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Abstract  Addiction inflicts large personal, social, and economic burdens, yet its 
etiology is poorly defined and effective treatments are lacking. As with other neu-
ropsychiatric disorders, addiction is characterized by a core set of symptoms and 
behaviors that are believed to be influenced by complex gene–environment interac-
tions. Our group focuses on the interaction between early stress and genetic back-
ground in determining addiction vulnerability. Prior work by our group and others 
has indicated that a history of prenatal stress (PNS) in rodents elevates adult drug 
seeking in a number of behavioral paradigms. The focus of the present chapter is 
to summarize work in the area of PNS and addiction models as well as our recent 
studies of PNS on drug seeking in different strains of mice as a strategy to dissect 
gene–environment interactions underlying cocaine addiction vulnerability. These 
studies indicate that ability of PNS to elevate adult cocaine seeking is strain depen-
dent. Further, PNS also alters other nondrug behaviors in a fashion that is dependent 
on different strains and independent from the strain dependence of drug seeking. 
Thus, it appears that the ability of PNS to alter behavior related to different psy-
chiatric conditions is orthogonal, with similar nonspecific susceptibility to prenatal 
stress across genetic backgrounds but with the genetic background determining the 
specific nature of the PNS effects. Finally, the advent of recombinant inbred mouse 
strains is allowing us to determine the genetic bases of these gene–environment 
interactions. Understanding these effects will have broad implications to determin-
ing the nature of vulnerability to addiction and perhaps other disorders.
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5.1 � Introduction

Addiction to drugs of abuse, including cocaine, is a leading health problem in 
Western society. The prevalence of substance-use disorders among the US general 
population is estimated to be approximately 9.2 % (Aldworth et al. 2007). In the 
USA, approximately 2 % of the general population has used cocaine at least once 
in their life time, of which 2 million are current users and 1.5 million are cocaine 
dependent (NIDA 2004). Addiction produces significant costs to both the individual 
addicts, their family, and friends, as well as economic and social burdens to society 
in general. The addiction-associated costs resulting from productivity loss, traffic 
accidents, related diseases (e.g., spread through infected needles), and drug-related 
crime, including domestic violence, are estimated to be up to 3.5 % of the gross do-
mestic product (GDP) in Western countries (Pouletty 2002). Accordingly, given the 
US$ 13.86 trillion estimated GDP of the USA in 2007 (CIA 2008), the cost of drug 
addiction to the country is around US$ 485 billion.

The reasons why some individuals become addicted to cocaine or other drugs, 
while others do not, are poorly understood, but it appears that cocaine addiction 
results from a complex interaction between genetic and environmental factors (for 
reviews see, e.g., Crabbe 2002; Enoch 2006; Kendler et al. 2007; Kreek 2001). For 
instance, Ellenbroek and colleagues (Ellenbroek et  al. 2002; van der Kam et  al. 
2005) argue that addiction, as with other neuropsychiatric disorders, is mediated by 
the interaction of genetic polymorphisms, early environment, and current environ-
ment. In both humans and animals, there are large individual differences on a wide 
range of measures following acute and repeated exposure to and/or level of intake 
of psychostimulants such as cocaine and d-amphetamine (DeWit et al. 1986, Cohen 
1990). Thus, it is presumed that there are polygenetic backgrounds which interact 
with specific experiences to determine cocaine responsiveness, which will make an 
individual more or less vulnerable to developing cocaine addiction. Our ultimate 
goal is to elucidate genes that modulate the ability of early environmental experi-
ences to alter adult responsiveness to cocaine. Recent research has focused on de-
lineating specific early environmental conditions that increase cocaine responsive-
ness. In particular, maternal stress during gestation or neonatal isolation produces 
an adult phenotype that has increased sensitivity to cocaine, greater cocaine intake 
during cocaine self-administration, and higher cocaine seeking during extinction 
and reinstatement procedures (Kippin et al. 2008; Thomas et al. 2009; Kosten et al. 
2000, 2004, 2006; Lynch et al. 2005; Zhang et al. 2005; see also Deminiere et al. 
1992), suggesting that a history of early life stress increases vulnerability to cocaine 
addiction. Conversely, genetic background, namely gene polymorphism, also plays 
a role in determination of cocaine responsiveness. For example, substantial differ-
ences exist between inbred mouse strains regarding the behavioral and physiologi-
cal effects of cocaine (Crawley et al. 1997; Crabbe et al. 1999). Further, the advent 
of recombinant inbred (RI) mouse strains, in conjunction with the mapping of the 
mouse genome, now allows quantitative analyses of the contribution of specific 
genetic loci to traits (Belknap and Crabbe 1992; Chesler et  al. 2003) and these 
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analyses have been performed for several behavioral responses to acute or repeated 
cocaine exposure, including cocaine-induced convulsions and locomotion (see for 
reviews, e.g., Phillips and Belknap 2002; Crabbe 2002). However, despite emerg-
ing evidence that gene–environment interactions (G × E) are critical determinants 
of cocaine responsiveness, there has been almost no systematic investigation that 
would allow determination of the specific genetic loci, and ultimately genes located 
within these loci, that facilitate or impede the capacity of early environmental ex-
perience to influence subsequent cocaine responsiveness. Accordingly, a major im-
pediment to our ability to predict individual cocaine responsiveness, and potentially 
individual vulnerability to addiction, is a poor understanding of the interactions 
between genes and environment. The overall goal of the present review is to provide 
a broad analysis of the evidence implicating prenatal stress (PNS) in drug respon-
siveness and drug-seeking behavior, then to more narrowly review studies of the 
genetic bases of drug responsiveness/seeking behavior, followed by a description 
of our approach to provide a genetic analysis of the effects of early environmental 
experience, namely PNS, upon cocaine addiction vulnerability employing a mouse 
model of cocaine reward. We will also summarize what is known about the neuro-
biology of PNS-induced alterations in drug responsiveness and, finally, the relation 
of addiction vulnerability to vulnerability to other neuropsychiatric disorders will 
be addressed.

5.2 � Early Environmental Stress and Neuropsychiatric 
Disease

Environmental stimuli during the embryonic and early postnatal periods have pro-
found effects upon developmental processes, resulting in permanent alterations in 
nervous system structure and function. In humans, children of mothers experiencing 
stress during gestation show alterations in early motor development, anomalies in 
brain morphology, and behavioral abnormalities such as attention deficit hyperactiv-
ity disorder (ADHD), sleep disturbances, cognitive dysfunction, increased anxiety, 
and are at an increased risk of a variety of neuropsychiatric disorders, including 
higher incidence of substance abuse (reviewed in Huizink et al. 2004; Kofman 2002; 
Weinstock 2001). Stress during gestation or PNS can be modeled in laboratory ro-
dents using a number of procedures, of which a widely employed one involves re-
peated bouts of restraint stress to a pregnant dam during the last week of gesta-
tion. The data from animal studies using this PNS model are consistent with the 
epidemiological and clinical findings, but are far more extensive. In animals, PNS 
sequelae include (but are not limited to) increased anxiety, learning and memory 
impairments, altered circadian rhythm function, impaired sexual function, and in-
creased psychomotor responsiveness to, as well as increased propensity to self-ad-
minister, drugs of abuse (for recent reviews see, e.g., Darnaudery and Maccari 2008; 
Weinstock 2008; Matthews 2002). Thus, there is a remarkable parallel between the 
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human literature and that derived from animal models regarding the long-term be-
havioral consequences resulting from stressful experiences during development.

Although the detailed mechanisms producing the PNS syndrome are not known, 
the intermediate cause appears to be maternal secretion of glucocorticoids dur-
ing stressful events. The hypothalamic-pituitary-adrenal (HPA) axis is a primary 
element in the nervous system response to environmental stress and is used ex-
tensively as an index of nervous system stress output in animal models. Evidence 
from animal models has shown that maternal stress during gestation elevates glu-
cocorticoids in the fetal brain in a variety of species (Lephart et al. 1997; Montano 
et al. 1991). Removal of the adrenal glands, the maternal source of circulating glu-
cocorticoids, prevents the development of the PNS syndrome (Barbazanges et al. 
1996). Systemic administration of exogenous glucocorticoids to the mother during 
gestation mimics the PNS syndrome (reviewed in Maccari et al. 2003; Takahashi 
1998). Similarly, in humans, exposure to glucocorticoids during development is 
associated with increased risk for psychiatric disorders (reviewed in, e.g., Bertram 
and Hanson 2002; Matthews et al. 2002; Sekyl and Meaney 2004). Accordingly, it 
has been widely proposed that embryonic nervous system programming is highly 
sensitive to glucocorticoids with lifelong consequences that may compose a sig-
nificant component of individual vulnerability to neuropsychiatric conditions, in-
cluding drug addiction.

5.3 � Early Environmental Stress Contributes to Adult 
Drug and Alcohol Responsiveness

In order to address the potential role of early environmental stress in addiction vul-
nerability, a number of groups have examined the role of PNS or prenatal glucocor-
ticoid exposure (PNG) in modulating the responsiveness to cocaine and other drugs 
of abuse in adulthood. The common findings across studies are a general elevation 
in drug responsiveness as well as the motivation to take drugs, with these effects 
spanning psychostimulants, depressants/opiates, and alcohol.

5.3.1 � PNS Alters Response to and the Propensity  
to Take Stimulant Drugs

Psychostimulants are the class of drugs where the effects of PNS on the respon-
siveness to and the seeking or consumption of drugs of abuse has been most exam-
ined. These studies have formed the strongest basis for the linkage between PNS 
and changes in drug-use patterns. For amphetamine, Deminiere et al. (1992) found 
that while administration of a 0.3 mg/kg (intraperitoneal, IP) dose of amphetamine 
increased subsequent motor activity in all rats, PNS male rats given amphetamine 
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produced double the locomotor counts of control males during the first 10 min 
after administration. Further, when rats self-administered amphetamine (30  µl/
infusion; intravenous, IV), the PNS rats had higher intakes compared to controls 
on all trials after the first day (Deminiere et al. 1992). While others have not al-
ways found initial differences in the locomotor response to amphetamine (Henry 
et al. 1995; 1 mg/kg dose, IP), they have seen greater sensitization of locomotor 
behavior in male PNS rats (Henry et  al. 1995). Additionally, PNS female rats 
have increased rotational behavior (left turns) after amphetamine administration, 
indicating PNS asymmetries in motor system sensitivity to stimulants (Weinstock 
and Fride 1989). There are also changes in the response to amphetamine after 
corticosterone is used to mimic a hormonal aspect of PNS. Diaz et al. (1995) im-
planted pregnant females with corticosterone pellets during late gestation, and the 
resulting corticosterone-exposed (prenatal corticosterone administration, PNC) 
weanlings were assessed for locomotor activity after amphetamine. Amphetamine 
increased locomotor activity in both normal and PNC offspring, but again there 
was an enhancement of movement in PNC animals. There was also a sex differ-
ence, in that male PNC pups increased all types of movement, while female PNC 
pups displayed increased rearing behavior only (Diaz et  al. 1995), indicating a 
more robust effect in males. PNS status also interacts with behavior on cocaine. 
Kippin et al. (2008) found that a 15 mg/kg (IP) dose of cocaine enhanced locomo-
tion in adult male PNS rats compared to adult male controls with similar levels 
of cocaine experience. On the other hand, Thomas et al. (2009) did not see pro-
nounced differences between PNS and control males in locomotion after either 
acute or repeated cocaine exposure, but did find enhanced locomotor sensitization 
in PNS females. This change in female locomotor sensitization did not carry over 
to self-administration, where female PNS and control rats self-administered simi-
lar amounts of cocaine (Thomas et al. 2009). In males, there were no differences 
on a constant (0.2 mg/kg/infusion, IV) cocaine dose, but on a weekly escalating 
(0.3–0.5 mg/kg/infusion, IV) schedule PNS males had significantly higher total 
intake (Thomas et al. 2009). In comparison, a study using a higher but constant 
dose (1.0  mg/kg) reported a trend towards PNS males self-administering more 
cocaine than controls (Kippin et al. 2008). Yet during extinction, these same PNS 
males had significantly greater initial responding, took longer to reach extinction 
criterion, and exhibited greater cocaine-primed reinstatement (Kippin et al. 2008). 
Interestingly, noncontingent cocaine injections produced an extinction deficit fol-
lowing removal of brain self-stimulation in PNS but not control rats (Gao et al. 
2011) suggesting that adult psychostimulant exposure may produce generalized 
cognitive deficits dependent upon early environmental stress.

PNS also increases responsiveness to other stimulant drugs. PNS increases the sen-
sitivity to nicotine and the magnitude of nicotine-induced locomotor activity (Koehl 
et al. 2000). For caffeine, adult PNS male rats displayed greater rearing and corner 
activity in an open field compared to controls, including at a dose where there was 
no difference in plasma caffeine concentrations between control and PNS animals 
(10 mg/kg, IP; Pohorecky et al. 1989). For 3,4-Methylenedioxymethamphetamine 
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(MDMA, “ecstasy”; 5 mg/kg, IP), adolescent PNS female rats had fewer periods of 
inactivity while also demonstrating more slips and body twists on a runway, and had 
higher blood levels of MDMA after the same dose was administered compared to 
controls (Morley-Fletcher et al. 2004). In summary, PNS increases responsiveness 
to and self-administration of a variety of psychostimulant drugs, and this response 
interacts with sex and task type. We will later discuss the PNS interaction with ge-
netic background on measures thought to probe cocaine reward.

5.3.2 � PNS Alters Response to and Preference for Morphine,  
and Response to Diazepam

PNS can also impact the response to therapeutics with abuse potential such as mor-
phine and diazepam. PNS male rats are less sensitive than control males to the 
analgesic effects of morphine (5 mg/kg, IP) in the tail-flick test; conversely, PNS fe-
males are more sensitive than female controls to the analgesic effects of morphine, 
with longer latencies to remove the tail (Kinsley et al. 1988). For both PNS and brief 
postnatal separations from the dam in mice, adult mice displayed greater morphine-
induced analgesia 30  min after administration, with similar patterns with subtle 
sex-specific alterations after 60 min (Sternberg and Ridgeway 2003). PNS male rats 
also show a difference in conditioned place preference (CPP) to morphine. While all 
male rats given morphine (10 mg/kg) showed a significant place preference for the 
morphine-paired side, the group males only exposed to PNS showed a significantly 
greater preference than the control group (Yang et al. 2006).

PNS can also alter the response to diazepam. Male PNS rats responded to a low 
dose of diazepam (1 mg/kg, IP) that did not impact control behavior in the open 
field (Pohorecky and Roberts 1991). Additionally, it has also been shown that PNS 
rats are hyperresponsive to bright-light-potentiated acoustic startle, and startle lev-
els are normalized with diazepam treatment (3.2 mg/kg; Tazumi et al. 2005).

5.3.3 � PNS Alters Response to and the Propensity  
to Take Alcohol

There are several changes in the physiological response to alcohol after PNS. 
Adult PNS rats given alcohol in the 1–2 g/kg dose range display initial blunting 
of alcohol-induced hypothermia, a reduction in alcohol-induced corticosterone 
release, reduced free fatty acid release, and decreased alcohol-induced startle 
deficits, and they retain better motor control on the rotorod but less capability 
in a swim test (DeTurck and Pohorecky 1987). Adolescent male PNS rats also 
exhibit this HPA axis blunting, such that a 1.5  g/kg dose of alcohol does not 
produce the sustained increase in serum adrenocorticotropic hormone (ACTH) 
and corticosterone levels in PNS rats versus controls (Van Waes et  al. 2006). 
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Displaying a higher initial tolerance to alcohol increases the chance of later al-
cohol dependence in humans (for review, Schuckit 2009), suggesting that PNS 
could predispose an individual to initial high alcohol consumption and increasing 
the risk of later addiction.

PNS also appears to impact voluntary alcohol consumption in animal models. In 
the two-bottle choice task, where animals are allowed access to a bottle of water and 
another bottle of alcohol solution, Darnaudery et al. (2007) found that a subpopula-
tion of adult female rats showed a change due to PNS after a stressor in adulthood. 
After 2 weeks of two-bottle choice, these female rats were designated as high or 
low drinkers and they were subjected to an inescapable shock. Post-stress, PNS 
and control low-drinking females did not differ from each other, and high-drinking 
control females decreased their alcohol consumption from that point onwards, but 
high-drinking PNS females returned to their previous high level of consumption 
in the weeks following the stress (Darnaudery et al. 2007). PNS also increases the 
preference for a sweetened alcohol solution versus water in adolescent female rats 
(Van Waes et al. 2011a), although PNS does not change two-bottle choice behavior 
in adolescent or adult male rats (Van Waes et al. 2011b).

Interestingly, there are effects of PNS on alcohol consumption which only 
emerge after alcohol exposure in the adult environment. Our studies indicate that 
there is not an effect of PNS on adult alcohol consumption under free-access condi-
tions, but there is an impact of that free-access alcohol consumption on subsequent 
motivation for alcohol (Campbell et al., under review). Briefly, PNS and control 
males and females without adult exposure to alcohol exhibited equivalent operant 
behavior for reinforcement with sucrose (15 %, 20  µl/infusion), sucrose–alcohol 
fading (decreasing sucrose from 15–0 % with concurrent increasing of alcohol from 
0 to 10 %), or alcohol alone (10 %, 20 µl. infusion) even on a response schedule with 
increasing demand. In contrast, control males allowed prior continuous access to al-
cohol for 8 weeks exhibited a substantial decline in operant behavior for alcohol—a 
finding consistent with those indicating that alcohol experience by either injection 
(Carrara-Nascimento et al. 2012) or voluntary consumption (our own unpublished 
observations) reduces alcohol reward as measured in CPP. However, PNS males al-
lowed alcohol access exhibited the same level of intake as controls but this alcohol 
exposure failed to diminish subsequent operant responsiveness for alcohol. PNS 
females only exhibited this difference from control females for the 10 % alcohol 
solution on the FR1 schedule. Again, these male and female C57BL/6J mice with 
either a PNS or control history exhibited the same level of alcohol consumption dur-
ing continuous free access to alcohol in a two-bottle choice task over a period of 8 
weeks, but then PNS males in particular did not show the expected behavior on the 
operant task. Accordingly, the ability of PNS to alter motivation for alcohol appears 
to be more subtle than the effects observed for psychostimulants as it is dependent 
upon fairly extensive exposure to alcohol in adulthood. Nonetheless, the altered 
alcohol-induced motivational plasticity of PNS-exposed individuals is consistent 
with the general findings of enhanced drug-seeking behavior following early envi-
ronmental stress exposure.
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In summary, PNS is known to change the response to a diverse number of drugs 
of abuse and increase seeking and consumptive behaviors towards drugs such as 
psychostimulants, morphine, and alcohol, with the behavioral alterations in many 
cases modulated by sex. However, these studies have largely occurred in parallel 
with separate lines of research indicating that genetic background modulates drug 
responsiveness and seeking behavior. To address the issue of genetic background 
influence, as well as interactions with early environment, on drug responsiveness 
and potential addiction vulnerability, the remainder of the chapter will focus more 
narrowly on cocaine.

5.4 � Hereditability of Cocaine Responsiveness:  
Mouse Strain Differences

Studies using humans and animal models have suggested that genetic factors are 
important in substance abuse (DeWit et al. 1986; Cohen 1990; Crabbe et al. 1994). 
Inbreeding has been performed in both rats and mice to reduce the allelic diversity 
between close genetic relatives and to produce a strain of animal in which same-sex 
members are almost monozygotic (identical) twins of all other members. There are 
currently over 100 inbred strains of mice available from the Jackson Laboratory and 
the stability of strain differences over decades of research has provided an extensive 
database concerning groups of genes that influence a particular phenotypic trait. 
Comparisons between different inbred mouse strains have provided substantial evi-
dence for genetic contributions to an individual’s responsiveness to drugs of abuse, 
including cocaine. In this respect, strain differences between the C57BL/6J (B6) 
and DBA/2J (D2) strains have been the most thoroughly studied (see for a review, 
Crabbe et al. 1999; Crawley et al. 1997; Wahlsten et al. 2003). In most studies, the 
D2 strain exhibits greater acute cocaine-induced locomotion and/or greater cocaine-
induced locomotor sensitization upon repeated treatment (Cunningham et al. 1999; 
de Jong et al. 2007, 2008; Orsini et al. 2005; Tolliver and Carney 1994a, b, 1995; 
but see also Kafkafi and Elmer 2005). Conversely, a strain comparison of the re-
inforcing effects of cocaine indicates that B6 mice exhibit higher cocaine intake 
than D2 mice during both IV cocaine self-administration under operant conditions 
(van der Veen et al. 2007, 2008) and access to cocaine in drinking water (George 
and Goldberg 1989; Seale and Carney 1991). Similarly, CPP has also been used to 
compare cocaine reward among these strains and B6 mice show a cocaine CPP with 
lower doses of cocaine, shorter conditioning trials, and/or a greater magnitude pref-
erence than do D2 (Cunningham et al. 1999; Seale and Carney 1991; Orsini et al. 
2005, 2008). Accordingly, comparison of the genetic differences between these 
strains is an approach to understanding individual differences in both the psycho-
motor stimulant responsiveness to drug exposure and the motivational components 
of drug-seeking behavior.
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5.5 � Search for Genetic Substrates Mediating 
Hereditability of Cocaine Responsiveness

Determining the genetic influences that contribute to hereditability of cocaine re-
sponsiveness has proven difficult because individual differences in behavioral re-
sponses to drugs are highly complex. In addition to substantial nongenetic factors, 
including potential intergenerational epigenetic hereditability, the range of drug re-
sponsiveness across different genotypes tends to exhibit a continuous distribution 
(see, e.g., Miner and Marley 1995a; Phillips et al. 1998). This indicates a polygen-
etic pattern of inheritance involving many genes rather than one or two major genes. 
Quantitative trait loci (QTL) analyses have high utility for determining the relation 
between genetic influences that account for relatively small amounts of variation in 
a given behavior (Crabbe et al. 1999). One strategy that has been employed in the 
search for QTLs influencing cocaine responsiveness is the employment of RI strains 
of mice derived from the systematic brother–sister matings of the F2 generation of 
two progenitor inbred mouse strains, which results in a panel of new inbred strains 
having unique recombinations of parental chromosomal material distinct from the 
two progenitor strains and all other RI strains (Belknap and Crabbe 1992; Complex 
Trait Consortium 2003). RI strains have allowed significant advances in behavioral 
genetics because these mice have fixed genomes and genotypes of known genetic 
markers are already stored in a database; thus, they can be used for behavioral tests 
and then QTL can be performed without additional molecular analysis facilitating 
genetic mapping of behavioral traits (Belknap 1998). The BXD and DXB panels of 
RI strains are derived from the B6 and D2 inbred parental strains and are ideal for 
genetically dissecting responsiveness to cocaine and other abused drugs because 
of the distinct phenotypes exhibited by the original strains (see, e.g., Chesler et al. 
2003). Accordingly, this panel has been employed to genetically dissect several 
distinct cocaine-related behaviors which include the acute locomotor stimulant ef-
fect of cocaine (Miner and Marley 1995b; Phillips et al. 1998; Tolliver et al. 1994), 
sensitization to the locomotor stimulant effect of cocaine with repeated treatment 
(Phillips et  al. 1998; Tolliver et  al. 1994), cocaine-induced seizures (Miner and 
Marley 1995a), cocaine-induced CPP (Philip et al. 2010), and even cocaine self-
administration in a small subset of available strains (Cervantes et al. 2013). As the 
available RI strains are unable to resolve individual gene polymorphisms, addi-
tional studies need to employ fine mapping strategies utilizing loci-directed produc-
tion of additional RI strains, accompanied by nucleotide sequences, to determine 
the specific genes within a loci that exhibit polymorphisms within RI panels that 
could contribute to phenotypic variability (e.g., Fehr et al. 2002; Hood et al. 2006). 
Thus, it is possible to utilize rodent models to obtain fine-detail genetic analysis 
of specific aspects of cocaine responsiveness. Critically, the approaches outlined 
above are amenable to investigation of the impact of early environmental factors 
and can be used as a basis for forward and reverse genetic approaches to determine 
the nature of G × Es in cocaine-addiction-related behavior.
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Of relevance to such approaches to studying interactions between early envi-
ronmental stress and strain differences are strain differences in the stress response 
during adulthood. Although B6 mice are often characterized as stress resistant, both 
B6 and D2 mice show substantial changes in plasma corticosterone levels in re-
sponse to psychological stressors (e.g., Prakash et al. 2006; Belzung et al. 2001; 
Crawley et al. 1997) and show stress-related modulation of programming in early 
development (reviewed in, e.g., Weinstock 2001; Zhang et al. 2006)—notably, we 
have recently compared changes in stress-induced glucocorticoid levels during 
pregnancy (i.e., during application of the PNS procedure) and both strains appear 
to have similar HPA activation during the PNS procedure indicating the differences 
in PNS-induced changes in adult behavior between these strains are unlikely to be 
due to stress responses of the mother during gestation. Be that as it may, RI strains 
may have different response profiles than either of the parental lines (e.g., Phillips 
et al. 2002); thus, the magnitude and duration of stress-induced changes in plasma 
corticosterone will be monitored during the PNS procedure in all strains allowing 
determination of its relation to adult behavior changes induced by PNS.

5.6 � Interactions Between PNS and Genetic Background 
on Drug Seeking

With respect to studies of genetic background–environment interactions, D2 mice 
show greater changes in cocaine responsiveness following adult stress exposure 
whereas B6 mice appear to be relatively insensitive to adult stress-induced chang-
es in cocaine responsiveness (Badiani et al. 1992; Cabib and Bonaverntura 1997; 
Cabib et al. 2000; van der Veen et al. 2007). As discussed above, PNS procedures 
that enhance cocaine responsiveness in rats (Kippin et al. 2008; Thomas et al. 2009) 
also increase the level of responding for, and consumption of, alcohol during oper-
ant self-administration procedures in B6 mice with extensive alcohol experience 
(Campbell et al., under review). Accordingly, our studies investigating the impact 
of PNS on cocaine responsiveness in B6 and D2 mice are summarized below. These 
studies employ standard PNS procedures of repeated restraint stress during late ges-
tation and CPP that we have standardized between strain to be optimally sensitive 
to PNS–gene interactions.

5.6.1 � Impact of Conditioning Parameters on Cocaine-Induced 
CPP in Male and Female B6 and D2 Mice

Prior work indicates that strain differences (between B6 and D2 mice) in 
cocaine-induced CPP exist and are sensitive to the duration of conditioning trials 
(Cunningham et al. 1999);, however, this evidence employed discreet conditioning 
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stimuli (distinct tactile flooring) and did not examine females. Accordingly, we 
evaluated the impact of conditioning session duration on cocaine-induced CPP 
magnitude employing contextual conditioning stimuli in both B6 and D2 males 
and females as these stimuli were employed in our preliminary studies demon-
strating PNS-induced potentiation of CPP. This experiment was a necessary first 
step to our investigation into the impact of PNS on cocaine seeking because it 
determined the procedures that allow assessment of cocaine-induced CPP in both 
male and female mice in the B6 and D2 parental strains. Specifically, both male 
and female B6 and D2 mice (obtained from Jackson Laboratories, Bar Harbor, 
ME) were tested on an unbiased CPP procedure that it is sensitive to psychomo-
tor stimulant responsiveness and cocaine reward, extinction and reinstatement 
of CPP (e.g., Szumlinski et  al. 2008). Briefly, these experiments used a two-
compartment chamber with distinct compartments (based on wall/flooring pat-
tern and texture) that can be divided using an insert and supports acquisition 
and expression CPP as measured by video tracking. Mice were first allowed to 
explore the entire apparatus without the divider insert allowing assessment of 
novelty-induced locomotion. Next, each mouse received injections of cocaine 
(10 mg/kg, IP) and saline on alternating days and then were placed into one of the 
two compartments (with the divider insert in place) such that each compartment 
was repeatedly paired with cocaine or saline. Next, mice were allowed access to 
the entire apparatus on a “posttest” in order to determine direction and magnitude 
of place conditioning produced by the cocaine injections relative to the saline 
ones. In order to examine the rate of extinction, mice were subsequently placed 
into the undivided apparatus for 15-min sequential sessions and finally subjected 
to a “primed test” during which they first received a saline injection and CPP was 
reassessed for 15 min, and finally a cocaine injection (same dose as given during 
conditioning) and CPP was reassessed for 15 min. We have completed behavioral 
testing of both male and female B6 and D2 mice at session durations of 15, 20, 
and 30  min. The results of this experiment revealed a significant sex × strain 
interaction on the magnitude of CPP (exhibited during the initial posttest) with 
females exhibiting a larger CPP than males in the D2 strain but a smaller CPP 
than males in the B6 strain. Further, there was a significant strain effect (indepen-
dent of sex) on extinction with B6 mice exhibiting rapid extinction (within two to 
three 15-min sessions) but D2 mice failing to exhibit significant extinction (even 
after 12 × 15-min sessions), thus, the absence of extinction in one of the strains 
is unfortunate as it complicates examination of PNS–gene interactions on this 
measure. However, neither a strain × session duration interaction nor strain effect 
was detected on the magnitude of CPP under these conditions. These findings in-
dicate that strain effects on acquisition of CPP are minor when contextual stimuli 
(in contract to discreet stimuli) are employed and, accordingly, the subsequent 
PNS–gene interaction experiments employ a 15-min conditioning duration in the 
above-described apparatus.
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5.6.2 � Impact of PNS and Cocaine Dose on Cocaine-Induced 
CPP—PNS × Genetic Background Effect but Not Sex 
Effects

We used the procedures described above (with a 15-min conditioning session dura-
tion) to determine the impact of PNS on CPP induced by 3, 10, or 30 mg/kg (IP) 
in male and female B6 and D2 mice. Briefly, B6 and D2 mice (obtained from the 
same source as above) were mated and then pregnant dams were subject to either 
repeated restraint stress (3 × 1 h per day from E14 to delivery) or left alone for the 
entire gestation period. Offspring were weaned at 3 weeks of age and housed into 
same-sex groups until testing at 8–10 weeks of age. The results indicate that PNS 
potentiates cocaine-induced CPP at all employed doses in B6, but not D2, mice. 
Specifically, there was a significant effect of cocaine dose with all groups exhibit-
ing increased CPP magnitude with increasing cocaine dose. Moreover, there was an 
interaction between PNS and strain with B6 mice subject to PNS exhibiting greater 
CPP than control B6 mice (independent of sex or dose) but no differences between 
PNS and control D2 mice (in either sex or at any dose). The finding that PNS in-
creases CPP in both males and females was somewhat surprising as it contrasts with 
other research indicating greater sensitivity to PNS potentiation of drug seeking in 
males relative to females in experiments employing operant self-administration of 
cocaine in rats (Thomas et al. 2009) as well as our own research employing operant 
self-administration of alcohol in B6 mice (Campbell et al. 2009). Accordingly, we 
replicated this experiment (at the 10 mg/kg dose) and produced the same results 
in a second cohort of PNS and control B6 males and females. Thus, we are highly 
confident in this effect and, consistent with other measures of drug seeking, PNS 
does increase the magnitude of cocaine-induced CPP in B6, but not D2, mice indi-
cating that our approach is sufficient to detect gene–early environment interactions 
in adult drug responsiveness. Moreover, this strain × PNS interaction indicates that 
utilization of inbred strains, including RI strains, will be a feasible approach to 
determine the genetic factors which permit early environmental stress to increase 
drug-seeking behavior.

5.6.3 � Impact of PNS in B6 and D2 Strains on Alcohol-Induced 
CPP—PNS × Genetic Background × Sex Effects

As described above, it was surprising that both male and female B6 mice exhibited 
greater CPP following PNS because sex-dependent effects of PNS are observed 
on the rate of operant drug self-administration. In order to determine whether the 
effects of PNS are consistent between CPP and operant self-administration models 
of drug-seeking, we examined the impact of PNS on alcohol-induced CPP in male 
and female B6 and D2 mice. Mice were generated as above and then conditioning 
was performed using the same apparatus and procedures except that each mouse 
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received eight alcohol (2 g/kg, i.p.) and eight vehicle pairings prior to the posttest. 
The results of this experiment mirror those of our operant alcohol self-administra-
tion study. Specifically, we observed a sex × strain × PNS interaction with male B6 
mice exhibiting greater alcohol-induced CPP than control B6 mice but PNS and 
control differences were not observed in other sex/genotype conditions. Accord-
ingly, these results indicate that PNS male, but not female, B6 mice exhibit greater 
alcohol-seeking behavior, that the impact of PNS on drug seeking is specific to the 
drug abuse examined, and that the effects of PNS on drug seeking are consistent 
across operant self-administration and CPP models.

Mouse strains appear to be ideal for elucidating gene–early environment interac-
tions for several reasons. First, the impact of early environmental stress, namely 
PNS, appears to be consistent across species, including inbred mouse strains, as 
well as a variety of measures of drug-seeking behavior (i.e., CPP and operant). 
Second, strain differences are generally stable across laboratories. Third, the avail-
ability of RI strains allows detailed dissections of gene–early environment interac-
tions and is an approach currently being employed in our laboratory. Fourth, the 
availability of a host of well-established behavioral models for a variety of indices 
of neuropsychiatric disorders which can be utilized for investigation into the rela-
tion between heightened cocaine responsiveness and alterations in nondrug behav-
iors which will further our understanding of nature of comorbid neuropsychiatric 
vulnerability with addiction.

5.7 � Interactions Between PNS and Genetic Background 
on Nondrug Behaviors

Direct evidence for interactions between genetic background and early environmen-
tal stress is observed in a small number of studies that have examined the impact of 
PNS in different strains of rodents. PNS increases aggression in male and female B6 
mice, but decreases this measure in female D2 mice and does not affect aggression 
in male D2 mice (Kinsley and Svare 1987). PNS increases exploratory behavior in 
a novel environment in B6 mice but decreases it in BALB/c mice (DeFries 1964; 
DeFries et al. 1967; Weir and DeFries 1964). Similarly, strain specificity in the ef-
fects of PNS upon the behavior of adult rats also appears to be strain specific. For 
instance, PNS effects upon active avoidance and forced swim-induced immobility 
are observed in Lewis, but not Fisher 344, strains of rats (Stöhr et al. 1998). Fur-
ther, PNS produces different changes in emotionality and/or neuroendocrine re-
sponsiveness in “high” versus “low” novelty-seeking substrains of Sprague-Dawley 
rats (Clinton et al. 2008) or “high” versus “low” anxiety substrains of Wistar rats 
(Bosch et al. 2006; Neumann et al. 2005). Further, analyses of the impact of PNS in 
B6 × BALB/c F1 progeny generated by bidirectional crossing of males and females 
revealed contributions of both maternal and paternal genetic background to the ex-
pression of PNS-induced changes in open-field behavior (DeFries 1964; DeFries 
et al. 1967). Importantly, these data indicate that maternal genes are important for, 
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but cannot account for all of, the gene–environment effects observed in PNS-in-
duced changes across genetic background. Such data further the notion that G × Es 
are complex and likely involve polygenetic influences.

Given widely reported comorbidity of addiction with heritable traits (e.g., nov-
elty seeking) as well as other neuropsychiatric disorders (e.g., schizophrenia), we 
conducted experiments to assess open-field behavior and prepulse inhibition as 
measures of reactivity to novel environments and of altered sensory-motor gating 
observed in schizophrenics. B6 and D2 mice were mated and then pregnant dams 
were either subject to repeated restraint stress (3 × 1 h per day from E14 to deliv-
ery) or left alone for the entire gestation period. Adult offspring were tested for 
acoustic startle and prepulse inhibition (PPI) and then 3–5 days later were tested 
for open-field behavior (as reported previously by our group; see Szumlinski et al. 
2005). All subjects exhibited robust acoustic startle which was not altered by PNS. 
However, the ability of a sub-startle acoustic prepulse to attenuate response to a 
startle tone was altered by PNS in a strain-specific fashion. Importantly, on this 
measure the D2, not the B6, strain exhibited attenuated PPI following a history of 
PNS. Thus, these findings with those of our CPP experiments indicate that both B6 
and D2 strains are sensitive to the enduring effects of PNS but that the different 
genetic backgrounds produced sensitivity to PNS on different behavioral measures. 
Similarly, open-field behavior was altered in a strain-specific fashion by PNS, with 
PNS B6 mice exhibiting increased explorations and reduced episodes of immobility 
compared to their controls whereas PNS D2 mice exhibited increased immobility 
compared to their controls. Accordingly, our findings suggest that the ability of PNS 
to modify neuropsychiatric disease vulnerability interacts with genetic background 
such that specific outcomes are altered in a genetic background-specific fashion, 
rather than simply having some backgrounds sensitive and others resilient to the ef-
fects of PNS. We believe that this finding is critical for proper conceptualization of 
how the interaction between genetic vulnerability and environment interact across 
disease vulnerability as well as the potential comorbidity of a disease.

5.8 � Towards a Defined Neurobiology of PNS-Induced 
Alterations in Drug Seeking

In addition to establishing the pattern of interaction between genes and environ-
ment, another major benefit of animal studies of drug responsiveness is the ability 
to elucidate the underlying neurobiology of that altered responsiveness. Although 
the impact of drugs of abuse on brain function has been extensively studied, the 
way in which PNS alters these functions have not been well elucidated. Moreover, 
there has been even more limited attention on how gene–PNS interactions may 
be mediated at a neurobiological level. The following section will review what is 
known about PNS-induced changes in the neurobiology, particularly at a neuro-
chemical level, and how PNS modulates neurochemical responses to drugs, as well 
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as introduce our approach to further this literature by examination of PNS across 
mouse strains towards an understanding of G × E neurobiology.

Drugs of abuse, like natural rewards, interact with the mesocorticolimbic dopa-
mine system. This system is involved with providing incentive salience to stimuli 
and inducing the performance of goal-directed behavior. Dopamine cell bodies in 
the ventral tegmental area (VTA) project to area including the amygdala, hippocam-
pus, nucleus accumbens (NAc), and areas of the prefrontal cortex (Feltenstein and 
See 2008). Interestingly, in male and female PNS rats there is reduced dopamine 
turnover in the left dorsal striatum (Weinstock and Fride 1989). There are also high-
er dopamine levels in dorsal striatum (Gerardin et al. 2005) and the ventral striatum 
(vSTR) of PNS rats (Alonso et al. 1994; McArthur et al. 2005). This neurochemical 
change is similar to that of prenatal exposure to corticosterone levels, which in-
creases basal dopamine metabolism in the dorsal and ventral striatum of both male 
and female offspring (Diaz et al. 1995). Also, adolescent and adult male PNS rats 
show higher basal levels of extracellular dopamine in the NAc (Kippin et al. 2008; 
Silvagni et al. 2008). There are changes in the expression and/or binding potential 
of dopamine D1 and D2 receptors, the dopamine transporter (DAT), and changes 
in the number of tyrosine hydroxylase-positive cells within the mesocorticolim-
bic dopamine system (i.e., NAc, medial PFC, hippocampal subregions) in PNS 
animals (Alonso et al. 1994; Berger et al. 2002; Henry et al. 1995; McArthur et al. 
2005). Furthermore, PNS reduces spine density of medium spiny cells of the NAc 
in adult male rats, but not in preadolescents (Martinez-Tellez et al. 2009). These 
baseline changes in the dopamine system could contribute to reactions to drugs of 
abuse which may facilitate overuse, as discussed later. The dopamine systems of 
PNS animals react differently from controls to some drugs of abuse. Amphetamine 
stimulates greater dopamine output in the NAc of PNS adolescent and adult rats 
compared to controls (Silvagni et al. 2008). Conversely, amphetamine-stimulated 
dopamine output was blunted in the PFC in PNS animals (Carboni et al. 2010). PNS 
males also show higher dopamine output in the NAc after first cocaine exposure, 
while cocaine-experienced PNS rats exhibit increased PFC dopamine at baseline 
with enhanced NAc and PFC dopamine output following cocaine administration 
(Kippin et al. 2008).

Neurotransmitter systems beyond dopamine also contribute to drug seeking 
(Koob and Volkow 2010), and these systems show differences in PNS animals at 
baseline and after drug administration (Baier et al. 2012). In the NAc, basal levels of 
norepinephrine are lower in adolescent PNS rats, although this change is not present 
in adulthood (Silvagni et al. 2008). Both adult and adolescent rats have decreased 
basal PFC norepinephrine output (Carboni et al. 2010). When either amphetamine 
or nicotine is given, Nac norepinephrine output is increased in adult PNS rats 
(Silvagni et al. 2008). In the PFC, PNS increases amphetamine-stimulated norepi-
nephrine output and PNS decreased nicotine-stimulated norepinephrine output in 
adults (Carboni et al. 2010). In contrast, there are no basal differences in hippocam-
pal acetylcholine release between PNS and control male and female rats, although 
when exposed to injection stress or intracerebroventricular corticotropin-releasing 
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factor (CRF) administration PNS rats have higher acetylcholine release compared 
to controls (Day et al. 1998). As for CRF, PNS animals do have differences in that 
system, with PNS rats displaying higher amygdala levels of CRF and increased 
CRF release in response to depolarization (Cratty et al. 1995), and increased CRF 
receptor binding (Ward et  al. 2000). The serotonin system also changes in PNS 
animals. PNS male rats show reduced baseline serotonin in the NAc (Kippin et al. 
2008). PNS also alters 5-HT1A receptor binding, with males showing significantly 
lower binding compared to controls in the ventral hippocampus, with a similar trend 
for PNS females (Van den Hove et al. 2006). Considering the effects of prenatal cor-
ticosterone administration alone, autoradiographs of the dorsal hippocampus found 
significant decreases of the 5-HT1A receptor system in the hippocampal CA1 re-
gion (Meerlo et al. 2001). Male PNS rats also show higher levels of serotonin and 
5-HIAA in the dorsal striatum than controls (Gerardin et al. 2005).

The glutamate system and opiate system are also altered by PNS. PNS male rats 
show reductions in basal glutamate in the NAc compared to controls (Kippin et al. 
2008). PNS also increases in N-methyl-D-aspartate (NMDA) receptors in several 
regions, including the medial PFC, dorsal frontal cortex (DFC), the CA1 region 
of the hippocampus, the medial striatum, and the NAc, with increases in group III 
metabotropic glutamate receptors in both the medial PFC and DFC (Berger et al. 
2002). PNS male rats also show reduced mGluR1/5 activity in the ventral hippo-
campus, while female PNS rats show increased mGluR1/5 activity in both the dor-
sal and ventral hippocampus (Zuena et al. 2008). Further, the distribution of Homer 
proteins which are glutamatergic scaffolding proteins, e.g., are also altered through-
out limbo-corticostriatal regions (Ary et al. 2007). Additionally, on the first admin-
istration of cocaine adult male PNS rats show enhanced glutamate neurotransmis-
sion, while cocaine-experienced PNS rats show reduced NAc glutamate at baseline 
and enhanced NAc glutamate following a cocaine challenge (Kippin et al. 2008). 
Finally, there are differences to note in the opiate system. Receptor autoradiography 
has shown that male and female PNS rats show decreased μ opiate receptor binding 
in the striatum, specifically in the anterior striatum, the NAc, the lateral amygdala, 
and the endopiriform cortex (Insel et al. 1990).

PNS also produces morphological changes in brain structures associated with 
drug reward. In the amygdala, some subnuclei diverge between PNS and con-
trol males across several measures (Krazpulski et al. 2006). By early adulthood, 
though, PNS individuals begin to match controls on obvious features such as nu-
clear volume, length, and neuron and glial cell number (Krazpulski et al. 2006). 
PNS animals may even surpass control volume in the lateral nucleus in later adult-
hood (Salm et al. 2004), highlighting the importance of developmental time point 
on the effects of PNS. Hippocampal morphology changes over time as well, with 
preadolescent PNS males displaying increased spine density in the CA1 subre-
gion and decreased density in the CA3 subregion (Martinez-Tellez et  al. 2009). 
By adulthood, PNS males display reductions in dendritic spines in both the CA1 
and CA3 subregions (Martinez-Tellez et al. 2009). PNS or prenatal corticosterone 
treatment causes a decrease in synaptophysin and an increase in GAP-43 and phos-
phorylated GAP-43 in the hippocampus, possibly contributing to the alteration in 
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synapse formation in the hippocampus seen after PNS (Afadlal et  al. 2010). As 
we have shown, there are many ways in which PNS is known to change brain 
morphology, the basal state of neurotransmitter systems, and the reactions of these 
systems to drugs of abuse. Any of these changes, or even PNS changes not identi-
fied yet, might contribute to a greater individual predisposition towards addiction, 
and further research is needed to determine which of these changes are critical to 
the addiction process.

PNS also adversely impacts the ability of the adult brain to produce new neurons. 
New neurons are produced in high numbers within the adult olfactory bulbs and 
hippocampus with the ultimate precursors for these new cells being the prolifera-
tive and multipotential neural stem cells (Taupin and Gage 2002; Weiss and van der 
Kooy 1998). PNS reduces the number of neural stem cells in the lateral ventricle 
subventricular zone (SVZ) across the lifespan (Kippin et al. 2004). PNS also re-
duces overall proliferation in the dentate gyrus (DG; Fujioka et al. 2006; Kawamura 
et al. 2006; Lemaire et al. 2000, 2006; Odagiri et al. 2008; Rayen et al. 2011) and 
in the SVZ (Kippin et al. 2004) as well survival of new born precursors is reduced 
following PNS (Koo et al. 2003) in adolescent and adult rodents with similar find-
ings reported in PNS adult primates (Coe et al. 2003). Alternatively, a wide vari-
ety of drugs of abuse negatively impact adult neurogenesis (for reviews, see, e.g., 
Canales 2010; Eisch and Harburg 2006) and one study reported elevated cocaine 
self-administration following ablation of the hippocampal neurogenesis (Noonan 
et al. 2010) suggesting that PNS-induced changes in neurogenesis may be critically 
involved in PNS-induced changes in drug-seeking behavior. Other differences in 
the neurogenic system emerge between the sexes following PNS (Koehl et al. 2009; 
Schmitz et al. 2002; Biala et al. 2011; Mandyam et al. 2008; Zuena et al. 2008) and 
these effects may be relevant to sex-differentiated response to PNS modulation in 
responsiveness to drugs of abuse (Thomas et al. 2009).

Given our observed PNS × genetic background effects on behavior, we have 
initiated a project to identify associated molecular epigenetic changes. In our first 
experiment, we specifically targeted a region of the brain that plays an important 
role in emotional learning and memory, the ventromedial prefrontal cortex (mPFC; 
i.e., infralimbic and prelimbic cortices), and determined whether epigenetic mecha-
nisms are impacted by PNS × genetic background interactions. To this end, ge-
nome-wide DNA methylation profiling was performed using a methyl-capture mi-
croarray approach on mPFC tissue derived from PNS and control mice of B6 and 
D2 strains (that received no further experimental manipulations, i.e., drug naïve). 
Indeed, widely varied differences in DNA methylation were observed in non-PNS 
DBA/2J and C57BL/6J adult offspring, suggesting that underlying genetic back-
ground influences the epigenotype, which was further impacted by PNS. Interest-
ingly, many of the genes displaying differential DNA methylation are well known 
to play a role in the neurodevelopmental process and neuroplasticity, and altered 
epigenetic regulation of these genes might therefore be responsible for the distinct 
behavioral phenotypes observed in these offspring in later life. To verify the results 
of the genome-wide assay, select genes are being examined employing bisulfite 
conversion and mass spectrophotometry as well as quantitative polymerase chain 
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reaction (PCR) to determine mRNA levels. Although this project is still in its in-
fancy, we believe that it will be instrumental in explaining the ability of prenatal 
perturbations to alter adult brain function, both in terms of drug responsiveness as 
well as other types of behaviors, such as PPI deficits. Further, the potentially fortu-
itous finding that PNS effects are genetically dissociable on drug-induced CPP ver-
sus PPI allows for built-in controls for elucidating PNS-induced molecular changes 
that are relevant to specific neuropsychiatric outcomes, although these will need to 
be functionally verified.

5.9 � Summary and Future Goals

Clinical and preclinical studies not only indicate that the genetic inheritance of 
cocaine addiction ranges from 0.30 to 0.70 (reviewed in, e.g., Agrawal and Lyn-
skey 2008) but also have implicated early environmental factors as a major risk 
factor for cocaine addiction (see, e.g., Ellenbroek et al. 2005). However, there 
is limited research on the impact of early environmental factors, such as stress, 
and genetic background, which comprises a large gap in our understanding of the 
determinants of individual vulnerability to cocaine addiction. For instance, con-
tributions of individual genes for addiction vulnerability determined by genome-
wide association studies (GWAS) typically account for a very small amount of 
variability (e.g., Visscher et al. 2012). However, such analyses generally neglect 
and/or are insensitive to environmental contributing factors that may interact 
with specific genetic backgrounds. Evidence from our studies and others indi-
cate that early environmental programming can modulate genetic background 
differences (i.e., across strains), and may be a reason for the weak contributions 
determined by GWAS studies. That is by looking at genetic contribution across 
environmental histories, the G × E contributions may confound such approaches 
and dramatically underestimate the actual importance of specific genes to neuro-
psychiatric vulnerability. Accordingly, one of the overall benefits of examining 
the effects of PNS across various genetic background in a parametric fashion 
(i.e., RI strains) is that it will enable a way to compare genetic alone versus 
G × E contributions to a phenotype for specific genetic factors (i.e., loci or ide-
ally specific gene).

Another major benefit of our current studies is that it is providing fundamental 
insight into the nature and relation of G × E effects on indices of multiple neuro-
psychiatric diseases. The changes produced by PNS in behavior and neural func-
tion have been argued to be relevant to addiction (Campbell et  al. 2009; Koehl 
et  al. 2002) as well as many neuropsychiatric diseases, including schizophrenia, 
ADHD, depression, and anxiety disorders (see, e.g., Koenig et al. 2002; Kofman 
2002; Van den Bergh et al. 2008; Glover 2011). Further, there is a high comorbid-
ity between addiction and other neuropsychiatric conditions (e.g., Siegfried 1998; 
Cuffel 1996). Accordingly, it was somewhat surprising that we were able to find 
strain-independent G × E effects on drug seeking (in CPP) versus psychoses (PPI; 
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response to novelty) following PNS in B6 and D2 mice, respectively, as this sug-
gests independent genetic vulnerability for each disorder based on environmental 
history. Although this finding indicates that the role of PNS in different disorders 
is distinct, an extension of this suggests that disease comorbidity may be related to 
presence of multiple G × E effects which may exacerbate each other. Thus, when 
individuals have elevated drug responsiveness/reward/seeking with other disrup-
tions, addiction may be more pronounced (e.g., exhibiting faster transition from 
recreational use to need for clinical treatment or being resistant to available clinical 
interventions). We feel understanding the relation of G × E effects on behaviors of 
relevance to different neuropsychiatric disorders will be a critical milestone in for 
identifying individuals at risk.
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