NAsh) of male and female rats. 
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Male Rats Did Not Display Anxiety-Like Behavior Following Chronic Cocaine 
Administration or Cocaine Self-Administration. Time spent in the open area of the 
elevated plus maze or elevated zero maze is shown 24 hours, 48 hours, or 14 days following 
the last cocaine injection or final self-administration session. 
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