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Abstract

Background: Dysregulation of glucocorticoid receptors has been implicated in addiction and 

stress-related disorders. FKBP5 is a co-chaperone of the glucocorticoid receptor and regulates 

receptor sensitivity. While FKBP5 is known to be involved in mood- and stress-related disorders, 

less is known regarding FKBP5 and cocaine abuse. This study investigated the regulation of 

FKBP5 expression in the extended amygdala and paraventricular nucleus of the hypothalamus, 

regions important in the control of stress-responses and HPA axis function, following chronic and 

acute cocaine administration.

Methods: Adult male and female rats received saline or cocaine three times per day for 1 or 14 

days. Brain tissue was collected 30 minutes, 24 hours, 48 hours, 7 days or 14 days following the 

final injection. FKBP5 mRNA was measured by qRT-PCR in the central nucleus of the amygdala 

(CeA), bed nucleus of the stria terminalis (BNST) and paraventricular nucleus (PVN).

Results: FKBP5 mRNA levels were significantly elevated as a result of chronic cocaine 

administration in both males and females in the PVN and BNST 30 minutes and 24 hours after the 

final injection. In females, FKBP5 was also elevated in the CeA. Following acute cocaine, FKBP5 

gene expression was unaltered except for elevated levels in the BNST of females at 24 hours of 

withdrawal.

Conclusions: These results demonstrate that FKBP5 mRNA is regulated by cocaine 

administration. Increased FKBP5 expression may play a role in the dysregulation of the stress axis 

following chronic cocaine exposure, contributing to the negative affective symptoms of cocaine 

withdrawal.
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1. Introduction

Cocaine abuse and dependence are major public health problems with serious economic and 

social consequences. Preventing cycles of relapse to drug use is the largest challenge for 

effective treatment of cocaine-dependent individuals, and there are no FDA approved 

pharmacotherapies for cocaine use disorder. Withdrawal from cocaine produces a negative 

affective state characterized by anhedonia, anxiety, and depression (Ambrose-Lanci et al., 

2010; Gawin and Kleber, 1986; Perrine et al., 2008). This withdrawal-induced negative 

affective state is mediated by the extended amygdala, a group of interconnected structures 

including the central nucleus of the amygdala, bed nucleus of the stria terminalis, and the 

shell of the nucleus accumbens (Koob and Le Moal, 2001; Koob and Volkow, 2010; 

Stamatakis et al., 2014). The extended amygdala is closely involved with brain stress 

systems, including the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis governs 

responses to stress and consists of corticotropin-releasing factor (CRF) released from the 

paraventricular nucleus of the hypothalamus, adrenocorticotropic hormone (ACTH) released 

from the pituitary in response to CRF, and subsequent glucocorticoid secretion from the 

adrenal glands. Both the HPA axis and extra-hypothalamic stress systems are dysregulated 

by cocaine use and withdrawal (Goeders, 2002; Koob, 2008; Sarnyai et al., 1992).

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

to stress. FKBP5 is a co-chaperone of the glucocorticoid receptor (GR) complex and 

modulates GR sensitivity to cortisol (Scammell et al., 2001). FKBP5 bound to the receptor 

complex reduces the affinity of the GR for cortisol and prevents 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; Wochnik et al., 2005). One of the transcriptional targets of the GR is FKBP5. 

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

intracellular feedback loop. 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).

Several studies have investigated drug use and FKBP5 genetic variability in humans. 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 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).
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Since cocaine withdrawal and FKBP5 dysregulation produce similar negative affective 

states, and little is known about how cocaine affects FKBP5, this study investigated 

regulation of FKBP5 mRNA during withdrawal from chronic cocaine in brain regions 

important to both the HPA axis and the extended amygdala: the paraventricular nucleus of 

the hypothalamus, the central nucleus of the amygdala, and the bed nucleus of the stria 

terminalis. Preliminary studies in the shell of the nucleus accumbens did not find significant 

differences in FKBP5 mRNA levels, therefore this region was excluded from further study.

2. Methods

2.1 Animals and Drug Administration

Adult male and female Sprague Dawley rats (Charles River) were housed in same sex pairs 

in ventilated racks on a 12-hour light/dark cycle (lights on 7:00AM) and allowed access to 

water and standard rat chow ad libitum. All procedures were in compliance with the NIH 

Guide for the Care and Use of Laboratory Animals and approved by Temple University’s 

Institutional Animal Care and Use Committee. Cocaine HCl, generously supplied by the 

NIDA Drug Supply Program, was dissolved in 0.9% saline and injected i.p. in volume of 

1ml/kg. Rats were injected with saline (1ml/kg) or cocaine (15mg/kg) in a binge pattern 

(three times per day, one hour apart, starting at 9:00AM) for 1 or 14 days.

2.2 Quantitative RT-PCR

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, rapidly frozen in isopentane (−35–40°C), and stored at −80°C. Frozen brains were 

sectioned with a cryostat microtome and the paraventricular nucleus of the hypothalamus 

(PVN), central nucleus of the amygdala (CeA), and bed nucleus of the stria terminalis 

(BNST) were dissected using 1mm punches from both hemispheres of two adjacent 300 um-

thick sections (Paxinos and Watson, 2007).

Total RNA was isolated using the Quick-RNA Miniprep kit (Zymo Research, Irvine, CA), 

quantified with a NanoDrop 2000 spectrophotometer, and cDNA was synthesized using the 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 

Quantitative real-time PCR was carried out with TaqMan Fast Advanced Master Mix and a 

FKBP5 TaqMan Gene Expression Assay (Rn01768371_m1, Thermo Fisher) using the 

StepOnePlus Real-Time PCR System (Applied Biosystems). Male and female samples were 

analyzed together on the same plate for each brain region at the same time point. Relative 

gene expression levels were measured according to the 2−∆∆Ct method (Livak and 

Schmittgen, 2001) using 18S Eukaryotic rRNA (Hs99999901_s1, Thermo Fisher) as an 

internal control.

2.3 Statistical Analyses

Data were analyzed for each time point in each brain region by two-way ANOVA to 

compare drug and sex main effects, followed by a priori Bonferroni post-hoc tests to identify 

cocaine-induced changes within each sex. Fold change data are expressed relative to male 

saline controls.
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3. Results and Discussion

3.1 Results

FKBP5 mRNA was measured 30 minutes, 24 hours, 48 hours, 7 days, and 14 days following 

chronic cocaine administration in male and female rats. In the BNST (Fig 1A) obtained 30 

minutes after the last injection, 2-way ANOVA revealed a significant main effect of cocaine 

(F(1,18)=24.90, p<0.0001), but not sex (F(1,18)=0.0064, p=0.9369), with no significant 

interaction (F(1,18)=0.0245, p=0.8773). A priori post hoc tests showed FKBP5 mRNA 

levels were significantly higher in both cocaine-injected males (1.72-fold, p<0.01) and 

females (1.73-fold, p<0.01) compared to saline-injected controls of the same sex. FKBP5 

mRNA was also significantly elevated 24 hours after the last cocaine injection (cocaine: 

F(1,16)=12.84, p=0.0025; sex: F(1,16)=0.0061, p=0.9385; interaction: F(1,16)=0.4361, 

p=0.5184) in both males (1.26-fold, p<0.01) and females (1.22-fold, p<0.05).

In the CeA (Fig 1B) 30 minutes after the last injection, 2-way ANOVA revealed a significant 

main effect of both sex (F(1,16)=8.651, p=0.0096) and cocaine (F(1,16)=6.630, p=0.0204; 

interaction: F(1,16)=2.147, p=0.1622). A priori comparisons indicated FKBP5 mRNA was 

higher in the CeA of females (1.72-fold, p<0.05), but not males (1.16-fold, p>0.05) exposed 

to repeated cocaine.

In the PVN (Fig 1C), 2-way ANOVA revealed a significant main effect of cocaine 

(F(1,17)=40.57, p<0.0001), but not sex (F(1,17)=0.0106, p=0.9193) nor an interaction 

(F(1,17)=0.3486, p=0.5627) thirty minutes after the last injection. Compared to saline 

controls of the same sex, FKBP5 mRNA levels were significantly elevated in both cocaine-

injected males (1.49-fold, p<0.01) and females (1.43-fold, p<0.01). Similar to the BNST, 

FKBP5 mRNA levels in the PVN were elevated 24 hours after the last cocaine injection 

(F(1,16)=14.59, p=0.0015; sex: F(1,16)=1.233, p=0.2833; interaction: F(1,16)=0.1503, 

p=0.7034) in both males (1.22-fold, p<0.05) and females (1.18-fold, p<0.05). FKBP5 

mRNA levels were not significantly different 2, 7, or 14 days after the last cocaine injection 

as compared with saline-injected controls in the BNST, CeA or PVN (Fig 1).

FKBP5 mRNA levels were measured in males and females 30 minutes or 24 hours following 

acute cocaine or saline administration (i.e. one day of 3 binge-pattern injections). No 

significant differences in FKBP5 mRNA levels were found in males or females at 30 

minutes, or in males at 24 hours. In the BNST at 24 hours after the last injection (Fig 2A), 2-

way ANOVA revealed significant main effects of cocaine (F(1,13)=11.80, p=0.0044) and sex 

(F(1,13)=14.52, p=0.0022) but not interaction (F(1,13)=0.0219, p=0.8844). A priori post-

hoc comparison between cocaine- and saline-injected females demonstrates that FKBP5 

mRNA levels were significantly higher in the BNST of cocaine- versus saline-injected 

females (p<0.05) at the 24 hour time-point. Two-way ANOVAs revealed no significant drug 

or interaction main effects in the CeA (Fig 2B) or PVN (Fig 2C) at either time point.

3.2 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), 
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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 strategies for cocaine dependence and will 

enhance the understanding of the pathogenesis of mood and stress-related disorders. This 

study investigated the effect of chronic and acute exposure to cocaine on the regulation of 

FKBP5 expression, a molecule 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 in FKBP5 expression were found during early 

withdrawal from chronic cocaine. Overall, FKBP5 expression was not affected by acute 

administration of cocaine, with the exception of an increase in FKBP5 mRNA in the BNST 

of female rats 24 hours following cocaine. The sex differences in FKBP5 mRNA levels in 

the BNST and CeA are notable given that females escalate cocaine use more quickly than 

males and also find it more difficult to quit (Becker and Hu, 2008; Griffin et al., 1989; Lynch 

et al., 2002). Exactly what underlies the sex differences in response to cocaine remains 

unclear. Since FKBP5 mRNA in the BNST and CeA is increased following cocaine in 

female but not male rats, FKBP5 in these regions may play a role in the greater sensitivity to 

the negative effects of cocaine in females.

Limited literature exists on the regulation of FKBP5 following cocaine exposure. Congruent 

with the results of the present study, acute cocaine did not alter FKBP5 expression in the 

striatum of male mice (Piechota et al., 2010), nor was FKBP5 mRNA 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., 2007). 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 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 (Appel et al., 2011; Binder et 

al., 2004; Lekman et al., 2008) and anxiety (Attwood et al., 2011; Ising et al., 2008; 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, SAFit2, 

increases struggling time and reduces floating time in the forced swim test, indicating 

antidepressant actions (Gaali et al., 2014), and reduces anxiety in mice as measured by the 

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

Connelly and Unterwald Page 5

Drug Alcohol Depend. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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. Further 

behavioral studies are needed to test this hypothesis. The studies presented here are 

recognizably limited, and in future studies it will be important to investigate other facets of 

FKBP5 regulation following chronic cocaine exposure, including measurement of protein 

levels of FKBP5 and examination of cellular trafficking of the glucocorticoid receptor.

3.3 Conclusions

Although it is well recognized that cocaine exposure and withdrawal activates the HPA axis 

(Goeders, 1997; Rivier and Vale, 1987), this is the first demonstration of regulation of 

FKBP5 expression by chronic cocaine administration. Since FKBP5 can regulate HPA 

function and has been linked to depression, anxiety, and other affective disorders, its 

upregulation may play a role in cocaine withdrawal-induced negative affect. In addition, 

targeting FKBP5 may be therapeutic for cocaine users, and this warrants further study.
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Highlights

• FKBP5 mRNA is upregulated by chronic cocaine in the brains of male and 

female rats

• Sex-specific upregulation of FKBP5 was found in the central amygdala of 

females

• FKBP5 regulation occurs during early, but not late, withdrawal from chronic 

cocaine
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Figure 1. 
FKBP5 mRNA regulation during withdrawal from chronic cocaine administration in male 

and female rats.

Fold changes in FKBP5 mRNA compared with male saline-injected controls are shown for 5 

time points after the last injection of saline or cocaine in the bed nucleus of the stria 

terminalis (A), central amygdala (B), and the paraventricular nucleus (C). * = p<0.05 

significant cocaine difference compared to saline controls of the same sex; # = p<0.05 

significant sex difference compared to cocaine-injected males. N=5–6
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Figure 2. 
FKBP5 mRNA regulation following acute cocaine administration in male and female rats. 

Fold changes in FKBP5 mRNA levels compared with male saline-injected controls were 

measured 30 minutes and 24 hours following acute cocaine or saline administration in the 

bed nucleus of the stria terminalis (A), central amygdala (B), and the paraventricular nucleus 

(C). * = p<0.05 significant cocaine difference compared to saline controls of the same sex. 

N=4–5
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