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Abstract
Background—To determine the effects in adult offspring of maternal exposure to stress and
alcohol during pregnancy, we imaged striatal and midbrain dopamine transporter (DAT) binding
by positron emission tomograpahy (PET) in rhesus monkeys (Macaca mulatta). We also evaluated
the relationship between DAT binding and behavioral responses previously found to relate to
dopamine D2 receptor density (responsivity to tactile stimuli, performance on a learning task, and
behavior during a learning task).

Methods—Subjects were adult offspring derived from a 2×2 experiment in which pregnant
monkeys were randomly assigned to control, daily mild stress exposure (acoustic startle),
voluntary consumption of moderate level alcohol, or both daily stress and alcohol. Adult offspring
(n = 38) were imaged by PET with the DAT ligand [18F]FECNT.

Results—Results showed that prenatal stress yielded an overall increase of 15% in [18F]FECNT
binding in the striatum (p = 0.016), 17% greater binding in the putamen (p = 0.012), and 13%
greater binding in the head of the caudate (p = 0.028) relative to animals not exposed to prenatal
stress. Striatal [18F]FECNT binding correlated negatively with habituation to repeated tactile
stimulation and positively with tactile responsivity. There were no significant effects of prenatal
alcohol exposure on [18F]FECNT binding.

Conclusions—Maternal exposure to mild daily stress during pregnancy yielded increases in
striatal DAT availability that were apparent in adult offspring, and were associated with
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behavioral characteristics reflecting tactile hyperresponsivity, a condition associated with problem
behaviors in children.
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INTRODUCTION
Chronic psychological stress during pregnancy is associated with a range of adverse
developmental outcomes, including low birth weight and shorter gestation duration, reduced
neonatal attention and habituation, impaired motor function and executive function, and
increased risk for ADHD, autism, schizophrenia, depression, and anxiety (1–4). Nonhuman
primates are excellent models for studying prenatal stress with experimental control because
of the similarity to humans in complex cognitive and social behaviors as well as in brain
structures and biological processes of stress reactions (5).

In this study, pregnant rhesus monkeys were experimentally exposed to a daily mild stressor,
moderate level alcohol, or both stress and alcohol in order to measure the effects in offspring
on brain and behavior. The adult offspring were studied with non-invasive in vivo molecular
imaging by positron emission tomography (PET) to determine if prenatal stress and/or
alcohol exposure altered dopamine transporter (DAT) availability. Because of the
importance of the dopamine (DA) system in regulating mood, affect, motivation and reward
responses, as well as the initiation and control of motor behaviors, this information could
assist in developing treatments for individuals from prenatally stressed pregnancies (6; 7).
To measure DAT availability, we used [18F]FECNT, which has 25 and 156 fold greater
affinity for human DAT than for the serotonin and norepinehrine transporters respectively
(8). Test-retest reproducibility of the [18F]FECNT PET target to cerebellum specific uptake
ratio is 2.6%, and this PET measure correlates very well with postmortem rhesus striatal
DAT immunoreactivity intensity measurements (R2 = 0.83) (9).

We also examined whether DAT availability would be related to behavioral characteristics
in these monkeys. More specifically, we assessed behavioral responses to repeated tactile
stimuli to determine the relationship between dopamine function and responsivity to
repeated non-noxious tactile stimuli. Sensory processing disorders, characterized by under-
or over-responsivity to non-noxious sensory stimuli, occur in approximately 5% of the
general population (10). Sensory processing disorders pose unique challenges for people
with developmental disabilities (11). The core deficits in sensory processing disorders are
regarded as difficulty suppressing irrelevant sensory input, coupled with inappropriately
high responsiveness to those stimuli. The basal ganglia and thalamocortical circuits are
considered potential contributors to developmental disorders that are characterized by
reduced inhibitory control and difficulty filtering information appropriately (12). Our
previous studies showed that PET measures of striatal dopamine functioning (ratio of
dopamine D2 receptor (D2R) availability to DA synthesis) were negatively correlated with
behavioral inhibition or suppression of irrelevant action during cognitive testing (13). In
addition, we found that binding of the D2R ligand [18F]fallypride in striatum was negatively
related to habituation to repeated tactile stimulation and positively related to the magnitude
of tactile responsivity (14).

DAT is a membrane-bound presynaptic protein that rapidly clears DA that has been released
into the extracellular space and thereby limits the amplitude and duration of DA signaling.
DAT’s role in limiting synaptic dopamine is complex, and there is evidence that D2
receptors stimulate expression of DAT on the surfaces of cells (15). In addition, activation
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of D2 receptors stimulates DAT function and dopamine clearance, whereas D2 antagonists
block dopamine uptake (see (16) for a review).

Experimental animal studies have shown that both the DA system and DA-regulated
behaviors are especially vulnerable to prenatal environmental influences (17). We found
only one published study examining the effect of prenatal stress on DAT; it showed reduced
DAT expression in the midbrain and striatum of prenatally stressed mice (18). Previously
we found that monkeys exposed to prenatal stress had higher striatal D2R availability
compared to non-stressed animals (13). Therefore, we expected that striatal DAT density
would also be increased by prenatal stress.

The subjects were the offspring of female rhesus macaques from an experiment that
independently manipulated exposure to daily prenatal stress and moderate dose prenatal
alcohol. The animals in the four treatment groups (daily prenatal stress, moderate dose
prenatal alcohol exposure, combination of prenatal stress and alcohol exposure, and control)
have been studied longitudinally since birth (5). Animals in all four conditions have been
subjected to identical experimental protocols. We tested the hypothesis that prenatal stress
and/or prenatal alcohol, would yield increases in DAT availability in adulthood compared
with offspring not exposed to prenatal stress or alcohol. PET was used with the ligand
[18F]FECNT to measure DAT availability in the midbrain (substantia nigra and ventral
tegmental area) and striatum (putamen, caudate nucleus, and nucleus accumbens), brain
regions rich in DA cell bodies and DAergic innervation respectively. We also examined the
relationships of ligand binding to behaviors that in our previous work had shown effects of
dopamine system alterations (13; 14).

METHODS & MATERIALS
Subjects

This experiment was approved by the University of Wisconsin-Madison Animal Care and
Use Committee. The subjects were 38 adult rhesus monkeys (Macaca mulatta, 21F:17M,
13.8 ± 1.0 years, 12.0 – 14.7 years), members of a longitudinal experiment investigating
moderate level prenatal alcohol exposure and prenatal stress. Healthy female monkeys from
the breeding colony were screened for willingness to consistently and voluntarily consume
0.6g/kg, 6% v/v alcohol solution sweetened with aspartame (300 mg/100 ml, NutraSweet,
Chicago) daily for 2 weeks; 68% of the colony females tested fell into this category. This
dosage, which is at the low end of the range used in primate and rodent teratogenic studies
(19), is comparable to an average-sized woman consuming approximately two alcoholic
drinks, and yielded blood concentrations (BACs) of 20–50 mg/dl 60 minutes after
consumption (blood samples were obtained prior to pregnancy to avoid stress given that
prenatal stress was a variable of interest). Alcohol-consuming females were randomly
assigned to one of four groups in a 2 (Prenatal Stress) × 2 (Prenatal Alcohol) factorial
design.

The pregnant females in the prenatal alcohol-only and alcohol + stress groups voluntarily
consumed 0.6 g/kg in a 6% alcohol solution sweetened with aspartame (300 mg/100 ml)
daily throughout gestation at 1600h. The alcohol treatment began 5 days before breeding
and ended at parturition. All animals were fed Purina Monkey Chow (St. Louis) daily at
0600h and were given a fresh fruit supplement on Monday, Wednesday, and Friday at
1300h. There was normally no Chow left when the alcohol solution was introduced. Water
was available ad libitum, including when alcohol was available. The control and prenatal
stress-only mothers consumed a sucrose solution approximately equivolemic and equicaloric
(8g/100 ml water) to the alcohol solution.

Converse et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The pregnant females in the prenatal stress and prenatal stress + alcohol groups were
exposed to stress 5 times per week at approximately 1530h during gestational days 90
through 145. The stress treatment involved removal from the home cage to a darkened room
where three noise bursts (1300 Hz, 115 dB at 1 m) were randomly administered over a 10-
minute period (5). With this treatment, plasma cortisol levels have been shown to increase
from 25.2 ± 2.2 μg/dl at baseline to 34.8 ± 2.4 μg/dl 30 minutes post-stress treatment (mean
± SEM) (20).

The offspring in this study consisted of 12 controls (9F:3M), 8 prenatal-stressed (2F:6M), 10
prenatal alcohol-exposed (7F:3M), and 8 prenatal alcohol + stress-exposed monkeys (3F:
5M). The rearing conditions and previous testing of animals in all conditions are described
in detail elsewhere (21). Briefly, all infants were housed with their mothers in individual
cages during the first 6 months except for four brief separations during the first month for
neurobehavioral testing (21). At 6 months, they were separated from their mothers for
weaning and then reared in mixed-sex peer groups consisting of 5–6 monkeys from similar
prenatal conditions (22). At the time of the present study, the animals were pair-housed with
same-sex peers from similar treatment groups. All housing conditions were controlled
(lights on: 0600 – 2000h; 21 ± 0.5 °C).

Behavioral measures
We found earlier that binding of the D2 receptor ligand [18F]fallypride in the striatum was
significantly related to responsivity to repeated tactile stimulation and to behavior during a
non-match-to-sample learning task (13). Therefore, in the present study we examined the
correlations between [18F]FECNT binding in striatum and these two behavioral measures.
The behavioral procedures are described in detail elsewhere (14; 23). Briefly, at age 32 to 34
months the animals described in the present study were trained to criterion of 90% correct
on the non-match-to-sample task, and behaviors during the learning task were rated. At age
5 to 7 years the animals were tested for responsivity to repeated tactile stimulation (14). This
scale was developed by adapting procedures from sensory processing assesments for
children (24; 25). Responsivity on each of the 18 trials (6 trials each of 3 diferent textures)
was rated by an observor. The ‘sensory magnitude’ score reported below was the mean
responsivity over all 18 trials. The ‘habituation’ score was the average of the linear trend for
responsivity over the 6 repeated trials for two of the textures (cotton and feather). Magnitude
and habituation are moderately negatively correlated (r = −0.314) but capture different
aspects of sensory responsivity.

Radiotracer
The cocaine analog [18F]2β-carbomethoxy-3β-(4-chlorophenyl)-8-(2-fluoroethyl)-
nortropane ([18F]FECNT) was prepared by the reaction of the precursor 3-β-(4-
chlorophenyl)nortropane-2-β-carboxylic acid methyl ester (ABX, Radeberg, Germany) with
[18F]1-bromo-2-fluoroethane (26).

PET scanning protocol
Subjects were anesthetized with ketamine (10 mg/kg im, 50 ± 11 minutes prior to radiotracer
injection), transported to the scanner, intubated, and maintained on isoflurane (1.5 ± 0.1 %
in oxygen) throughout scanning. Subjects were positioned prone in a microPET P4 scanner
(27) (Siemens, Knoxville) with their heads face down and fixed with ear bars, a tooth bar,
and a pad pressing on the top of the head such that transaxial scanner planes corresponded to
axial brain slices. A 57Co transmission scan was acquired (120–125 keV energy window),
and a 150 minute emission scan was begun (350–650 keV, 6 ns coincidence window, 3D list
mode). 60 seconds after scan start, [18F]FECNT was injected intravenously (activity: 188 ±
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11 MBq, specific activity: 37 ± 25 MBq/nmol, injected mass per body weight: 0.91 ± 0.71
pmol/g).

Image reconstruction
Images were reconstruced using the scanner vendor’s software (Siemens, microPET
Manager 2.4.1.1). Emission list data were binned into 3D sinograms at 5×1 + 5×2 + 3×5 +
12×10 minutes (4B integers, 168 projection angles × 192 bins, span 3, ring difference 31,
hist.exe 2.338). To generate smooth accurate μ maps for attenuation and scatter
corrections, 57Co transmission list data were binned into 3D sinograms, which were then
reconstructed by filtered back projection (FBP, full transaxial FOV). The resulting
transmission images were smoothed (4 mm FWHM Gaussian), calibrated so brain tissue had
an average value of μ = 0.095 cm−1, segmented so pixels of μ > 0.095/2 cm−1 were assigned
μ = 0.095 cm−1 and others zero, and forward projected into 3D sinograms (ASIPro 6.7.1.2).
Emission images were reconstructed with FBP (fourier 2D rebinning, pixel size 0.47 mm ×
0.47 mm in-plane × 1.21mm slice thickness, ramp filter, recon.exe 2.330). The resulting
images included corrections for detector sensitivity, deadtime, decay, attenuation, and
scatter (scatter_alpha.exe).

Image processing
Images were aligned to a common space as follows. Regions of interest (ROIs) from a
digitized version of a rhesus brain atlas (28) were aligned to a rhesus MRI template (29). To
better visualize whole brain, static 0- to 14-min post-injection [18F]FECNT images were
created. The 0–14 min image of one control subject was manually aligned to the MRI
template by 6 degrees of freedom (df). The remaining 11 control images were aligned to this
image by 6 df using a coregistration algorithm with a correlation ratio cost function (FSL
FLIRT, version 5; Oxford Centre for Functional MRI of the Brain). Each of these 12 control
images was divided by its mean value in whole brain, and the resulting 12 whole brain
normalized images were averaged. Values in this image were determined for caudate,
putamen, nucleus accumbens, substantia nigra and ventral tegmental area, and remainder of
brain, and these values were assigned to the ROIs in the digitized atlas, which was then
smoothed (2.5 mm FWHM Gaussian) to approximate the scanner resolution, thus creating a
synthetic target. The average control image was aligned to the synthetic target by 9 df. The
control images were aligned to this image first by 6 and then by 9 df, and they were
averaged creating a 0–14 minute control template. Finally, the 0–14 minute image for each
of the 38 subjects in the study was whole brain normalized and aligned to the control
template by first 6 and then 9 df using a normalized correlation ratio cost function. Images
were inspected and in 2 cases further adjusted manually with 6 df.

For each subject, the resulting transformation matrices were multiplied and the product was
applied to the corresponding 0–150 minute dynamic image. To check for head motion, the
aligned dynamic images were viewed in cine mode and TACs were inspected. The aligned
dynamic images were time averaged and inspected for agreement with the ROIs. The time
averaged images were whole brain normalized, averaged within group, and inspected for
systematic differences in alignment or anatomy associated with maternal treatment.

Pharmacokinetic modeling
[18F]FECNT binding was determined using the Logan graphical reference tissue method
(30). The following atlas-based ROIs were used: striatum, with sub-ROIs of nucleus
accumbens, putamen, caudate, head of caudate, body of caudate, and tail of caudate. A
radioactivity-based ROI was delineated in midbrain to encompass substantia nigra and
ventral tegmental area (SN/VTA). The reference region was a cerebellar grey matter area
drawn to exclude vermis and avoid spillover from adjoining regions. Time-activity curves

Converse et al. Page 5

Biol Psychiatry. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(TACs) were determined for each of the ROIs. The target to reference ratio rose
continuously and plateaued at approximately 90 minutes (Supplement: Figure S3) in
agreement with results reported elsewhere (9). Therefore, target-to-reference distribution
volume ratios (DVR) were calculated as the slope of ∫target/target vs ∫reference/target for
the period 90–150 min using in-house software (dyanakc.py v20100406). Under the
assumption that the reference region was devoid of specific binding, the binding potential of
specifically bound [18F]FECNT with respect to nondisplaceable tracer in tissue was reported
as BPND = DVR − 1 (31).

Statistical analysis
Prenatal treatment effects on [18F]FECNT binding were evaluated for the midbrain and
striatum ROIs in a 2 (Stress) × 2 (Alcohol) factorial analysis of variance (ANOVA). Effects
meeting p < 0.05 were considered significant. We used a hierarchical strategy, in which the
sub-ROIs of the striatum were tested contingent on significant treatment effects on the
striatum. Pearson correlations were calculated between the behavioral variables that were
previously found to be significantly related to [18F]fallypride binding in striatum.

RESULTS
Observed [18F]FECNT binding

For all four prenatal treatment groups, high radioactivity was observed in regions expected
to be rich in DAT, especially striatum and midbrain (Fig. 1). Mean time-activity curves are
shown in Fig. 2 for prenatal stress and no prenatal stress, which indicate similar behavior in
the cerebellar reference region and differences in the striatum. Logan plots for a typical
animal are shown in Fig. 3. Mean [18F]FECNT binding potentials in striatal and midbrain
regions are shown for each of the groups in Table 1 along with radiotracer parameters.
Control subject means are consistent with [18F]FECNT binding measures in rhesus
macaques reported by others (9). Detailed imaging results are shown in Supplement: Figures
S1 and S2.

Effects of prenatal treatment
Analysis of [18F]FECNT binding revealed a main effect of prenatal stress (Table 1). Prenatal
stress resulted in an overall increase of 15% in DAT availability in the striatum compared to
no prenatal stress (p = 0.016). Testing the sub-ROIs of the striatum showed 17% greater
[18F]FECNT binding in putamen (p = 0.012) and 13% greater binding in head of caudate (p
= 0.028) (Fig. 4). There were no significant effects of prenatal alcohol exposure (smallest p
= 0.62), nor were there significant stress x alcohol interactions (smallest p = 0.31).

Relation of FECNT binding to behavioral measures
The correlations between [18F]FECNT binding in striatum and the non-match-to-sample
learning task and the tactile sensitivity measures are given in Table 2. The relationship
between [18F]FECNT binding in striatum and overall tactile responsivity (magnitude) was
positive and significant, and the relationship between binding and habituation to repeated
tactile stimulation was negative and significant (see Figures 5 and 6). These regressions did
not differ significantly between stress and non-stress animals (ps = 0.10 and 0.40, for
magnitude and habituation, respectively). The relationships of [18F]FECNT binding with
trials-to-criterion in the non-match-to-sample task and ratings of inhibition in the task were
not significant.
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Sensitivity analysis of potential sex effects
Because mothers were randomly assigned to treatment groups, the numbers of offspring in
the treatment groups were not balanced with respect to sex. To gauge sensitivity to potential
sex effects, sex was included in the model (2×2×2 ANOVA, Supplement: Table S1). This
reduced the significance of the main effect of stress, which still tended to show increased
DAT availability of approximately the same magnitude in striatum (12%, p = 0.056),
putamen (15% p = 0.037), and head of caudate (10% p = 0.102). Other findings, however,
support the interpretation of the 2×2 ANOVA results (Table 1) to be a consequence of
prenatal treatment rather than an artifact of the uneven distribution of sex acrosss conditions:
the data presented here reveal neither a significant main effect of sex nor sex x stress
interaction, rat studies show lower striatal DAT availability in males (32), and furthermore,
human studies show either no gender effect (32; 33) or lower striatal DAT availability in
males (34–38).

DISCUSSION
This is the first study, to our knowledge, demonstrating that experimentally-controlled
exposure to prenatal stress produces alterations of DAT that are evident in adulthood in
primates. In human correlational research, many factors differ across life that may be
correlated with prenatal experiences such as maternal stress. In contrast, for the animals in
the present experiment, although many intervening events have occurred, the animals in all
four conditions were exposed to identical research protocols since birth. In the present study,
prenatally-stressed adult rhesus monkeys showed significantly increased striatal DAT
binding compared with non-prenatally-stressed monkeys even as mature adults. Moreover,
the inference of DAT availability in striatum was made using a radioligand that is highly
selective for DAT ([18F]FECNT) in conjunction with high resolution PET (1.8 mm full
width at half maximum).

In the mammalian brain, DAT binding sites are most dense in the striatum and midbrain
(39). The significant differences in striatal DAT availability in the prenatal stress conditions
of the present experiment were focused in the putamen and head of the caudate. These
findings are consistent with evidence linking prenatal stress to impaired cognitive and motor
function in infants and children (40). Human lesion studies link the caudate to regulation of
complex cognitive functioning and the putamen to motor functions (41). Interestingly, we
previously reported that the prenatally-stressed monkeys in this experiment showed reduced
neonatal attention and motor maturity and reduced executive function during adolescence
compared with non-stressed monkeys (5). Our findings support a body of literature
suggesting that fronto-striatal dopamine dysfunction may contribute to the cognitive and
behavioral impairments reported in children from prenatally stressed pregnancies. For
instance, ADHD has been associated with prenatal stress in children (1). Although results
are mixed, ADHD patients have exhibited alterations in striatal DAT binding of similar
magnitude to that reported here in a primate model (42; 43). Moreover, ADHD is commonly
treated with methylphenidate, which blocks DAT and thereby raises synaptic levels of DA
(7).

Prenatal stress exposure has been shown to affect the dopamine system in rodents. In rats,
prenatal stress has been reported to alter dopaminergic indices including DA cell number,
DA turnover, and D2 receptor (D2R) density (44–48). However, only one previous study has
assessed DAT in prenatally-stressed animals, finding a reduction in DAT in midbrain and
striatum of mice (18). This inconsistency with our results could be due to a number of
factors such as the nature and timing of the prenatal stressor, time of DAT assessment, and
species differences in DAT. Indeed, while the genetic sequence of DAT is highly conserved
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across species, human DAT is 92% identical to the rat and 98% identical to the monkey (49;
50).

Earlier work on the monkeys examined in this study showed that prenatal stress increased
the ratio between D2R availability (indexed by [18F]fallypride binding) and presynaptic DA
synthesis (indexed by 6-[18F]fluoro-L-m-tyrosine uptake) compared to non-stressed
subjects, primarily as a consequence of 26% greater striatal D2R availability (13). The
relations between DAT, extracellular DA, and D2R are complex. Increased striatal DAT, as
found in the present study, is likely accompanied by increased DA clearance, which then
will result in reduced extracellular DA levels. Reduced extracellular DA may then cause
upregulation of D2R. But the causal direction is unclear -- upregulated D2R binding, in
principle, may cause DAT upregulation because D2R activation can also activate DAT (16).

Given the importance of the striatum in sensory and motor integration (51) and our previous
finding that tactile responsivity was related to D2R density, it is reasonable to expect lower
habituation and higher responsivity to repeated tactile stimulation to be related to DAT
binding. The striatum, part of the basal ganglia, mediates a range of functions, which
includes inhibitory control (52), learning (53), and attention (54). We found that lower
habituation and higher magnitude of responsivity to repeated tactile stimuli were associated
with higher striatal DAT binding. Thus, altered functioning of the DAergic neuromodulatory
circuits may underlie the phenotypic expression of sensory defensiveness, a common
condition in the general population (10). It was interesting that high striatal DAT binding
was associated with reduced habituation to tactile stimuli and increased responsivity, but not
to standard measures on a cognitive task requiring inhibitory control. This suggests that our
behavioral measures of sensory responsivity may be more closely related to DAT function
than some standard learning tasks.

The mechanisms by which prenatal events may program the DA system are not well
understood. Maternal stress likely acts through a combination of neuroendocrine, immune/
inflammatory, and vascular pathways to alter the maternal-placental-fetal system to
influence a variety of birth outcomes (3). For example, studies with both humans and
nonhuman primates have shown that maternal release of catecholamines during a stressful
event can constrict placental blood vessels and cause fetal hypoxia, which can alter brain
development (55). Maternal stress hormones can cross the placenta and thereby compromise
fetal brain development (56–58). In rodents the effects of prenatal stress can be mimicked by
administering glucocorticoids or ACTH and abolished by maternal adrenalectomy (58). Also
prenatal stress can afffect the activity of the placental barrier enzyme 11B-HSD2, which
converts cortisol to the inactive cortisone, potentially affecting the neurodevelopmental
outcome of the offspring (59–62). Interestingly, there appear to be no in vivo or in vitro
studies that have directly examined the effect of cortisol on DAT expression or activity, and
only a very few studies have indirectly investigated associations between cortisol and DAT
(63; 64).

The following methodological considerations and sensitivity analyses are presented in
greater detail in the Supplement. Tracer mass. There was 61% greater tracer mass
concentration observed in the reference region for the subjects not exposed to prenatal stress
because of unintentional differences in specific activity of injected [18F]FECNT (Table 1,
Mref, p = 0.095). This had the potential to artificially decrease [18F]FECNT binding in those
subjects due to occupancy of DAT in the target regions by non-radioactive FECNT. Given
the measured affiinity of [11C]methylphenidate in rat striatum (65), a rough calculation
suggests that FECNT occupancy may be negligible (Supplement). Nevertheless, we
performed an ANCOVA with tracer mass in the reference region, Mref, included as a
covariate. The fractional difference in striatal binding for stress vs no stress decreased by 3%
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when adjusted for the effect of mass (12%, p = 0.055). Although fitting the model with both
sex and mass may not be justified (66), the resulting differences in binding for stress vs no
stress were further decreased and lost significance (Supplement). Tracer metabolite. An
inactive metabolite of [18F]FECNT may cross the blood brain barrier, distribute evenly in
the brain, and thus reduce the apparent binding potential of [18F]FECNT determined by
reference tissue methods (67; 68). The radioactivity observed in the cerebellar reference
region scaled to injected dose/body weight differed by only 3% between the prenatally
stressed and non-stressed groups (Table 1, Aref), which suggests that any confound due to
differences in radiotracer metabolism would be small compared to the observed effects.
Analysis of striatal binding at earlier time points (60–120 minutes), when the relative
concentration of metabolite would be expected to be lower, yielded a stress effect similar to
that reported in Table 1 (12%, p = 0.033). Injected radioactivity. The stress groups on
average received 11% lower injected radioactivity per body weight, which would be
expected to yield higher statistical noise. It has been shown that the Logan method is
susceptible to noise, such that increasing noise systematically yields lower target to
reference distribution volume ratios (69). In this case, this confound is of reduced concern
because in fact the stress groups exhibit higher binding. DAT trafficking. Isoflurane
anesthesia has been shown in vitro to cause DAT to traffic intracellularly, and [18F]FECNT
binding in rhesus putamen decreased by 63% as isoflurane was increased from 1.0 to 2.0%
(70). To reduce noise introduced by this effect, we held the inhaled isoflurane concentration
stable across subjects at 1.5 ± 0.1%.

Conclusion
Changes in striatal DAT availability due to experimental exposure to prenatal stress may
represent a fundamental neuroadaptation in the dopamine system. Perturbations in levels of
DAT in adulthood are also related to reduced habituation and increased magnitude in
response to repeated tactile stimuli. Our findings underscore the role of prenatal stress on the
functioning of inhibitory circuits, which could mediate certain behavioral effects of prenatal
stress, including sensory defensiveness, reduced attention, motor function, and executive
function, as well as susceptibility to neuropsychiatric disorders. Further study of this model
may lead to improved therapeutic strategies for neuropsychiatric disorders, such as ADHD,
which have been linked to dopaminergic dysfunction as well as prenatal stress.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. [18F]FECNT image
Radioactivity images of control subjects (n = 12, 0–150 min) scaled to injected dose/body
weight, averaged, and overlaid on MRI template with regions of interest shown for nucleus
accumbens (Acb), caudate (Cd), putamen (Pu), and substantia nigra/ventral tegmental area
(SN/VTA). Coronal (a), axial (b), and sagittal (c) slices shown at right striatum.
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Figure 2. Time-Activity curves
Mean radioactivity normalized to injected dose per body weight for monkeys not exposed to
prenatal stress (n = 22) and monkeys exposed to prenatal stress (n = 16). Curves are shown
for the cerebellar reference region (no stress: ◇, stress: X) and striatum (no stress: □, stress:
△). Error bars indicate SEM.
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Figure 3. Logan plots for a control subject
[18F]FECNT binding is determined using the slope of the straight line fit to the last 6 data
points, corresponding to 90–150 minutes post-injection of tracer. (putamen: x, head of
caudate: ■, nucleus accumbens: ◆)
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Figure 4. Maternal stress during pregnancy increases DAT availability in striatal regions of
adult offspring
[18F]FECNT binding potentials (BP, supressed zero) in striatum, putamen, and head of
caudate are plotted for the four in utero treatment groups. P values indicate significance of
main effect of stress from 2 (Stress) × 2 (Alcohol) analysis of variance.
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Figure 5.
Magnitude of tactitle responsivity is positively related to DAT availability in striatum as
indexed by [18F]FECNT binding. (r = 0.332, p = 0.045). ○ = control, □ = alcohol, ▲ =
stress, ◆ = alcohol + stress.

Converse et al. Page 18

Biol Psychiatry. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Habitutation to repeated tactile stimulation is negatively related to DAT availability in
striatum as indexed by [18F]FECNT binding. (r = −0.404, p = 0.013). ○ = control, □ =
alcohol, ▲ = stress, ◆ = alcohol + stress.
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Table 2

Correlations between DAT binding in striatum and behavioral measures previously found to be significantly
related to D2R binding in striatum.

r p N

Sensory magnitude 0.332 0.045 35

Gentle habituation −0.404 0.013 35

NMS trials to criterion −0.15 0.383 35

NMS inhibition −0.087 0.615 35

NMS = non-match-to-sample; Pearson r, 2-tailed p,

*
p < 0.05.
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