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Abstract

Prenatal cocaine exposure (PCE) in humans and animals has been shown to impair social

development. Molecules that mediate synaptic plasticity and learning in the medial PFC (mPFC),

specifically BDNF and its downstream signaling molecule, egr1 have been shown to affect the

regulation of social interactions (SI). In this study we determined the effects of PCE on SI and the

corresponding ultrasonic vocalizations (USVs) in developing mice. Furthermore, we studied the

PCE-induced changes in constitutive expression of BDNF, egr1 and their transcriptional

regulators in the mPFC as a possible molecular mechanism mediating the altered SI. In prenatal

cocaine exposed (PCOC) mice we identified increased SI and USV production at P25, and

increased SI but not USVs, at P35. By P45 the expression of both social behaviors normalized in

PCOC mice. At the molecular level, we found increased BDNF exon IV and egr1 mRNA in the

mPFC of PCOC mice at P30 that normalized by P45. This was concurrent with increased egr1

protein in the mPFC of PCOC mice at P30 suggesting a role of egr1 in the enhanced SI observed

in juvenile PCOC mice. Additionally, by measuring the association of acH3K9,14, and MeCP2 at

the promoters of BDNF exons I and IV, and egr1, our results provide evidence of promoter

specific alterations in the mPFC of PCOC juvenile mice with increased association of acH3K9,14

only at the BDNF exon IV promoter. These results identify a potential PCE-induced molecular

alteration as the underlying neurobiologic mechanism mediating the altered social development in

juvenile mice.
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Introduction

The development of limbic neurocircuits is sensitive to social environment and plays an

important role in regulating social interactions (SI) [1, 2]. Thus, drugs that interfere with the

development of limbic circuits would be expected to influence the ability to regulate SI.

Prenatal cocaine exposure (PCE) has been associated with deficits in the development of

social behaviors in humans [3] with increased passive-withdrawn negative engagement in

infants [4], and increased aggression among juveniles [5]. While rodent studies show that

PCE can lead to deficits in social behavior [6-9], the mechanisms that underlie the

relationship between PCE and social regulation have not been clearly identified. In adult

animals that were exposed to cocaine in utero several studies have reported depressed SI

[6-8]. However, the effects of PCE on SI in juvenile animals show conflicting results. While

Overstreet et al. 2000 [6] found that PCE depressed SI among juvenile rats tested at

postnatal day 30 other similar studies of juveniles show no effect of treatment [9].

Furthermore, no study to date has evaluated how PCE contributes to molecular changes that

might underlie SI dysregulation.

The medial prefrontal cortex (mPFC) plays an important role in SI regulation [10, 11].

Molecules that mediate synaptic plasticity and learning in the mPFC specifically the

extracellular signal-regulated kinase 2 (ERK2) pathway, and its downstream signaling

molecule early growth response protein 1 (egr1) have been shown to mediate SI [12, 13].

ERK2 expression is regulated by brain derived neurotrophic factor (BDNF) in the

hippocampus [14]. Activation of BDNF in primary cortical cultures leads to the

translocation of ERK2 into the nucleus where it activates the transcription of egr1 [15].

These results suggest that BDNF signaling pathways within the mPFC may be impacting SI

via regulation of ERK2 and egr1.

Of the nine unique transcripts comprising the BDNF gene, those containing exons I and IV

are the most abundantly transcribed in the mPFC of mice [16]. Transcription of BDNF from

exons I and IV, as well as egr1 is dynamically regulated by changes in chromatin structure

that is mediated in part by post-translational modifications of histone proteins. Acetylation

of histone 3 at lysine residues 9 and 14 (acH3K9,14) act as a marker of transcriptional

activation as it results in an open chromatin configuration that increases accessibility of

transcription factors to specific DNA promoter regions. Methyl cytosine-binding protein 2

(MeCP2) is one such transcription factor that regulates the transcription of BDNF exons I

and IV, and egr1 by altering its binding status at specific sites in their promoter regions

[17-19]. In this study, we were interested in determining the effects of PCE on different

aspects of the regulation of SI in juvenile (postnatal day P25-P35) and adolescent (postnatal

day P45) mice and their production of ultrasonic vocalizations (USVs) during these

interactions. Furthermore, we aimed to identify the effects of PCE on the constitutive
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expression of BDNF and egr-1 and their transcriptional regulators, specifically in the mPFC,

as a possible molecular mechanism mediating the altered SI.

Materials and Methods

Animals and Prenatal Treatments

Wild-type male mice on the Swiss Webster background were used for all experiments. A

transplacental cocaine treatment regimen as previously described [20] was used to expose

mouse embryos to cocaine. Adult timed-pregnant Swiss Webster dams were purchased from

Taconic (Germantown, New York) with each dam being assigned to one of two treatment

groups and receiving twice-daily subcutaneous (SC) injections (at 7:00AM and 7:00PM)

from E8 to E17, inclusive, of cocaine HCl (Sigma-Aldrich, St. Louis, Missouri; 20 mg/kg/

injection, SC, dissolved in saline) totaling 40 mg/kg per day (prenatal cocaine exposed

offspring (PCOC)) or 0.9% saline (prenatal saline exposed offspring (PSAL)). Though dams

injected with cocaine gained less weight during gestation, there was no effect of prenatal

cocaine exposure on the number of live born pups per litter (data not shown). Within 24

hours of birth, all pups were surrogate fostered to control dams (Swiss Webster; Taconic

Labs), which had delivered within the preceding 24-72 hours.

For behavioral studies, surrogates and the newly born pups were placed on a reversed 12-

hour dark/ light (11:00PM light-11:00AM dark) cycle. Pups were weaned and group housed

on P21 with each cage containing two males and two females from the same litter. Only one

male from each cage was tested for SI. For molecular studies, surrogates and their pups

remained on a regular 12-hour (7:00AM light-7:00PM dark) cycle. Only male offspring

were used for these studies. To avoid the problem of oversampling [21], no more than one

animal per litter was used for any of the molecular experiments reported. For behavioral

experiments a maximum of 2 male pups from each litter was used for all experiments. All

experimental protocols were approved by the Weill Cornell Medical College Institutional

Animal Care and Use Committee, and were in accordance with NIH directives for animal

studies.

Social Interaction

Individual test mice were tested for SI during their dark cycle at three ages (P25, P35 and

P45), timepoints that correspond to previous studies of social interaction in adolescent mice

[22].Twenty-four hours prior to the test, one male animal from each cage was individually

housed (test animal) leaving one male (stimulus animal) and two females group housed in

their original home cage. After 5 min of habituation to the testing environment, the stimulus

mouse was introduced into the cage containing the test animal and the interaction was video

recorded for a total of 5 mins. Trained raters manually scored social behavior of the test

mouse directed toward stimulus mouse during the entire 5 min test period. The SI score was

derived by adding the duration that the test mouse engaged in the following social activities:

investigation of head/neck, flank, and anogenital regions of the stimulus mouse,

allogrooming and proximity [22]. Between each SI test, both the test and stimulus mice were

returned to their original home cage and group housed with the females.
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USVs were recorded during all SI tests as previously described [22]. Briefly, an ultrasonic

microphone (UltraSoundGate Model CM16, Avisoft Bioacoustics, Berlin, Germany) was

suspended just above the inside of the test cage. Recordings were processed through the

recording interface UltraSoundGate 116 (Avisoft Bioacoustics, Berlin, Germany) and

assessed with vocalization analysis software (SAS-Lab Pro, Version 5.2.06, Avisoft). To

analyze recordings, auditory signals below 30 khz were excluded using a high pass filter

followed by a whistle tracking function to label vocalizations longer than 3 msec in duration.

A trained observer blind to the experimental conditions visually verified all identified

vocalizations.

Chromatin Immunoprecipitation Assay (ChIP)

Bilateral dissections of the mPFC were performed on wet ice and the tissue was cross-linked

in 1% formaldehyde. Tissue was lysed with a hand-held homogenizer in cell lysis buffer

(100mM EDTA, 50mM Tris-HCl, 1% SDS) containing protease inhibitors and centrifuged

at 5000rpm. The nuclear pellet was re-suspended in a 2:1 ratio of ChIP dilution buffer

(0.01% SDS, 1.2mM EDTA, 16.7mM Tris-HCl, 167mM NaCl, 1.1% Triton X-100) and

nuclear lysis buffer (10mM NaCl, 10mM Tris-HCl, 3mM MgCl2, 1% NP-40) and

fragmented by sonication. Samples were centrifuged at maximum speed and the supernatant

was collected and stored at -80°C. An aliquot of the fragmented chromatin was set aside as

total input control.

ChIP assays were performed using the ChIP-IT Express kit (Active Motif, Carlsbad, CA)

following the protocol supplied by the company. For the ChIP reaction, 100ul of the

fragmented chromatin was mixed with protein G magnetic beads and 5ul of anti-MeCP2

antibody (Abcam, Cambridge, MA) or anti-acH3K9,14 antibody (Millipore, Billerica, MA).

The reaction mixture was incubated at 4°C for 24 hrs on a rotator. The beads were washed

with wash buffer and the DNA was immunoprecipitated.

Tissue collection for mRNA and protein analyses

To measure the constitutive levels of BDNF and egr1 mRNA and protein, mice were

euthanized by rapid decapitation, whole brains were removed from the skull and bilateral

dissections of the mPFC were performed on dry ice.

Real Time RT-PCR

To study the expression of BDNF and egr1 mRNA, total RNA was extracted and cDNA was

synthesized as previously published [20]. The relative amount of each transcript of interest

present in the sample was measured by quantitative real-time PCR on 24-26ng of the

resulting cDNA using SYBR Green detection (Applied Biosystems, Foster City, CA) with

parameters as previously published [20]. All samples were measured in duplicates and

mRNA levels were normalized to beta-actin mRNA to adjust for small differences in input

RNA. Primers used for BDNF exons I and IV were as published in [23], egr1 as published in

[24] and beta-actin as published in [25].

For qPCR performed on samples that underwent ChIP, the qPCR parameters used were as in

[26]. Primers used for BDNF exon IV were previously reported in [17] and for BDNF exon I
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in [27]. Primers for egr1 were designed using methprimer (http://www.urogene.org/cgi-bin/

methprimer/methprimer.cgi). The primer sequences for egr1 were forward 5’

CCAGTTGGGAACCAAGGAG 3’ and reverse 5’ GCCCAAATAAGGTCTGTTCC 3’. All

samples were run in triplicates and the levels of immunoprecipitated DNA were normalized

to the total input control.

BDNF ELISA

Mature BDNF protein level was measured using the BDNF Emax ImmunoAssay (ELISA)

system (Promega, Madison, WI) as previously described [20]. Standard and samples were

performed in duplicates.

Western Blot Analyses

Tissue prepared for BDNF ELISA assays was additionally used for egr1 western blot

analyses. 40ug of protein was separated on an 8% gel along with a Kaleidoscope-prestained

standard (Bio-Rad, Hercules, CA). Blots were incubated in primary antibody (egr1 1:400,

Cell Signaling, Danvers, MA; actin 1:20,000, Millipore, Billerica, MA) for 12-16 hours at

4°C. Secondary antibody incubations were performed at room temperature in blocking

buffer for 1 hour (horseradish peroxidase-linked IgG conjugated goat anti-rabbit 1:2500 for

egr1, or horse anti-mouse 1:30,000 for actin, Vector Laboratories, Burlingame, CA).

Membranes were visualized with Western Lightning Chemiluminescence solution (Perkin

Elmer Life Science, Boston, MA). Optical density from films was analyzed using NIH

Image (NIH, Bethesda, MD).

Statistical analyses

When analyzing the SI and USV data, a two-way anova (prenatal treatment X age) was

performed and when significant (p<0.05) a Student’s t-test was performed at each

developmental age. The relationships between SI scores and USV counts were determined

by fitting a linear regression individually for each treatment group at all developmental time

points and evaluated using Pearson’s correlation coefficient. Similarly, the analysis of the

molecular data was performed using a Student’s t-test comparing PSAL and PCOC groups.

Before any analyses were done on the behavioral or molecular data, an outlier test was

performed and outliers (two standard deviations from the mean) were removed.

Results

PCE increased SI in offspring at P25 and P35 but not P45

To understand the impact of PCE on SI during development, prenatal cocaine (PCOC) and

saline (PSAL) treated animals were subjected to the SI test at three developmental ages. For

SI, we found a main effect of prenatal treatment (F1,128=4.216, p<0.05) and an interaction

between prenatal treatment and age (F2,128=3.781, p<0.05). Post-hoc analyses revealed a

significant increase in total time that the PCOC test mouse spent interacting with the

stimulus mouse when tested at P25 and P35 (*p<0.05; Fig. 1) compared to the PSAL mice.

This increase in interaction was calculated as a combination of all the social measures and

not attributable to any one specific measure. No such differences in time spent interacting

with the stimulus mouse were observed in PCOC mice at P45 (Fig. 1).
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PCE increased vocalization rates during SI at P25, but not P35 or P45

Using a 2x3 ANOVA, there was a significant effect of test age (F2, 126 = 11.62, p<0.0001), a

marginal effect of treatment (F1,127 = 3.25, p=0.074) and no interaction between treatment

and age (F2,126 = 2.36, p=0.098). However, using a 2x2 ANOVA and analyzing the USV

data at P25 and P35 only we found a main effect of prenatal treatment (F1,85=14.76,

p=0.0002) with no effect of age or an interaction between prenatal treatment and age. Post-

hoc analyses revealed significantly elevated production of USVs in PCOC mice compared to

PSAL mice at P25 (**p <0.01; Fig. 2a), but not when tested at P35.

When SI scores and USV counts were compared for individual mice, we found that these

dependent variables were highly correlated at P25 for both PCOC (r=0.73, n=21, p<0.0005;

Fig. 2b) and PSAL (r=0.7, n=26, p<0.0001, Fig. 2c) mice. However, these SI scores and

USV counts were weakly correlated in PCOC mice at P35 (r=0.48, n=18, p<0.05; data not

shown), were not correlated in PSAL mice at P35 (r=0.23, n=24, p=NS), and were not

correlated in either treatment group at P45 (r<0.31, p=NS).

PCE selectively increased BDNF exon IV and egr1 mRNA expression in the mPFC of
offspring at P30

To understand the molecular changes that might contribute to the increase in SI observed in

PCOC mice at P25 and P35 but not P45, mRNA levels of BDNF and egr1 were measured in

the mPFC at P30 and P45. At P30, there was a significant increase in BDNF exon IV

(*p<0.05) and egr1 (**p<0.01) mRNA levels with no change in BDNF exon I mRNA levels

in the mPFC of PCOC mice (Fig. 3a). At P45 there were no significant differences between

prenatal treatment groups for mRNA levels of BDNF exons I and IV, and egr1 (Fig. 3b).

PCE increased egr1 but not BDNF protein in the mPFC of offspring at P30

To determine whether the increased mRNA levels of BDNF exon IV and egr1 in the mPFC

of PCOC mice corresponded to an alteration in their protein levels, we measured mature

BDNF and egr1 protein in the mPFC. Because we observed changes in mRNA specifically

at P30 but not P45, subsequent molecular experiments were performed only at this earlier

age. ELISA was used to measure levels of the mature and functionally active isoform of the

BDNF protein and Western blots were used to measure levels of the egr1 protein. In the

mPFC of PCOC mice at P30, we observed no difference in BDNF protein levels (Fig. 4a).

However, we did observe a significant increase in egr1 protein expression (*p<0.05; Fig. 4b)

in the mPFC of PCOC mice at P30. These results suggest that PCE-induced enhancement in

egr1 protein levels, but not BDNF protein in the mPFC may contribute to the increase in SI

observed in these animals at P25 and P35.

PCE selectively increased acH3K9,14 at the BDNF exon IV promoter in the mPFC of
offspring at P30

To understand the prenatal cocaine-induced transcriptional regulation of the BDNF and egr1

genes that showed increased mRNA levels in the mPFC at P30, the association of

acH3K9,14 and MeCP2 to the promoters of these genes was studied. In the mPFC of PCOC

mice at P30, there was increased acH3K9,14 (*p<0.05; Fig. 5a) and a trend towards

decreased MeCP2 binding (p=0.06; Fig. 5b) specifically associated with the promoter of
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BDNF exon IV consistent with the increased BDNF exon IV mRNA that we observed in the

mPFC of P30 PCOC mice. No changes in acH3K9,14 or MeCP2 binding were observed at

the promoter of BDNF exon I (Fig. 5a, b).

To identify changes in acH3K9,14 and the binding of MeCP2 at the promoter of egr1, we

first screened the mouse egr1 promoter region for CpG islands. Using Methprimer software

(http://www.urogene.org/methprimer/) [19, 28] we identified two CpG islands in the

promoter of the egr1 gene immediately upstream to the transcription start site similar to

what has been identified in the rat [19]. Based on our findings of increased egr1 expression

in the mPFC of PCOC mice at P30, for our ChIP analyses we used primers designed to the

more proximal CpG island in the promoter region of the mouse egr1 gene where MeCP2

binding has been thought to act as a transcriptional activator of egr1 expression [19]. We

found no change in acH3K9,14 or MeCP2 binding within this CpG island in the promoter of

egr1 in the mPFC of PCOC mice at P30 (Fig. 5a, b).

The findings indicate that PCE can lead to chromatin remodeling marks that persist through

development in spite of a lack of acute exposure to the drug that can influence gene

transcription in a promoter-specific fashion. However, the alterations we investigated do not

appear to be the mechanism contributing to the increased egr1 mRNA expression we

observed in the mPFC of PCOC mice at P30.

Discussion

In this study we identified increased SI in PCOC mice at P25 and P35 that normalized by

P45, together with increased USV’s specifically at P25. At the molecular level, we observed

increased egr1 mRNA and protein in the mPFC of P30 PCOC mice that also normalized by

P45 suggesting that the elevated constitutive egr1 expression in the mPFC of PCOC mice

may be mediating the increased SI in these animals. As such, we provide evidence of a

novel developmental alteration in SI behavior of PCOC mice coordinate with a possible

molecular mechanism underlying the behavior. Furthermore, this is the first study to identify

epigenetic modifications in the mPFC of PCOC mice as early as P30. However, as we did

not identify specific changes in the binding of MeCP2 or the association of acH3K9,14 at

the egr1 promoter in the mPFC of PCOC mice, our findings suggest that other epigenetic

marks on the egr1 promoter may be altered following prenatal exposure that impact the

developmental expression of this gene, or that other mechanisms are operative.

The social behaviors of PCOC and PSAL mice differed markedly during early adolescence

(P25) but not later (P45). While we find that prenatal cocaine exposure enhances social

interaction in mice, other studies that assess rat social interactions show that these behaviors

are either insensitive to prenatal cocaine exposure [9] or are reduced by exposure [6]. There

are several possible explanations for the differences between our results and findings of

these earlier reports, including differences in species tested, dose or timing of exposure, and

behavioral test methodology. In the present study, test mice were socially isolated for

twenty-four hours prior to the test, whereas in studies using rats [9] [6], test animals were

not isolated prior to behavioral testing. The duration of social isolation prior to testing

influences SI response in mice [29] and rats [30] and may be important for capturing the
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effects of prenatal cocaine exposure on social behavior. Furthermore, rats subjects were

tested under low white light in a novel environment [6] and see [31], whereas our behavioral

tests were conducted in the home cage during the dark cycle under red light conditions,

which provides optimal conditions for social interactions among adolescent mice [22, 29,

32].

Although the SI test is widely used for assessing social deficits, abnormalities in the rodent

responses are difficult to interpret. For instance, the fragile –X knockout mouse, one of the

most extensively studied genetic models of a disability that features social deficits, can

express greater levels of SI than their wild-type controls [33, 34]. While the direction of this

difference is unexpected, it might be attributed to a loss in social regulation [35]. Likewise,

the increased SI scores of early adolescence mice exposed in utero to cocaine might also

indicate impaired social regulation. These results might also suggest less inhibition and an

increased likelihood of risktaking behavior in adolescent mice following prenatal cocaine

exposure. Furthermore, prenatal cocaine exposure increases frontal cortex reactivity to stress

[36] and environmental changes [37] that likely accompany social isolation. From this

perspective, one might consider the possibility that PCOC mice may be especially sensitive

to the enhancing effect of short-term isolation on social approach, rendering them more

likely to engage in longer bouts of social interaction. In this regard, elucidating of the

interactions between prenatal cocaine exposure, egr1 expression, and frontal cortex

reactivity might help explain why behavioral differences between experimental and control

groups are lost later in maturation; declining levels of egr1 in late adolescent PCOC mice

might normalize sensitivity to the short period of isolation and restore social interaction to

normal levels. Other behavioral tests, such as social conditioned place preference [22, 35]

and empathy testing [38, 39], might also elucidate the underlying psychological experiences

that contribute to abnormal social interaction.

Our results at P25 are consistent with other studies that have shown increased vocalization

rates associated with more robust SI responses [22, 40]. This association has been

extensively characterized for B6 mice during early adolescence [22]. Interestingly, the

vocalization rate of P25 PCOC mice is twice that of age-matched saline controls

(PCOC=701.15; PSAL= 427.77). However, despite the large difference in vocalizations

between treatment groups at P25, this difference disappears with age, SI of PCOC animals at

P35 remains elevated above saline controls. Perhaps SI is more sensitive to prenatal injury

from cocaine exposure than is vocalization rate. Alternatively, recovery of vocalization rates

in PCOC adolescent maturation may simply precede recovery of social interactive behavior.

Social behavior is sensitive to changes in egr1 and ERK2 expression within the mPFC [12,

13], gene products that are downstream of BDNF [15]. We identified increased levels of

egr1 protein but not BDNF protein in PCOC mPFC at P30 compared to PSAL mice

suggesting that these egr1 effects may be BDNF independent. Since egr1 is an immediate

early gene, its expression is downstream of several other signaling pathways. Further

experiments will need to be conducted to identify the specific upstream signaling pathways

mediating the increased egr1 levels observed in the mPFC of PCOC mice. Furthermore, our

results suggest that the expression of egr1 and not BDNF in the mPFC of PCOC mice may

contribute to the change in SI observed in these animals at this age. To establish a direct
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causal role of egr1 would require demonstration of a normalizing of behavior following

infusion of shRNA directly into the mPFC of PCOC mice before the SI test, a technique that

has been performed in adult rats [13].

We identified increased mRNA levels of the activity driven transcripts including BDNF

exon IV and egr1 in the mPFC of PCOC mice at P30. However, we did not observe any

difference in the mRNA expression of BDNF exon I suggesting a transcript specific effect

of PCE in the mPFC. Of particular interest was the normalization of the expression of these

transcripts between P30 and P45 in the mPFC of PCOC mice. This is in agreement with our

recent findings of unaltered constitutive levels of BDNF exons I and IV in the mPFC of

adult PCOC mice [41]. Both BDNF and egr1, which are dynamic markers of synaptic

activity, have increased expression during critical periods of early brain development when

these genes play a crucial role in synaptic maturation and the pruning of unnecessary

connections. However, later in adolescence and adulthood, the expression of these genes

decreases [42-44]. Thus, the increased expression of these transcripts in the mPFC of P30

PCOC mice may suggest a delay in the maturation of this region. A similar phenomenon

was observed in the ventral tegmental area (VTA) of prenatal cocaine exposed animals in

which there was a significant delay in the switch from the immature calcium permeable

AMPA and NMDA receptor subunits to the mature calcium impermeable receptor subunits

[45]. One possible explanation of our findings is that the delayed glutamatergic maturation

in the VTA [45] could feed-forward via its strong dopaminergic projections to the mPFC

and impair the development of this region via dysmaturation of dopaminergic signaling.

We were unable to establish whether the epigenetic modifications we identified in the

promoter regions of BDNF exon IV regulate the transcription of these genes. In the mPFC

of P30 PCOC mice we found increased acH3K9,14, and a trend towards decreased MeCP2

binding, specifically at the promoter of BDNF exon IV. Such findings are analogous to

epigenetic changes evident as increased rates of DNA methylation of BDNF exon VI

evident in adolescents born to human cigarette smokers [46]. However, we did not observe

any change in MeCP2 binding or the association of acetylated histone 3 at the promoter of

egr1, in spite of observing an increase in its expression. These results suggest that prenatal

cocaine exposure alters the epigenetic marks at specific promoter regions within the mPFC

that are evident as early as P30 and may impact other epigenetic marks including DNA

methylation that mediate the dysregulated egr1 expression observed in these animals.

To conclude, this study suggests that prenatal cocaine exposure results in a transient increase

in SI during early adolescence, potentially due to a coincident upregulation of egr1

expression in the mPFC that engenders greater sensitivity to isolation distress. These results

may suggest that targeted molecular and behavioral treatments during critical periods of

brain development could normalize function in a region that plays a crucial role in cognitive

maturation. Furthermore, the gradual disappearance of differences in social behavior

between cocaine-exposed and control groups warrant consideration. Critically, early social

experience can shape brain development and influence adult social functioning [28, 47].

Thus, the possibility of impaired adolescent social functioning following prenatal cocaine

exposure may be highly relevant to other adult social behaviors and might suggest possible
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use of social interventions to normalize child development and subsequent social maturation

following such exposures.
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Figure 1. Prenatal cocaine exposure increased social interaction in offspring at P25 and P35 but
not P45
The total time that the test mouse interacted with the stimulus mouse at each of the

developmental ages was measured. Total interaction time was a sum of head/ neck, flank,

anogenital, allogrooming and proximity. There was a significant increase in the total

interaction time in the PCOC mice at P25 and P35 compared to PSAL mice (*p<0.05 PCOC

vs. PSAL; P25 PSAL n=26, PCOC n=21; P35 PSAL n=24, PCOC n=18; P45 PSAL n=24,

PCOC n=21). Error bars represent the mean ± SEM.
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Figure 2. Prenatal cocaine exposure increased vocalization rates during social interactions in
offspring at P25, but not P35 or P45
The total number of vocalizations produced by PCOC and PSAL social pairs was measured

during social interaction at P25, P35, and P45. (a) PCOC mice emitted a greater number of

USVs during social interaction relative to PSAL mice at P25, but not at P35 or P45. USV

counts were strongly correlated with interaction time at P25 in both (b) PSAL mice and (c)
PCOC mice.
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Figure 3. Prenatal cocaine exposure selectively increased BDNF exon IV and egr1 mRNA
expression in the mPFC of offspring at P30 but not at P45
Constitutive mRNA levels of BDNF exons I and IV, and egr1 were measured in the mPFC

of PSAL and PCOC mice at P30 and P45. (a) There was increased BDNF exon IV and egr1

mRNA levels in the mPFC of PCOC mice at P30 compared to PSAL mice. (b) There was no

change in the mRNA levels of BDNF exons I and IV, nor of egr1 in the mPFC of PCOC

mice at P45 compared to PSAL mice. (*p<0.05, **p<0.01 PCOC vs. PSAL; P30 PSAL

n=14; PCOC n=13; P45 PSAL n=-6; PCOC n=6). Error bars represent the mean ± SEM.
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Figure 4. Prenatal cocaine exposure increased egr1 protein but not BDNF protein in the mPFC
of offspring at P30
Constitutive protein levels of mature BDNF and egr1 were measured in the mPFC of PSAL

and PCOC mice at P30. (a) There was no change in mature BDNF protein levels in the

mPFC of PCOC mice compared to PSAL mice. (b) There was significantly increased egr1

protein in the mPFC of PCOC mice compared to PSAL mice (*p<0.05 PCOC vs. PSAL;

PSAL n=14; PCOC n=13). Error bars represent the mean ± SEM.
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Figure 5. Prenatal cocaine exposure selectively increased acH3K9,14 and trended towards
decreased MeCP2 binding at the BDNF exon IV promoter in the mPFC of offspring at P30
The association of acH3K9,14 and the binding of MeCP2 at the promoters of BDNF exons I

and IV, and egr1 were identified in the mPFC of P30 mice. (a) There was a significant

increase in the association of acH3K9,14 at the promoter of BDNF exon IV with no change

in acH3K9,14 at the promoters of BDNF exon I and egr1. (b) There was a trend (p=0.06)

towards a decrease in the binding of MeCP2 at the promoter of BDNF exon IV with no

change in its binding at BDNF exon I and egr1. (*p<0.05 PCOC vs. PSAL; PSAL n=8,

PCOC n=8). Error bars represent the mean ± SEM.
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