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Abstract

Children exposed prenatally to cocaine show deficits in emotion regulation and inhibitory control.
While controlling for the measures of medical complication in the perinatal period, environmental
risk, and prenatal polydrug exposure (alcohol, tobacco, and marijuana), we examined the effects of
prenatal cocaine exposure and gender on attention and inhibitory control in 203 children at ages 6,
9, and 11. Cocaine exposure affected the performance of males, but not females. Heavily exposed
males showed deficits in the attention and the inhibition tasks. In addition, a significantly greater
proportion of heavily exposed males (21%) than unexposed males (7%) or heavily exposed
females (7%) failed to complete the task (p <.01). Even without those poorest performing
subjects, the overall accuracy for heavily exposed males (81%) was significantly reduced (p < .05)
compared to lightly exposed males (87%) and unexposed males (89%). The findings highlight the
importance of considering gender specificity in cocaine exposure effects. Processes by which
cocaine effects may be specific to males are discussed.
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1. Introduction

Prenatal cocaine exposure affects brain development as measured by attention and inhibitory
control [1,2,6,10-12,25,26,36,50-52,61,76]. A growing literature indicates that gender,
however, moderates the negative effects of cocaine exposure as exposed males, but not
exposed females, have been found to exhibit worse functioning in inhibitory control,
intelligence, emation regulation, aggression, and high risk behavior. Males prenatally
exposed to cocaine have greater difficulty with frustration reactivity and emotion regulation
at 4 years [25] and inhibitory control at 5 years [10], and exhibit more aggression and
behavior problems at age 5 to 6 years [9,24]. Cognitively, exposed males have shown lower
arithmetic scores on a preschool intelligence test [68] and lower 1Qs at ages 4 through 9
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years [13,14]. Extending the adverse effects into preadolescence, exposure effects were
found for males but not females in predicting risky behavior [15].

Animal studies further indicate that gender may moderate the negative effects of cocaine
exposure as exposed male rats committed more omission errors than control males on trials
that followed an error, which suggests impaired sustained attention and increased reactivity
to committing an error [34]. Cocaine exposed males also were more likely than exposed
females to commit a premature response after committing an error on a task of selective
visual attention [35] and to exhibit impaired performance relative to unexposed males on a
three-choice serial reversal task; these effects were not found for exposed females relative to
unexposed females [32]. Collectively, the child and animal studies indicate that children,
and males in particular, who were prenatally exposed to cocaine are at risk for attention and
inhibitory control problems in childhood.

Inhibitory control refers to the ability to alter behavior in order to adapt to changing
environmental demands [48]. It is a broad concept and there are different forms of inhibition
in the perceptual/attention, cognitive, and motor domains [46]. The go/nogo paradigm has
been frequently used to investigate motor inhibitory control [44]. Functional magnetic
resonance imaging (fMRI) studies of the go/nogo task report a predominantly right
hemisphere network that includes prefrontal, parietal and subcortical regions [18,31,38].
There are developmental differences in the brain regions used in response inhibition with
children showing greater activation than adults in a fronto-striatal network [16] and greater
activation of posterior regions [19]. With development, children show a shift in brain region
activation; specifically children shift from attenuated activation in dorsolateral prefrontal
cortical areas to increased focal activation in ventral prefrontal regions [28]. A review of
developmental neuroimaging studies [49] showed that the inferior frontal gyrus (IFG)
(BA45/46) and premotor regions (BA46) increase in activation with age in the go/nogo task
[63,73]. FMRI studies of adults performing go/nogo tasks have also found gender
differences in areas activated and in the extent of activation. For example, females show
greater activation in many cortical regions including bilateral inferior parietal regions, right
lentiform, precuneus and left middle frontal gyrus [31].

Several studies have examined inhibitory control in early and middle childhood in groups
prenatally exposed to cocaine and have generally reported exposure effects, especially for
heavy exposure to cocaine [10,12,57,62] although the findings may be subtle [64]. In
addition, studies of inhibitory control rely on the attention abilities of subjects to develop a
response to the stimulus that is then required to be inhibited under certain conditions. It is
important, therefore, to establish the effects of prenatal cocaine exposure on attention
abilities as well.

This study examines attention and inhibitory control abilities using a go/nogo reversal task
at ages six, nine, and 11 years. We predicted that cocaine exposure would affect both
attention and inhibitory control performance. In addition, we predicted that cocaine exposure
would have a greater impact on males than females. Given the associations between poverty
and prenatal substance abuse and between poverty and neurocognitive development [29,68],
it was necessary to control for environmental risk factors. We controlled for other prenatal
exposures (alcohol, tobacco, and marijuana) as well as for neonatal medical problems and
environmental risk that also can negatively affect attention or inhibitory control [57,72].
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2. Methods

2.1. General method

2.1.1. Participants—There were 203 participants in the study who were followed in an
ongoing longitudinal study [8]. In the longitudinal study, participants were initially recruited
at or prior to birth through hospital-based prenatal clinics or newly delivered women at three
hospitals in Trenton, NJ or at the Medical College of Pennsylvania Hospital in Philadelphia.
Children were excluded from the longitudinal study if they were born prior to 32 weeks of
gestation, required special care or oxygen therapy for more than 24 hours, exhibited
congenital anomalies, were exposed to opiates or phencyclidine in utero, or if their mothers
were infected with HIV. Participation was voluntary, and incentives were provided in the
form of $30 in vouchers per visit for use at local stores. All mothers were urban, clinic
patients, predominantly African American (87%), with 10% Caucasian and 3% Hispanic.

The 203 participants were drawn from the longitudinal study that was recruited over a two
year interval. A total of 384 pregnant women agreed to participate and 321 met the criteria
for inclusion. A total of 258 completed the first laboratory visit at age 4 months and the
active data set by age 11 included 210 participants, which was 81% of the sample at age 4
months. The sample in this study did not differ significantly in the percentage of children
exposed to cocaine, gender or ethnicity compared to those lost to attrition from the cohort at
age 4 months. Of these, there were 203 children who completed the task at one or more age
points. Some children missed a laboratory visit at one age point. Overall, 90 participants (of
203, 44%) competed all three age points, 61 (30%) completed two visits, and 52 (26%)
completed one visit. Therefore there were 444 scorable visits for analyses. Caretakers signed
informed consent forms approved by the Institutional Review Boards of the University of
Medicine and Dentistry of New Jersey and the Drexel University College of Medicine. The
children gave verbal assent at age 6 and signed assent forms at ages 9 and 11.

2.1.2. Measures of cocaine exposure and covariates—Children and their mothers
were assessed using several instruments to obtain measures of prenatal drug exposure,
neonatal medical complications, and environmental risk [7].

2.1.2.1. Prenatal levels of drug exposure: Prenatal drug use by the mother was obtained
through a semi-structured interview that was conducted either prenatally, in the mother’s
room on the maternity ward if she had just delivered, in our laboratories near the hospitals,
or in the mother’s home within two weeks of the child’s birth. Interviews were administered
by trained interviewers and substance abuse counselors. The drug use interview contained
questions about the frequency and amount of cocaine, alcohol, cigarettes, marijuana, opiates,
and phencyclidine used during pregnancy. Prenatal cocaine exposure was categorized as
light or heavy depending on the amount of cocaine used by the mother. Lightly exposed
children were those whose mothers used cocaine less than twice weekly throughout
pregnancy while heavily exposed children were those whose mother used cocaine twice or
more weekly throughout pregnancy [11,43]. Cocaine use was confirmed by results of
analysis of newborns’ meconium, which was screened with radioimmunoassay followed by
confirmatory gas chromatography - mass spectrometry for the presence of benzoyl ecgonine
(cocaine metabolite), cannabinoids, opiates, and PCP. Mothers showed no signs of PCP,
heroin, or methadone use as determined by the assay and by self-report in repeated
interviews. Prenatal cigarette exposure was assessed by maternal report at the time of birth,
which has been shown to be a valid measure of maternal smoking during pregnancy [20].
There were seven mothers of cocaine exposed children in this study who did not complete
the self report. The meconium assay was positive for cocaine for these seven children; the
exposure level was set to lightly exposed for these seven participants.
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2.1.2.2. Neonatal medical problems: Prenatal and neonatal medical data were abstracted by
nurses from hospital records and used to complete a neonatal medical complications scale
(MCS) consisting of 35 possible complications [40]. Variables included general factors (e.g.,
low birth weight, fetal anomalies, and feeding problems), respiratory complications (e.g.,
congenital pneumonia, apnea, and meconium aspiration syndrome), metabolic disorders
(e.g., failure to gain weight and hypoglycemia), cardiac problems (e.g., murmur and cardiac
anomalies), and CNS problems (e.g., CNS depression and seizures). Variables were
weighted and summed to obtain the risk score and transformed to a log scale.

2.1.2.3. Environmental risk index: Several environmental risk variables were assessed by
maternal interview at the 54, 84, 102, and 120 month visits of the longitudinal study. Risk
variables were standardized, reverse coded if necessary so that higher scores reflected
greater risk, and then converted into a composite environmental risk score (ERS) t-score
[11]. This ERS was a composite of maternal life stress based on the Social Environment
Inventory [59], maternal social support network size (Norbeck Social Support
Questionnaire) [58], number of regular caregivers (greater number = higher risk), regularity
of child’s schedule, stability of child’s surroundings (Family Chaos Scale) (A. Sameroff
personal communication), single parent household (living alone with children = higher risk),
maternal education, maternal race (non-European American = higher risk), and public
assistance status (public assistance as main source of income = higher risk). Environmental
risk was obtained by averaging the risk T-scores at the 54, 84, 102, and 120 month visits. In
this study, only nine children had a history of foster care; all were males with six unexposed
to prenatal cocaine, one lightly exposed to prenatal cocaine, and two heavily exposed. We
did not have sufficient numbers of subjects in foster care to separate them out in the
analyses.

2.1.3. Task—The Yale Child Study Center Attention Task [51] is a computerized go/nogo
task that was used to assess attention and inhibitory control. We adjusted the timing and the
number of go and nogo stimuli to produce go/nogo tasks that varied in difficulty. Images
were displayed on a PC computer screen. Participants responded to go trials by pressing a
button that was located on the desk next to their preferred hand. At all ages, the target image
was presented for 20 trials to establish a prepotent response. Then 160 trials were presented
with a random mixture of target and distractor images.

At six years, the target image was a house that was presented for1500 msec with a randomly
varying inter-stimulus interval (ISI) of 500 to 5000 msec. The distractor images (book, fire
truck, flag, jeep, moon, phone, scissors, sun, television, and tree) were shown for 1500 msec
each with a randomly varying ISI of 500 to 5000 msec. In this condition, participants were
to respond to the presentation of the image of a house by pressing a button (go trial). A
failure to press the button within 2000 msec after the start of image presentation was coded
as an attention error. They were to inhibit the response to the presentation of the distractor
images (no-go trial). Pressing the button to a distractor image was coded as an inhibition
error.

At nine and 11 years, the target image was a specific numeral (a “5” at age nine; a “6” at age
11) that was presented for 500 msec with a randomly varying 1SI of 500 to 5000 msec. The
timing of the presentation was reduced to 500 msec at nine and 11 years from the 1500 msec
at age 6 in order to increase the demands of the task. The distractor images were other
numbers also displayed for 500 msec with a varying ISI of 500 to 5000 msec. A failure to
press the button within 1000 msec after the start of the image presentation was an attention
error. Pressing the button to a distractor image was an inhibition error.

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 January 1.
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The experimenter instructed the participants and demonstrated the correct responses.
Following successful practice trials, the stimuli were presented in three conditions. The first
condition was a simple attention task in which all 20 trials were go trials, thereby setting up
a prepotent response. If the child did not press the button within the permitted time (200
msec age 6; 1000 msec ages 9 and 11), repeated attempts were made to determine if the
child learned this simple condition. The second condition was a distractor condition
consisting of 80 trials (20 go-trials and 60 nogo-trials 1). In the distractor condition,
participants were to respond to the presentation of the go image and not respond to the nogo
images. The third condition was the inhibitory-response phase consisting of 80 trials.
Participants were required to reverse their response pattern by inhibiting their response to
the original go image (n = 20 trials) and instead respond to the presentation of any image
except the previous go image (n = 60 trials).

2.1.4. Statistical analyses—The data collected in the first condition, the simple attention
task, were used to screen participants for inclusion. We excluded those participant visits in
which insufficient data were generated (e.g., instructions not followed after repeated
attempts, subjects appeared asleep, or subjects were persistently delayed in responding
within allotted time).

The two types of errors were attention errors (omissions), which were failures to respond to
a go trial, and inhibitory errors (commissions), which were responses to a no-go trial. Error
scores were converted to percentages to adjust for the variations in the number of trials.
Both attention errors and inhibition errors were obtained across the combined trials of the
distractor and reversal phases of the task. To begin the analysis an overall accuracy score
across ages was obtained that combined both the attention and inhibitory trials. The 80 trials
of the second condition and the 80 trials of the third condition were combined. The accuracy
score was the percentage correct of the 160 trials in the task.

Polydrug exposure was measured by the amount of maternal use of alcohol, cigarettes, and
marijuana during pregnancy. In order to reduce skewness of the substance exposure
variables, maternal reports were transformed using natural logarithms. The covariates were
natural log scale transformations of alcohol use, cigarette use, marijuana use and medical
complications. The environmental risk was a T-scale transformation.

The effects of prenatal cocaine exposure and gender on accuracy were examined by a2 X 3
mixed models analysis of covariance while controlling for the effects of polydrug exposure,
medical complications and environmental risk [67]. This analysis (using SPSS, version 15.0
for Windows) was conducted on the 444 measures of overall accuracy. Missing data from
missed sessions or from exclusion of visits due to poor performance was managed by the
mixed model [77]. An individual does not need to be discarded if that individual missed
some of the planned interviews. The mixed effects analysis uses all available data and finds
model regression coefficients that maximize the likelihood of each individual’s observed
data [77]. Essentially, via the mixed effects statistical model, gaps in the measurement of an
individual at a given point are filled in from both data available for that individual at other
time points, and from data available for other individuals who are not missing but are similar
to individuals who are missing. Standard errors and confidence interval widths are sensitive
to the total amount of data available, increasing with more missing data and decreasing with
less missing data.

1The Yale Attention Task has a variable number of no-go trials in the distractor condition that ranges from 60 to 66. The variation in
the number of trial types is inherent in the program that allowed quasi-randomization of the trial types. Given that the total number of
trials, by adding together go and nogo trials, varied over participants from 80 to 86, the dependent measure of performance was
obtained as the percentage of trials with correct responses.
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Another way of approaching a gender by exposure effect is by using hierarchical regression
modeling [39]. Separate regression analyses were conducted for attention errors and for
inhibition errors. Hierarchical linear regression analyses explored the relations of gender and
exposure levels as they affect attention errors and inhibition errors while accounting for
polydrug exposure, environmental risk, and medical complications. In the regression
analyses, the change in R? was examined at each stage. For both attention errors and
inhibition errors, exposure level was entered in the first stage, followed by gender in the
second stage. In the third stage, the polydrug exposure substances were entered, while
environmental risk and medical complications were entered in the fourth stage.

Table 1 presents the perinatal and demographic characteristics by cocaine exposure levels.
Children who were prenatally exposed to cocaine were exposed to greater amounts of
alcohol, cigarettes, and marijuana and had a greater number of neonatal medical
complications. While there were no significant differences in environmental risk scores
between unexposed and the entire group of cocaine-exposed children, the subgroup of
heavily exposed children did have greater environmental risk scores.

Table 2 presents the number of lab visits by gender and exposure as well as the percentage
of lab visits which generated usable data. As shown in Table 2, the heavily exposed males
had an inclusion rate of 79% compared to inclusion rates for all other groups that range from
93 to 97%. This group difference was significant, ¥2 (5) = 14.85, p < .01. Given that the
expected values in some cells were less than 10, a conservative measure using Yates
correction also yielded a significant effect, ¥2 (5) = 11.76, p < .05. The results that follow
reflect only those who completed the task. In the analysis to follow we first look at overall
accuracy followed by scores for attention and inhibitory errors.

3.1. Predictors of accuracy

Given (1) that gender effects have been found throughout our study of this sample and we
predicted them, and (2) perhaps more importantly, the covariates have differential effects
when examined separately by gender, exposure effects were assessed separately by gender.
For example, while prenatal exposure to cigarettes was related to inhibition errors for
females (p < .05) it was not for males. Likewise with medical complications, the relation
with attention errors was significant for females (p < .01) but not for males. Of importance
to this paper was that levels of cocaine exposure were more strongly related to attention
errors in males (p = .008) than in females (p = .53). Given these differential effects of the
covariates by gender, the gender by exposure effects on attention and inhibition errors may
have been diluted. For these reasons the analyses of errors were treated separately by
gender.

Table 3 presents the overall accuracy score by exposure level for females and males after
adjusting the scores for the covariates of polydrug exposure, medical complications and
environmental risk. A mixed model two-way ANCOVA (analysis of covariance) examined
the effects of gender and exposure level (3 levels; unexposed, lightly exposed, heavily
exposed) across age on accuracy. Gender, F (1, 160.9) = 2.91, p = .090, exposure level, F (2,
167.6) = 2.38, p = .096, and their interaction, F (2, 167.6) = 2.69, p = .071, approached a
significance level of less than .05. As seen in Table 3, the heavily exposed males had the
lowest performance relative to all other gender by exposure level groups. Posthoc
examination using the confidence intervals of the means for gender and exposure levels
showed that exposure level affected females and males differently. Exposure levels had no
effect on accuracy for females. In contrast, exposure levels affected overall accuracy for
males. Overall accuracy was lower for the heavily exposed males (M = 80.95, SE = 2.12,
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95% CI = 76.78 to 85.13) than for the unexposed males (M = 89.22, SE = 1.25, 95% ClI =
86.75 t0 91.69, p < .05), and for the lightly exposed males (M = 87.49, SE = 2.01, 95% CI =
83.51t0 91.47, p < .05). There were no differences in overall accuracy between the
unexposed and the lightly exposed males.

3.2. Predictors of attention errors

Figure 1 presents the percentage of attention errors. The mixed model ANCOVA analysis,
conducted separately for females and for males, showed the effects of cocaine exposure on
attention errors while controlling for the contributions of polydrug exposure, medical
complications, and environmental risk. Levels of cocaine exposure were not significantly
associated with attention errors for females, F (2, 94.76) < 1.00, p = .776 in that there was
little variation in errors between the unexposed, the lightly exposed and the heavily exposed
females.

In contrast to females, there were significant effects for males on attention errors due to
cocaine exposure, F (2, 84.39) = 3.48, p < .05. Heavily exposed males had more attention
errors (M = 25.44, SE = 3.11, 95% CI = 19.27 to 31.62) than did unexposed males (M =
15.73, SE=1.64, 95% CI = 12.47 to 18.98), p < .02, and lightly exposed males (M = 17.71,
SE =3.01, 95% CI = 11.71 to 23.70), p < .05. There were no differences in attention errors
between unexposed males and lightly exposed males.

3.3. Predictors of inhibition errors

Figure 2 presents the inhibition errors. The mixed model ANOVA analysis, conducted
separately for females and for males, showed the effects of cocaine exposure on inhibition
errors while controlling for the contributions of polydrug exposure, medical complications,
and environmental risk. For females, there were no significant effects on inhibition errors for
levels of cocaine exposure, F (2, 102.91) < 1.00, p = .703, with little variation in errors
between unexposed, lightly and heavily exposed females. In contrast to females, males
showed a different pattern for the effects of cocaine exposure on inhibition errors. For
males, cocaine exposure was not significantly related to inhibition errors, F (2, 57.41) =
1.43, p = .248, although there was a trend in that heavily exposed males made more
inhibition errors (M = 13.75, SE= 3.59, 95% CI = 6.59 to 20.92) than either lightly exposed
males (M= 8.00, SE= 3.39, 95% CI=1.18 to 14.82) or unexposed males (M = 6.61, SE =
1.86, 95% Cl=2.89 to 10.34).

3.4. Regression analyses of attention errors and inhibition errors

While the effects of the covariates were partialled out in the ANCOVA analyses, there was
the possibility that the covariates had differential effects on trial types by gender. Therefore,
the associations between the covariates and the types of errors, both attention and inhibition
errors, were examined by gender. Table 4 presents the zero order interclass correlations
between the dependent measures of attention errors and inhibition errors and the factor of
exposure level and the covariates by gender. A notable gender specific finding was an
association between cocaine levels and attention errors for males, not for females (p <.01).
Medical complications were associated with both attention and inhibition errors for females,
not for males (p < .05). Finally, prenatal exposure to cigarettes was related to inhibition
errors for females, not for males, (p < .05).

Table 5 presents the hierarchical standardized regression coefficients (), the change in R?
for each stage, and the total model R? for the prediction of attention errors and inhibition
errors. For the analysis of attention errors, the final model significantly predicted attention
errors, explaining 2% of the variance (p < .05). The model that was developed after Stage 1
showed that exposure level was significant, F (1, 442) = 5.49, p = .020, accounting for 1%
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of the variance. The addition of gender in Stage 2 led to a significant change, F (1, 441) =
4.97, p = .026, and accounted for an additional 1% of the variance. The models developed
by adding polydrug exposure in Stage 3 (p = .683) and medical complications and
environmental risk in Stage 4 (p = .288) did not improve the fit of the model. The most
parsimonious model of attention errors included the predictors of cocaine exposure and
gender. The greater the cocaine exposure, the greater the attention errors; male gender was
associated with greater attention errors.

For the analysis of inhibition errors, the final model included only gender, F (1, 442) =
12.32, p <.001. The model that was developed after Stage 1 showed that exposure level was
not significant, F (1, 442) < 1.0, p = .703. The addition of gender in Stage 2 led to a
significant change in F (1, 441) = 12.65, p < .001 and accounted for 2% of the variance. The
models developed by adding polydrug exposure in Stage 3 (p =.548) and medical
complications and environmental risk in Stage 4 (p = .410) did not improve the fit of the
model. The most parsimonious model of inhibition errors included only gender as a
predictor. Male gender was associated with greater inhibition errors.

5. Discussion

This study examined the effects of prenatal cocaine exposure on children’s attention and
inhibitory control abilities at ages six, nine and 11. The task required children to remember
instructions and to inhibit a prepotent response. Since there are many factors that contribute
to the cognitive processes of attention and inhibition, polydrug prenatal exposure, neonatal
medical complications, and environmental risk were controlled statistically. After
controlling for these factors, cocaine exposure predicted both attention and inhibition,
depending on gender. Specifically, cocaine-exposed males relative to unexposed males were
less capable of completing the task, made more attention errors and made more inhibitory
errors. These effects on performance were not evident for females, as prenatal cocaine
exposure was not associated with attention or inhibition errors for females.

The effects of prenatal cocaine exposure on attention and inhibition are dose related.
Heavily exposed males show the poorest performance relative to unexposed males and to
lightly exposed males. Looking at task completion rates, the heavily exposed males had a
completion rate of 79% compared to 93% for lightly exposed males and 97% for unexposed
males. This is in contrast to completion rates of 93% for heavily exposed females. Clearly
heavy exposure to prenatal cocaine removed a disproportionate number of male subjects
from the subsequent analyses. Even without these poorest performing subjects, however, the
overall accuracy for heavily exposed males was significantly reduced compared to lightly
exposed males and unexposed males. If the subjects who were excluded were to be retained
in the subsequent analyses, the effects of prenatal cocaine exposure by gender may have
been even stronger as cocaine exposed boys were disproportionately among those whose
data we excluded. The effects of cocaine exposure on attention and inhibitory control are
consistent with prior reports [1,6,10,12,47,57,62]. In addition, males are more impacted than
females, which is consistent with the gender specific impact of prenatal cocaine exposure
shown in previous research with this cohort of children [9,13-15,25] as well as the work of
others [5,68].

There are several possible explanations for the gender effects given the effects of prenatal
exposure on brain development observed in animals and child neuroimaging studies. The
brain structures that are activated in the tasks of attention and inhibition are among the
structures compromised by prenatal exposure in animals. In addition prenatal cocaine
exposure exerts deleterious effects on cerebral cortical development possibly by decreasing
GABAergic neuronal migration from the ganglionic eminence to the cerebral wall, which
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then contributes to persistent structural and functional deficits observed in the exposed
offspring [23]. Complementing these findings, in-vitro studies of the effects of prenatal
cocaine exposure have shown that cocaine had direct dose-related inhibitory effects on brain
cell differentiation [78].

Behavioral studies of animals also have shown the effects of prenatal cocaine exposure on
attention, particularly in males. Rats were examined for the effects of exposure on learning
in 2-choice and 3-choice paradigms [32]. Males were more affected by exposure than
females on the 3-choice task implicating selective attention as the basis of impairment. Dose
related attention errors in selective attention were found for males, not females, with greater
errors associated with heavier exposure [34]. When omission errors are examined in rat
studies, females are not affected by the dose of cocaine exposure; however, male rats are
affected in that the more heavily exposed males made more omission errors than controls
[35]. Cocaine-exposed male rats perform worse on selective attention tasks [32], which may
be related to greater alterations in dopaminergic and adrenergic receptor binding in
hippocampus, striatum and anterior cingulate regions [30,66] as well as reduced metabolic
activity in the limbic system [26,27].

Looking at in-vivo animal models, prenatal cocaine exposure affects the dopamine receptors
in the striatum of mice [74]. Specifically, there was an enhanced D1 dopamine receptor
agonist-induced cAMP response in the striatum of adult male, but not female mice
prenatally exposed to cocaine compared to controls. Effects on hippocampal pyramidal cells
and granule cells have been shown in male rats with exposure to cocaine during the late
gestation and early postnatal periods [41]. Also in rats, gender specific effects of exposure
have been reported indicating that males are more affected than females. In one study, a
gender-specific expression of cocaine-mediated alterations was displayed in the
norepinephrine systems in adolescent rats that may be restricted to particular brain regions,
and thus not reflect global brain alterations [17]. In another study, prenatal cocaine exposure
reduced basal dopamine release from striata of juvenile male rats; this was not shown by
juvenile female rats, with the trend continuing into adulthood [36]. Moreover, there are
gender differences in the development of D1 receptors in exposed rats [30]. Specifically,
there are sex-mediated alterations in D1 receptor binding in rats exposed to cocaine in utero
suggesting that exposure differentially alters the DA systems that underlie sustained
attention. These effects of exposure have also been shown in rabbits, where exposure to
cocaine during time of peak corticogenesis produced long-term effects on the organization
of neurons and interneurons in the anterior cingulate cortex [70].

Finally, neuroimaging studies of children exposed prenatally to cocaine have revealed some
of the effects of exposure on brain structure and function. A diffusion tensor imaging (DTI)
study of frontal brain regions has shown the effect of cocaine exposure on the development
of white matter pathways [75]. The findings included subtle microstructural changes that
suggested less mature development of frontal white matter pathways. The findings of under
development in frontal regions were associated with poorer performance on tasks of
executive functioning. The effects of exposure on brain functioning were demonstrated in an
fMRI study of children [65]. Cocaine-exposed children showed greater activation in the
right inferior frontal cortex and caudate during response inhibition, whereas non-exposed
children showed greater activations in temporal and occipital regions. In a study of emotion
regulation of gender and exposure effects using fMRI, children saw strong aversive stimuli
and rated their experiences [79]. Exposure had the greatest impact on males. Specifically,
relative to the unexposed males, the exposed males had the lower ratings of emotional
reactions to the aversive stimuli and greater brain activation in ventro-medial prefrontal
cortex. Exposed females relative to unexposed females did not show these effects. Both
exposed females and exposed males showed less activation than unexposed males and
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unexposed females in hippocampal regions. Thus, there are effects of prenatal cocaine
exposure, some of which are gender specific.

The presence of attention and inhibitory control deficits among cocaine exposed children
suggests that they may be at risk for poor academic achievement and psychosocial
adjustment in childhood and into adolescence [54]. Children and adolescents with poor
performance on sustained attention and inhibitory control tasks such as those administered
in the current study have poorer academic achievement and more social problems, substance
use problems, and antisocial behavior [4,22,37,56,60]. For example, reading ability was
found to be associated with inattention on a continuous performance task in pre-adolescent
children [37]. Executive function abilities, including attention, have been shown to be
associated with the adaptive behavior, communication, and socialization domains on the
Vineland Adaptive Behavior Scale [22]. Executive control of attention is associated with
self regulation, in that greater self regulation leads to greater resistance to the influence of a
deviant peer and the development of antisocial behavior in adolescents [33]. Furthermore,
poor response inhibition in childhood predicted the onset of alcohol use-related problems as
well as illicit drug use in adolescents independent of family risk factors, with higher risk
among children from alcohol-abusing families than nonalcoholic control families [56]. In
addition, impaired inhibitory control in childhood is present in the clinical picture of
adolescent substance abuse disorders [42]. Finally, neurocognitive impairments have been
shown to be associated with antisocial behavior in adolescents [60]. If the attention and
inhibitory control deficits are found prior to such outcomes in adolescence, then the early
identification and implementation of interventions for these deficits may be helpful in
enhancing future adjustment.

The present study has several strengths given that it controlled for potential confounding
effects of environmental risk, medical complications, gender and prenatal exposure to other
drugs. Nonetheless, several limitations deserve mention. Our findings are specific to the
Yale Child Study Center Attention Task and need to be extended using other assessments of
attention and inhibitory control. Second, while this study shows that attention and inhibitory
deficits due to prenatal cocaine exposure continue into middle childhood, it remains to be
seen whether these effects continue into adolescence, a time of increased risk taking
behavior [71]. Third, this study was conducted with a low income, urban, predominantly
African American sample and the findings may not necessarily generalize to other samples.
Finally, while the present study controlled for a variety of environmental and neonatal
medical risk factors, it is certainly likely that other unmeasured factors affect children’s
development. For example, lead exposure has been shown to negatively affect drug exposed
children’s cognitive function [53], although the effects of cocaine exposure on attention and
other cognitive domains remain after controlling for lead exposure [6,55,69].

While different brain functions due to prenatal cocaine exposure are likely to have some
effect on attention and inhibition, it is known that there are significant effects due to
environmental risk, and perinatal medical complications [3,11,13,14,45]. In fact,
environmental risk and perinatal medical complications exert differential effects on attention
in children born premature, without exposure to cocaine [21]. Unless the other highly
correlated effects of exposure to other substances, environmental risk, and perinatal medical
complications are partialled out, the brain differences in structure and function cannot be
assigned solely to the effects of prenatal cocaine exposure. Nevertheless, given that cocaine
exposure appears to affect both attention and inhibition, with the effect stronger for males
than for females, there exists the possibility there are differences in the impact of brain
development due to exposure by gender. What would be required would be to look at gender
differences at many levels, including in-vitro, behavioral, and neuroimaging levels;
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however, caution must be taken to remove the highly correlated effects of environmental
risk and medical complications.
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Percentage attention errors by gender and exposure level while controlling for polydrug

exposure, medical complications, and environmental risk
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Percentage inhibitory errors by gender and exposure level while controlling for polydrug
exposure, medical complications, and environmental risk.

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 January 1.



Page 18

Carmody et al.

pasodxaun 0} aAlle|al 1o > d
*

xx

‘10°>d

x¥

‘g0 >d

.

:810N
90T’ 19212 « LOT'ES 80567 £SY'1S zeL6Y 8[e0S | — 8100S SIY [EIUBLUUOIIAUT
100° 1669 x 7ECO «x €90 8vZ0 STT0 8[e3s U] — 81025 SUONEDIIdWOD [edIPaI
900° 90€'S vy L6710 10T°0 STE0 2200 (Aep Jad swutof) euenfurely 01 ainsodx3 [ereusid
700'> T/9'9E »xx 3766 »xx006'8 0St'6 85e'T  (Aep Jad senarebio) senarebio 01 ainsodx3 [ereuald
100> ze8'67 x0T #7760 6v'T 200 (Aep Jad s$uLp) [040O|Y 01 8InsodxT [ereuaid
aoueoniubls  (00z ‘2) 15834 (G = u) pasodx3 AjinesH (g = u) pasodx3 Apybi1 (g8 = u) pasodx3  (0ZT = u) pasodxaun ainsea

s|anaT ainsodx3 auredo)d Aq ysiy pue ainsodx3 BniQ JO S|9AST LB

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Carmody et al.

Table 2

Number of Lab Visits by Gender and Exposure Levels

Gender  Exposure Number of Lab Visits  Visits Excluded Percentage Included Visits
Female  Unexposed 136 9 93.4%
Lightly Exposed 48 2 96.0%
Heavily Exposed 57 4 92.9%
Male Unexposed 151 10 93.4%
Lightly Exposed 40 1 97.5%
Heavily Exposed 48 10 79.2%
Total 480 36 92.5%
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Table 4

The Zero-Order Interclass Correlations Between the Dependent Measures of Percentage Attention Errors and
Percentage Inhibition Errors, Exposure Level and Covariates by Gender

Attention Errors  Inhibition Errors

Variable Females Males Females Males
Cocaine Exposure Level: None, lightly, heavily =~ —.042 179™* .100 -.007
Prenatal Alcohol .019 .104 .010 —.085
Prenatal Cigarette 072 .099 141* —065
Prenatal Marijuana —.026 .009 .073 -.097
Medical Complications 156> —006  1gp* —.015
Environmental Risk .062 —-.103 —-.021 -.017
Note:
*
p <.05,
*k
p<.01
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