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Abstract
Prenatal cocaine exposure (PCE) is associated with arousal dysregulation, and alterations of
amygdala activity in response to emotional arousal were previously reported. However, voluntary
regulation of emotional affect, enabling appropriate neural response to different streams of stimuli,
must also engage prefrontal regions, yet PCE impact on these prefrontal mechanisms has not been
investigated. Recent neuroimaging studies have shown the involvement of ventral prefrontal
cortex (vPFC) in the modulation of amygdala reactivity and the mediation of effective emotion
regulation. Based on these findings, using functional magnetic resonance imaging (fMRI) and
diffusion tensor imaging (DTI), the present study compared functional activations of vPFC as well
as its structural connectivity with amygdala between groups of PCE and control adolescents. In a
working memory task with emotional distracters, the PCE adolescents exhibited less capability of
increasing their vPFC activation in response to increased memory load, which corresponded with
their less suppressed amygdala activation. Reduced structural connectivity between vPFC and
amygdala were also observed from DTI measurement in the PCE group. In addition, correlations
between amygdala activation and (i) vPFC activation, as well as (ii) amygdala-vPFC structural
connectivity, were observed in the control but not in the PCE group. These data complemented
previous findings of PCE impact on amygdala activity and extended our understanding of the
neurobiological mechanisms of PCE effect on arousal dysregulation reported in human and animal
studies.
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1. Introduction
Arousal dysregulation is one of the major findings of previous investigations of
neurodevelopmental effects of prenatal cocaine exposure (PCE). This long-term effect has
been reported at different stages of postnatal development including neonates (Dipietro et
al., 1995; Karmel and Gardner, 1996), infants (Bendersky and Lewis, 1998; Coles et al.,
1999; Bard et al., 2000; Schuetze and Eiden, 2006; Eiden et al., 2009b; Eiden et al., 2009a),
young children (Bandstra et al., 2001; Dennis et al., 2006; Bada et al., 2007; Kable et al.,
2008; Chaplin et al., 2009) and adolescents (Li et al., 2009; Lester et al., 2010; Li et al.,
2011). Specifically, children with PCE often exhibit a reduced threshold in response to
perceived stress or emotionally salient stimuli, which in turn may affect available attention
resource to cognition and behavior (Mayes et al., 1998; Mayes, 2002).

Our previous functional MRI study (Li et al., 2009) revealed a likely neurobiological
mechanism associated with dysregulation of emotional arousal in PCE adolescents. With a
working memory task paradigm, which had emotionally arousing pictures as the task-
irrelevant distracters, the data of this previous study showed that high memory load
suppressed the amygdala response to emotional stimuli in the control but not in the PCE
adolescents. In other words, the non-exposed participants exhibited reduced emotional
response in a situation of more attentional demand, while this capacity of suppressing
emotional distraction was diminished in the PCE adolescents. Although this previous
finding is suggestive, it is still incomplete because the amygdala, while playing a key role in
emotional processing, does not operate in isolation. Given the extensive neural connections
between prefrontal regions and amygdala (Price, 2003; Stein et al., 2007; Ghashghaei et al.,
2007; Cohen et al., 2008; Roy et al., 2009; Bracht et al., 2009) as well as the importance of
this circuit in emotion and behavior regulation (Davidson et al., 2000; Bachevalier and
Loveland, 2006; Quirk and Beer, 2006; Banks et al., 2007), the impact of PCE on emotional
arousal is expected to also involve alterations of prefrontal activity and alterations of
prefrontal-amygdala neural connectivity.

Previous human and animal studies have reported convergent evidence showing a central
role of ventral prefrontal cortex (vPFC) in emotion regulation and amygdala inhibition (see
(Quirk and Beer, 2006) for review). Also termed orbito-, inferior-, or ventromedial-
prefrontal cortex in different studies, the region of vPFC usually involves Brodmann areas
of 10, 11, 32, 46 and 47; and it often shows opposing activity to amygdala, functionally
considered as suppressing or reappraising negative emotion (Ochsner et al., 2002;
Rosenkranz et al., 2003; Kim et al., 2003; Hariri et al., 2003; Levesque et al., 2004;
Lzquierdo and Murray, 2005; Urry et al., 2006). Neural connections between vPFC and
amygdala have also been reported repeatedly in human neuroimaging studies examining
functional connectivity (Banks et al., 2007; Roy et al., 2009), effective connectivity (Stein et
al., 2007), and structural connectivity (Cohen et al., 2008; Bracht et al., 2009). In addition,
the strength of these connections is correlated with variations in trait anxiety, which is
closely associated with affect regulation and amygdala activity (Kim and Whalen, 2009;
Chepenik et al., 2010).

Given that (i) alterations of amygdala activation have been observed in adolescents with
PCE, and (ii) there are close functional and structural associations between amygdala and
vPFC, we hypothesized in the present study that functional activation of vPFC and its neural
connections with amygdala are also altered by PCE. Specifically, because high working
memory load does not suppress amygdala activation in the PCEs (Li et al., 2009), and vPFC
is assumed to exert inhibitive influence on amygdala, it was hypothesized that (1) PCE
participants would exhibit less increase of vPFC activation than controls in conditions of
high memory load, in which amygdala activations are typically suppressed; (2) PCE
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participants would exhibit reduced white matter integrity in fiber pathways connecting
amygdala and vPFC; and (3) measurements of vPFC activation and amygdala-vPFC
connection would correlate with amygdala activations in the controls, but these correlations
may be diminished in the PCE group.

To test these hypotheses, the present study further analyzed the neuroimaging data that we
previously collected (Li et al., 2009; Li et al., 2011) in studying long-term effect of PCE. To
test the hypothesis (1), the vPFC and amygdala activations were examined by defining
regions of interests (ROIs) according to the emotion contrast in the task paradigm (see
details described in Method section). To test the hypothesis (2), the vPFC-amygdala neural
connectivity was examined with diffusion tensor imaging (DTI) data by a probabilistic
tractography approach (Behrens et al., 2003; Behrens et al., 2007). Finally, to test the
hypothesis (3), individual activations of the amygdala were respectively correlated with (i)
the activations of the vPFC and (ii) the vPFC-amygdala neural connectivity.

2. Method
2.1 Participants

Participants were adolescents (12–18 Y.O.) recruited from birth cohorts originally identified
as part of two longitudinal studies of PCE effect on development (Coles et al., 1992; Brown
et al., 1998). Both cohorts were drawn from a low income, predominantly African-American
population with infants delivered at an urban hospital during 1987–1994. The present study
involved 76 participants from these cohorts with 70% of them providing usable imaging data
for both fMRI and DTI. For those who did not provide imaging data in both modalities, the
majority of the data losses were on the fMRI side due to excessive head motion, failure to
follow task instructions and scanner malfunction (Li et al., 2009). The fMRI and DTI sample
used in the present study respectively included 56 (23 control vs. 33 PCE) and 73 (31
control vs. 42 PCE) participants.

Information about maternal cocaine and other drug use was obtained both from abstraction
of medical records and from the birth mother’s self-report at recruitment in the immediate
postpartum period using the Addiction Severity Index (McLellan et al., 1985) and the Drug
Grid (Coles et al., 1992). The Addiction Severity Index allows assessment of the degree of
addiction as well as the social and medical impact of the mother’s substance use. The Drug
Grid quantifies the use of 16 licit and illicit drugs by quantity/frequency as well as timing of
use. Maternal self-report was confirmed using EMIT urine screens taken postpartum from
mothers and infants. Participating mothers were free of major medical conditions as well as
ant abuse, drugs for seizure disorders, warfarin, insulin, benzodiazepines, antipsychotic
drugs or any other teratogenic drugs, or any addictive substances other than cocaine, alcohol
and marijuana. Infants were either healthy full term or preterm (30+ weeks) without major
medical complications. For neuroimaging, potential adolescent participants were excluded
from the source longitudinal cohort if they had contraindications for MRI or were pregnant,
claustrophobic or extremely obese. More details regarding PCE determination and
participant screening were reported in our previous publications (Coles et al., 1992; Brown
et al., 1998; Li et al., 2011). The adolescents’ demographic information at the time of
imaging and at birth is shown in Table 1. Their maternal characteristics at the time of
recruitment are shown in Table 2.

Before the imaging session, urine specimens for 731 adolescents were tested to identify
metabolites of seven drugs: amphetamines, barbiturates, benzodiazepines, marijuana,

1For the remaining 3 adolescents, 1 had no specimen taken and 2 specimens were lost by labs

Li et al. Page 3

Psychiatry Res. Author manuscript; available in PMC 2014 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cocaine, opiates, and phencyclidine. Of the 511 tests completed, only 10 of them were
positive (6 PCE and 2 control tests were positive for marijuana, 2 PCE tests were positive
for amphetamine) and no group differences were noted. Children’s reported social history
was examined for evidence of stable custody arrangements and history of physical or sexual
abuse. Of 7 items related to stability and trauma (years at current address, changes in house-
hold composition in the last year, stability in custody, protective services involvement,
reported abuse/neglect, school discipline problems and legal problems), 3 items, the number
of changes in care-giving, protective service involvement, and school discipline problems
were higher in PCE youth. For care-giving, 10 PCE children had more than one caregiver
versus 1 in the contrast group (Fisher’s Exact Test, 1-sided, p= 0.01); for protective service
involvement, 12 PCE children had Division of Family and Children Service record versus 1
in the contrast group (p= 0.002); for school records, 18 PCE children had school discipline
problems noted versus 5 in the contrast group (p = 0.01).

Participating families consented for the imaging study according to a protocol approved by
Emory University’s Institutional Review Board. Adolescents provided written assent and
adults, including both teens and caregivers, informed consent, to participate.

2.2 Experimental task design
The experimental task and paradigm have been described in details in our previous reports
(Li et al., 2009; Li et al., 2011). Briefly, an N-back working memory task was used in the
present block-design fMRI experiment. With a list of letter pairs sequentially presented, the
task required the participants to press a response button either when seeing “RR” (0-back
condition, low memory load), or when the displaying letter pair exactly matched the last one
displayed (1-back condition, high memory load). There were also emotionally neutral and
negative pictures embedded in the letter list as task-irrelevant distracters. These pictures
were selected from the International Affective Picture System (Lang et al., 1997) with the
arousal score being 3.2 (SD=0.8) and 5.7 (SD=0.8), respectively. According to different
permutations of the memory load and emotional distraction, there were 4 experimental
conditions: Neutral_0-back (Nu0), Neutral_1-back (Nu1), Negative_0-back (Ng0) and
Negative_1-back (Ng1). Task blocks of these 4 conditions, with each repeated 6 times, were
pseudo-randomly distributed in 2 fMRI scans. A schematic diagram of the experimental
paradigm is shown in Figure 1. Participants were instructed to only focus on the memory
task and ignore all the distracting pictures.

2.3 MRI data acquisition
The neuroimaging data were acquired using a 3T MRI scanner (Siemens Medical Solutions,
Malvern, PA).For fMRI, a T2*-weighted echo-planar imaging sequence was used with the
following parameters:120 volumes, matrix = 64 × 64, 30 axial slices without gap, thickness
=3 mm, TR / TE = 3000 ms/30 ms, flip angle = 90°, FOV = 192 × 192 cm2. For DTI, a
diffusion-weighted, single-shot, spin-echo echo-planar imaging sequence was used with the
following parameters: 12 directions, b = 0, 1000 s/mm2, TR/TE/ FOV = 6500 ms/90 ms/ 220
mm, flip angle = 90°, matrix = 128×128, 34 axial slices without gap, thickness =3.5 mm, 6
averages. This DTI sequence used a dual spin-echo technique combined with bipolar
gradients (Alexander et al., 1997) which minimizes the geometric distortion induced by
eddy currents. High resolution (256 × 256) 3D T1-weighted images were also collected from
each subject for anatomical reference and stereotaxic transformation.

2.4 Imaging data analysis
AFNI (http://afni.nimh.nih.gov) was generally used in the present imaging data analysis. In
addition, FSL (http://www.fmrib.ox.ac.uk/fsl/) was used for probabilistic fiber tracking with
DTI data.
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The fMRI data were analyzed at the individual level with the following processing pipeline:
slice timing correction, volume registration, anatomy-to-EPI co-registration, signal percent
change normalization, scan-run concatenation, spatial smoothing (FWHM = 5 mm), and
multiple regression. The “anatomy-to-EPI co-registration” used a newly developed approach
of weighted local Pearson correlation (Saad et al., 2009), which improved the function-to-
anatomy image alignment than our previous studies of the same dataset (Li et al., 2009; Li et
al., 2011). The multiple regression analysis used task regressors modeling the 4
experimental conditions and nuisance regressors modeling linear signal drifts and head
motion. The task regressors were generated by convolving respective boxcar stimulation
functions with an impulse response function [y =tb × exp(−t/c), b and c are constants]
(Cohen, 1997). Once the regression coefficients (beta values) of the 4 task conditions were
obtained, they were transformed into the Talairach space (Talairach and Tournoux, 1988)
and fed into a 2 (high and low memory load) × 2 (neutral and negative emotion) repeated
measures ANOVA. This ANOVA, with the data from 46 (23 PCE + 23 control) participants
as the inputs, was used to determine the ROIs for the subsequent data analysis. It used equal
number of PCE and control subjects (10 PCEs randomly dropped) to ensure the defined
ROIs would not be biased by dominant contribution from either group. With a threshold of
significance (p<0.001/voxel and 82 mm3 cluster, p<0.05 corrected) applied in the resultant
activation map, 2 clusters in bilateral amygdala (centroidleft= 21.9, 5.1, −9.2, centrioldright =
−23.9, 6.1, −9.7; volumeleft = 679 mm3, volumeright = 1170 mm3) that showed a positive
emotion main effect (higher activation in negative than in neutral condition) were defined as
the amygdala ROIs. Because vPFC is assumed to exert inhibitory influence on amygdala,
the ROIs of vPFC were defined as clusters with a negative emotion main effect (higher
activation in neutral than in negative condition) in the ventral prefrontal cortex. The
ANOVA revealed 3 such clusters with 2 small ones in the left hemisphere (centroid1 = 18.2,
−38.3, −9.2, centriold2 = 27.4, −55.1, −1.3; volume1 = 295 mm3, volume2 = 265 mm3) and a
large one in the right hemisphere (centroid = −21.3, −54.2, −3.5, volume = 1695 mm3);
therefore, the right cluster was defined as the ROI of right vPFC and the 2 left clusters were
combined to form the ROI of left vPFC. To examine the PCE effect on activations,
regression coefficients of the 4 experimental conditions were extracted from the ROIs of
vPFC and amygdala, respectively, and then fed into a 2 (high and low memory load) × 2
(negative and neutral emotion) × 2 (left and right hemisphere) × 2 (PCE and control group)
ANOVA. The major effect of interest in this analysis was the group × memory interaction,
where the high memory load was hypothesized to increase the vPFC activation and suppress
the amygdala activation in the controls but less so in the PCE group.

The DTI data analysis followed the pipelines suggested by FSL’s Diffusion Toolbox (http://
www.fmrib.ox.ac.uk/fsl/fdt/fdt_pipeline.html). After eddy current correction and diffusion
tensor fitting, individual’s DTI data were fed into a process of Markov Chain Monte Carlo
sampling to build up distributions on diffusion (2 directions) parameters (Behrens et al.,
2007). With the diffusion parameters estimated, fiber tracking was performed
probabilistically between each of the 4 ROI pairs, namely, vPFCleft-amygdalaleft, vPFCleft-
amygdalaright, vPFCright-amygdalaleft, and vPFCright-amygdalaright. This was a voxel-wise
repetitive sampling process, each time computing a streamline connecting the 2 ROIs of
vPFC and amygdala. With 5000 such samplings performed, the posterior distribution of the
connection was established. Because of inter-subject variability in the spatial distribution of
tracts, we defined the vPFC-amygdala pathways by voxels that had non-zero tract estimates
in at least 60% of the total DTI sample (Cohen et al., 2008). To avoid group bias, the total
DTI sample used here consisted of equal numbers of PCE and control participants (31
control and 31 PCE) with 11 PCEs randomly dropped. This fiber tracking procedure only
revealed pathways within hemisphere, namely, vPFCleft-amygdlaleft and vPFCright-
amygdalaright; therefore, subsequent analysis only focused on these 2 pathways. To perform
the PCE vs. control comparison of the white matter integrity on these vPFC-amygdala
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pathways, fractional anisotropy (FA) values were extracted from each pathway in each one
of the participants and submitted to a 2 (PCE and control group) × 2 (left and right
hemisphere) ANOVA.

Because the number of male and female adolescents was not evenly distributed in the PCE
and control groups, and the effect of PCE in humans is often confounded by many other
factors (e.g. multi-drug exposure, socioeconomic status) that are very difficult to match
between groups (Hurt et al., 2009; Hackman et al., 2010; Ackerman et al., 2010), statistical
control (via nuisance covariates) of the following 7 confounding factors were included in all
the ANOVA analyses of fMRI and DTI data that involved a PCE vs. control group effect: (i)
gender, (ii) prenatal alcohol exposure (ounces of absolute alcohol used weekly during
pregnancy), (iii) prenatal marijuana-tobacco exposure (amount used during pregnancy in
units of joints/cigarette per week), (iv) change in care-giving (yes or no), (v) protective
service involvement (yes or no), (vi) notice of school discipline problems (yes or no) and
(vii) total monthly household income ($). The marijuana–tobacco was a combined variable
derived by principle component factor reduction because their uses were highly correlated in
our samples (Pearson correlation, for fMRI sample R=0.29, p= 0.04; for DTI sample,
R=0.24, p = 0.05).

3. Results
The results of group comparison on behavioral performances of the working memory task
were described in detail in our previous report (Li et al., 2009). Briefly, the memory
performance was decreased with higher memory load and/or negative emotional distraction.
However, the PCE and control groups were not significantly different in task performance as
the task paradigm was deliberately designed to minimize behavioral group difference.

In the bilateral ROIs of amygdala, significant emotion (F1,54= 165, p < 0.001) and memory
(F1,54 = 7.2, p = 0.01) effects were observed in the fMRI data. Namely, amygdala activation
was increased by higher emotional arousal and suppressed by higher memory load. As we
reported previously (Li et al., 2009), the group difference in amygdala activation appeared in
the memory effect. When the memory load increased from 0- to 1-back, the amygdala
activation decreased in the control but much less so in the PCE group (Figure 2, bottom
portion). This memory × group effect was significant without statistically controlling the 7
confounding factors (F1,54= 6.4, p = 0.02), but not significant when those covariates were
considered in the ANOVA (F1,36 = 1.0, p = 0.32). However, instead of considering a binary
measurement of PCE (with or without exposure), we also tested the effect of an alternative
factor, the frequency of maternal cocaine use (more than once per day, once per day, 3–4
times per week, 1–2 times per week, 2–3 times per month, less than once per month, or
never used). When the values of memory main effect (1-back minus 0-back) were put into a
hierarchical regression analysis with the 7 confounding factors as the 1st-step regressors and
frequency of maternal cocaine use as the 2nd-step regressor, the frequency of maternal
cocaine use provided additional explanation of the data variance (R2 change = 0.10,
p=0.04).Thus, PCE contributed to the group difference of memory effect in the amygdala,
but the effect of poly-drug exposure and other socioeconomic factors were also
considerable.

In the bilateral ROIs of vPFC, the fMRI data exhibited a pattern of emotion main effect
opposite to that of the amygdala. Namely, the activations of bilateral vPFC were decreased
in the negative condition versus in the neutral (F1,54= 198, emotion effect p < 0.001). This
opposite emotion effect in the vPFC and amygdala was determined by the ROI definition as
the vPFC should generally exert a suppressive effect on the amygdala. Corresponding to the
PCE adolescents’ less-suppressed amygdala activation in higher memory load, the ROIs of
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bilateral vPFC also exhibited a significant memory × exposure effect (figure 2, top portion).
Namely, when the memory load increased from 0-back to 1-back, the activations of vPFC
were increased in the control but much less so in the PCE group (without covariates control,
F1,54= 8.8, p = 0.01; 7 covariates controlled, F1,36 = 6.0, p = 0.02). This observation is
consistent with the concept of vPFC to amygdala inhibition. For the control adolescents,
higher memory load led to increased vPFC activations and decreased emotional responses in
amygdala. However, this inhibitory mechanism was impaired in the PCE group with an
absence of memory effect in both the vPFC and amygdala.

Another aspect of evidence indicating PCE-associated impairment in vPFC-amygdala
communication came from the DTI data. As described above in the method section, the
probabilistic fiber tracking revealed robust (non-zero tract estimates in more than 60% of the
participants) white matter tracts connecting the vPFC and amygdala within hemisphere.
They correspond to the uncinate fasciculus described by Bracht and colleagues (Bracht et
al., 2009), which connect the limbic structures (e.g. hippocampus and amygdala) with
orbitofrontal cortex. These two pathways are graphically shown in Figure 3 a long with the
group comparison of the FA values extracted from them. In both of the pathways, the PCE
adolescents exhibited a lower FA value than the control group (without covariates control,
F1,71= 12, p = 0.001;7 covariates controlled, F1,53 = 6.8, p = 0.01) indicating a PCE-
associated reduction of white matter connectivity that mediates the vPFC-amygdala
communication. There was neither hemisphere main effect (without covariates control,
F1,71= 0.63, p = 0.43; 7 covariates controlled, F1,53 = 1.6, p = 0.21) nor hemisphere × group
interaction (without covariates control, F1,71 = 2.9, p = 0.10; 7 covariates controlled, F1,53 =
1.7, p = 0.19) noticed in the present DTI data. In addition, the observed DTI group
difference in the amygdala-vPFC pathway does not simply reflect a global FA reduction in
the PCE group as the mean FA value in the entire brain was not significantly different
between the two groups (FAPCE=0.37, FAcontrol=0.36; group t-test, t71 = 1.3, p = 0.19).

To further explore the vPFC-amygdala interactions, correlations between amygdala
suppression and (i) vPFC activation, as well as (ii) vPFC-amygdala structural connectivity
were examined in both of the participating groups. The suppression of amygdala responses
was represented by the memory effect, calculated as {[(Nu1-Nu0) + (Ng1 -
Ng0)]left_amygdala+ [(Nu1-Nu0)+ (Ng1- Ng0)]right_amygdala}/4. This value was generally
negative across subjects as it reflected cognitive suppression of emotional responses.
Correspondingly, the memory effect of the vPFC was calculated the same way, but was
generally positive across subjects as it reflected increased vPFC effort with high memory
load. The index of vPFC-amygdala structural connectivity was calculated as the mean FA
values in the 2 pathways shown in Figure 3. Because not all the subjects provided imaging
data in both modalities, the correlation of fMRI-DTI only used the 19 control and 33 PCE
subjects who were the intersection of the fMRI and DTI samples. As shown in Figure 4,
suppressions of amygdala activation were negatively correlated with the vPFC activation
(top portion) and vPFC-amygdala structural connectivity (bottom portion) in the control
group. In other words, more suppression of the amygdala response (more negative value on
horizontal axis) corresponded to a higher vPFC activation (R=−0.37, p = 0.08) and a
stronger vPFC-amygdala structural connection (R=−0.64, p = 0.003). However, neither of
these correlations were notices in the PCE group (R=0.06, p = 0.74; and R=−0.28, p=0.12)
suggesting an impaired interaction between the vPFC and amygdala. To test the statistical
significance of these group differences on correlation coefficients, an iterative permutation
process was performed. Specifically, in 10000 repetitive iterations, the element orders in
both of the correlation vectors were randomized and the corresponding correlation
coefficients were calculated. With this randomization, the resultant correlation coefficients
simply reflect by-chance correlations, thus the probabilistic null distribution of the
correlation coefficients, as well as their group differences, were established empirically.
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Then the p value of the original group difference is determined by its position in this
empirically established distribution. Using this method, the group difference of fMRI-fMRI
correlation was significant (p=0.02), and the group difference of the fMRI-DTI correlation
was marginally significant (p=0.06).

4. Discussion
With multimodal MRI techniques, the present study examined PCE associated alteration of
functional activations in the ventral prefrontal cortex as well as the alteration of its structural
connections with amygdala. Based on the well-established model of vPFC to amygdala
inhibition (Urry et al., 2006; Quirk and Beer, 2006; Banks et al., 2007), the present results
augment our previous findings of PCE impact on amygdala activity (Li et al., 2009); and
these observations, taken together, extend our understanding of the neurobiological
mechanisms underlying PCE associated arousal dysregulation.

Previous behavioral and animal studies of PCE impact on neurodevelopment have suggested
that, in prenatally exposed individuals, the mediation of arousal by prefrontal cortex may be
affected because the threshold for activation in response to perceived stress or emotionally
salient stimuli is altered by the exposure (see (Mayes, 2002) for review). As the amygdala is
considered the critical region in generation and experience of stress and negative emotion
(Aggleton, 1993; Phelps, 2006; Holzel et al., 2010), our previous finding of unsuppressed
amygdala activation in the PCE adolescents (Li et al., 2009) may be a neural correlate of this
altered threshold in response to stress or emotional arousal. However, the specific prefrontal
mechanism involved in arousal regulation and how it would be affected by PCE are still
unclear. The present data reveals part of this prefrontal mechanism by showing altered vPFC
activation and its structural connection with amygdala in the exposed adolescents. When the
cognitive demand increases requiring more suppression of the task-irrelevant emotional
arousal, the control subjects increased their vPFC activation to suppress their emotional
response in the amygdala while the PCE subjects did not. In addition, impact of PCE on this
pathway of arousal regulation is manifested as reduced white matter integrity. The
compromise of this inhibitory pathway is consistent with the model of neural “switch” for
the long-term effects of PCE (Mayes, 2002). Namely, the brain keeps a balance between
executive and automatic functions with a “switch” controlling the dominance of automatic
responses in situations of danger and extreme stress. Under challenging, novel, or stressful
conditions, the exposed children, as well as exposed animals (Johns et al., 1992; Romano
and Harvey, 1998; Campbell et al., 2000), usually activate this switch too early. The balance
is biased favoring the automatic function in exposed individuals as their frontal activations
associated with suppression of automatic responses are impaired; and/or their white matter
pathways associated with delivering of this suppressing signal are damaged.

Although the specific function of vPFC is assumed to be inhibition of the amygdala in the
present study, functional alterations of vPFC may contribute to the PCE impact on arousal
regulation in a more general level. The ROIs of vPFC in the present study covers Brodmann
area 10, which is also termed anterior or rostral prefrontal cortex in previous studies
(Ramnani and Owen, 2004; Burgess et al., 2007). This region is involved in coordination of
information processing and transfers when multiple processes are engaged (Ramnani and
Owen, 2004) and in coordinating attention between external stimuli and internal thoughts
(Burgess et al., 2007). These functions are known to be compromised in general in PCE
children (Mayes et al., 1998; Mayes, 2002). For multiple processes, the present study has
two independent streams of information input, one being emotional and the other being
cognitive. When the processing resource needs to be coordinated in favor of the cognitive
stream, the PCE adolescents exhibit reduced capability in doing so. For external and internal
attention, it is closely associated with the “default mode” brain network (Buckner et al.,
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2008) and the autonomic nervous system (Porges, 1992), which are both affected by PCE
(Sheinkopf et al., 2007; Li et al., 2011). Functional (and probably structural as well)
alteration in vPFC could be central to our understanding of our previous findings of PCE
effect in the amygdala and in the “default mode” network.

The observed amygdala-vPFC dysfunction may also contribute to the relatively higher risk
for sociobehavioral problems associated with PCE, including antisocial personality,
aggression, or delinquency (Bendersky et al., 2006; Bennett et al., 2007; Minnes et al.,
2010). These behavioral problems were previously reported to be associated with functional
and structural aberrations of the frontal-limbic system, in which amygdala and vPFC both
play a critical role (Blair, 2004; Siever, 2008; Vloet et al., 2008). Generally, vPFC is
considered to be more involved in the modulation of reactive aggression while amygdala to
be more involved in goal directed aggression (Blair, 2004). Exaggerated amygdala and
diminished vPFC reactivity to angry faces as well as reduced functional connection between
them were reported in individuals with impulsive aggression (Coccaro et al., 2007). In
addition, individual differences in the structural integrity of vPFC-amygdala pathway can
predict trait anxiety with higher pathway strength associated with lower anxiety (Kim and
Whalen, 2009). These data show similarity to the present results observed in PCE
adolescents. The corresponding dopaminergic frontal-limbic pathway may be disrupted in
the fetal development due to cocaine’s blocking effect on reuptake of monoaminergic
neurotransmitters (Mayes, 1999).

Similar to most of the human studies that examine the impact of PCE on neural development
and behavior, the main limitation of the present study is that the reported PCE effect may
actually represent the effect of a plethora of factors. Because women who use cocaine during
pregnancy usually also use other drugs (e.g. alcohol, tobacco and marijuana), and the
exposure is often associated with adverse environment in development, the exposed vs. non-
exposed group difference may not only reflect the effect of PCE, but also the effect of
complicated interactions between poly-drug exposure and socioenviornmental factors
(Yumoto et al., 2008). While efforts were made in reducing the proportion of children with
other prenatal drug exposure, in matching the exposed and the control groups (Coles et al.,
1992; Brown et al., 1998), as well as in statistically controlling 7 confounding factors in the
present study, this limitation cannot be completely eliminated. In fact, this limitation is made
more acute in neuroimaging studies than in neurobehavioral studies because of the relatively
smaller sample size necessitated by the expense and complexity of the study. However,
neuroimaging studies offset this shortcoming by attributing behavioral outcomes to specific
brain mechanisms in different regions or pathways (Smith et al., 2001; Warner et al., 2006;
Avants et al., 2007; Rao et al., 2007; Hurt et al., 2008; Rivkin et al., 2008; Ackerman et al.,
2010). As part of our “frombehavior-to-brain” research line on the same cohort of subjects
(Coles et al., 1999; Bard et al., 2000; Brown et al., 2004; Kable et al., 2008; Li et al., 2009;
Li et al., 2011), the present study extended our understanding of PCE effect on arousal
regulation into alterations of the amygdala-vPFC neural network. Similar to the present
findings, dopamine-rich frontal and sub cortical structures have been show to be vulnerable
to prenatal drug exposure, suggesting that multiple drug exposure may share a profile of
developmental neurotoxicity (Derauf et al., 2009). Continued follow-up of the exposed
cohorts and the advancing of neuroimaging techniques will allow us to characterize this
profile in multiple regions of the brain network and multiple time points of the
developmental trajectory.
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Figure 12

Schematic diagram of the experimental paradigm. Each task block began with an instruction
asking subjects to either perform the 0-back or 1-back memory task. The letter pairs were
interleaved by fixation crosses and distracter pictures (duration labeled). These pictures were
either neutral or negative (only negative picture shown here) within each fMRI block. The
blue/red hands indicate the display on which a button response is required for the 0-back/1-
back task.
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Figure 2.
Activation pattern in the 4 ROIs of bilateral vPFC and amygdala. The ROIs are shown
through bottom view in the central brain with the left (L) and right (R) hemispheres labeled.
ROI activations in different experimental conditions are shown with the bar graphs in
corresponding quadrants. All the bars, presenting regression coefficients, are plotted in the
same scale with the neutral_0-back condition as the baseline. CON: control; PCE: prenatal
cocaine exposure; Nu: neutral; Ng: negative: 0: 0-back; 1: 1-back.
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Figure 3.
Group comparison of the vPFC-amygdala structural connectivity. White matter pathways
defined by the probabilistic fiber tracking are shown with the cyan-blue color scale, which
represents the percentage of subjects with a non-zero tract estimates in that voxel. FA
values, respectively extracted from the left and right pathways are compared between the
two groups by the bar graph. CON: control, PCE: prenatal cocaine exposure.
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Figure 4.
Correlations of amygdala suppression with vPFC activation (top portion) and with vPFC-
amygdala structural connectivity (bottom portion). Each dot in the plot represents data from
one participant. CON: control, PCE: prenatal cocaine exposure.
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