
                                                                    

University of Dundee

Cocaine-induced inheritable epigenetic marks may be altered by changing early
postnatal fostering
Ajonijebu, Duyilemi C.; Abboussi, Oualid; Mabandla, Musa V.; Daniels, William M. U.

Published in:
NeuroReport

DOI:
10.1097/WNR.0000000000001332

Publication date:
2019

Document Version
Peer reviewed version

Link to publication in Discovery Research Portal

Citation for published version (APA):
Ajonijebu, D. C., Abboussi, O., Mabandla, M. V., & Daniels, W. M. U. (2019). Cocaine-induced inheritable
epigenetic marks may be altered by changing early postnatal fostering. NeuroReport, 30(17), 1157-1165.
https://doi.org/10.1097/WNR.0000000000001332

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 22. Jan. 2021

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Dundee Online Publications

https://core.ac.uk/display/231847724?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1097/WNR.0000000000001332
https://discovery.dundee.ac.uk/en/publications/2192eb38-acd4-4a5d-9077-5caa28a8bc87
https://doi.org/10.1097/WNR.0000000000001332


Cocaine-induced inheritable epigenetic marks may be altered by changing early postnatal 
fostering 

Duyilemi C. Ajonijebua,b, Oualid Abboussic, Musa V. Mabandlaa and William M.U.  Danielsd 

aDiscipline of Human Physiology, School of Laboratory Medicine and Medical Sciences, College of 

Health Sciences, University of KwaZulu-Natal, Durban,  

bDepartment of Physiology, School of Biomolecular and Chemical Sciences, Faculty of Science, 

Nelson Mandela University, Port Elizabeth, South Africa, 

 cInstitute of Academic Anaesthesia, Division of Neuroscience, Ninewells Hospital and Medical 
School, University of Dundee, Dundee, UK  

dSchool of Physiology, University of the Witwatersrand, Johannesburg, South Africa. 

Correspondence to Duyilemi C. Ajonijebu, PhD, 
Nelson Mandela University, Port Elizabeth 77000, Eastern Cape, South Africa 
Tel: +27 (0) 61 8723924; fax: +27 (0) 41 504 2814; 



 

 

 
 



 

 

Abstract 
 
Here, we explored the hypothesis that parental cocaine exposure could alter epigenetic machinery 
in their drug- naive offspring while early postnatal fostering may further modify the accompanied 
neurochemical and functional components. Variant drug-naive pups were produced from cocaine-
exposed or unexposed C57BL/6 female mice that were matched with their male counterparts for 
mating. Within 3 days of birth, half of the pups were cross-fostered and nurtured by non-biological 
lactating dams. The pups were initially examined for locomotor activity and memory performance 
and subsequently for changes in DNA methylation in promoter regions of cAMP response element 
modulator (Crem) and Fosb in the prefrontal cortex at 48 days postnatum. The impact of postnatal 
fostering on these parameters was also  investigated. Our results showed that cocaine exposure 
significantly decreased both Crem and Fosb methylation in the prefrontal cortex of progenitor 
mice, while similar patterns of methylation were replicated in the brains of drug-naive non-
fostered offspring mice but reversed by postnatal fostering. Furthermore, offspring raised by 
cocaine-exposed dams were impaired in discriminative learning and exhibited memory decline, 
whereas locomotor activity remains unaltered in all groups of mice. Our data provide some 
evidence that indirect exposure to cocaine may cause marked epigenetic changes within the 
cortical networks of drug-naive descendants and that mediation by Crem/Fosb signalling in this 
brain region may be beneficial, while early postnatal fostering may further engineer molecular 
switching that may predispose the individual to future risky behaviours as well as accumulative 
potential to developing cognitive impairment later in life.  
 
Keywords: cocaine, DNA methylation, early postnatal fostering, epigenetic inheritance, sex 
differences. 
 



 

 

Introduction 
 
Despite evidence for epigenetic inheritance of gene profiles, the exact molecular and circuit-linked 
regula- tory mechanisms that underlie behavioural responses  to drug-taking, the transfer of drug-
induced epigenetic marks to succeeding generations and how offspring of addicted and non-
addicted drug-taking parents are pro- grammed to exhibit some of these transferred traits, are not 
fully understood. Information about these phenom- ena may contribute significantly to expanding 
our under- standing of the molecular underpinnings of drug abuse and its accompanied heritable 
impact. 
DNA methylation represents an important regulatory mechanism that induces long-term stable 
changes in gene expression patterns. These patterns may be deter- mined by factors external to 
the body, for example, envi- ronmental factors [1] and may subsequently influence the behaviour 
of the individual [2]. Studies have demon- strated that DNA methylation patterns may also be 
transgenerational under certain circumstances including substance abuse [3]. Interestingly, it has 
been postu- lated that maternal DNA methylation status is the main determinant of inheritance of 
parental phenotypes by the offspring, possible due to escape of epigenomic repro- gramming at 
gametogenesis [4]. In support of this view, it has been shown that maternal exposure to high doses 
of cocaine in the second and third trimester of gestation caused profound alterations in global 
DNA methylation in offspring mice with evidence of structural and func- tional modifications in the 
postnatal brain [5]. In contrast, there is also evidence that indicates a contribution of the male 
epigenome in transgenerational inheritance of epi- genetic traits [6]; however, the impact of 
paternal effects on the phenotype of the offspring may be modulated by maternal behaviours [7]. 
However, such modulation may not always be beneficial to the offspring. For instance, the 
interaction between adverse early life experiences with the epigenome, and its potential to drive 
vulnera- bility towards the development of mental illness, has recently  been  documented  by  
Lewis  and  Olive  [8].  A study showing children that were repetitively maltreated to have 
significantly greater methylation in the promoter region of the glucocorticoid gene provided 
further evi- dence for the link between childhood stress and epi- genetic changes [9]. Social 
changes in the environment especially during early life may therefore have a massive influence on 
the epigenetic make-up of an individual [10], and these changes in DNA methylation status with 
consequent effects on gene expression may alter behav- iour significantly [11]. 
In a previous study, we demonstrated that voluntary oral consumption of cocaine was associated 
with charac- teristic patterns of methylation in the promoter regions of Crem (cAMP response 
element modulator) and Fosb genes within the prefrontal cortex and hippocampus of C57BL/6 
mice [12]. Additional to the established roles of Crem and Fosb in drug reward and vulnerability 
[13–15] is that they also mediate gamete functions [16] and nurtur- ing effects [17] in mice. These 
data led us to investigate first whether parental cocaine exposure could affect DNA methylation in 
specific promoters of Crem and Fosb genes in the prefrontal cortex of drug-naive offspring mice;  
we chose this brain region because it has been critically implicated in cocaine abuse as well as 
memory function [18,19]. Second, we assessed whether the expected epi- genetic changes are 
maternally or paternally inherited. Third, we examined whether the transmitted epigenetic 



 

 

changes can be altered by early postnatal fostering and fourth, we determined whether these 
changes paralleled with memory performance and locomotor behaviour of drug-naive offspring 
mice. 
 
Experimental procedures 
 
Animal handling and treatment 
This study was performed using C57BL/6 mice obtained from the Biomedical Resource Unit, 
University of KwaZulu-Natal, Durban, South Africa and housed in cli- mate-controlled rooms (21–
23°C, 60% humidity) where they had free access to food and water. Female mice (dams, n = 16) 
were placed in free-living conditions in the IntelliCage (TSE Systems GmbH, Bad Homburg, 
Germany) that allows automated long-term tracking and behavioural phenotyping [20]. The mice 
were housed under these conditions for 58 days, where they had access to drinking bottles 
containing either 300 mg/L cocaine or water. Female mice (n = 8) in an Intellicage where all 
drinking bottles contained water, served as controls. The brains of four animals from each group 
(cocaine exposed and control) were collected for subsequent assessment of DNA methylation 
status. A separate four animals per group served as maternal progenitors during mating. 
Male mice were housed and treated differently to females and were not placed in an Intellicage 
system. Male counterparts (sires) either received alternate intra- peritoneal injections of 10 mg/kg 
cocaine (n = 8) or sterile 0.9% saline (n = 8) for 11 days. Two males from each group served as 
paternal progenitors and were sub- sequently used for mating to produce the F1 generation of 
drug-naive offspring mice (Fig. 1a). The reason for not placing male mice in the Intellicage was that 
male mice with their innate social hierarchy nature have the pro- pensity to develop excessive 
aggressive behaviour under such  conditions  [21]. Also, our chosen treatment regimen for the F0 
sires was supported by recent evidence that acute intraperitoneal injection of moderate dose of 
cocaine was able to elicit changes in F0 and F1 sperm methylomes [22]. 
 
Mating protocol 
The mating groups were as follows: two control female mice and a control male mouse formed the 
non-drug exposed parent mice group (NEP group), two females exposed to drug paired with a 
control male to form the FE group, a drug-treated male paired with two control females became 
the ME group, a drug-treated male and two drug-exposed females paired to form the MFE group. 
Therefore, in all mating groups, two nulligravid dams were paired with one male in the same cage 
(Fig. 1b). Following successful mating the pregnant dams were separated and housed in different 
cages until delivery. The male mice were never in contact again with both the pregnant dams and 
their pups after birth. 
 
Cross-fostering protocol 
Within 3 days of birth, the entire litter of one of the treated dams in FE and MFE groups were 
cross-fostered in exchange for pups from the inception-matched dams in NEP and ME groups, 
respectively, whereas other primiparous dams retained their pups and reared them until weaned 



 

 

at postnatal day (PND) 21. The weaned pups were reared in groups of four to six animals (same 
sex) per cage until young adulthood. Both non-fostered and fostered pups were subjected to 
subsequent behav- ioural testing. 
All animal procedures complied with ARRIVE guide- lines and were approved by the University of 
KwaZulu- Natal’s Animal Ethics Committee (approval number AREC/071/015) in accordance with  
National  Institute of Health guidelines for the care and use of laboratory animals. 
 
Memory function and locomotor tests 
At PND 44–47, memory functioning and locomotor activity of the offspring were assessed using 
novel object recognition (NOR) and open field (OF) tests, respec- tively. NOR test is based on the 
premise that novelty elicits approach behaviour in rodents [23]. Before test- ing, each mouse was 
first habituated to the testing arena by being placed in a transparent box for 1 minute and later 
returned to its home cage. NOR tasks included two sessions (familiarization and test) which were 
performed as previously described [24]. In our protocol, two iden- tical objects (A + A) were first 
presented to the animals to explore in 5  minutes. Twenty-four  hours  later,  one of the objects A 
(familiar) was replaced with object B (novel). Object exploration was later scored from the video 
recordings by a blind experimenter and expressed as the average time (in seconds) the mice spent 
exploring either the familiar (Tf) or the novel (Tn) object. The percentage time taken to 
discriminate the novel object in the 5-minute test session was calculated as a measure of 
recognition memory in the mice, using this mathematical expression: [(Tn/Tn + Tf) x 100] [25]. 
 
Because the NOR test required some form of physical activity, we needed to assess the locomotor 
status of each animal. For the OF test, we used a locally made black plexiglass (50 × 50 × 25 cm) 
apparatus. The floor was divided into 16 equal sized squares. Locomotor activity was assessed by 
recording the total number of squares crossed using a video camera affixed to a wooden holder 
positioned just above the apparatus. 
 
Brain sample collection, DNA methylation and quantitative PCR 
 
Both the parent mice and their variant offspring (at PND 48) were sacrificed. After removing the 
brains, prefrontal cortical tissues were dissected out on ice followed by DNA extraction (ZR 
Genomic DNA-Tissue MiniPrep; Inqaba biotec, South Africa) and bisulfite conversion (EZ DNA 
methylation kit; Zymo Research , USA), performed according to the manufacturer’s instructions. 
Methylated DNA was then subjected to quantitative real-time PCR (qPCR) on LightCycler 2.0 
(Roche Diagnostics (Pty) Ltd., South Africa) using the following primers: Fosb: 
TATAGAAGCGCTGTGAATGGA (forward), GACCATCTCCGAAATCCTACA (reverse), Crem: 
CAGAGGAAGAAGGGACACCA (forward), TTGTAT TGCCCCGTGCTAGT (reverse) and GAPDH: GCCAA 
AAGGGTCATCATCTCCGC    (forward),    GGATGACC 
TGCCCACAGCCTTG   (reverse).  The PCR reaction mixture consisted of 5 µL DNA template, 10 µL   
SYBR Green I (Roche Diagnostics , South Africa), 2 µL each of 15 µM primer pair stock and 1 µL DNA 
free water. Cq values were chosen within linear range while differences in methylation between 



 

 

samples were determined using comparative Cq method as previously described [15,26]. 
 
Statistical analysis 
 
GraphPad Prism software (version 5) was used for the statistical analysis. At first, we tested all 
data for Gaussian distribution using Shapiro-Wilk normality test. Where distribution was normal, 
data were analysed using Student’s t-test or one-way analysis of variance followed by Bonferroni’s 
comparison post-hoc test. If not, non-par- ametric analysis using Kruskal–Wallis test (comparison 
by Dunn’s Multiple post-test) was used. All data are expressed as the mean ± SD with level of 
significance  set at P < 0.05. 
 
Results 
 
DNA methylation changes in the prefrontal cortex of parent mice post-cocaine exposure 
At first, we compared the effects of cocaine administered through oral (females) and 
intraperitoneal (males) routes on DNA epigenetic modifications in the prefrontal cortex of the 
parent mice. Our data showed that cocaine expo- sure, either by free choice access in dams or by 
repeated alternate intraperitoneal injections in the males, both resulted in significant DNA 
hypomethylation in the pro- moter regions of Crem (Dams: t5 = 29.19, P < 0.0001; Sires: t6 = 30.22, 
P < 0.0001, Fig. 2a) and Fosb (Dams: t6 = 34.59, P < 0.0001; Sires: t6 = 32.20, P < 0.0001, Fig. 2b) in 
the prefrontal cortex when compared to their respective controls. Sexual dimorphic effects on 
DNA modification was only significant for Crem methylation, indicating that the degree of 
hypomethylation in Crem promoter region was significantly more decreased by cocaine 
administration in female mice compared to males (t5 = 10.12, P =   0.0002, Fig. 2c). No significant 
sexual difference was observed in methylation status in FosB promoters within the prefrontal 
cortex of the gender groups (t6 = 1.689, P = 0.1422, Fig. 2d).  
 
The patterns of DNA methylation expressed in the prefrontal cortices of drug-naive non-fostered 
offspring mice are similar to their progenitors  
We   next   examined   the   prefrontal   cortex   of variant drug-naive offspring mice for 
methylation changes in the promoters of Crem and FosB that may be associated with paternal and 
maternal cocaine-imprints. We found that Crem methylation was significantly decreased in all the 
pup groups where at least one of the parents were exposed to cocaine (ME, FE, MFE), compared to  
the  NEP group where none of the parents were exposed   to cocaine (F3,21 = 187.6, P < 0.0001, Fig. 
3a). qPCR assess- ment further showed that DNA methylation changes   in FosB promoter region in 
the prefrontal cortex of the pups were similarly reduced (F3,15 = 74.02, P < 0.0001, Fig. 3b). These   
data   indicate   that   cocaine-induced epigenetic imprints in naive offspring mice are similar to 
that of their cocaine-experienced   progenitors.  
 
Fostering alters expression of inherited cocaine imprints 
To investigate the impact of early postnatal fostering and nurturing medium on epigenetic 



 

 

signatures    associated  with cocaine exposure, we cross-fostered pups from NEP/FE groups and  
ME/MFE  groups,  respectively  (Fig. 4a), at early life, so that all the offspring were raised by non-
biological dams with or without cocaine experience. Epigenetic modifications of these animals 
were compared to those of their non-fostered littermates. The data indicate that cocaine-induced 
epigenetic imprints that were previously expressed within the brains of non-fostered offspring 
were different in the fostered off- spring (Fig. 4b and c). 
We observed that the epigenetic changes in both Crem (F3,20 = 3.304, P = 0.0455, Fig.  4b) and FosB 
(K statistics: K4 =  6.283, P =  0.0986, Fig.  4c) promoters in the prefrontal cortex of fostered   
offspring tended towards hypermethylation, although these epi- genetic changes did not differ 
statistically from their controls (P > 0.05). 
 
Drug-naive offspring mice raised by either biological or non-biological mothers exposed to 
cocaine are memory-challenged 
We examined memory competence using the NOR testing paradigm in drug-naive offspring mice 
that were either reared by their biological (non-fostered) or non-biological (fostered) dams. Our 
findings show that both NEP and FE non-fostered offspring mice and their fostered counterparts 
attained above 50% discrimination index (Fig. 5a and b). This implies that non-fostered mice (NEP 
and FE) explored novel objects more than the familiar ones, and this exploratory behaviour was 
not altered by fostering the mice (t10 = 1.286, P = 0.0653, Fig. 5a; t10 =  1.219, P = 0.2509, Fig. 5b). 
Our data further indicated that   ME non-fostered mice (nurtured by their biological drug-un- 
exposed dams) obtained an average discrimination score of 70%, but those ME offspring raised by 
cocaine-ex- posed fostered dams became memory-challenged such that they explored novel 
objects significantly less than the familiar objects when compared with their non-fostered 
counterparts (t8 = 2.352, P = 0.0465, Fig. 5c). Surprisingly, MFE offspring in both non-fostered and 
fostered categories attained less than 50% memory score (t10 = 0.0983, P = 0.9236, Fig. 5d), 
indicating severe impairments in recognition memory of these offspring type irrespective of being 
fostered (raised by non-biological, drug-unexposed dams) or not (raised by biological cocaine-
exposed dams). 
 
Locomotor behaviour of drug-naive offspring mice 
It is well known that direct exposure to cocaine alters locomotor activities in animals [27,28], but 
the impact on succeeding generations naive to cocaine remains unknown. We next investigated 
locomotor behaviour of the variant offspring mice of both cocaine-exposed and non-exposed 
parents. These offspring mice were either non-fostered or fostered before introducing them to the 
OF arena for locomotor activity scoring. We found that the total number of squares crossed were 
similar across all groups investigated. This observation indicated that neither parental cocaine 
exposure nor fostering after birth affected locomotor behaviour of the offspring mice (F3,21  =  
0.2457, P =  0.8633, Fig.  6a; F3,23  =  0.5355, P = 0.6633, Fig. 6b). 



 

 

Discussion 
 
In this study, we compared the effects of voluntary cocaine consumption in free-living conditions 
(females) and intra- peritoneal cocaine administration (males) on epigenetic changes in certain 
brain areas with reference to sexually dimorphic effects. We observed that cocaine acquisition by 
the progenitor mice was associated with hypomethylation or transcriptional activation of 
Crem/Fosb in the prefrontal cortex, irrespective of the routes of administration. Interestingly, the 
difference in the extent of hypomethylation between the two sexs suggests that female mice may 
be more sensitive to the effects of cocaine than their male counterparts. Our observation is in line 
with the findings of a previous study by Zakharova et al. who showed that female rats are more 
sensitive to cocaine rewards than males. However since our experiments were performed at a 
stage when the animals were still in their reproduction age, the observed sex differences in cortical 
Crem profiles may also be due to influ- ences by gonadal hormones as previously posited [30]. The 
different methods and duration of cocaine administration in the two genders may also have 
contributed to the difference in DNA methylation observed. 
Subsequent to demonstrating cocaine-induced hypo- methylation of the promoter regions of Crem 
and Fos, we explored the hypothesis that parental cocaine  exposure could alter the epigenetic 
machinery in drug-naive offspring. We subsequently ascertained the inheritance of these 
epigenetic marks in the offspring.  Surprisingly, we found that methylation patterns observed in 
Crem and Fosb promoter regions in the prefrontal cortex of cocaine-exposed progenitor mice (Fig. 
2a and b) were replicated in the same brain region of all groups of non-fostered drug-naive 
offspring (Fig. 3a and b). This finding showing inheritance of cocaine-induced phenotypes in the 
mouse brain may have resulted from epigenetic programming in the germlines. Since all variant 
descendants of cocaine-experienced progenitors displayed similar patterns of methylation status 
to their parents, it is likely that this pattern of transcriptional induction of Crem/Fosb in the 
prefrontal cortex stems from the transfer of encoding factors through equal contributions from 
both germ lines. In contrast to our data, a study by Vassoler et al. [31] delineated heritable 
phenotypes in rats that self-administered cocaine and reported that male offspring, not females, 
were resistant to cocaine reinforcement which paralleled activity of Bdnf mRNA and protein levels 
in the medial prefrontal cortex. The authors further alluded these heritable changes to paternal 
cocaine experience and increased association of histone H3 and Bdnf promoters in the sperm [31]. 
A recent study also showed that DNA methylation differences between sperms of addiction-like 
and non-addiction-like Sprague–Dawley rats were maintained in F0 and F1 descendants and 
established that transcriptomic changes in addiction-related signalling pathways were linked to 
epigenetic modifications [22]. Other reports supporting a preponderance of male influence on the 
epigenetic outcomes of the offspring include studies demonstrating epigenetic inheritance of 
sperm DNA methylomes in humans  [32]  and  zebrafish  [33]. Also, it was reported that the 
putative binding sites of Crem, among other transcription factors that operate in testicu- lar 
function were strongly enriched by promoter regions hypomethylated in sperm cells [32]. 



 

 

Nevertheless, our data also showed that the methylome of ME offspring resembled that of their 
drug-exposed dams. In line with this finding, experiments favouring a female-mediated transfer of 
epigenetic profiles to the offspring have been documented previously. For instance, Blewitt et al. 
[34] showed that the yellow coat colour of Agouti offspring mice was more likely a result of mater- 
nal rather than paternal inheritance. The notion that paternal epigenetics is the sole inheritance 
source of off- spring methylomes should therefore be questioned. It is obvious that the process of 
epigenetic inheritance is complex and that alleles inherited maternally or paternally may be 
treated differently depending upon the specific gene involved [34]. It further seems that the 
assessment of methylome profiles in sex cells of progenitor mice and their offspring may be 
needed to clarify the discrepancies concerning the parental inheritability of epigenetic signatures. 
It is well known that early life stressors, such as parental neglect and poor housing conditions, 
have significant negative effects on the neuropsychological balance of individuals and largely 
determine vulnerability to the development of behavioural abnormalities including substance 
abuse [35–37]. Alternatively, there is also evidence that suggest that improvements in the 
environment may prevent or reverse some of the deleterious effects of early life stressors [38]. In 
the current study, we examined the impact of early postnatal fostering on the transmitted 
epigenetic marks of offspring and found that the decreased methylation associated with Crem 
promoter in the prefrontal cortex of non-fostered pups was reversed by early fostering, especially 
in fostered FE and ME pups. Since hypomethylation states of Crem (increased gene transcription) 
are observed with cocaine exposure, a decrease in Crem transcription mediated by fostering may 
be a strategy to counter the vulnerability offspring inherited from their drug-consuming parents. 
Previous reports by Miller et al. [13] demonstrated an association  between  decreased  Crem 
expression levels in the nucleus accumbens, increase impulsive behaviour and increased 
behavioural sensitivity to intravenous heroin self-administration whereas an opposite response 
was observed when Crem levels were virally increased in the same brain region. Although these 
findings suggest that manipulation of Crem levels may have benefit against substance abuse, the 
contrasting results in the two exper- iments, albeit different experimental protocols and brain 
regions studied, indicate that further investigations are required before the full therapeutic 
potential of Crem can be exploited in the management of addictive behaviour. 
Weaver [39] previously reported that the early nurturing environment persistently influenced 
developmental programming of interindividual differences in metabolic and endocrine functions 
that contribute to emotional and cognitive performance throughout life. Our find- ings showed 
that all offspring raised by both biological and non-biological MFE parent mice with a history of 
cocaine exposure were impaired in discriminative learning and thus exhibited memory decline (Fig. 
5c and d). This suggests a negative impact of the nurturing medium on cognitive abilities of the 
drug-naive offspring mice. Besides possible sensitization of the fostered offspring mice to postnatal 
stimuli [40], a consequential impact   of fostering may also be attributed to direct interference of 
cocaine-induced behavioural alterations of the nursing dams on developmental plastic changes in 
their offspring. This conclusion is based on a longitudinal study by Johnson et al. [41] that show 
how maladaptive parental behaviour is associated with increased risk for development of 
psychiatric disorders among the offspring of parents with and without psychiatric disorders. 



 

 

Taken together, our data from DNA methylation evaluation showed that some epigenetic marks 
associated with cocaine exposure were passed down to the next generation of drug-naive 
descendants. These changes, mirrored by alterations in the epigenetic machinery domicile in the 
prefrontal cortex, appear to be dynamic as it could be reversed by early postnatal fostering, thus 
reflecting the interplay between the epigenome and the environment. Finally, an association 
between cocaine-mediated epigenetic molecular events and impaired cognitive performance of 
drug-naive offspring mice were also established. 
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Figure 1. Schematics summarizing parental drug history, mating protocols, and overall behavioural 
and molecular assay techniques used in this study. (a) Four dams (female progenitors) that 
experienced 58 days of choice access to cocaine (300 mg/L) solutions via drinking bottles in the 
IntelliCage apparatus, two sires (male progenitors) that had previously received alternate cocaine 
(10 mg/kg, i.p) injections over 11 days and their controls (dams, n = 4 and males, n = 2) were 
paired for mating to produce the F1 generation of naive offspring mice (progenies). Subsequently, 
DNA methylation in the promoters of Crem and Fosb was assessed in the prefrontal cortex (PFC) of 
the progenies. (b) Indicate patterns of parental pairing for mating resulting in various groups of 
offspring used in this study. Shaded and unshaded sex symbols indicate drug-exposed and non- 
drug-exposed progenitor mice, respectively. 
 
 
 
 



 

 

 
 
 
 
Figure 2. DNA methylation patterns in the prefrontal cortex of parent mice after cocaine 
experience. The above data show that cocaine exposure caused DNA hypomethylation in Crem (a) 
and FosB (b) promoter regions within the prefrontal cortex of both parent mice. The impact of 
sexual dimorphic effects on Crem (c) and FosB (d) methylation changes are also presented 
graphically. Student’s t-test, ***P < 0.001, compared to control or between cocaine treated 
groups, n = 4. Data shown represents mean ± SD. 
 
 
 
 
 
 



 

 

 
 
Figure 3. DNA methylation at Crem and FosB promoters in the prefrontal cortex of PND 48 drug-
naive non-fostered offspring mice from either non-drug exposed parent (NEP) or cocaine-exposed 
(FE, ME, MFE) sires/dams. All non-fostered offspring with parental history of cocaine exposure 
exhibited significant decreases in methylation at Crem (a) and FosB (b) promoters in their 
prefrontal cortices. One-way ANOVA, Bonferroni’s comparison post-hoc test. ***P < 0.0001 
(compared to NEP); n = 6/group except non-fostered ME pups with n = 4. Data shown represents 
mean ± SD. ANOVA, analysis of variance; NEP, non-drug exposed parent; PND, postnatal day. 
 
 
 
 

 
 
Figure 4. Impact of early postnatal fostering on cocaine-induced epigenetic modifications in the 
prefrontal cortex. (a) Indicates patterns of cross-fostering amongst variant pups. As shown in the 
above graphs, there was no evidence of significant alterations in methylation at Crem (b) or fosB 
(c) promoters in the prefrontal cortex of all fostered pups with or without parental history of 
cocaine use. One-way ANOVA, Kruskal–Wallis test, *P < 0.05 compared to NEP; n = 6/group except 
non-fostered ME pups with n = 4. Data shown represents mean ± SD. ANOVA, analysis of variance; 
NEP, non-drug exposed parent.  
 
 



 

 

 
 
Figure 5. Impact of maternal cocaine exposure and fostering on memory functioning of drug-naive 
F1 generation offspring mice. Data indicate that object discrimination score was above 50% in both 
NEP and FE non-fostered groups and maintained in fostered counterpart groups (a and b). ME non-
fostered offspring mice also demonstrated a high performance of NOR task which was greatly 
decreased by fostering (c). Discrimination index remained less than 50% in both non-fostered and 
fostered MFE offspring (d). Student’s t-test, *P < 0.05. n = 6/group except non-fostered ME pups 
with n = 4. Data shown represents mean ± SD. NEP, non-drug exposed parent; NOR, novel object 
recognition. 
 
 
 



 

 

 
Figure 6. Indicates no change in locomotor activity of either non-fostered (a) or fostered (b) 
offspring mice that were tested in the OF. One-way ANOVA, P > 0.05. n = 6/group except non-
fostered ME pups with n = 4. Data shown represents mean ± SD. ANOVA, analysis of variance; OF, 
open field. 
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Abstract



Here, we explored the hypothesis that parental cocaine exposure could alter epigenetic machinery in their drug- naive offspring while early postnatal fostering may further modify the accompanied neurochemical and functional components. Variant drug-naive pups were produced from cocaine-exposed or unexposed C57BL/6 female mice that were matched with their male counterparts for mating. Within 3 days of birth, half of the pups were cross-fostered and nurtured by non-biological lactating dams. The pups were initially examined for locomotor activity and memory performance and subsequently for changes in DNA methylation in promoter regions of cAMP response element modulator (Crem) and Fosb in the prefrontal cortex at 48 days postnatum. The impact of postnatal fostering on these parameters was also  investigated. Our results showed that cocaine exposure significantly decreased both Crem and Fosb methylation in the prefrontal cortex of progenitor mice, while similar patterns of methylation were replicated in the brains of drug-naive non-fostered offspring mice but reversed by postnatal fostering. Furthermore, offspring raised by cocaine-exposed dams were impaired in discriminative learning and exhibited memory decline, whereas locomotor activity remains unaltered in all groups of mice. Our data provide some evidence that indirect exposure to cocaine may cause marked epigenetic changes within the cortical networks of drug-naive descendants and that mediation by Crem/Fosb signalling in this brain region may be beneficial, while early postnatal fostering may further engineer molecular switching that may predispose the individual to future risky behaviours as well as accumulative potential to developing cognitive impairment later in life. 



Keywords: cocaine, DNA methylation, early postnatal fostering, epigenetic inheritance, sex differences.




Introduction



Despite evidence for epigenetic inheritance of gene profiles, the exact molecular and circuit-linked regula- tory mechanisms that underlie behavioural responses  to drug-taking, the transfer of drug-induced epigenetic marks to succeeding generations and how offspring of addicted and non-addicted drug-taking parents are pro- grammed to exhibit some of these transferred traits, are not fully understood. Information about these phenom- ena may contribute significantly to expanding our under- standing of the molecular underpinnings of drug abuse and its accompanied heritable impact.

DNA methylation represents an important regulatory mechanism that induces long-term stable changes in gene expression patterns. These patterns may be deter- mined by factors external to the body, for example, envi- ronmental factors [1] and may subsequently influence the behaviour of the individual [2]. Studies have demon- strated that DNA methylation patterns may also be transgenerational under certain circumstances including substance abuse [3]. Interestingly, it has been postu- lated that maternal DNA methylation status is the main determinant of inheritance of parental phenotypes by the offspring, possible due to escape of epigenomic repro- gramming at gametogenesis [4]. In support of this view, it has been shown that maternal exposure to high doses of cocaine in the second and third trimester of gestation caused profound alterations in global DNA methylation in offspring mice with evidence of structural and func- tional modifications in the postnatal brain [5]. In contrast, there is also evidence that indicates a contribution of the male epigenome in transgenerational inheritance of epi- genetic traits [6]; however, the impact of paternal effects on the phenotype of the offspring may be modulated by maternal behaviours [7]. However, such modulation may not always be beneficial to the offspring. For instance, the interaction between adverse early life experiences with the epigenome, and its potential to drive vulnera- bility towards the development of mental illness, has recently  been  documented  by  Lewis  and  Olive  [8].  A study showing children that were repetitively maltreated to have significantly greater methylation in the promoter region of the glucocorticoid gene provided further evi- dence for the link between childhood stress and epi- genetic changes [9]. Social changes in the environment especially during early life may therefore have a massive influence on the epigenetic make-up of an individual [10], and these changes in DNA methylation status with consequent effects on gene expression may alter behav- iour significantly [11].

In a previous study, we demonstrated that voluntary oral consumption of cocaine was associated with charac- teristic patterns of methylation in the promoter regions of Crem (cAMP response element modulator) and Fosb genes within the prefrontal cortex and hippocampus of C57BL/6 mice [12]. Additional to the established roles of Crem and Fosb in drug reward and vulnerability [13–15] is that they also mediate gamete functions [16] and nurtur- ing effects [17] in mice. These data led us to investigate first whether parental cocaine exposure could affect DNA methylation in specific promoters of Crem and Fosb genes in the prefrontal cortex of drug-naive offspring mice;  we chose this brain region because it has been critically implicated in cocaine abuse as well as memory function [18,19]. Second, we assessed whether the expected epi- genetic changes are maternally or paternally inherited. Third, we examined whether the transmitted epigenetic changes can be altered by early postnatal fostering and fourth, we determined whether these changes paralleled with memory performance and locomotor behaviour of drug-naive offspring mice.



Experimental procedures



Animal handling and treatment

This study was performed using C57BL/6 mice obtained from the Biomedical Resource Unit, University of KwaZulu-Natal, Durban, South Africa and housed in cli- mate-controlled rooms (21–23°C, 60% humidity) where they had free access to food and water. Female mice (dams, n = 16) were placed in free-living conditions in the IntelliCage (TSE Systems GmbH, Bad Homburg, Germany) that allows automated long-term tracking and behavioural phenotyping [20]. The mice were housed under these conditions for 58 days, where they had access to drinking bottles containing either 300 mg/L cocaine or water. Female mice (n = 8) in an Intellicage where all drinking bottles contained water, served as controls. The brains of four animals from each group (cocaine exposed and control) were collected for subsequent assessment of DNA methylation status. A separate four animals per group served as maternal progenitors during mating.

Male mice were housed and treated differently to females and were not placed in an Intellicage system. Male counterparts (sires) either received alternate intra- peritoneal injections of 10 mg/kg cocaine (n = 8) or sterile 0.9% saline (n = 8) for 11 days. Two males from each group served as paternal progenitors and were sub- sequently used for mating to produce the F1 generation of drug-naive offspring mice (Fig. 1a). The reason for not placing male mice in the Intellicage was that male mice with their innate social hierarchy nature have the pro- pensity to develop excessive aggressive behaviour under such  conditions  [21]. Also, our chosen treatment regimen for the F0 sires was supported by recent evidence that acute intraperitoneal injection of moderate dose of cocaine was able to elicit changes in F0 and F1 sperm methylomes [22].



Mating protocol

The mating groups were as follows: two control female mice and a control male mouse formed the non-drug exposed parent mice group (NEP group), two females exposed to drug paired with a control male to form the FE group, a drug-treated male paired with two control females became the ME group, a drug-treated male and two drug-exposed females paired to form the MFE group. Therefore, in all mating groups, two nulligravid dams were paired with one male in the same cage (Fig. 1b). Following successful mating the pregnant dams were separated and housed in different cages until delivery. The male mice were never in contact again with both the pregnant dams and their pups after birth.



Cross-fostering protocol

Within 3 days of birth, the entire litter of one of the treated dams in FE and MFE groups were cross-fostered in exchange for pups from the inception-matched dams in NEP and ME groups, respectively, whereas other primiparous dams retained their pups and reared them until weaned at postnatal day (PND) 21. The weaned pups were reared in groups of four to six animals (same sex) per cage until young adulthood. Both non-fostered and fostered pups were subjected to subsequent behav- ioural testing.

All animal procedures complied with ARRIVE guide- lines and were approved by the University of KwaZulu- Natal’s Animal Ethics Committee (approval number AREC/071/015) in accordance with  National  Institute of Health guidelines for the care and use of laboratory animals.



Memory function and locomotor tests

At PND 44–47, memory functioning and locomotor activity of the offspring were assessed using novel object recognition (NOR) and open field (OF) tests, respec- tively. NOR test is based on the premise that novelty elicits approach behaviour in rodents [23]. Before test- ing, each mouse was first habituated to the testing arena by being placed in a transparent box for 1 minute and later returned to its home cage. NOR tasks included two sessions (familiarization and test) which were performed as previously described [24]. In our protocol, two iden- tical objects (A + A) were first presented to the animals to explore in 5  minutes. Twenty-four  hours  later,  one of the objects A (familiar) was replaced with object B (novel). Object exploration was later scored from the video recordings by a blind experimenter and expressed as the average time (in seconds) the mice spent exploring either the familiar (Tf) or the novel (Tn) object. The percentage time taken to discriminate the novel object in the 5-minute test session was calculated as a measure of recognition memory in the mice, using this mathematical expression: [(Tn/Tn + Tf) x 100] [25].



Because the NOR test required some form of physical activity, we needed to assess the locomotor status of each animal. For the OF test, we used a locally made black plexiglass (50 × 50 × 25 cm) apparatus. The floor was divided into 16 equal sized squares. Locomotor activity was assessed by recording the total number of squares crossed using a video camera affixed to a wooden holder positioned just above the apparatus.



Brain sample collection, DNA methylation and quantitative PCR


Both the parent mice and their variant offspring (at PND 48) were sacrificed. After removing the brains, prefrontal cortical tissues were dissected out on ice followed by DNA extraction (ZR Genomic DNA-Tissue MiniPrep; Inqaba biotec, South Africa) and bisulfite conversion (EZ DNA methylation kit; Zymo Research , USA), performed according to the manufacturer’s instructions. Methylated DNA was then subjected to quantitative real-time PCR (qPCR) on LightCycler 2.0 (Roche Diagnostics (Pty) Ltd., South Africa) using the following primers: Fosb: TATAGAAGCGCTGTGAATGGA (forward), GACCATCTCCGAAATCCTACA (reverse), Crem: CAGAGGAAGAAGGGACACCA (forward), TTGTAT TGCCCCGTGCTAGT (reverse) and GAPDH: GCCAA AAGGGTCATCATCTCCGC    (forward),    GGATGACC

TGCCCACAGCCTTG   (reverse).  The PCR reaction mixture consisted of 5 µL DNA template, 10 µL   SYBR Green I (Roche Diagnostics , South Africa), 2 µL each of 15 µM primer pair stock and 1 µL DNA free water. Cq values were chosen within linear range while differences in methylation between samples were determined using comparative Cq method as previously described [15,26].



Statistical analysis



GraphPad Prism software (version 5) was used for the statistical analysis. At first, we tested all data for Gaussian distribution using Shapiro-Wilk normality test. Where distribution was normal, data were analysed using Student’s t-test or one-way analysis of variance followed by Bonferroni’s comparison post-hoc test. If not, non-par- ametric analysis using Kruskal–Wallis test (comparison by Dunn’s Multiple post-test) was used. All data are expressed as the mean ± SD with level of significance  set at P < 0.05.



Results



DNA methylation changes in the prefrontal cortex of parent mice post-cocaine exposure

At first, we compared the effects of cocaine administered through oral (females) and intraperitoneal (males) routes on DNA epigenetic modifications in the prefrontal cortex of the parent mice. Our data showed that cocaine expo- sure, either by free choice access in dams or by repeated alternate intraperitoneal injections in the males, both resulted in significant DNA hypomethylation in the pro- moter regions of Crem (Dams: t5 = 29.19, P < 0.0001; Sires: t6 = 30.22, P < 0.0001, Fig. 2a) and Fosb (Dams: t6 = 34.59, P < 0.0001; Sires: t6 = 32.20, P < 0.0001, Fig. 2b) in the prefrontal cortex when compared to their respective controls. Sexual dimorphic effects on DNA modification was only significant for Crem methylation, indicating that the degree of hypomethylation in Crem promoter region was significantly more decreased by cocaine administration in female mice compared to males (t5 = 10.12, P =   0.0002, Fig. 2c). No significant sexual difference was observed in methylation status in FosB promoters within the prefrontal cortex of the gender groups (t6 = 1.689, P = 0.1422, Fig. 2d). 



The patterns of DNA methylation expressed in the prefrontal cortices of drug-naive non-fostered offspring mice are similar to their progenitors 

We   next   examined   the   prefrontal   cortex   of variant drug-naive offspring mice for methylation changes in the promoters of Crem and FosB that may be associated with paternal and maternal cocaine-imprints. We found that Crem methylation was significantly decreased in all the pup groups where at least one of the parents were exposed to cocaine (ME, FE, MFE), compared to  the  NEP group where none of the parents were exposed   to cocaine (F3,21 = 187.6, P < 0.0001, Fig. 3a). qPCR assess- ment further showed that DNA methylation changes   in FosB promoter region in the prefrontal cortex of the pups were similarly reduced (F3,15 = 74.02, P < 0.0001, Fig. 3b). These   data   indicate   that   cocaine-induced epigenetic imprints in naive offspring mice are similar to that of their cocaine-experienced   progenitors. 



Fostering alters expression of inherited cocaine imprints

To investigate the impact of early postnatal fostering and nurturing medium on epigenetic signatures    associated  with cocaine exposure, we cross-fostered pups from NEP/FE groups and  ME/MFE  groups,  respectively  (Fig. 4a), at early life, so that all the offspring were raised by non-biological dams with or without cocaine experience. Epigenetic modifications of these animals were compared to those of their non-fostered littermates. The data indicate that cocaine-induced epigenetic imprints that were previously expressed within the brains of non-fostered offspring were different in the fostered off- spring (Fig. 4b and c).

We observed that the epigenetic changes in both Crem (F3,20 = 3.304, P = 0.0455, Fig.  4b) and FosB (K statistics: K4 =  6.283, P =  0.0986, Fig.  4c) promoters in the prefrontal cortex of fostered   offspring tended towards hypermethylation, although these epi- genetic changes did not differ statistically from their controls (P > 0.05).



Drug-naive offspring mice raised by either biological or non-biological mothers exposed to cocaine are memory-challenged

We examined memory competence using the NOR testing paradigm in drug-naive offspring mice that were either reared by their biological (non-fostered) or non-biological (fostered) dams. Our findings show that both NEP and FE non-fostered offspring mice and their fostered counterparts attained above 50% discrimination index (Fig. 5a and b). This implies that non-fostered mice (NEP and FE) explored novel objects more than the familiar ones, and this exploratory behaviour was not altered by fostering the mice (t10 = 1.286, P = 0.0653, Fig. 5a; t10 =  1.219, P = 0.2509, Fig. 5b). Our data further indicated that   ME non-fostered mice (nurtured by their biological drug-un- exposed dams) obtained an average discrimination score of 70%, but those ME offspring raised by cocaine-ex- posed fostered dams became memory-challenged such that they explored novel objects significantly less than the familiar objects when compared with their non-fostered counterparts (t8 = 2.352, P = 0.0465, Fig. 5c). Surprisingly, MFE offspring in both non-fostered and fostered categories attained less than 50% memory score (t10 = 0.0983, P = 0.9236, Fig. 5d), indicating severe impairments in recognition memory of these offspring type irrespective of being fostered (raised by non-biological, drug-unexposed dams) or not (raised by biological cocaine-exposed dams).



Locomotor behaviour of drug-naive offspring mice

It is well known that direct exposure to cocaine alters locomotor activities in animals [27,28], but the impact on succeeding generations naive to cocaine remains unknown. We next investigated locomotor behaviour of the variant offspring mice of both cocaine-exposed and non-exposed parents. These offspring mice were either non-fostered or fostered before introducing them to the OF arena for locomotor activity scoring. We found that the total number of squares crossed were similar across all groups investigated. This observation indicated that neither parental cocaine exposure nor fostering after birth affected locomotor behaviour of the offspring mice (F3,21  =  0.2457, P =  0.8633, Fig.  6a; F3,23  =  0.5355, P = 0.6633, Fig. 6b).

 Discussion



In this study, we compared the effects of voluntary cocaine consumption in free-living conditions (females) and intra- peritoneal cocaine administration (males) on epigenetic changes in certain brain areas with reference to sexually dimorphic effects. We observed that cocaine acquisition by the progenitor mice was associated with hypomethylation or transcriptional activation of Crem/Fosb in the prefrontal cortex, irrespective of the routes of administration. Interestingly, the difference in the extent of hypomethylation between the two sexs suggests that female mice may be more sensitive to the effects of cocaine than their male counterparts. Our observation is in line with the findings of a previous study by Zakharova et al. who showed that female rats are more sensitive to cocaine rewards than males. However since our experiments were performed at a stage when the animals were still in their reproduction age, the observed sex differences in cortical Crem profiles may also be due to influ- ences by gonadal hormones as previously posited [30]. The different methods and duration of cocaine administration in the two genders may also have contributed to the difference in DNA methylation observed.

Subsequent to demonstrating cocaine-induced hypo- methylation of the promoter regions of Crem and Fos, we explored the hypothesis that parental cocaine  exposure could alter the epigenetic machinery in drug-naive offspring. We subsequently ascertained the inheritance of these epigenetic marks in the offspring.  Surprisingly, we found that methylation patterns observed in Crem and Fosb promoter regions in the prefrontal cortex of cocaine-exposed progenitor mice (Fig. 2a and b) were replicated in the same brain region of all groups of non-fostered drug-naive offspring (Fig. 3a and b). This finding showing inheritance of cocaine-induced phenotypes in the mouse brain may have resulted from epigenetic programming in the germlines. Since all variant descendants of cocaine-experienced progenitors displayed similar patterns of methylation status to their parents, it is likely that this pattern of transcriptional induction of Crem/Fosb in the prefrontal cortex stems from the transfer of encoding factors through equal contributions from both germ lines. In contrast to our data, a study by Vassoler et al. [31] delineated heritable phenotypes in rats that self-administered cocaine and reported that male offspring, not females, were resistant to cocaine reinforcement which paralleled activity of Bdnf mRNA and protein levels in the medial prefrontal cortex. The authors further alluded these heritable changes to paternal cocaine experience and increased association of histone H3 and Bdnf promoters in the sperm [31]. A recent study also showed that DNA methylation differences between sperms of addiction-like and non-addiction-like Sprague–Dawley rats were maintained in F0 and F1 descendants and established that transcriptomic changes in addiction-related signalling pathways were linked to epigenetic modifications [22]. Other reports supporting a preponderance of male influence on the epigenetic outcomes of the offspring include studies demonstrating epigenetic inheritance of sperm DNA methylomes in humans  [32]  and  zebrafish  [33]. Also, it was reported that the putative binding sites of Crem, among other transcription factors that operate in testicu- lar function were strongly enriched by promoter regions hypomethylated in sperm cells [32].

 Nevertheless, our data also showed that the methylome of ME offspring resembled that of their drug-exposed dams. In line with this finding, experiments favouring a female-mediated transfer of epigenetic profiles to the offspring have been documented previously. For instance, Blewitt et al. [34] showed that the yellow coat colour of Agouti offspring mice was more likely a result of mater- nal rather than paternal inheritance. The notion that paternal epigenetics is the sole inheritance source of off- spring methylomes should therefore be questioned. It is obvious that the process of epigenetic inheritance is complex and that alleles inherited maternally or paternally may be treated differently depending upon the specific gene involved [34]. It further seems that the assessment of methylome profiles in sex cells of progenitor mice and their offspring may be needed to clarify the discrepancies concerning the parental inheritability of epigenetic signatures.

It is well known that early life stressors, such as parental neglect and poor housing conditions, have significant negative effects on the neuropsychological balance of individuals and largely determine vulnerability to the development of behavioural abnormalities including substance abuse [35–37]. Alternatively, there is also evidence that suggest that improvements in the environment may prevent or reverse some of the deleterious effects of early life stressors [38]. In the current study, we examined the impact of early postnatal fostering on the transmitted epigenetic marks of offspring and found that the decreased methylation associated with Crem promoter in the prefrontal cortex of non-fostered pups was reversed by early fostering, especially in fostered FE and ME pups. Since hypomethylation states of Crem (increased gene transcription) are observed with cocaine exposure, a decrease in Crem transcription mediated by fostering may be a strategy to counter the vulnerability offspring inherited from their drug-consuming parents. Previous reports by Miller et al. [13] demonstrated an association  between  decreased  Crem expression levels in the nucleus accumbens, increase impulsive behaviour and increased behavioural sensitivity to intravenous heroin self-administration whereas an opposite response was observed when Crem levels were virally increased in the same brain region. Although these findings suggest that manipulation of Crem levels may have benefit against substance abuse, the contrasting results in the two exper- iments, albeit different experimental protocols and brain regions studied, indicate that further investigations are required before the full therapeutic potential of Crem can be exploited in the management of addictive behaviour.

Weaver [39] previously reported that the early nurturing environment persistently influenced developmental programming of interindividual differences in metabolic and endocrine functions that contribute to emotional and cognitive performance throughout life. Our find- ings showed that all offspring raised by both biological and non-biological MFE parent mice with a history of cocaine exposure were impaired in discriminative learning and thus exhibited memory decline (Fig. 5c and d). This suggests a negative impact of the nurturing medium on cognitive abilities of the drug-naive offspring mice. Besides possible sensitization of the fostered offspring mice to postnatal stimuli [40], a consequential impact   of fostering may also be attributed to direct interference of cocaine-induced behavioural alterations of the nursing dams on developmental plastic changes in their offspring. This conclusion is based on a longitudinal study by Johnson et al. [41] that show how maladaptive parental behaviour is associated with increased risk for development of psychiatric disorders among the offspring of parents with and without psychiatric disorders.

Taken together, our data from DNA methylation evaluation showed that some epigenetic marks associated with cocaine exposure were passed down to the next generation of drug-naive descendants. These changes, mirrored by alterations in the epigenetic machinery domicile in the prefrontal cortex, appear to be dynamic as it could be reversed by early postnatal fostering, thus reflecting the interplay between the epigenome and the environment. Finally, an association between cocaine-mediated epigenetic molecular events and impaired cognitive performance of drug-naive offspring mice were also established.
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Figure 1. Schematics summarizing parental drug history, mating protocols, and overall behavioural and molecular assay techniques used in this study. (a) Four dams (female progenitors) that experienced 58 days of choice access to cocaine (300 mg/L) solutions via drinking bottles in the IntelliCage apparatus, two sires (male progenitors) that had previously received alternate cocaine (10 mg/kg, i.p) injections over 11 days and their controls (dams, n = 4 and males, n = 2) were paired for mating to produce the F1 generation of naive offspring mice (progenies). Subsequently, DNA methylation in the promoters of Crem and Fosb was assessed in the prefrontal cortex (PFC) of the progenies. (b) Indicate patterns of parental pairing for mating resulting in various groups of offspring used in this study. Shaded and unshaded sex symbols indicate drug-exposed and non- drug-exposed progenitor mice, respectively.









file_2.png

g 8
g £ ?
H 3 &
*
¥
H
i
8
& & § &8 g § 5 8
uonekyle | wein uonejAyey gsoy
ul se0UBIBYIP XS u seoualeyIp XS
3
g
o]
Y
5 £
28 N
83 mm ﬁ_
H H
H L
8
s .._H
r T T r T T
] ] ] E] ] f] ] E]

(104109 01 BANEIe) SEBUEY PIO)
94d oul Ul uoneluiow W3O

(104109 01 aANEle) S8BUEY PIO)
9:4d 9l Ul Uonelkulow gs o)

sires.

Dams






file_3.wmf











Figure 2. DNA methylation patterns in the prefrontal cortex of parent mice after cocaine experience. The above data show that cocaine exposure caused DNA hypomethylation in Crem (a) and FosB (b) promoter regions within the prefrontal cortex of both parent mice. The impact of sexual dimorphic effects on Crem (c) and FosB (d) methylation changes are also presented graphically. Student’s t-test, ***P < 0.001, compared to control or between cocaine treated groups, n = 4. Data shown represents mean ± SD.
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Figure 3. DNA methylation at Crem and FosB promoters in the prefrontal cortex of PND 48 drug-naive non-fostered offspring mice from either non-drug exposed parent (NEP) or cocaine-exposed (FE, ME, MFE) sires/dams. All non-fostered offspring with parental history of cocaine exposure exhibited significant decreases in methylation at Crem (a) and FosB (b) promoters in their prefrontal cortices. One-way ANOVA, Bonferroni’s comparison post-hoc test. ***P < 0.0001 (compared to NEP); n = 6/group except non-fostered ME pups with n = 4. Data shown represents mean ± SD. ANOVA, analysis of variance; NEP, non-drug exposed parent; PND, postnatal day.
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Figure 4. Impact of early postnatal fostering on cocaine-induced epigenetic modifications in the prefrontal cortex. (a) Indicates patterns of cross-fostering amongst variant pups. As shown in the above graphs, there was no evidence of significant alterations in methylation at Crem (b) or fosB (c) promoters in the prefrontal cortex of all fostered pups with or without parental history of cocaine use. One-way ANOVA, Kruskal–Wallis test, *P < 0.05 compared to NEP; n = 6/group except non-fostered ME pups with n = 4. Data shown represents mean ± SD. ANOVA, analysis of variance; NEP, non-drug exposed parent. 
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Figure 5. Impact of maternal cocaine exposure and fostering on memory functioning of drug-naive F1 generation offspring mice. Data indicate that object discrimination score was above 50% in both NEP and FE non-fostered groups and maintained in fostered counterpart groups (a and b). ME non-fostered offspring mice also demonstrated a high performance of NOR task which was greatly decreased by fostering (c). Discrimination index remained less than 50% in both non-fostered and fostered MFE offspring (d). Student’s t-test, *P < 0.05. n = 6/group except non-fostered ME pups with n = 4. Data shown represents mean ± SD. NEP, non-drug exposed parent; NOR, novel object recognition.
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Figure 6. Indicates no change in locomotor activity of either non-fostered (a) or fostered (b) offspring mice that were tested in the OF. One-way ANOVA, P > 0.05. n = 6/group except non-fostered ME pups with n = 4. Data shown represents mean ± SD. ANOVA, analysis of variance; OF, open field.



