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Abstract

We previously showed that paternal cocaine exposure reduced the reinforcing efficacy of cocaine 

in male offspring. Here, we sought to determine whether paternal cocaine experience could also 

influence anxiety levels in offspring. Male rats were allowed to self-administer cocaine (controls 

received saline passively) for 60 days and then were bred with naïve females. Measures of anxiety 

and cocaine-induced anxiogenic effects were assessed in the adult offspring. Cocaine-sired male 

offspring exhibited increased anxiety-like behaviors, as measured using the novelty-induced 

hypophagia and defensive burying tasks, relative to saline-sired males. In contrast, sire cocaine 

experience had no effect on anxiety-like behaviors in female offspring. When challenged with an 

anxiogenic (but not anorectic) dose of cocaine (2.5 mg/kg, i.p.), anxiety-like behavior was 

enhanced in all animals to an equal degree regardless of sire drug experience. Since anxiety and 

depression are often comorbid, we also assessed measures of depressive-like behavior. Sire 

cocaine experience had no effect on depression-like behaviors, as measured by the forced swim 

task, among male offspring. In a separate group of naïve littermates, select neuronal correlates of 

anxiety were measured. Male offspring of cocaine-experienced sires showed increased mRNA and 

protein expression of corticotropin-releasing factor (CRF) receptor 2 in the hippocampus. 

Together, these results indicate that cocaine-experienced sires produce male progeny that have 

increased baseline anxiety, which is unaltered by subsequent cocaine exposure.

Introduction

Environmental challenges can be passed on to the next generation via epigenetic 

mechanisms - changes to DNA or nucleosomes in the absence of alterations in the DNA 

sequence. These inherited epigenetic alterations can have profound influences on gene 

expression, physiology and behavior in the offspring (Bale et al., 2010; Feil and Fraga, 
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2011; Morgan and Whitelaw, 2008; Radley et al., 2011; Vassoler and Sadri-Vakili, 2013). 

For example, male, but not female, offspring of cocaine-exposed sires exhibited delayed 

acquisition and reduced maintenance of cocaine self-administration (Vassoler et al., 2013). 

This effect was due at least in part to increased brain-derived neurotrophic factor (BDNF) in 

the medial prefrontal cortex (mPFC) (Vassoler et al., 2013), which was previously shown to 

decrease the reinforcing efficacy of cocaine (Berglind et al., 2007; Sadri-Vakili et al., 2010). 

Acetylation at BDNF promoters in the sperm of sires that self-administered cocaine was 

increased, suggesting that cocaine-induced reprogramming of the germline is the likely 

mechanism by which cocaine resistance was transmitted to the male progeny.

It is well documented that cocaine produces both appetitive and aversive effects. This is 

demonstrated by the fact that rodents trained to voluntarily travel down a runway into a 

chamber to receive cocaine infusions exhibit avoidance and retreating behaviors at the 

entrance to the chamber (Ettenberg and Geist, 1991). The avoidance and retreating behaviors 

are reduced following administration of anxiolytic agents (Ettenberg, 2009). Consistent with 

these findings, rats with higher anxiety levels show reduced cocaine taking on a progressive 

ratio reinforcement schedule (Bush and Vaccarino, 2007). The bi-directional effects of 

cocaine are time-dependent: initially, cocaine is rewarding, but following a delay the effects 

are aversive and include agitation and anxiety (Ettenberg and Bernardi, 2007). Rats exposed 

to a specific environment immediately following cocaine administration exhibit conditioned 

place preference for this context. In contrast, animals that are exposed to a distinct context 

15 minutes after cocaine administration will actively avoid that environment (Ettenberg et 

al., 1999). The aversive effects of cocaine in this model were attenuated by anxiolytic 

administration (Ettenberg and Bernardi, 2007). Together, these results indicate that cocaine 

is initially reinforcing but quickly transitions to producing anxiety, which may partially 

explain instances of resilience to cocaine addiction in humans and rodents (Kreek et al., 

2009; Majewska, 2002; Simmons et al., 2012). In our previous work, the delayed acquisition 

and decreased maintenance of cocaine self-administration among the male offspring of 

cocaine-experienced sires appeared to be primarily due to a decrease in the reinforcing 

effects of cocaine (Vassoler et al., 2013). However, it is possible that an enhancement of 

cocaine's aversive effects could also reduce cocaine intake in male cocaine-sired rats.

The current experiments were designed to examine whether paternal cocaine experience 

influences anxiety-like behavior in progeny. We assessed measures of anxiety using the 

novelty induced hypophagia (NIH) and defensive burying paradigms. We also examined 

depressive-like behavior using a forced swim test (FST). Western blot and RT-PCR were 

used to examine neuronal correlates of these behaviors in the hippocampus.

Materials and Methods

Animals and housing

Male and female Sprague-Dawley rats were obtained from Taconic Laboratories. Animals 

were maintained on a 12/12 hr light/dark cycle with food and water available ad libitum; all 

experimental procedures occurred during the light cycle. Surgeries, cocaine self-

administration and breeding were conducted as previously described (Vassoler et al., 2013). 

All animal care and experiments were approved by the Institutional Animal Care and Use 
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Committee of the Perelman School of Medicine at the University of Pennsylvania and 

conducted in accordance with the National Institute of Health guidelines.

Novelty Induced Hypophagia (NIH)

NIH was conducted as previously described with minor adaptations (Carr et al., 2011). Food 

and water were removed from the home cage 90 min prior to training and testing. Rats were 

habituated to the testing room in their home cages for 30 minutes. During 8 days of training 

and subsequent testing on days 9 and 11, animals had access to peanut butter chips (Reese's 

Peanut Butter Chips, 2.257 g) for 15 minutes in their home cages. On day 10, animals were 

given access to the peanut butter chips in a novel environment located in the same room. The 

novel environment was a brightly lit (1380 lux) polycarbonate cage of the same dimensions 

as the home cage (48cm L × 26cm W × 20 cm H) with a wire mesh floor and white walls. 

The novel arena was cleaned with 70 % ethanol between trials. Across training and testing, 

the latency to consume the peanut butter chips was recorded. Latency was determined as the 

time to start eating peanut butter chips by an observer blinded to siring. To determine the 

anxiogenic effects of cocaine, separate animals (naïve, saline-sired, or cocaine-sired) were 

randomly assigned to receive acute injections of saline, 2.5 mg/kg, or 5.0 mg/kg cocaine 

(i.p.) 30 min prior to the three test sessions. Animals were habituated to the injection on the 

last 3 days of training using a sham i.p. injection.

Defensive Burying (DB)

The shock-probe defensive burying test was conducted as previously described (Carr et al., 

2011). Rats were placed into a clear polycarbonate cage 48 cm L × 26 cm W × 20 cm H, 

with a 1-cm diameter hole located 7 cm from the base of one end of the cage to 

accommodate the shock-probe. Fresh bedding lined the cage to a depth of 5 cm and lighting 

was set to 150 lx. The shock-probe extended 6 cm into the cage. The probe was attached to a 

shock generator (SGS-003, BRS-LVE, Laurel, MD) set to deliver 5mA of current when the 

probe was contacted. At the beginning of each test, animals were placed on the end opposite 

the shock probe, facing away from the probe. Rats typically approached the probe to 

investigate within 10-15 seconds, making contact with their paw or snout. The 15-minute 

test period began when the rat contacted the probe and received a shock. The probe 

remained electrified for the duration of the session. All sessions were videotaped and time 

spent burying was measured by an investigator blind to treatment conditions.

Forced Swim Task

This task was conducted as previously described with minor adaptations (Carr et al., 2011). 

Male rats from multiple saline-sired or cocaine-sired litters were selected (n=10/group). Rats 

underwent two swim sessions on consecutive days. The first session lasted 15 min, the 

second swim was 5 min in duration and administered 24 h after the first swim. The swim 

tests were conducted in glass cylinders (20 cm diameter) filled with water (25± 1°C). The 5-

min test was videotaped and scored for frequency of climbing, swimming, and immobility 

behaviors using a time-sampling method by an observer blinded to sire.
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Western Blot

Whole-cell hippocampal tissue was processed for Western blot as described previously 

(Anderson et al., 2008). Equal amounts of protein (20 μg) were loaded and separated in 10% 

Tris-Glycine gels (Invitrogen) and transferred to nitrocellulose membranes using the i-Blot 

dry transfer system (Invitrogen). Membranes were incubated overnight at 4°C with selective 

antibodies to CRFR2 (1:1000, Santa Cruz), or GAPDH (1:2000, Millipore). Membranes 

were then incubated with fluorescent secondary antibodies (1:5000, IR-dye 680 or IR-dye 

800 Licor Biosciences), before being imaged on an Odyssey fluorescent scanner (Licor 

Biosciences). GAPDH was used as a loading control.

RT-PCR

Reactions were prepared in 96-well optical reaction plates (ABI) with optical adhesive 

covers (ABI) using SYBR Green PCR Master Mix (ABI). Three technical replicates were 

used for each animal. Reactions were carried out in the Step One Plus with an initial 

incubation at 95° C for 10 min, and 40 subsequent cycles of 95° C for 15 s, 60° C for 30 s. 

Primer sequences can be found in Table 1. Fold change was calculated as 2exp(−ΔΔCt). ΔCt 

values were corrected using housekeeping gene expression levels for each sample. For each 

sample, the ΔCt was calculated against the mean for that gene's sample set. Next, these ΔCt 

values were normalized to the ΔCt from housekeeping genes for each sample to account for 

variability in cDNA input. Because Ct values are on a logarithmic scale, fold change is equal 

to two raised to the difference between experimental and control ΔCt values. The data 

presented is the calculated mean for the biological replicates with n being equal to the 

number of biological replicates (that is, the number of rats examined).

Statistical Analyses

Two-way repeated measures ANOVAs were used to compare latency to feed in cocaine- and 

saline-sired rats, and after cocaine treatment. Burying time was compared using two-tailed t-

tests. Two-way ANOVAs were used to compare time spent immobile, swimming and 

climbing in saline-sired rats and cocaine-sired rats. For Western blots, quantification was 

performed by normalizing the intensity of all bands with protein-specific antibodies to the 

GAPDH intensity, followed by normalizing that value to the saline control (saline-sired 

male) values. Immunoblot analyses for change due to sire drug exposure were performed 

using a t-test (unpaired, one-way, p<0.05). For quantitative real-time RT–PCR experiments, 

t-tests were used to compare fold change values for each gene between cocaine- and saline-

sired rats. Two-tailed P values are reported in Table 1.

Results

Enhanced novelty-induced hypophagia and defensive burying in male, but not female, 
cocaine-sired rats

In order to assess measures of anxiety in cocaine-sired and saline-sired offspring, latency to 

feed in familiar (home cage) and novel environments was determined. Mixed models 

ANOVAs (within subject factor = environment; between factor = sire) revealed a significant 

main effect of sire (F1,17=8.44, p<0.0099), a significant main effect of environment 
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(F2,34=18.18, p<0.0001), and a significant sire by environment interaction (F2,34=8.33, 

p<0.0011). Post hoc analyses indicated a significant increase in latency to feed in the novel 

environment in cocaine-sired relative to saline-sired males (Bonferroni, p<0.001, Figure 

1A). Analysis of the NIH data from female offspring demonstrated a significant main effect 

of environment (F2,34=34.02, p<0.0001), but no significant effect of sire (p<0.424) and no 

significant sire by environment interaction (p<0.496, Figure 1B). Thus, novelty-induced 

hypophagia was observed in all groups. Siring condition had no influence on NIH in 

females, but cocaine-sired males displayed a significantly enhanced latency to feed in a 

novel environment relative to saline-sired males. These results indicate that male offspring 

of cocaine-experienced sires are more anxious than control animals. Defensive burying was 

also measured to further assess anxiety-like behavior in the offspring of cocaine-exposed and 

control sires. Male offspring of cocaine-experienced sires spent more time burying than 

control animals (t20=2.725, p=0.0131, Figure 1C), suggesting increased anxiety-like 

behavior. Female offspring spent equal time burying regardless of siring (t17=0.2351, 

p=0.8170, Figure 1D).

Cocaine increased novelty-induced hypophagia equally in all siring conditions

We next examined cocaine-induced anxiety using the NIH task. To address the potential 

confound of cocaine-induced appetite suppression in this paradigm, we tested the influence 

of two doses of cocaine on feeding latency in drug-naïve male rats. Consistent with previous 

reports, injections of low cocaine doses (2.5 and 5.0 mg/kg i.p.) had no influence on feeding 

behavior in the home cage (Cooper and van der Hoek, 1993), but dose-dependently 

increased latency to feed in a novel environment (Figure 2A). Mixed models ANOVA 

(within factor = environment; between factor = dose) revealed a significant main effect of 

drug (F2,9=9.64, p<0.0058), a significant main effect of environment (F2,9=72.75, 

p<0.0001), and a significant drug by environment interaction (F4,18=10.30, p<0.0002). Post 
hoc tests showed a significant increase in latency to feed in the novel environment at 2.5 

mg/kg and 5 mg/kg cocaine relative to saline (Bonferroni, p<0.01 at 2.5 mg/kg, p<0.001 at 5 

mg/kg).

These results indicate that both doses of cocaine would be appropriate to assess the 

anxiogenic effects of cocaine. We used the 2.5 mg/kg dose of cocaine to measure the 

anxiogenic properties of cocaine in male progeny of cocaine-experienced rats. For male 

offspring of saline-exposed sires, mixed models ANOVA (within factor = environment; 

between factor = treatment) showed a significant main effect of drug treatment (F1,13=4.782, 

p<0.0476), a significant main effect of environment (F2,26=14.63, p<0.0001), and a 

significant treatment by environment interaction (F2,26=5.097, p<0.0136). Post hoc tests 

revealed a significant difference between groups when the injections occurred in the novel 

environment (Bonferroni, p<0.01) indicating that cocaine increased NIH in saline-sired rats 

(Figure 2B). For male progeny of cocaine-experienced sires, a separate ANOVA showed a 

significant effect of environment (F2,28=16.20, p<0.0001), but no significant effect of drug 

treatment (p<0.9737) and no significant treatment by environment interaction (p<0.9878). 

These results indicate that cocaine did not further enhance NIH in cocaine-sired rats (Figure 

2C). Note that enhanced NIH among the male offspring of cocaine-experienced sires was 

replicated in this experiment. In rats that received saline only, latency to feed in the novel 
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environment was significantly greater in cocaine-sired relative to saline sired rats (t17=2.918, 

p<0.0096). Taken together, these results indicate that cocaine produces similar levels of 

anxiety in male offspring of cocaine-experienced sires and in control progeny. Because 

anxiety and depression are often comorbid, we also assessed behavior in a forced swim test. 

Siring had no impact on swimming, climbing or immobility during the forced swim test 

(F1254=1.227, p=0.3013, Figure 2D), suggesting that paternal cocaine exposure does not 

alter depression-like phenotypes in male offspring.

Increased mRNA and protein expression of corticotropin releasing factor receptor 2 in the 
hippocampus of male cocaine-sired rats

The hippocampus modulates the expression of anxiety and performance in the NIH 

paradigm (Gundersen and Blendy, 2009; McEwen et al., 2012; Onksen et al., 2012). CRF 

signaling as well as glucocorticoid and mineralocorticoid receptors are known to influence 

anxiety-related behavior. We used quantitative RT-PCR to assess hippocampal mRNA 

expression of Crf (encodes CRF), Crhr1 (CRF-R1), Crhr2 (CRF-R2) Nr3c2 
(Mineralocorticoid Receptor 1), and Nr3c1 (Glucocorticoid Nuclear Receptor 1) in male 

progeny of saline- and cocaine-experienced rats. Hippocampal Crhr2 expression was 

increased in cocaine-sired rats relative to saline-sired controls (t11=2.553, p<0.05, Figure 

3A). Crf, Crhr1, Nr3c2, and Nr3c1 gene expression was similar in saline-sired compared to 

cocaine-sired male offspring (Table 1). We also measured hippocampal protein levels in 

male saline- and cocaine-sired offspring using Western blot. CRF receptor 2 (CRF-R2) 

protein expression was increased in male offspring of cocaine-experienced sires relative to 

control (t12=3.285, p<0.01, Figure 3B). Taken together, these findings indicate that gene and 

protein expression of CRF-R2 is increased in the hippocampus of cocaine-sired males.

Discussion

We previously showed that sire cocaine experience reduced the acquisition and maintenance 

of cocaine self-administration in male, but not female, offspring (Vassoler et al., 2013). The 

NIH and defensive burying tests were chosen to measure anxiety-like behavior because both 

tasks have outstanding predictive validity for the anxiolytic effects of therapeutics (De Boer 

and Koolhaas, 2003; Dulawa and Hen, 2005). We found that male, but not female offspring 

of cocaine-experienced sires have increased anxiety. Because both phenotypes are sex-

specific, we investigated whether increased anxiety could contribute to reduced cocaine 

taking in male offspring of sires that self-administered cocaine. Previous reports indicate 

animals with higher baseline anxiety levels self-administer less cocaine on a progressive 

ratio schedule (Bush and Vaccarino, 2007). However, it is unclear whether cocaine taking 

further increases anxiety-like behavior in that study. Hence, rats with higher anxiety could 

also be more sensitive to the anxiogenic properties of cocaine, which may contribute to the 

reported correlation between higher anxiety and lower cocaine taking (Bush and Vaccarino, 

2007). Here, we found that the anxiogenic effect of cocaine was not increased in male 

offspring of cocaine-experienced sires, suggesting that cocaine-induced anxiety does not 

contribute to the reduction of cocaine taking that we previously observed (Vassoler et al., 

2013).
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Anxiety and depression are often co-morbid disorders and commonly associated with drug 

abuse (Swendsen and Merikangas, 2000). In our model of the inter-generational effects of 

paternal cocaine exposure, male offspring of cocaine-experienced sires had similar 

performance as controls in a forced swim test. The FST paradigm is commonly used to 

study depressive-like behaviors in rodents and has been shown to have terrific predictive 

validity (Castagne et al., 2011). Taken together, our findings indicate that paternal cocaine 

taking selectively increases baseline anxiety levels in male offspring without causing 

depressive-like phenotypes.

Parental Drug Use and Offspring Emotional Regulation

A growing body of evidence suggests that parental drug exposure enhances anxiety-like 

behaviors in offspring. Prenatal cocaine exposure in utero in rats increases anxiety-like 

behaviors in both male and female offspring (Sithisarn et al., 2011), with at least one study 

showing a more substantial anxiogenic phenotype in male progeny (Salas-Ramirez et al., 

2010). In mice, paternal experimenter-delivered cocaine injections produced offspring with 

increased immobility in the tail suspension test, a model of depression, but no evidence of 

increased anxiety-like behavior in the elevated plus maze (Killinger et al., 2012). The 

discrepancy between these findings and our current results could be due to the differences in 

species (mice versus rats) and to methodological considerations (non-contingent cocaine 

injections versus cocaine self-administration). We chose to use the self-administration 

paradigm because it is highly homologous to cocaine taking in humans. One interesting 

possibility is that the influence of paternal cocaine exposure on progeny depends on the way 

cocaine is delivered. Further studies would be needed to investigate this possibility.

Cocaine Exposure Correlates of Anxiety

Corticotropin releasing factor (CRF) is an integral part of the hypothalamic-pituitary-adrenal 

(HPA) axis. Chronic cocaine exposure results in HPA axis dysregulation (Corominas et al., 

2010; Hahn et al., 2009; Zorrilla et al., 2001), and changes in CRF levels are thought to 

contribute to anxiety-like behaviors associated with cocaine withdrawal (Ambrosio et al., 

1997; Basso et al., 1999; Sarnyai et al., 1995; Sarnyai et al., 2001). We found increased 

hippocampal CRF-R2 expression at the transcript and protein levels, which could contribute 

to the development of anxiety-like behavior that we observed in these animals. Reports 

regarding the influence of CRF2 receptors on anxiety-like behaviors are mixed with some 

studies indicating that activation of CRF-R2 is anxiogenic (Bakshi et al., 2002; Takahashi et 

al., 2001), while other work suggests that CRF-R2 stimulation is anxiolytic (Bale et al., 

2000; Kishimoto et al., 2000; Valdez et al., 2002). Future studies could examine whether 

alterations in CRF-R2 signaling in limbic regions contribute to the development of anxiety 

in offspring of animals with a history of cocaine intake. Altered CRF signaling in the 

hippocampus could also have profound consequences on hippocampal function (Blank et al., 

2002; Chen et al., 2010; Rebaudo et al., 2001) and hippocampus-dependent processes such 

as memory formation.

Translational Implications

A number of studies indicate that the children of parents dependent on alcohol and other 

drugs of abuse display increased prevalence of psychopathologies including attention deficit 

White et al. Page 7

Addict Biol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disorder, conduct disorder, depression and, notably, anxiety (Clark et al., 1997; Earls et al., 

1988; Hill and Muka, 1996). Focusing specifically on paternal drug addiction, children 

whose fathers met the criteria for substance abuse dependence had higher levels of anxiety 

and other pathologies (Moss et al., 2001; Moss et al., 2002). Gender differences in these 

studies were not clear, although substantially more male children were included than 

females (Moss et al., 2002). Although compelling, these results should be interpreted with 

caution given that substance dependent fathers often have histories of other 

psychopathologies (Clark et al., 2004). Moreover, the parents in these studies were generally 

poly-drug abusers and the influence of specific drugs on offspring behavior was not 

assessed. Nonetheless, the present results in rats are consistent with clinical observations of 

increased incidences of anxiety disorders among the children of fathers with substance use 

disorders. Thus, we have developed an animal model that can be used to further assess the 

neurobiological changes resulting in enhanced anxiety in the offspring of cocaine-dependent 

fathers, which could lead to the development of more specific and potentially novel 

treatments for this particular anxiety disorder.

Summary and Conclusions

Our findings indicate that paternal cocaine self-administration caused increased anxiety-like 

behaviors in male, but not in female offspring. Cocaine-sired males did not exhibit 

depressive-like behavior, relative to saline-sired male offspring, in the FST indicating that 

paternal cocaine exposure may elicit anxiety-like behaviors without co-morbid depressive-

like phenotypes. Notably, acute exposure to cocaine followed by a 30-minute delay 

enhanced latency to feed in saline-sired, but not cocaine-sired males. We observed increases 

in mRNA and protein expression of CRF-R2 in the hippocampus of cocaine-sired males, 

which may contribute to the development of heightened anxiety that we observed. Thus, sire 

cocaine experience promotes a sex-specific, anxiety-like phenotype in offspring, potentially 

via modifications to proteins in the hippocampus known to influence mood regulation.
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Figure 1. Cocaine-sired male offspring have increased anxiety-like behavior
Data are expressed as latency (s, mean ± SEM) to consume peanut butter chips in a familiar 

or novel environment during a 15-minute test session. A) Cocaine-sired male offspring 

(n=10 animals, selected from 8 litters) show increased latency to feed compared to saline-

sired male offspring (n=9 rats, selected from 9 litters). B) There is no difference between 

cocaine-sired (n=10 rats, 9 litters) and saline-sired (n=9 rats, 9 litters) female offspring 

latency to feed in the novel environment. * p<0.001 for cocaine-sired vs. saline-sired latency 

in the novel environment. C) Cocaine-sired male offspring (n=12 animals, 9 litters) spend 

more time burying compared to saline-sired male offspring (n=10 animals, 9 litters). D) 

There is no difference in burying time between cocaine-sired (n=10 rats, 9 litters) and saline-

sired (n=9 rats, 7 litters) female offspring. # p<0.05 comparing siring.
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Figure 2. Acute cocaine increases latency to feed in a novel environment
A) Animals received 0 (n=4), 2.5 mg/kg (n=4), or 5 mg/kg (n=4) cocaine (i.p.) 30 minutes 

prior to all test sessions. Cocaine dose-dependently increased latency to feed in the novel 

environment, but not in the homecage. B) Animals received the 2.5 mg/kg dose of cocaine 

(i.p.) 30 minutes prior to all testing sessions. Cocaine (n=6 animals, selected from 5 litters) 

significantly increased latency to feed in saline-sired male offspring relative to saline 

injection (n=9 rats, 8 litters). C) Pre-exposure to 2.5 mg/kg cocaine (n=6 animals, selected 

from 6 litters) did not enhance latency to feed compared to cocaine-sired male offspring 
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treated with saline (n=10 animals, 9 litters). D) Paternal cocaine experience did not influence 

immobility, swimming or climbing in the male offspring during a forced swim test. Data are 

represented as counts (mean ± SEM) of immobility, swimming, or climbing behaviors 

recorded every 5 seconds during a 5 minute forced swim (n=10 rats, 6 litters for each group). 

* p<0.01, ** p<0.001.
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Figure 3. Cocaine-sired male offspring have increased hippocampal expression of CRFR2
A) Cocaine-sired male (n=5 rats, 5 litters) offspring showed increased expression of Crhr2 
transcript compared to saline-sired male offspring (n=4 animals, 4 litters). There was no 

effect of sire on Crf, Crhr1, Nr3c2, or Nr3c1 expression levels. B) Cocaine-sired male 

offspring (n=6, 5 litters) showed increased levels of CRFR2 protein compared to saline-sired 

male (n=4 rats, 4 litters). Western blots for CRFR2 and GAPDH are shown on the right. 

Data are shown as mean ± SEM, * p<0.05.
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Table 1
Male offspring mRNA expression levels in the hippocampus

Primer sequences used to measure mRNA transcripts from the hippocampus of saline-sired and cocaine-sired 

male offspring. Fold change of mRNA expression levels.

Gene Primer Sequences Fold change (± sem) P value

Forward Reverse

Crh CGATTCTGATCCGCATGGGT CAGCAACACGCGGAAAAAGT 0.84 (± 0.09) 0.5149

Crhr1 CTGAACCCTGTGTCCACCTC CACTCCCGGTAGCCATTGTT 1.05 (± 0.15) 0.8434

Crhr2 CAAGTACAACACGACCCGGA TGATGATGAGGGCGATTCGG 2.40 (± 0.68) 0.0268*

Crhbp CAGGTGCCTGTTGGAAATGC CATGAAACGGTGAGTGCTGC 0.82 (± 0.03) 0.3737

Nr3c2 GGCCATCTCCAATGGTGTGA AAAGAGGCGCCTGAACATGA 0.89 (± 0.08) 0.4381

Nr3c1 CTGAGGGGAGGAGCTACAGT GCCCAAGTCATTCCCCATCA 0.78 (± 0.06) 0.2638

Hprt GTCAAGCAGTACAGCCCCAA TGGCCACATCAACAGGACTC housekeeper

Tuba4a AGGCTCGAGAGGATATGGCT AACACAGTGAACAGGGCTCC housekeeper

Gapdh AAGATTGTCAGCAATGCATCC ACTGTGGTCATGAGCCCTTC housekeeper
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