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Abstract

Background—Moderate prenatal alcohol exposure can contribute to neurodevelopmental
impairments and disrupt several neurotransmitter systems. We examined the timing of moderate
level alcohol exposure, serotonin transporter gene polymorphic region variation (rh5-HTTLPR),
and levels of primary serotonin and dopamine metabolites in cerebrospinal fluid (CSF) in rhesus
monkeys.

Methods—Thirty-two 30-month old rhesus monkeys (Macaca mulatta) from four groups of
females were assessed: (1) early alcohol-exposed group (n = 9), in which mothers voluntarily
consumed 0.6 g/kg/day alcohol solution on gestational days 0 — 50; (2) middle-to-late gestation
alcohol-exposed group (n = 6), mothers consumed 0.6 g/kg/day alcohol solution on gestational
days 50 — 135; (3) a continuous-exposure group (n = 8), mothers consumed 0.6 g/kg/day alcohol
solution on gestational days 0 — 135; and (4) controls (n = 9), mothers consumed an isocaloric
control solution on gestational days 0 — 50, 50 — 135, or 0 — 135. Serotonin transporter promoter
region allelic variants (homozygous s/s or heterozygous s/l versus homozygous I/l) were
determined. We examined CSF concentrations of the 5-HT and DA metabolites, 5-
hydroxyindoleacetic acid (5-HIAA) and homovanillic acid (HVA), respectively, at baseline and 50
hours after separation from cage-mates, when the monkeys were 30 months old.

Results—Early- and middle-to-late gestation-alcohol exposed monkeys carrying the short allele
had lower concentrations of 5-HIAA in CSF relative to other groups. Concentrations of 5-HIAA in
CSF were lower for s allele carriers and increased from baseline relative to pre-separation values,
while 5-HIAA levels in I/1 allele carriers were not affected by separation. Monkeys carrying the
short allele had lower basal concentrations of HVA in CSF compared to monkeys homozygous for
the long allele.

Conclusion—Carrying the s allele of the 5-HT transporter increased the probability of reduced
5-HIAA in early- and middle-to-late gestation alcohol-exposed monkeys and reduced HVA at
baseline. These findings that prenatal alcohol exposure altered central 5-HT activity in genetically
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sensitive monkeys raise questions about whether abnormal serotonin biological pathways could
underlie some of the psychiatric disorders reported in fetal alcohol spectrum disorder (FASD).
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serotonin; rhesus monkey; prenatal alcohol exposure; serotonin transporter gene; 5-
hydroxyindoleacetic acid

INTRODUCTION

Fetal alcohol spectrum disorder (FASD) is associated with a range of adverse effects that
can be observed in children prenatally exposed to alcohol (Riley and McGee, 2005). Fetal
alcohol syndrome (FAS), which includes growth retardation, craniofacial anomalies, CNS
dysfunction, and cognitive and behavioral impairments, is the most serious of the FASD
outcomes of prenatal alcohol exposure (Autti-Ramd, 2002; Mattson and Riley, 1998; Jones
and Smith, 1973; Streissguth et al., 2004). Alcohol-related neuro-developmental disorder
(ARND) is the term used to describe prenatally alcohol-exposed children with problems that
are primarily neurobehavioral, including cognitive effects, hyperactivity, impulsivity,
reduced attention span, and lack of inhibition (Streissguth et al., 1986; Mattson et al., 2001).

Individuals with FASD have been shown to be at high risk for secondary disabilities,
including mental health problems, such as depression and anxiety (O’Connor et al., 2000;
Streissguth et al., 2004). Indeed, such mental health problems were considered to be among
the most severe manifestations of FAS in adulthood (Lemoine et al., 2003). The underlying
mechanisms of depression and anxiety in individuals with FASD are not fully understood.
Because animal studies have linked prenatal alcohol exposure to deficiencies in the
serotonergic (5-HT) neurotransmitter system and because deficits in the 5-HT system are
thought to underlie depression and anxiety, it is possible that 5-HT system deficits and
subsequently altered behavior and brain function might contribute to the high prevalence of
mental health problems noted in individuals with FASD (Holsboer et al., 1995; Nemeroff et
al., 2002; Nestler et al., 2002; Streissguth et al., 1996).

Development of the monoamine neurotransmitter serotonin (5-HT) system plays a major
role in the plasticity of the brain and is linked to a wide range of behaviors, physiological
mechanisms, and disease processes (Azmitia, 2001). 5-HT neurons project diffusely to a
wide range of brain regions, including the cortex, amygdala, and hippocampus Hensler et
al., 1994) and play a role in a wide range of functions, including food intake, sleep, pain,
sensory function, sexual activity, and endocrine function, as well as the integration of
emotional, cognitive, and motor function (Lesch 1997). The 5-HT system is involved in the
regulation of the HPA axis (Chaouloff, 1993; Lanfumey et al., 2000) and the expression of
depression and anxiety.

Prenatal alcohol exposure has been found to alter the development of the 5-HT system. In
rodents, moderate level prenatal alcohol exposure decreased 5-HT neurons, density of 5-HT
reuptake sites and induced an abnormal density of 5-HTq 4 receptors in the dorsal and
median raphe nuclei, where 5-HT neurons reside (Druse et al., 1991; Druse and Paul, 1989;
Kim et al., 1997; Tajuddin and Druse, 2001). Moderate fetal alcohol exposure (20-25%
ethanol-derived calories, BAC’s from 44 to 142 mg/dl) at mid-gestation (from embryologic
day 7 or 8 until sacrifice) compromised midline neural tube development (Zhou et al., 2001).
Because the midline of the neural tube mediates neural differentiation, abnormal midline
neural tube development can alter the development of midline neurons, including the raphe,
from which 5-HT-rich neurons are derived, as well as septal nuclei and appropriate crossing
of commissural fibers (Sari et al., 2001; Zhou et al., 2002). Moreover, while the neural tube
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midline defects were no longer apparent near or after birth, the long-term consequences
were fewer 5-HT neurons in the raphe (Zhou et al., 2003).

The timing of prenatal alcohol exposure has been found to be critical, given evidence that
prenatal alcohol exposure effects are related to the region of the brain or cell type
undergoing rapid development at that time (Goodlett and Johnson, 1999). Moreover, it is
possible that genetic factors might increase or decrease an organism’s sensitivity to fetal
alcohol effects during a sensitive period, i.e., an epoch of development during which the
effects of experience can alter neuronal development and connectivity (Bear, 1995).

During early pregnancy, prenatal alcohol exposure results in craniofacial anomalies typical
of FAS, and also causes midline brain abnormalities, and reduced cerebellar Purkinje cell
number in humans, sheep, and rodents (Graham et al., 1988; Ramadoss et al., 2007; Sulik et
al., 1981). Exposure on gestational day 8 in mice significantly reduced the volume in the
right olfactory bulb, right hippocampus, and cerebellum, while the septal region, pituitary,
and ventricles were larger than those of the control group. These findings differ from results
found at gestation days 7 and 9 (of 19-21 day gestation period), and suggest that a unique
pattern of alcohol-induced deficits is associated with a specific time period of alcohol
exposure (Parnell et al., 2009). In pigtailed macaques, once-weekly alcohol dosing during
early gestation (weeks 0-6) (at a dose comparable to six drinks in humans) was sufficient to
cause deficits that were as severe as those detected from drinking throughout pregnancy
(weeks 0 — 24) (Clarren et al., 1992). Along similar lines, we reported that early gestation
alcohol exposure in rhesus macaques was as deleterious to neonatal neurobehavior as was
continuous exposure throughout pregnancy (Schneider et al., 2005). Moreover, moderate
dose alcohol exposure occurring during the early gestation period, a time period that is
comparable to the first trimester in humans, reduced striatal dopamine (DA) DR binding
while middle-to-late gestation exposure induced effects in the opposite direction, up-
regulation of striatal DA D,R binding, relative to the early and continuous-exposed monkeys
(Schneider et al., 2005). These findings suggest that the prenatal exposure also affects the
DA system. The major metabolite of DA in monkeys is homovanillic acid (HVA). The
effects of differences in the timing of alcohol exposure on HVA were determined in addition
to measures of 5-HT system activity.

While numerous studies have investigated the role of timing of prenatal alcohol exposure on
offspring outcome, few studies have examined how the timing of exposure interacts with
genetic influences. Controlled studies of prenatal alcohol exposure relative to genotype can
only be done in nonhuman primates. One genotype that has recently received attention is the
serotonin transporter gene promoter (5-HTTLPR), which has a length polymorphism.
Carrying the short (s/s or s/l) combination of alleles compared to the long (I/1)
polymorphism has been shown to result in reduced transcription of the 5-HTT gene, which
may translate into altered uptake of synaptic 5-HT (Lesch et al. 1996). In rhesus macaques
(Macaca mulatta), a 21 base pair (bp) insertion/depletion polymorphism (rh5-HTTLPR) that
is present in the orthologous region and which is functionally similar to the human 5-
HTTLPR variant has been shown to influence transcriptional efficiency (Bennett et al.,
2002).

Our previous work showed that prenatal alcohol-exposed monkeys carrying the serotonin
transporter gene polymorphic region (rh5-HTTLPR) short (s) allele exhibited increased
neonatal irritability and higher levels of ACTH during weaning at 6 months of age compared
with prenatal alcohol exposed monkeys homozygous for the long allele and monkeys not
prenatal alcohol exposed, regardless of genotype (Kraemer et al., 2008). Moreover, we
found that early gestation alcohol exposure induced behavioral under-responsivity or
blunting of responses to non-noxious tactile stimuli in monkeys carrying the short rh5-
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HTTLPR allele compared to early alcohol-exposed monkeys homozygous for the long allele
and monkeys from middle-to-late alcohol-exposed pregnancies and controls, regardless of
genotype (Schneider et al., 2009). Others have reported that monkeys carrying a copy of the
rh5-HTTLPR short allele differed in concentrations of 5-HT metabolites in cerebral spinal
fluid (Bennett et al., 2002), neonatal visual orienting to stimuli (Champoux et al., 2002) and
ACTH levels during social separation when compared to monkeys with the I/l genotype
(Barr et al., 2004). These effects occur in relation to a gene-by-environment interaction
dependent on early social rearing conditions, that is, being reared by mothers versus in peer
group housing.

In the present study, we tested the hypothesis that moderate prenatal alcohol exposure
during a particular gestation period would interact with rh5-HTTLPR genotype (I/l vs. I/s
and s/s) to alter CNS 5-HT and DA functioning, as measured by cerebrospinal fluid
concentrations (CSF) of the 5-HT metabolite, 5-hydroxyindoleacetic acid (5-HIAA) and the
DA metabolite, homovanillic acid (HVA) in young adult rhesus monkeys. We measured 5-
HIAA and HVA at baseline and 50 hours after separation from cage-mates when the
monkeys were 30 months of age. The response to separation provides an indicator of
response to stressors in relation to prenatal treatment and genetic factors.

MATERIALS AND METHODS

Maternal Alcohol Treatments

Subjects

Healthy adult female rhesus monkeys within the breeding colony that voluntarily and
reliably consumed 0.6 g/kg/day of a 6% volume/volume (v/v) alcohol solution sweetened
with NutraSweet (300 mg/100 ml) (Equal Sweetener, Merisant US, Inc., Chicago, IL) were
used in this study. Prior to breeding, blood samples were obtained 60 minutes after
consumption of 0.6g/kg/day alcohol, which produced average blood alcohol concentrations
of 20 — 50 mg/dL. This dosage is comparable to an average-size woman consuming two
drinks daily. Females that consumed alcohol prior to breeding were randomly assigned to
the control group or one of three experimental groups (see below) with timing of prenatal
alcohol exposure as the independent variable. The monkeys assigned to the alcohol-
consuming groups voluntarily consumed the alcohol solution daily at 1600 hours. Water was
available ad libitum, including during the period when the alcohol solution was available.
The animals had no chow left by the time of day that the alcohol was introduced. The
control mothers consumed a sucrose solution that was designed to be approximately
equivolemic and equicaloric (8g/100 ml water) to the alcohol solution. All females were
housed under identical conditions, undisturbed except for necessary routine animal
husbandry. These studies were conducted in accordance with the Institutional Animal Care
and Use Committee.

The offspring subjects in this study were 32 male and female rhesus monkeys (Macaca
mulatta), members of an ongoing longitudinal study investigating the effects of moderate
level prenatal alcohol exposure, during early or middle-to-late gestation, on brain and
neurobehavioral function. The alcohol exposure periods were selected to approximate the
embryological and fetal periods in human development, respectively. The embryological
periods are similar in rhesus macaques and humans, with major organogenesis essentially
complete by approximately day 45 in the rhesus macaque and day 56 in the human (Newell-
Morris and Fahrenbruch, 1985). The species differ with regard to the fetal period in that the
duration in humans is almost twice that of the macaque. By day 135, the macaque has
reached a percentage of brain growth similar to that of a human newborn (Newell-Morris
and Fahrenbruch, 1985).
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Controls consisted of 9 monkeys in which mothers voluntarily consumed an isocaloric
control solution on gestational days 0 through 50, 50 through 135, or 0 through 135. Nine
monkeys were born to female rhesus monkeys that consumed 0.6g/kg/day alcohol solution
on gestational days 0 through 50. Six monkeys were from female rhesus monkeys that
consumed 0.6 g/kg/day alcohol solution on gestational days 50 through 135, approximating
the second and third trimesters. Eight monkeys were from mothers that consumed 0.6g/kg/
day alcohol solution on days 0 through 135, a combination of all three trimesters.

The rearing conditions and previous testing of these subjects were described in detail
elsewhere (Schneider et al., 2001). Briefly, all infant monkeys were housed with their
mothers in individual cages during the first 6 months of life. They were separated briefly
from their mothers weekly and tested for neonatal neurobehavioral function during the first
month of life. At 6 months of age, they were separated permanently from their mothers and
reared in mixed-sex peer groups consisting of 5-6 monkeys from similar prenatal
conditions. When the monkeys were 30 months old, they were removed from their social
groups and individually housed for 3 days for assessments. They were subsequently pair-
housed with same-sex peers from similar treatment groups. They were maintained on a diet
of Purina Monkey Chow supplemented 3 times weekly with fresh fruit. All housing
conditions were light (8 dark and 16 light) and temperature (21 £ 0.5 degree C) controlled.
When the monkeys were approximately 6-9 years old blood samples were collected for

genotyping.

Offspring testing procedure

At 30 months of age, all subjects were separated from their peer cage-mates and housed
individually in wire mesh cages for 3 days. All subjects were separated from their peers at
0900 hr on Separation Day 1.

CSF samples—All CSF was collected at 1300 hr 1 week prior to separation (basal) and at
1300 hr on Day 3 of peer separation. Approximately 1.0 ml (0.8-1.2 ml) was withdrawn
from the cisterna magna using a 25-gauge 0.625-in hypodermic needle and syringe 5-7 min
after ketamine anesthesia (10 mg/kg) and within 10 min of initial disturbance. Ketamine
anesthesia does not affect measures of biogenic amine or metabolite within this time period
(Bacopoulos etal., 1979; Chernow et al., 1982). Samples were flash frozen in dry ice and
stored at —70° C and later assayed using high performance liquid chromatography multi-
channel quantitative assays for amines and metabolites in duplicate (Schmidt et al., 1990).

Assay Methods

The CSF samples were stored at —70 degrees C. Subsequently they were filtered through
10,000-MW cutoff molecular filters (Amicon Corp.), diluted with mobile phase, and
analyzed directly by high-performance liquid chromatography (HPLC). The HPLC system
consists of a Waters 510 HPLC pump, a WISP model 712 refrigerated auto-injector system,
a Waters NOVA-Pak 4-um, 1 x 15-cm C-18 reverse phase Rad Pak radial compression
column installed in a Waters RCM-100 compression module (protected by a 1-cm C-18
guard column insert), an ESA 3-electrode detector system, and a Spectra/Physics model
4270 integrator. The mobile phase used for determining the neurotransmitter metabolites
consisted of a 84:16 mixture of 60 mmol/L citrate buffer (pH 4.65): methanol, which also
contained sodium heptane sulphonate (0.40 mmol/L) and sodium EDTA (0.27 mmol/L). The
solutions were filtered (0.22 um nylon filter) and degassed prior to use. The flow rate was
21.7 pl/sec and the elution times in minutes of the compound of interest at ambient
temperature was 11.8. The three-electrode ESA detector system was operated in a reductive
screen mode. The conditioning electrode was set at 0.60 V in order to oxidize the compound
of interest. The first electrode in the analytical cell was set at 0.10 V, and the second
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electrode, whose output was recorded, was set at —.30 V in order to reduce the compound of
interest. The assay was standardized using an external standard mixture of the authentic
compound, which was used to recalibrate the automatic integration and quantitation of the
compound after every four samples. The minimum sensitivity was approximately 100 fmol
for HVA and for 5-HIAA. The coefficient of variation for repeated between-day analyses (N
= 10) of a pooled test sample of primate CSF was 2.3% to 4.5%.

DNA extraction and Genotyping—Blood samples for genotyping were collected when
the animals were approximately 6-9 years old. DNA was isolated from whole blood using
standard extraction methods. Using a protocol modified from that of (Lesch et al 1997),
rh-5HTTLPR was amplified from 25ng of genomic DNA with oligonucleotide primers
(stpr5, 5'-GGCGTTGCCGCTCTGAATGC; intl, 5-CAGGGGAGATCCTGGGAGGG) in
15 ul reactions using Platinum Tag and the PCRX Enhancer System kit, according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). Amplifications were performed
on a PerkinElmer thermocycler (9700) with one cycle at 96°C/5 min followed by 30 cycles
of 94°C/15 sec, 60°C/15 sec, 72°C/30 sec, and a final 3-minute extension at 72°C.
Amplicons were separated by electrophoresis on 10% polyacrylamide gels, and the short (s,
398bp) and long (I, 419bp) alleles of the rh5-HTTLPR were identified by visualization
following ethidium bromide staining.

Data analysis

RESULTS

Data for 5-HIAA and HVA were analyzed using a mixed analysis of variance (ANOVA) for
early alcohol exposure (early, not early) x mid-late alcohol exposure (mid-late, not mid-late)
x genotype ((I/1, I/s and s/s) with separation (baseline, 50 hour after separation) treated as a
repeated measure. The factorial manipulation of early and mid-late exposure yielded 4
treatment groups: controls, early-exposed, mid-late exposed, and both early and mid-late
exposed or continuously-exposed. There was a significant main effect of time (baseline
versus 50 hour post-separation), therefore, data were also analyzed for baseline and post-
separation separately using early alcohol exposure (early, not early) x mid-late alcohol
exposure (mid-late, not mid-late) x genotype ((I/1, I/s and s/s) ANOVAs. Since there were
four pairs of half-siblings in the sample, data were re-analyzed after removing one of each
pair, reducing the sample size by four. We carried out analyses on all 16 possible sets
omitting four half-siblings. The mean effect sizes were comparable across analyses to the
results reported here leading to the conclusion that our findings were not due to half-siblings
in our sample. The Huyhn-Feldt adjustment of p-levels was used to adjust for possible
violations of the sphericity assumption for effects involving repeated measures. Post-hoc
tests were conducted using the Tukey-Kramer method (Keppel and Wickens, 2004).
Consistency of individual differences in CSF levels of 5-HIAA and HVA from baseline to
50 hour post-separation was evaluated using Pearson-product correlations.

Cerebrospinal fluid (CSF) concentrations of the 5-HT metabolite, 5-hydroxyindoleacetic
acid (5-HIAA) and the dopamine (DA) metabolite, homovanillic acid (HVA)

ANOVA of 5-HIAA at baseline and 50 hr post separation indicated a significant Separation
(baseline, 50 hr post-separation) x Gene effect, F (1,24) = 4.38, p = 0.047. The means in
Figure 1A show that, at baseline, monkeys carrying the short allele showed lower
concentrations of 5-HIAA in CSF than those homozygous for the long allele. Moreover,
there was little change from baseline to 50 hr post-separation for monkeys homozygous for
the long allele. Monkeys carrying the short allele, on the other hand, showed a marked
increase of 5-HIAA in CSF from baseline pre-separation concentrations to the 50-hour post-
separation time point. Thus, 5-HIAA concentrations in CSF differed at baseline, but not at
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50 hours post-separation, depending on whether the monkey carried one or more copies of
the short allele compared to carrying two copies of the long rh5-HTTLPR allele.

ANOVA of HVA concentrations in CSF at baseline and 50 hr post separation indicated a
significant main effect of Separation (baseline (pre-separation), 50 hr post-separation), F
(1,24) = 10.08, p = 0.004. HVA concentrations increased from baseline to 50 hrs post
separation (see Figure 1B). At baseline, there was a significant effect for genotype, F (1,24)
=5.09, p = 0.03, in that monkeys carrying the short allele had lower pre-separation HVA
concentrations compared to those homozygous for the long allele. A marginal Early x Late x
Genotype effect, F(1, 24) = 3.33, p = 0.08, showed that Early-exposed and Mid-late alcohol-
only monkeys carrying the short variant tended to show lower HVA concentrations
compared to the other groups.

ANOVA of 5-HIAA concentrations also showed a significant Early x Mid-late x Gene
interaction, F (1, 24) = 5.89, p = 0.023 (Figure 2). Averaged across both pre- and post-
separation, monkeys carrying the short (I/s or s/s) allele in the Early-only and Mid-late-only
alcohol-exposed groups showed the lowest concentrations of 5-HIAA in CSF.

In follow-up analyses of 5-HIAA concentrations in CSF at baseline (pre-separation), there
were significant effects for Early alcohol exposure, F (1,24) =5.97, p = 0.021 (188.65 vs
212.84, for Early vs Not Early, respectively), and for Gene, F (1, 24) =7.16, p = 0.013
(195.64 vs 205.86 for short and long allele, respectively). There was also a significant Early
x Mid-late x Gene interaction, F(1,24) = 5.43, p = 0.029. As in Figure 2, Early-only and
Mid-late-only alcohol-exposed monkeys carrying the short variant showed the lowest
baseline concentrations of 5-HIAA relative to other groups.

Follow-up analyses at 50 hours post-separation showed a significant Early x Mid-late
Alcohol interaction, F (1, 24) = 5.23, p= 0.03, with Early-only and Mid-late-only alcohol-
exposed monkeys again showing lower post separation concentrations of 5-HIAA relative to
Continuous-exposed and Controls.

Correlations for 5-HIAA and HVA—We examined relationships between 5-HIAA and
HVA concentrations in CSF within and across sampling times (pre- and post-separation)
using Pearson r correlation. Figure 3 shows high consistency between HVA and 5-HIAA
levels across and within time points. HVA and 5-HIAA were positively related to each other
at all time points.

DISCUSSION

This study provides evidence for a gene-environment interaction between timing of
exposure to prenatal alcohol and rh5-HTTLPR genotype on indices of central serotonergic
(5-HT) and dopaminergic (DA) function. There were three principal findings in the present
study.

First, CSF 5-HIAA levels were lower at baseline (pre-separation) for s allele carriers
compared to I/l allele carriers. Separation resulted in increased 5-HIAA in the s allele
carriers relative to their pre-separation values. CSF 5-HIAA levels in I/l allele carriers were
not affected by separation. Overall, s allele carriers had reduced concentrations of the DA
metabolite HVA in CSF. Separation resulted in increased HVA concentrations regardless of
genotype.

Second, a significant Gene x Early x Mid-late gestation alcohol exposure interaction for
CSF concentrations of the 5-HT metabolite, 5-HIAA, was found. Prenatal alcohol exposure
during early or middle-to-late gestation reduced 5-HIAA levels in monkeys carrying the
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short variant of the rh5-HTTLPR compared to control and continuous-exposed monkeys,
regardless of genotype, and to monkeys homozygous for the long allele, regardless of
alcohol exposure.

Third, there were significant and substantial correlations between 5-HIAA and HVA
concentrations across and within time points. This important for two reasons. One is that the
high correlation of metabolite levels, in either 5-HIAA or HVA across time periods suggests
that inter-individual comparisons and intra-individual values are stable and “trait-like”. This
stability is evident and measureable within the first 2-3 months of postnatal development
(Kraemer et al., 1989; Clarke et al., 1995), and the present study confirms that individual
differences persist through 30 months of age in rhesus monkeys. The second is that 5-HT
and DA metabolite concentrations are highly correlated in every study where both are
reported (see below). The meaning of this is uncertain, but it may reflect some intrinsic
relationship between DA and 5-HT system activity that is reflected at the whole brain level
and measurable in CSF. This finding will be discussed further in the context of its relevance
to the first two findings.

Considering the first finding, previous studies have shown that in rhesus monkeys reared
without mothers, a model of early adversity which produces long-lasting effects on brain
structure and behavioral and endocrine stress reactivity, maternal deprivation interacted with
the s allele to predict CSF concentrations of 5-HIAA, neonatal behavior, and stress
responsivity (Bennett et al., 2002; Barr et al., 2004; Champoux et al., 2002). It is likely that
HTTLPR genotype interacts with other types of perturbations that impact brain
development. Individual differences in CSF 5-HIAA concentrations have been observed
early in life in rhesus monkeys and remain remarkably stable throughout life (Clarke et al.,
1995; Kraemer et al., 1989; Higley et al., 1996; Shannon et al., 2005).

Moreover, the levels of 5-HIAA concentration in CSF have been shown to reflect
underlying risks for certain types of behavioral abnormalities in monkeys, including
impaired impulse control, aggression, dysregulated circadian activity patterns, and excessive
alcohol consumption (Fairbanks et al., 2001; Higley et al., 1996; Higley and Bennett, 1999).
To our knowledge, central serotonergic function and HTTLPR genotype have not yet been
evaluated in individuals with FASD. However, many of the mental health problems in such
individuals, including depression and anxiety, and substance abuse as well, could be linked
to prenatal alcohol-induced alterations of 5-HT function in genetically vulnerable
individuals. Thus this study raises the question of whether that abnormal 5-HT biological
pathways underlie some of the psychiatric disorders noted in FASD.

The s allele serotonin transporter gene promoter polymorphism is associated with reduced
transcription of the gene that regulates uptake of synaptic serotonin (Lesch et al. 1996).
Higher uptake of synaptic serotonin has been linked to anxiety and mood disorder. For this
reason, the selective serotonin reuptake inhibitors (SSRIs) are treatments used for anxiety
and mood disorders (Berton and Nestler 2006). In fact, most drugs used to treat a wide range
of psychiatric disorders act, at least in part, through serotonergic mechanisms. It could be
hypothesized that both prenatal alcohol exposure and carrying the short rh 5-HTTLPR allele
have effects on the development of 5-HT pathways, and when exposure to alcohol during
gestation as well as genetic endowment which compromises the 5-HT system are present,
maladaptation in 5-HT function and related brain function could result, with behavioral
consequences.

Given that 5-HT must be taken into the synapse to be metabolized into 5-HIAA, lower pre-
separation 5-HIAA levels in monkeys carrying the s allele are consistent with the idea that
5-HT reuptake and perhaps release may typically be lower as well. The increase in 5-HIAA
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following separation in carriers of the s allele is remarkable for two reasons. First, previous
developmental studies indicate that carriers of the s allele who are exposed to early adversity
(peer versus maternal rearing) exhibit reduced CSF 5-HIAA by comparison to carriers of the
s allele that have not been challenged early on (Bennett et al., 2002). These results are
similar to the findings of the present study in that prenatal alcohol exposure seems to have
effects on CSF measures in carriers of the s allele compared with carriers of the I/l alleles.
These findings are consistent with the idea that carrying the s allele and having low CSF 5-
HIAA might be stable and “trait-like” markers of risk for increased sensitivity to negative
effects of adverse experiences later in life. Second, the effects of separation stress or early
social isolation on CSF 5-HIAA has been measured in several previous studies, and no
effects were observed (Higley et al., 1991; Kraemer et al., 1989; Kraemer et al., 1991).
However, these studies did not consider variation in genotype as a variable. The results of
the present study indicate that there may actually be a differential response of the 5-HT
system to stressors in adulthood depending on genotype. The results presented in Figure 1a
suggest that separation stress may produce greater demands for increased 5-HT output in
carriers of the s allele by comparison to carriers of the I/l allele; or, that tonic activity of the
5-HT system in carriers I/l allele is sufficient to meet demands, even of separation, and no
increase is observed when the individual is stressed. As far as the DA system is concerned,
HVA concentrations increased from baseline to 50 hours post-separation in both I/l and s
carriers indicating that separation is a stressor for both groups and produces increased
activation of the DA system. This increase in DA activation is most likely associated with
increased motor activity as a result of social separation and is consistent with prior work
showing that chronic stress increases synaptic dopamine concentrations (Papp et al., 1993).

The rh5-HTTLPR genotype was also associated with altered HVA concentrations in CSF at
baseline. Monkeys carrying the short allele had lower basal concentrations of HVA than
carriers of the I/l alleles. The finding of lower DA activity, as indexed by CSF HVA
concentrations, in short allele carriers, raises an interesting question: Why would a genotype
that is associated with reduced transcription of the gene that regulates uptake of synaptic 5-
HT (Lesch et al. 1996) have an effect on HVA concentrations in CSF? Interestingly, the
5HT and DA transporters are closely related evolutionarily, sharing close protein sequences
and functional sensitivity (Zhou et al., 2002). DA/5-HT interactions have been found in
numerous studies and serotonin is considered to play a major role in reward processing,
along with dopamine (Kranz et al., 2010). Serontonergic neurons project to neurons in the
mesolimbic dopamine system (Parent, et al., 1981) and are involved in the regulation of
dopamine transmission through several serotonergic receptor subtypes (Kapur and
Remington 1996, Alex and Pehek, 2007). In addition, DA neurons in the ventral tegmental
area and substantia nigra express a range of 5-HT receptor types that can be activated by 5-
HT input from the dorsal raphe nucleus (Herve et al., 1987). In mice, cross-neuronal type
uptake exists between the 5-HT and DA transporters, such that if one transporter is
dysfunctional or inadequate, the other can compensate or serve as a back-up mechanism
(Zhou et al., 2002). Our third finding of consistently high correlations between 5-HIAA and
HVA levels across and within time points provides further evidence that DA and 5-HT are
closely related.

With regard to our second major finding, the sensitivity to timing of prenatal alcohol
exposure, the literature indicates that the development of the serotonin system is sensitive to
numerous environmental and genetic influences (Higley et al., 1993; Rogers 2004).
Serotonin plays a critical role in plasticity of the brain. Serotonin is implicated in numerous
behaviors, physiological mechanisms, and disease processes (Azmitia, 2001). Serotonin
neurons are one of the first types of brainstem neurons to emerge during early development,
with a wide range of projections to numerous brain regions, playing an important role in
neurogenesis (Kligman and Marshak, 1985).
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Exposure to alcohol during early gestation or mid-to-late gestation affected serotonin
function as indexed by lower CSF 5-HIAA concentrations in rhesus monkeys carrying the
short rh5-HTTLPR variant. This finding is consistent with reports of altered serotonergic
function in rodents exposed to alcohol (Druse et al., 1991; Tajuddin and Druse, 1999; 2001;
Zhou et al., 2001). This is, however, the first study to expand these findings to include
prenatal alcohol-exposed monkeys carrying the short serotonin transporter gene promoter
polymorphism, compared to prenatally alcohol-exposed monkeys with the /1 allele and
controls regardless of genotype.

It was interesting to find that s allele carriers from the early and middle-to-late exposure
groups showed reduced 5-HIAA concentrations, whereas monkeys from the continuous
alcohol-exposure group, exposed for a longer period of time, did not. The mechanisms
underlying the gene-environment interaction are not known. Prenatal alcohol exposure
operates on the same neurotransmitters that are influenced by certain genes. For example,
there is a large rodent literature linking prenatal alcohol exposure to low serotonin function
as indexed by a decrease in serotonin (5-HT) neurons, reduced density of serotonin reuptake
sites and abnormal density of 5-HT1A receptors (Druse et al., 1991; Tajuddin and Druse,
1999; 2001; Zhou et al., 2001). Moreover, the 5-HT1A receptor, altered by prenatal alcohol
exposure develops early in the brainstem and later in regions maturing later during gestation,
such as the cerebellum and visual cortex (Bar-Peled et al., 1991). The 5-HT1A receptor in
the adult brain regulates adult neurogenesis and maintains the adult state of neurons
(Azmitia, 2001).

Findings in the literature suggest that alcohol effects vary during gestation but they may not
be easily interpreted, or predicted, in relation to timing and duration of exposure. For
example, in rats, alcohol exposure during E14 and E15 lowered the number of cells in the
ventral lateral nucleus of the thalamus, whereas alcohol exposure E11 — E20 did not,
suggesting that the timing of both the onset and the offset of exposure is critical (Livy et al.,
2001). The mechanisms underlying this phenomenon have not been determined. It is
possible that continuous exposure afforded the opportunity for neuroadaptation of the
serotonin system in the continuous exposed group, whereas shorter periods of exposure did
not. Also, it could be that substantial developmental effects are actually caused by
withdrawal effects after alcohol has been present for a significant time period. Withdrawal
from alcohol in the early exposure group in itself could present a challenge in the early
exposed group. Perhaps the effects in the shorter exposure groups result from a combination
of onset/offset challenges and lack of neuroadaptation, compared to the results for the group
exposed throughout pregnancy. More studies are clearly needed to understand this
phenomenon further.

Clinical studies are clearly needed to follow up these results and explore the role of allelic
variation of 5-HTTLPR on DA- and 5-HT-dependent behaviors in children with FASD as
well as long-term mental health outcomes. Moreover, recent studies in humans and rhesus
monkeys suggest that individuals carrying the short 5-HTT allele might be more sensitive to
both negative and positive rearing environments (Belsky and Pluess, 2009; Boyce and Ellis,
2005: Suomi, 2006). Examining mental health outcomes in children with FASD as a
function of prenatal alcohol exposure, 5-HTTLPR variant, and early rearing environment
could be an important avenue for future studies. Better knowledge of how allelic variation in
certain genes interacts with prenatal alcohol exposure may lead to developing better
intervention strategies for children with FASD and ultimately to improved prevention of
adverse mental health outcomes in this population. Finally, studies examining the
relationship between variation in the rh5-HTTLPR allele in prenatal alcohol-exposed
monkeys and several other molecular indices of DA and 5-HT function, (DA D, receptor,
DA transporter and 5-HTq 4 receptor availability using PET) are currently underway in our
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laboratory and could lead to improved knowledge of the neurobiological substrates of
prenatal alcohol exposure, leading to improved intervention strategies.

It is interesting that there were few main effects of genetic variant on CSF 5-HIAA
concentrations. This finding is consistent with the notion that susceptibility genes have very
minor effects by themselves, but rather, when interacting with other gene variants and
environmental factors, produce disorders (Kendler, 2005). The idea is that susceptibility
genes represent particular allelic variations of common genes or normal allelic variation.
Thus, the genes may affect physiological pathways that could render psychological disorders
more or less inevitable, but the genes do not cause the disorder directly (Rutter et al., 2006).
Rather they may contribute to genetically influenced sensitivities to specific environments.

A limitation of this study is that the candidate gene was limited to one functional 5-HTT
marker (vs. haplotype). Candidate loci that affect functioning of other neurotransmitter
system are undoubtedly important and relevant to understanding prenatal alcohol effects.
Another limitation is that while this study has a relatively large sample size for a primate
study, the sample size is smaller than that used with human studies. However, the
experimental control the primate model affords cannot be achieved in human studies,
making primate studies invaluable for addressing gene x environment influences. Finally,
while experiments with nonhuman primates permit control of the dose and timing of
prenatal alcohol exposure and inclusion of candidate genes similar to humans, caution is
needed in generalizing from monkeys to humans. Thus, it is critical to replicate these
findings in human studies. If fetal alcohol-exposed children with vulnerable genotypes can
be identified early in life, targeted and effective intervention studies are possible early in life
at the peak of brain plasticity. These studies ultimately have the potential to significantly
reduce the pain and suffering associated with the devastating effects of fetal alcohol
spectrum disorder.
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Effect of timing (baseline, 50 hour post separation) and genotype on (A) 5-HIAA and (B)
HVA concentration in CSF. Solid line represents monkeys homozygous for the long rh5-

HTTLPR allele. Dashed line represents monkeys carrying the short (I/s or s/s) allele.
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Figure 2.

Effect of prenatal alcohol exposure and genotype on CSF concentrations of 5-HIAA
averaged across time (baseline and post-separation). White bars represent monkeys
homozygous for the long rh5-HTTLPR allele. Black bars represent monkeys carrying the
short (I/1 or s/s) allele.
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Figure 3.
Correlation between 5-HIAA and HVA concentration in CSF across and within sampling
time points (baseline, 50 hr post separation) **p<0.01, ***p<0.001
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Table 1

Genotype distribution as a function of prenatal treatment conditions:

Genotype control mid-late Early Continuous
1 6 4 4 4
I/s or s/s 3 2 5 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 May 1.

Page 19



