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Abstract

Background—~Prenatal alcohol exposure has been linked to impairment in cerebellar structure
and function, including eyeblink conditioning. The deep cerebellar nuclei, which play a critical
role in cerebellar-mediated learning, receive extensive inputs from brain stem and cerebellar
cortex and provide the point of origin for most of the output fibers to other regions of the brain.
We used in vivo IH magnetic resonance spectroscopy (MRS) to examine effects of prenatal
alcohol exposure on neurochemistry in this important cerebellar region.

Methods—MRS data from the deep cerebellar nuclei were acquired from 37 children with heavy
prenatal alcohol exposure and 17 non- or minimally exposed controls from the Cape Coloured
(mixed ancestry) community in Cape Town, South Africa.

Results—Increased maternal alcohol consumption around time of conception was associated
with lower N-acetylaspartate (NAA) levels in the deep nuclei (r=—0.33, p<0.05). Higher levels of
alcohol consumption during pregnancy were related to lower levels of the choline-containing
metabolites (r=-0.37, p<0.01), glycerophosphocholine plus phosphocholine (Cho). Alcohol
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consumption levels both at conception (r=0.35, p<0.01) and during pregnancy (r=0.38, p<0.01)
were related to higher levels of glutamate plus glutamine (GIx). All these effects continued to be
significant after controlling for potential confounders.

Conclusions—The lower NAA levels seen in relation to prenatal alcohol exposure may reflect
impaired neuronal integrity in the deep cerebellar nuclei. Our finding of lower Cho points to
disrupted Cho metabolism of membrane phospholipids, reflecting altered neuropil development
with potentially reduced content of dendrites and synapses. The alcohol-related alterations in Glx
may suggest a disruption of the glutamate—glutamine cycling involved in glutamatergic excitatory
neurotransmission.
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Introduction

Fetal alcohol spectrum disorders (FASD) include a range of physical growth and
neurobehavioral deficits in children whose mothers drank alcohol during pregnancy. We
used magnetic resonance spectroscopy (MRS) to study effects of prenatal alcohol exposure
on potential neurochemical indicators in the deep cerebellar nuclei of children. The
incidence of fetal alcohol syndrome (FAS) is estimated to be 18 to 141 times greater in the
Cape Coloured (mixed ancestry) population in the Western Cape Province of South Africa
(May et al., 2007) than in the United States. This is among the highest reported incidences in
the world. FAS, the most severe FASD, is characterized by distinctive craniofacial
dysmorphology, small head circumference, and pre- and/or postnatal growth retardation
(Hoyme et al., 2005). A diagnosis of partial FAS (PFAS) requires the same facial
dysmorphology as well as small head circumference, retarded growth, or neurobehavioral
impairment. A large proportion of exposed children lack the characteristic FAS facial
features but exhibit a broad range of cognitive and/or behavioral deficits.

The earliest autopsy studies in humans reporting damaging effects of prenatal alcohol
exposure identified errors in cell migration, agenesis or thinning of the corpus callosum, and
anomalies in the cerebellum and brain stem (Jones and Smith, 1973; Clarren, 1977).
Cerebellar structural anomalies (Jones and Smith, 1973; Clarren, 1977) have been
consistently reported in FAS, and studies of effects on brain volume have reported
disproportionate size reductions in the cerebellum (Archibald et al., 2001; Chen et al., 2012).
In addition, many of the behavioural deficits seen in individuals with FASD, including
spatial recognition, motor learning, and fine motor control, are mediated, in part, by the
cerebellum (Guerri, 1998). In the 5-year follow-up of our Cape Town Longitudinal Cohort,
a remarkably striking deficit was observed in delay eyeblink conditioning. In this cerebellar-
mediated nonverbal classical conditioning paradigm, the subject learns to associate a
conditioned stimulus, typically a pure tone, with a brief air puff to the eye (unconditioned
stimulus) that elicits a reflexive blink. None of the children in the Cape Town sample with
full FAS met criteria for conditioning, compared to 75% of the healthy controls; only 33.3%
of the children with PFAS and 37.9% of the heavily exposed nonsyndromal children met
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criteria for conditioning (Jacobson et al., 2008). These findings were subsequently
confirmed in a school-aged cohort (Jacobson et al., 2011).

The deep cerebellar nuclei, which play a critical role in cerebellar-mediated learning
(Christian and Thompson, 2003), receive extensive inputs from brain stem and cerebellar
cortex, and most output fibers from the cerebellum to other brain regions originate from this
region. Neural plasticity in the deep nuclei is known to be essential to create the new neural
pathways that mediate the conditioned response (Freeman and Nicholson, 2000; Green et al.,
2002). Neurodegeneration via apoptosis of cerebellar cells has been demonstrated in the
deep cerebellar nuclei of alcohol-exposed rats (Dikranian et al., 2005), leading to decreased
numbers of neurons in this region (Green et al., 2002).

In the present study, we performed single-voxel in vivo IH MRS in the deep cerebellar
nuclei of children with FASD and non- or minimally-exposed control children to assess
biochemical alterations in this region. In contrast to previous studies that have examined the
relation of prenatal alcohol exposure to MRS endpoints (Cortese et al., 2006; Fagerlund et
al., 2006; Astley et al., 2009), we performed both real-time motion and first-order shim
correction to ensure accurate anatomical localization throughout acquisition and improved
magnetic field homogeneity (Hess et al., 2011a). We report absolute metabolite
concentrations using water scaling, calculated after adjustment for tissue fractions of gray
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) in the voxel. The
metabolites measured reliably using this procedure were N-acetylaspartate (NAA),
glycerophosphocholine plus phosphocholine (Cho), phosphocreatine plus creatine (tCr),
myo-inositol (Ins), glutamate (Glu), and glutamate plus glutamine (GIx). Given that NAA is
considered a marker of functioning in neuroaxonal tissue and that decreased numbers of
neurons have been reported in the deep nuclei of alcohol-exposed rats (Green et al., 2002),
we hypothesized that prenatal alcohol exposure would be associated with lower levels of
NAA in this region. The relation of prenatal alcohol exposure to the levels of the other
metabolites was also examined. In addition, given that the children with full FAS were
particularly vulnerable to impairment in eyeblink conditioning (Jacobson et al., 2008, 2011),
we hypothesized that this group would show the greatest reduction in NAA compared to
controls.

Pregnant women from the Cape Coloured community in Cape Town, South Africa, were
recruited between 1999 and 2002 at their first antenatal clinic visit (Jacobson et al., 2008).
The Cape Coloured, composed mainly of descendants of white European settlers, Malaysian
slaves, indigenous Khoi-San aboriginals, and black Africans, have historically comprised the
large majority of workers on grape and fruit farms in the wine-producing region of the
Western Cape. The Western Cape supports a large wine-producing industry, in which farm
workers were traditionally paid, in part, with wine. Socioeconomic deprivation combined
with easy access to alcohol has led to excessive maternal drinking, even during pregnancy,
which has persisted in both the urban and rural Cape Coloured communities, leading to a
high prevalence of FASD (Jacobson et al., 2008).
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Cape Coloured pregnant women who reported consuming at least 14 standard drinks/week
or binge drinking (=5 drinks/occasion) were recruited into the study, as was a control group
of pregnant women who abstained or drank minimally during pregnancy (<7 drinks/week
and no binge drinking). Excluded were women <18 years of age and those with diabetes,
epilepsy, cardiac problems requiring treatment, and religiously observant Moslem women,
whose religious practices prohibit alcohol consumption. Infant exclusionary criteria included
major chromosomal anomalies, neural tube defects, multiple births, and seizures.

Maternal alcohol consumption was assessed using a timeline follow-back approach
(Jacobson et al., 2002; 2008). At recruitment the mother was interviewed regarding
incidence and amount of drinking on a day-by-day basis during a typical 2-week period at
time of conception. She was also asked whether her drinking had changed since conception;
if so, when the change occurred and how much she drank on a day-by-day basis during the
preceding 2 weeks. This procedure was repeated in mid-pregnancy, and again at 1 month
postpartum to provide information about drinking during the latter part of pregnancy.
Volume was recorded for each type of beverage consumed each day, converted to ounces
absolute alcohol (AA) using multipliers proposed by Bowman and colleagues (1975), and
averaged to provide three summary measures of alcohol consumption at conception and
during pregnancy: average ounces of AA consumed/day, AA/drinking day (dose/occasion)
and frequency of drinking (days/week). Number of cigarettes smoked on a daily basis and
frequency of marijuana and other drug use (days/week) were also obtained.

Each child was examined for growth and FAS dysmorphology by two U.S.-based expert
dysmorphologists (HEH and LKR) following the revised Institute of Medicine criteria
(Hoyme et al., 2005) during a 6-day clinic in 2005 (Jacobson et al., 2008). Five children who
did not attend the clinic were assessed by a Cape Town-based dysmorphologist (NK) with
expertise in FAS diagnosis. There was substantial agreement among the dysmorphologists
on assessment of all dysmorphic features, including the three principal fetal alcohol-related
characteristics—palpebral fissure length, and philtrum and vermilion measured using the
Lip-Philtrum Guide (Astley and Clarren, 2001) (median r=0.78). The dysmorphologists
(HEH and LKR), SWJ, JLJ, and CDM, subsequently conducted a case conference to reach
consensus regarding which children met criteria for the FAS and PFAS diagnoses (Jacobson
et al., 2008).

1Q was assessed on the Wechsler Intelligence Scale for Children-1V (WISC-1V) at 9 years
(see detailed description in Jacobson et al., 2011 and Diwadkar et al., 2013). The WISC-IV
was administered in English or Afrikaans, depending on the language used in the child’s
elementary school classroom. The WISC-1V was translated into Afrikaans by a clinical
psychologist whose first language is Afrikaans and back-translated by another native
Afrikaans speaker. At the 5-year follow-up of this cohort, we had administered the Junior
South African Intelligence Scale [JSAIS; Madge et al., 1981], which is available in
Afrikaans and English and has been normed for South African children. Seventy-one of the
children from that follow-up were administered the WISC-1V at 9 years. 1Q scores obtained
using the JSAIS at 5 years were strongly correlated with the 9-year WISC scores, r=0.79,
p<0.001.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

du Plessis et al. Page 5

In vivo 1H MRS Acquisition

Magnetic resonance spectroscopy data were acquired from 72 right-handed children (age 8.8
to 12.0 years). Those with braces, metal implanted in their body, or claustrophobia were not
scanned. All scans were performed on a 3T Allegra (Siemens Medical Systems, Erlangen,
Germany) scanner at the Cape Universities Brain Imaging Centre. The volume of interest
(\VOI) was localized in the deep cerebellar nuclei (Fig. 1) using a To-weighted acquisition
immediately preceding the spectroscopy. Signal loss due to iron deposits in this region
(Dimitrova et al., 2006) facilitates accurate localization on T,-weighted images and
reproducible positioning of the VOI. Iron deposits in the deep nuclei are low in children but
increase with age (Aoki et al., 1989) and the deep nuclei were visible in 67% of the children
scanned in this study.

1H MRS data for the 3.8 cm3 voxel were obtained using an EPI volumetric navigated point-
resolved spectroscopy (PRESS) sequence (Hess et al., 2011a) with real-time first-order shim
and motion correction (TR=2000 ms, TE=30 ms, 128 measurements, vector size 1024,
spectral bandwidth 1000 kHz). Water unsuppressed *H MRS measurements were acquired
for 7 different TE’s (TE=30 ms, 50 ms, 75 ms, 100 ms, 144 ms, 500 ms and 1000 ms,
TR=4000 ms; 2 averages) to estimate tissue fraction composition (Ernst et al., 1993).

All procedures were performed according to protocols approved by ethics committees at
Wayne State University and University of Cape Town. All parents/guardians provided
informed written consent, and the children provided oral assent.

1H MRS Pre-processing and Quantification

Individual measurements were recorded separately and frequency- and phase-corrected
offline before averaging (Hess et al., 2011b). Briefly, this procedure involved convolving
the spectrum from each measurement with a simulated spectrum to robustly detect the
frequency shift of the metabolites, followed by singular value decomposition (SVD). The
primary component of the SVD provides a set of complex weights that were used to
recombine the spectra in a weighted and phase-coherent manner. A spectral range of —448
Hz to 128 Hz was used for both the convolution and SVD. This technique ensured narrower
linewidths and higher signal-to-noise ratios (SNRs).

Metabolite levels of the resulting corrected water-suppressed spectra were quantified using
LCModel (Provencher, 2008). The water signal of the water-unsuppressed spectra were also
quantified using LCModel and modelled as a function of TE using a tri-exponential function
(Sigma Plot; version 11; Systat Software Inc, San Jose, California, USA) to estimate the
tissue fraction of GM, WM and CSF in the voxel (Ernst et al 1993). GM, WM, and CSF
voxel content values, along with the other appropriate relaxation correction factors were
then utilized to obtain absolute quantification values (Kreis et al., 1993; Provencher, 2008)
from the frequency- and phase-corrected data (Gasparovic et al., 2006).

Exclusionary criteria

Several exclusionary criteria were applied to ensure extraction of only the most reliable
results. Spectra from nine children were excluded due to LCModel SNRs<8; seven due to
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full-width at half maximum (FWHM) linewidths of NAA>9.6 Hz. SNR in LCModel is
defined as the ratio of the maximum in the spectrum minus baseline over the analysis
window to twice the root mean square residuals. Statistical analyses were performed only on
the metabolite peaks with an overall mean Cramer-Rao Lower Bound value <20%; namely,
NAA, Cho, tCr, Ins, Glu and GIx. Two additional subjects were excluded as extreme outliers
(>2 standard deviations above or below the mean), one on the continuous alcohol exposure
measures, the other on the metabolite concentrations.

Statistical Analyses

Results

Statistical analyses were performed using SPSS (version 20; IBM, New York, USA). Nine
control variables were considered as potential confounders: child’s sex and age at
assessment and maternal education (years), marital status (married/unmarried), verbal
intellectual competence (Peabody Picture Vocabulary Test-Revised), nonverbal intellectual
competence (Raven Progressive Matrices), smoking (cigarettes/day) and marijuana use
(days/month) during pregnancy, and maternal age at delivery.

Each metabolite level was examined in relation to prenatal alcohol exposure at conception
and during pregnancy in separate hierarchical multiple regression analyses. Prenatal alcohol
exposure was entered in the first step of each analysis; all control variables related to the
metabolite (at p<0.20) were entered in the second step to determine if the effect of prenatal
alcohol on the metabolite continued to be significant after statistical adjustment for potential
confounders. Each metabolite was also examined in relation to FASD diagnosis using
analysis of variance (ANOVA). In addition, given that the FAS group was particularly
vulnerable to impairment in eyeblink conditioning and that Green et al. (2002) found fewer
neurons in the deep nuclei of the most heavily ethanol-exposed rats, we ran a planned
contrast of NAA levels in controls vs. the FAS group, which is comprised of the most
severely exposed and affected children.

Sample Characteristics

After applying exclusionary criteria, we report data for 54 (34 male, 20 female) right-handed
children. Table 1 summarizes demographic information for the children included in the
study. The low 1Q scores reflect the highly disadvantaged backgrounds of the children in
this population (Jacobson et al., 2008). Due to the small number of children with FAS, the
FAS and PFAS groups were combined in the data analysis. There were no significant
between-group differences in spectral SNR (F(2,53)=0.02, p=0.98) or FWHM
(F(2,53)=0.22, p=0.80). Prenatal alcohol exposure was very high, averaging 7.6 standard
drinks/occasion for the FAS/PFAS group and 6.6 for the nonsyndromal heavily exposed
(HE) group. All but 2 of the 17 control mothers abstained from drinking during pregnancy;
one drank 2 drinks on 3 occasions; the other, 1 drink on 6 occasions.

1H MRS Findings

Figure 2 shows the improvement to our prospectively motion-corrected data after pre-
processing (Hess et al., 2011a). For the example shown in Figure 2a, moderate motion
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during the scan resulted in relatively poor SNR (Fig. 2b) despite prospective motion and
shim correction, which was substantially improved after pre-processing (Fig. 2c). Absolute
metabolite concentrations are summarized in Table 2. Choline levels in the deep nuclei were
similar to those seen in neocortical white matter and hippocampus in the Astley et al. (2009)
study, where the median exposure group average was 1.4 mM; NAA and creatine levels in
the deep nuclei were somewhat lower (7.7 mM and 5.5 mM, respectively). Virtually none of
the correlations between the nine control variables and the six metabolites were significant
at p<0.20; the sole exceptions were a positive correlation between maternal smoking during
pregnancy and Glx (r=0.24, p<0.10) and lower levels of Ins in the boys (r=—0.24, p<0.10)

Table 3 shows the results of the multiple regression analyses, both before and after
controlling for potential confounders. As hypothesized, higher levels of maternal alcohol
consumption at conception were associated with lower NAA levels (Fig. 3). Following the
Hochberg (1988) procedure to correct for multiple comparisons, the threshold for statistical
significance for the three other associations with p-values <0.05 was adjusted by dividing
0.05 by 3, generating a critical p-value of 0.017. Using this cut-off, higher levels of alcohol
consumption during pregnancy were significantly related to lower Cho levels (Fig. 4), and
both measures of alcohol consumption were related to higher levels of GlIx (Fig. 5). By
contrast to the continuous measures of prenatal alcohol exposure, diagnostic group was not
related to the levels of any of the metabolites (all p’s>0.20). However, as predicted, NAA
was significantly lower in the FAS group than in the controls, (t (20)= —2.30, p<0.03).

Partial correlation analysis was used to determine the degree to which the effects of maternal
drinking during pregnancy on Cho and GIx might be attributable to poorer neuronal
integrity, as measured by NAA. After controlling for NAA, the relation of AA/day during
pregnancy to Cho remained significant (partial r=—0.35, p<0.01), as did the relation of
AA/day at conception and during pregnancy to GIx (partial r’s=0.34 and 0.38, respectively,
both p’s <0.01), indicating that the effects of prenatal alcohol exposure on the levels of these
metabolites are mediated by independent mechanisms. The effect of alcohol consumption
during pregnancy on Glx was also not attributable to its effect on Cho (partial r=0.35,
p=0.01).

With regard to the relation of these metabolites with child outcome, none of the metabolites
were significantly related to 1Q scores or eyeblink conditioning performance for the sample
as a whole (all p’s>0.10). In the control group, however, higher levels of NAA were related
to delay eyeblink conditioning performance at both 5 years (r=0.72 p<0.01) and 9 years
(r=0.54, p<0.05). By contrast, NAA was unrelated to eyeblink conditioning in the exposed
children at either age (r’s=—0.16 and —0.02 at 5 and 9 years, respectively, both p’s>0.20).

Discussion

This study is the first to use in vivo 1H MRS to examine effects of prenatal alcohol exposure
on the neurochemistry of the deep cerebellar nuclei. Prenatal alcohol was associated with
lower levels of NAA, which is indicative of poorer neuronal integrity and consistent with
findings of decreased numbers of neurons found in this region in heavily exposed laboratory
rats (Green et al., 2002). As predicted, NAA levels were also lower in the FAS group when

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

du Plessis et al.

Page 8

compared with the controls. NAA concentrations increase rapidly during early brain
development, particularly in the cerebellum, thalamus and gray matter (Van der Knaap et al.,
1992), areas where formation of dendritic arborizations and synaptic connections occur at a
high rate during childhood (Pouwels et al., 1999). The lower levels of NAA seen in the
children with prenatal alcohol exposure may, therefore, reflect impairment in the early
developmental formation of dendritic arborizations and synaptic connections (Stanley et al.,
2007; Pouwels et al., 1999). NAA is also an important osmolyte in the brain, participates in
oligodendrocyte myelin formation, and plays a role in neuroimmune reactions and
intercellular signalling (Baslow, 2003). Decreased NAA levels are seen in
neurodegenerative disorders, such as Alzheimer’s disease (Schott et al., 2010) and disorders
characterized by a lack of progressive cortical development, such as early onset
schizophrenia (Stanley et al., 2007).

One strength of this study is the detailed drinking histories obtained prospectively during
pregnancy using timeline follow-back interviews (Jacobson et al., 2002), which enabled us
to assess metabolite levels as a function of continuous measures of prenatal alcohol
exposure. As in several previous studies (Woods et al., 2013; Meintjes et al., 2013), the
continuous measures were more sensitive than fetal alcohol diagnosis. Our finding that
lower NAA levels in the deep nuclei were related to poorer eyebink conditioning but not to
overall 1Q in the control children is consistent with the critical role of this region in
cerebellar-mediated learning. The lack of association of NAA with eyeblink performance in
the exposed children suggests that the effect of fetal alcohol exposure on this elemental form
of learning may not be mediated by poorer neuronal integrity but rather by impairment in
other aspects of the eyeblink conditioning cerebellar-brain stem circuit (Spottiswoode et al.,
2011).

In this study, prenatal alcohol exposure was assessed both at time of conception and
averaged across pregnancy. The effect on NAA was significant for exposure at conception
but fell short of significance for exposure across pregnancy; conversely, the effects on Cho
were significant only for the across pregnancy measure. Because these two exposure
measures were highly correlated (r=0.89) and the effects of both measures were similar in
magnitude, we do not believe that these findings reflect differences in timing of exposure
but are instead likely the product of fluctuations associated with small sample size.

Only a few studies have used in vivo 1H MRS to examine neurochemical effects of prenatal
alcohol exposure, and only one of these (Astley et al., 2009) adjusted for tissue fractions in
the voxel. One primate study (Astley et al., 1995) reported an increased ratio of Cho to tCr
with increasing prenatal alcohol exposure in a VOI that included the thalamus, basal ganglia,
and adjacent white matter. However, failure to adjust for tissue fractions was problematic in
this primate study due to the large voxel size, which included both white and grey matter.
Another study (Cortese et al., 2006) that found increased NAA levels in the caudate nuclei
in children with FASD compared with non-exposed controls, both when reported as a ratio
relative to tCr and absolute levels, was limited by small sample size (n=13). Fagerlund et al.
(2006) performed multi-voxel in vivo IH MRS in a large portion of the cerebrum and the
cerebellum and found decreased NAA/Cho and NAA/Cr ratios in voxels from the cerebral
cortex, white matter, thalamus and cerebellum. Although the authors viewed the absolute
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signals with caution, as no adjustment was made for tissue fractions, the absolute metabolite
levels suggested that the findings of lower NAA/Cho and NAA/LCr ratios were driven by
higher levels of Cho and tCr. The voxels sampled in the cerebellum were not isolated to
specific structures but included segments from different cerebellar regions. Also, the sample
size for this study was small, consisting of 10 subjects each in the exposure and control
groups.

In the only prior study that adjusted for tissue fractions in the voxel, in vivo 1H MRS was
used to assess the metabolites in a fronto-parietal white matter and a hippocampal/basal
nuclear region (Astley et al., 2009). Adjustment for tissue fractions was performed by
segmentation of the MR image, and absolute metabolite concentrations were calculated by
means of water scaling using LCModel. This study found significantly lower levels of Cho
in fronto-parietal white matter of children prenatally exposed to alcohol. Lower Cho was
also seen in the hippocampal/basal nuclear region of children with FASD compared to
healthy controls, but this difference fell short of statistical significance. Thus, the principal
consistent finding that emerges from the two larger studies that adjusted for tissue fractions
of GM, WM, and CSF is an inverse relation between prenatal alcohol exposure and Cho.

Given that Cho comprises phosphocholine (PCh) and glycerophosphocholine (GPC), which
are precursors and breakdown products, respectively, of membrane phospholipids, the
observed inverse relation with prenatal alcohol exposure suggests decreased membrane
phospholipid content in the deep cerebellar nuclei. It will be of interest to see whether this
effect of fetal alcohol exposure, which was seen in two very different brain regions—fronto-
parietal white matter previously (Astley et al., 2009) and deep cerebellar nuclei in this study
—will be evident in other brain regions in future studies. The finding that the correlations of
prenatal alcohol exposure with Cho remain significant even after controlling for NAA
indicates that the effect of prenatal alcohol exposure on Cho is independent of its effect on
neuronal integrity indicated by the reduction in NAA.

Glu, the primary excitatory neurotransmitter in the brain, plays a critical role in learning.
During excitatory action Glu is released at the pre-synaptic terminal, taken up by the
surrounding glia, converted to glutamine (GIn), transported back to the pre-synaptic terminal
and converted to Glu, completing the Glu-GlIn cycling process. The finding that prenatal
alcohol exposure was significantly related to increased Glx but not to Glu per se suggests a
disruption in the Glu-GlIn cycling during excitatory neurotransmission in the deep cerebellar
nuclei. This effect was independent of the effects of prenatal alcohol on both NAA and Cho.
Although GIx was not measured in the previous in vivo IH MRS studies of FASD,
glutamatergic transmission is known to be affected in adult alcoholism, as alcohol has an
inhibitory effect on N-methyl-D-aspartate (NMDA) receptors, which play a critical role in
glutamatergic neurotransmission (Tsai et al., 1998). The glutamatergic system attempts to
compensate for this inhibition by up-regulation of NMDA receptors. Once chronic alcohol
exposure ends, as would be experienced by a newborn prenatally exposed to alcohol,
increased glutamatergic excitability and, ultimately, glutamatergic excitotoxicity (Tsai et al.,
1998) remains.
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Conclusion

In conclusion, the hypothesis that prenatal alcohol exposure would be associated with a
reduction in NAA levels in the deep cerebellar nuclei was confirmed in this study, consistent
with evidence from animal studies of alcohol exposure-related impairment in neuronal
integrity in this region. We also found evidence of an alcohol-related disruption in choline
metabolism that could influence learning by adversely affecting synaptogenesis and/or
expansion and maintenance of dendritic arborization. The observed alcohol-related
alterations in GIx suggest disruption of the excitatory neurotransmission of glutamatergic
neurons. It is possible that prenatal alcohol exposure will be found to be associated with
similar alterations of these metabolites in other regions, thereby providing information
regarding aspects of cellular function at the neurochemical level that may mediate prenatal
alcohol effects on a range of neurobehavioral endpoints.
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Fig. 1.
Voxel placement for MRS data acquisition
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Fig. 2.
Spectrum for a single subject: (a) Translational and rotational motion (mm) during the scan

as determined by the volumetric navigator. (b) LCModel output without offline frequency
and phase correction prior to averaging (Hess et al., 2011b) [full-width at half maximum
(FWHM) = 10.2 Hz, signal-to-noise ratio (SNR) = 9]. (¢c) LCModel output with offline
frequency and phase correction prior to averaging (FWHM = 7.7 Hz, SNR = 13).
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Relation of prenatal alcohol exposure at conception to N-Acetylaspartate (NAA) levels in

the deep cerebellar nuclei.
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Relation of prenatal alcohol exposure during pregnancy to glycerophosphocholine plus

phosphocholine (Cho) levels in the deep cerebellar nuclei
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Relation of (a) prenatal alcohol exposure at conception and (b) prenatal alcohol exposure
during pregnancy to glutamate plus glutamine (GIx) levels in the deep cerebellar nuclei
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Table 1
Sample Characteristics (N = 54)
Child Sex (male) 34 (63.0%)
Child’s age at assessment 10.7+0.6
WISC-IV 1Q 71.7+12.3
Maternal education (yr) 87+29
Maternal marital status (married) 29 (53.7%)
Maternal Peabody Picture Vocabulary Test (PPVT) 1Q2 61.6+18.5
Maternal Raven scoreP 20.7£109
Absolute alcohol consumed per day at conception (0z) (n = 35)¢ 12+09
Absolute alcohol consumed per day across pregnancy (0z) (n = 39)¢ 0807
Absolute alcohol consumed per occasion across pregnancy (0z) (n = 39)¢ 35+20
Drinking days per week across pregnancy (n = 39)€ 15+11
FASD Diagnosis
Fetal alcohol syndrome 5 (9.3%)
Partial FAS 15 (27.8%)
Heavily exposed nonsyndromal 17 (31.5%)
Controls 17 (31.5%)
Cigarettes smoked per day during pregnancy (n = 42)C 8569
13+13

Marijuana use during pregnancy (occasions/month) (n = 6)¢

Values are mean + standard deviation or number (%).
a .. . .

Missing for 5 participants.
b .. . .

Missing for 3 participants.

c
Consumers only.
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Table 2
Absolute Metabolite Levels
Metabolite Levels (mM)
N-Acetylaspartate (NAA) 52+05
Glycerophosphocholine + Phosphocholine (Cho) 1.2+0.2
Creatine + Phosphocreatine (tCr) 47+06
Glutamate (Glu) 50+1.2
Glutamate + Glutamine (GIx) 60+1.4
Myo-Inositol (Ins) 3.7+0.8

Values are means + standard deviation
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