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Abstract Visual impairment is commonly reported as a
consequence of heavy prenatal ethanol exposure in
humans. Children generally display characteristic cranio-
facial dysmorphology and represent typical severe cases of
foetal alcohol syndrome. Binge-like rodent model systems
have concluded that third trimester equivalent ethanol
exposure results in widespread apoptosis in the visual
system from the retina to the visual cortex. Neither clinical
nor animal studies address the consequences of more
moderate prenatal ethanol exposure on the visual system.
The current study uses a naturalistic and voluntary con-
sumption approach in non-human primates (Chlorocebus
sabeus) in order to more closely model prenatal ethanol
consumption patterns in humans. Pregnant vervet monkeys
voluntarily drank on average 2.418 + 0.296 g etoh/kg/day
four times a week during the third trimester. Using unbi-
ased stereology, we estimated the neuronal and glial pop-
ulation of the parvocellular (P) and magnocellular (M)
layers of the lateral geniculate nucleus (LGN) following
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foetal alcohol exposure (FAE) in infant subjects. Layer
volume and total number of neurons and glia in the LGN of
the FAE subjects were not significantly different from age-
matched control subjects. The M neuronal soma size of
FAE subjects, however, was significantly reduced to
resemble the size of the P-neurons. These results suggest
that alterations at the level of morphology and anatomy of
the M-neurons may lead to behavioural deficits associated
with the integrity of the dorsal visual pathway.
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Introduction

Foetal alcohol syndrome (FAS), a consequence of heavy
maternal drinking during organogenesis, is readily recog-
nizable in the form of distinct facial dysmorphologies such as
microcephaly, indistinct philtrum and low nasal bridge
(Streissguth et al. 1994). These dysmorphologies are typi-
cally a consequence of early and high levels of prenatal
alcohol exposure. In addition, there are developmental
impairments associated with more moderate prenatal ethanol
exposure, the so-called non-dysmorphic FAS (Streissguth
etal. 1994; Riley et al. 2004; Riley and McGee 2005) and can
be grouped under the umbrella term foetal alcohol spectrum
disorders (FASD). Foetal alcohol exposure is a leading cause
of preventable developmental disorders (Mattson et al. 2001)
with up to 10% of pregnant women reporting consuming
moderate amounts of ethanol during pregnancy (Sidhu and
Floyd 2002; Denny et al. 2009) and between 1 and 4% of live
births being diagnosed as FAS (Sampson et al. 1997; Floyd
and Sidhu 2004; Colvin et al. 2007; Kristjanson et al. 2007).
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It has been estimated that up to 90% of FAS children
have ocular manifestations. (Stromland 1985; Stromland
and Pinazo-Duran 2002). Although no single visual
abnormality can be considered as a defining characteristic
of FAS, there are a number of manifestations of prenatal
ethanol exposure in the visual system. Increased tortuosity
of the retinal vessels (49%), suboptimal vision ranging
from severe myopia to moderate hyperopia (65%), stra-
bismus (43%) and hypoplasia of the optic nerve (48%) are
commonly reported in FAS children (Stromland 1985;
Cook et al. 1987; Stromland and Pinazo-Duran 2002). A
recent clinical study that examined children aged between
4 and 9, concluded that the risks of ocular deficits are
limited to children who were exposed to high levels of
prenatal ethanol and developed facial dysmorphologies
(Flanigan et al. 2008).

Rodent models of FAS suggest widespread apoptosis
throughout the visual system following binge-like exposure
(Tenkova et al. 2003). In clinical cases, magnetic reso-
nance imaging (MRI) studies have found an overall
reduction in brain size (Spadoni et al. 2007) of FASD
individuals. There is no clear reduction in size of the
thalamus and the occipital cortex (Archibald et al. 2001),
but positron emission tomography (PET) has revealed
reduced metabolic rates in the thalamus (Clark et al. 2000)
which could indicate a selective toxic alcohol effect that
may be either region- or cell-specific. Neither clinical nor
animal model systems address the effects of the more
common moderate prenatal ethanol exposure on the visual
system.

The use of non-human primates provides an excellent
translational model for our understanding of develop-
mental processes (Riley and McGee 2005) given the
developmental similarities between monkeys and humans
(Garey and de Courten 1983). Few studies have taken
advantage of the non-human primate as a model of FAE,
especially concerning the effects of moderate prenatal
alcohol exposure on the visual system. Weekly binge-
like exposure throughout pregnancy in the non-human
primate is reported to result in cell loss in the retinal
ganglion layer in a subset of subjects (Clarren et al.
1990). In both clinical and animal model systems, the
effects of prenatal ethanol exposure on the LGN have
not been specifically examined. This current study takes
advantage of moderate and naturalistic drinking patterns
in the vervet monkey (Chlorocebus sabeus) to model the
type of exposure frequently reported in human epide-
miological investigations (Tsai and Floyd 2004). We
tested the hypothesis that vervet monkeys exposed to
ethanol during the last half of pregnancy would have an
altered neuronal population in the lateral geniculate
nucleus at birth.

@ Springer

Materials and methods
Maternal ethanol exposure

Healthy adult female vervet monkeys (Chlorocebus sab-
eus) were screened for voluntary ethanol consumption.
Females that reliably drank at least 2 g ethanol/kg body
weight in a 4-h scheduled period were selected for the
study according to previously established protocols (Burke
et al. 2009b). Females were monitored behaviourally and
physically for evidence that pregnancy was initiated and
then examined every month for timing of gestation.

At about embryonic day 89 of the normal 165-day
gestational period, pregnant females were given access to a
maximum of 3 g ethanol/kg body weight (or an isocaloric
sucrose-control mixture) at 9 a.m. on 4 days of the week
(Monday, Tuesday, Thursday, Friday) according to Burke
et al. (2009b). Ethanol was prepared as a 10% v/v solution
and presented in a calibrated drinking bottle with tap water
concurrently available. The ethanol bottle was monitored
every hour, and remained available for a 4-h period and the
quantity consumed was recorded. After parturition, the
consumption level for each mother was calculated on the
basis of the total volume of ethanol consumed and
expressed as g/kg body weight/drinking day, as well as
total exposure (g/kg) over the gestational period. Blood
(1 ml, saphenous vein) was drawn without anaesthesia at
the end of the drinking period during weeks 2, 4, 6, and 8
for the measurement of blood ethanol level (alcohol
dehydrogenase method, Sigma). Maternal blood ethanol
concentrations are similar to that found in humans after
consuming 3-5 standard drinks (Table 1). Animals were
housed socially in the laboratories of the Behavioural
Sciences Foundation (BSF), St Kitts in enriched environ-
ments. The animals were fed Harlan Teklad high-protein
primate chow (5% body weight/day) and fresh local fruit,
with water available ad libitum. The experimental protocol
was reviewed and approved by the McGill University
Animal Care and Use Committee and the Institutional
Review Board of BSF.

Ethanol-exposed offspring

The infant monkey is estimated to have the same neuro-
developmental equivalency to a late term/neonatal human
(Clancy et al. 2001). In the current study, 5 infant alcohol-
exposed animals (4 m, 1f) and 5 infant sucrose-control
(5 m) animals were chosen for neuroanatomical evaluation
(Table 1). None of the offspring displayed craniofacial
dysmorphology and were group-housed with their mothers
until they were sacrificed. These subjects are part of an on-
going research programme investigating the behavioural
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Table 1 Subject profile

Animal Sex Alcohol Duration of Alcohol/ Total Average BEC Average BEC Age at sacrifice
started” exposure” day g/kg exposure® (mg/dl) mmol/l (day)
02898-5 M 96 9.86 2.55 103.46 112 24.3 18
03245-3 M 72 13.30 2.82 149.50 121 26.3 4
05154-2 M 112 7.57 2.10 64.82 95 20.7 1
03307-3 M 94 10.14 3.16 138.34 132 28.7 35
01808-3-1 F 87 11.14 1.46 68.90 61 13.3 30
06692-1 M X X Sucrose X X X 1
06332-1 M X X Sucrose X X X 12
06228-1 M X X Sucrose X X X 27
05232-2 M X X Sucrose X X X 9
06172-1 M X X Sucrose X X X 4

* Gestational day alcohol started computed on the basis of 165 days full-term gestation

® Duration of exposure calculated as the number of weeks between the start of ethanol exposure and delivery

¢ Total number of g/kg over the entire exposure period based on the amount the dam drank during pregnancy and her body weight before

pregnancy

and neuroanatomical effects of prenatal ethanol exposure
in the non-human primate.

Each animal was sedated with ketamine (10 mg/kg,
im.), deeply anaesthetised with sodium pentobarbital
(25 mg/kg, i.v.) and perfused transcardially with phos-
phate buffer saline (PBS), followed by 4% paraformal-
dehyde. The brains were then extracted, stereotaxically
blocked into 1-cm slabs, cryoprotected in buffered
sucrose, and frozen at —80°C (Burke et al. 2009¢c). Six
parallel series of coronal sections (50 pm) were obtained
for each animal with one series stained with cresyl-violet
and the other series were placed in antigen preserve (50%
ethylene glycol, phosphate buffer solution, and 1% poly-
vinyl pyrrolodone) and stored at —20°C (Burke et al.
20094d).

Stereology

Unbiased estimation of neuron and glia numbers along
with layer volume was performed by using the optical
fractionator method (West et al. 1991). Topography and
superimposed counting frames (disectors) were generated
through Stereologer software under 2.5 (topography) and
100x objectives (N.A. = 1.3). The lateral geniculate
nucleus is readily identifiable as a six-layer structure dorsal
to the hippocampal formation (Paxinos et al. 1999; Fig. 3).
For the stereological parameters in this study, every 12th
section was selected with a random starting point within
1 mm of the anterior tip that yielded a systematic-uniform
set sample of 9—10 sections. The LGN was sampled into its
subdivisions: M (layers 1-2) and P (layers 3-6). Total
reference volume (V) was achieved using the Cavalieri
point counting method. A standard x—y grid size of 100 pm

was used to calculate the volume of M and P regions (see
Table 2 for the stereological parameters).

The total estimation of cell numbers (V) was calculated
by the following equation:

N =ssf ! xasf! xtsf~! x ZQ‘

where ssf is the section sampling fraction, asf is the area
sampling fraction, tsf is the thickness-sampling fraction
(where the measured thickness of the tissue is divided by
the disector height), and > Q" is the total number of cells
counted within a disector. For this study, a neuron was
defined as having visible and centrally located nucleoli and
clearly defined cytoplasm (Boire et al. 2002; Joelving et al.
2006; Burke et al. 2009a, b). The x—y step was set at 350
and 750 pm for M and P regions, respectively. Coefficients
of error (CE) were calculated for mean number of neurons
and glia (>_Q"), total number of disectors (D _F), and total
number of cells (N) to assess the reliability of measure-
ments (Gundersen and Jensen 1987; West and Gundersen
1990). As the CE represents intrinsic methodological
uncertainty, its contribution to observed variation (CV)
should be less than its contribution to biological variation
(BCV). The ratio BCV?/CV?, where BCV? = CV?>—mean
CE? and CV? = BCV? + CEZ, was used to determine the
precision of the estimates (West et al. 1991). A ratio BCV?
CV? of more than 0.5 indicates acceptable stereological
precision (Joelving et al. 2006).

Neuronal soma volume was determined using the iso-
tropic-uniform-random (IUR) nuclear rotator parameter of
the Stereologer system. Neurons that were counted for total
population estimation were also sampled for cell volume
estimation. Mean cell volume (MCV) was determined
based on the following equation:
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Table 2 Neuronal stereology parameters

Subregion Section sampling Average Average Mean Mean Mean V¢ Mean N Mean CE
fraction ASF TSF >0 SF (mm®) (in millions) (N)*
Magno
Control 1/12 0.010 0.681 199 116 2.762 0.338 0.073
FAE 1/12 0.010 0.670 203 119 3.136 0.350 0.074
Parvo
Control 1/12 0.010 0.794 203 115 12.14 1.628 0.071
FAE 1/12 0.010 0.681 219 117 12.84 1.680 0.070

Stereological parameters for the neuronal population and layer volume estimation from the magno- and parvocellular regions of control and FAE
monkeys (3> 0~ total number of neuron sampled; > F number of disectors sampled; V.. volume; N total number of neurons CE (N coefficient of
error for N). The estimation of neurons produced an average BCVZ/CV? ratio of 0.68 indicating an acceptable sampling error and estimate of the
neuronal population of the lateral geniculate nucleus. The average CE for the number of neurons indicates an acceptable variation for this

sampling scheme
* Mean CE is calculated V' meanCE>

4
MCV = mean!? x?n

where [ is the length of the line proportional to the area of
the object (Mouton et al. 1994). Coefficients of error (CE)
were calculated for MCV.

Statistical analysis

Statistical differences were determined using a Mann—
Whitney non-parametric test of significance on the
GraphPad InStat3 program (La Jolla, California, USA).
The coefficient of variation (CV = SD/mean), presented in
parentheses, was calculated for volume and neuronal
number. The CE for the different measurements was cal-

culated as vVmeanCE?>.

Results

There was no significant difference found in terms of the
average volume of the M layers between FAE (3.14 mm3,

CV = 0.09) and control (2.76 mm?, CV = 0.14) subjects
(P = 0.15). Likewise, the P regional volume did not differ
between FAE (12.66 mm?, CV = 0.07) and control
(12.14 mm?, CV = 0.17) subjects (P = 0.69; Fig. 1).

The estimated total number of neurons in the M region
(FAE = 374 x 10°, CV = 0.107; Control = 338 x 10%
CV = 0.097) was not statistically different between the
two groups (P = 0.69; Fig. 2; Table 2). Neuronal estima-
tions in the P region revealed no statistical difference
between FAE (168 x 10%, CV = 0.133) and control
(163 x 10%, CV = 0.087) subjects (P = 0.84; Fig. 1). The
estimated total number of glia in the M region
(FAE = 197 x 10>, CV = 0.138; Control = 233 x 10%
CV = 0.355) was not statistically different between the
two groups (P = 0.69; Fig. 1). Glia estimations in the P
region revealed no statistical difference between FAE
(959 x 10°, CV =0.149) and control (991 x 10°
CV = 0.216) subjects (P > 0.999; Fig. 1). The average CE
for the number of glia was below 0.1 for both groups in the
M and P-layers indicating an acceptable variation for this
sampling scheme.
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Fig. 1 Cell populations a Volume estimation revealed no regional volume differences of the M and P regions between control and the FAE
subjects. Number of neurons (b) and glia (¢) in the M and P regions were not statistically different between control and FAE groups
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Fig. 2 Soma volume the FAE group shows a 17% reduction in the M
neuronal soma size compared to the control group and resembles the
cell size typically seen in the P region. The size of the M-neurons of
FAE subjects more closely resemble the size of neurons found in the
P-layers. *P < 0.05

Average soma size was determined by randomly placing
a standard grid size of 500 um (x—y plane) for M and
750 pm (x—y plane) for P region on every 12th section
through the LGN. At each intersection of the grid, an
optical disector was positioned and an IUR nuclear rotator
was placed on neurons that fell within the parameters of
the disector were sampled. The average soma size of
M neurons in FAE subjects (2,382.9 um3; CV = 0.160),
was significantly smaller than that of control subjects
(2,856.8 um3; CV = 0.068; P = 0.0287; Table 3; Fig. 2).

Table 3 Soma measurements

The average soma size of P-neurons in FAE subjects
(1,892.3 um3; CV = 0.246), did not differ significantly
from that of control subjects (2,222.6 pm3; CV = 0.18;
P = 0.421; Fig. 3). Within the control group, the soma size
of the P neurons is significantly smaller than that of
M-neurons (P = 0.0159), whereas the soma size between
these two neuronal types do not differ in the FAE group
(P = 0.0823; Fig. 3).

Discussion

We have previously reported that the level of prenatal
ethanol exposure described here results in a 35% neuronal
reduction in the frontal cortex (Burke et al. 2009b) and a
59% neuronal reduction in the hippocampus (Burke et al.
submitted). In the current study, FAE offspring demon-
strate that there is no significant difference in the number of
neurons, glia and in the overall laminar volume at birth in
both regions of the LGN suggesting that the effect of
prenatal ethanol varies depending on the brain region.
However, the neuronal soma size in the M subdivision was
significantly reduced by 17% compared to control values.
The LGN neuronal and glia populations reported here for
both groups resembles that previously reported in Macaca
nemestrina and vervet monkeys (Blasco et al. 1999; Boire
et al. 2002).

Rodent studies suggest that the thalamic areas are
affected differently from other brain areas in response to
prenatal ethanol exposure. Apoptotic proteins Bax, cas-
pase-3 (apoptotic inducers), and Bcl-2 are (apoptotic
inhibitor) are differentially expressed in the rodent brain
following prenatal ethanol exposure. Throughout the

Subject # Measured Average M soma CE # Measured Average P CE
M-neurons size (pm3 ) P-neurons soma size (um3 )

02898-5 101 1,926 0.0222 259 2,151 0.0110
03245-3 149 2,275 0.0120 208 2,000 0.0085
05154-2 101 2,726 0.0136 208 1,076 0.0131
03307-3 87 2,827 0.0126 233 2,014 0.0120
01808-3-1 130 2,161 0.0185 170 2,221 0.0143
Average 113.6 + 25 2,382.9 (0.160) 0.0163 215.6 + 33 1,892.3 (0.246) 0.0118
06692-1 98 2,910 0.0115 158 1,840 0.0009
06332-1 69 2,833 0.0110 195 2,313 0.0158
06228-1 103 3,147 0.0117 179 2,731 0.0137
05232-2 86 2,780 0.0207 259 2,434 0.0106
06172-1 93 2,614 0.0101 192 1,796 0.0130
Average 90 £+ 13 2,856.8 (0.068) 0.0136 197 + 38 2,222.6 (0.180) 0.0124

The average soma size for each subject is presented in um® (CV). The average CE for all soma size estimates was below 0.02 indicating an
acceptable variation for this sampling scheme
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Fig. 3 Soma size differences
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cortex, prenatal ethanol exposure reduces Bcl-2 protein
expression while elevating caspase-3 protein expression
throughout the cortex (Mooney and Miller 2001). The level
of Bax was unaffected but the ratio of Bcl-2/Bax cortical
expression was significantly reduced following prenatal
ethanol exposure. In contrast, Bax, Bcl-2, and caspase-3
protein expression are unaltered in thalamic nuclei with no
change in Bcl-2/Bax ratio (Mooney and Miller 2001). Total
neuronal population and volume of the thalamus are also
unaltered in rodents exposed to prenatal ethanol during the
second and third trimester equivalents (Livy et al. 2001)
similar to that reported in the current study. Furthermore,
layer IV of the visual cortex, the main recipient of thalamic
inputs (Wise and Jones 1978; Frost and Caviness 1980),
shows normal thickness and cell packing density following
prenatal ethanol exposure (Miller and Dow-Edwards 1988;
Miller and Potempa 1990). Rodent data suggest that the
thalamus does not undergo a wave of programmed neuro-
nal death induced by prenatal ethanol, as is the case with
other brain areas (Mooney and Miller 2001).

The average soma size of M-neurons in ethanol-exposed
subjects is smaller than that of control subjects. In addition,
the soma sizes of M- and P-neurons in ethanol-exposed
subjects are not significantly different from each other
(Fig. 2). At around the 24th week of gestation in humans
(approximately equal to the monkey embryonic day 100),

@ Springer

Normal (05232-2)

FAE 1 (03245-3) FAE 2 (02898-5) FAE 3 (03307-2)

D.

there are no obvious differences between cells size in the
M- and P- neurons (Hitchcock and Hickey 1980). This
finding suggests that M-neurons of ethanol-exposed sub-
jects have undergone slower-than-normal development and
have been “frozen” in an embryonic state. One reason for
the apparent “arrested development” of M-neurons in FAE
subjects may be abnormal signalling during the gliogenesis
period, which occurs during the last trimester of gestation.
Prenatal ethanol exposure has been shown to impact the
signalling of glia cells (Guerri et al. 2001) altering the
levels of neurotrophins (Aronne et al. 2008; Moore et al.
2004). We have ruled out abnormal gliogenesis as a
potential cause for the immature state of M-neurons. Since
the M-neurons are the first to mature (Hitchcock and
Hickey 1980), it stands to reason to conclude that the
immature state of M-neurons of FAE subjects is a result of
abnormal levels of neurotrophic factors.

The “arrested development” of the M-neurons may
have far-reaching functional consequences with respect to
the dorsal-stream visual processing. The output of the
M- and P-LGN layers remains segregated in the primary
visual cortex and leads to the emergence of two comple-
mentary streams of visual processing: the ventral stream, or
the “what” pathway which leads to the representation of
visual shape, form and identity of objects; and the dorsal
stream, or the “where”/“how” pathway, which leads to the
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representation of visual space and visuomotor integration
(for example see Mishkin et al. 1983; Milner and Goodale
1993).

The small, undifferentiated M-neurons of the FAS brain
resemble a key neuroanatomical feature of fragile X syn-
drome (FXS), another neurodevelopmental disorder that is
caused by the silencing of a single gene located on the X
chromosome. Kogan and colleagues recently showed that
the LGN of FXS brains lack the typical laminar pattern that
differentiates M- from P-layers and that the entire LGN
resembles an undifferentiated pool of neurons (Kogan et al.
2004). In addition, this neuroanatomical observation was
found to be associated with a measureable visual functional
impairment that affects only dorsal-stream visual process-
ing. These impairments were measured in the form of an
elevated threshold for motion coherence and lowering of
both temporal and low-spatial contrast sensitivities, while
ventral-stream related functions such as form coherence,
chromatic and high-spatial contrast sensitivities remain
spared. These careful observations lead us to believe that
the small size of M-neurons following FAE will lead to a
differential impact on visual processing such that dorsal-
stream functions will be impaired while ventral-stream
functions will remain normal.

There is also evidence from other forms of develop-
mental intrusion or neurodevelopmental disorder that result
in smaller-than-normal neuronal size accompanied by
abnormal functional consequences. One line of evidence
comes from sensory deprivation and/or anomalous sensory
input throughout postnatal development. Monocular depri-
vation has been shown to bring about drastic reduction in
the size of Y-cells in cat (Kageyama and Wong-Riley 1986;
Ziburkus et al. 2000) and M-neurons in monkey (Tigges
et al. 1984) LGN. Such anatomical modifications are
coupled with abnormal functional consequences both at the
single-neuron level (Levitt et al. 2001) and at the level of
the entire LGN (Hess et al. 2009). In addition, evidence
from the autism literature also suggests that the altered
course of brain development in this emblematic form
of neurodevelopmental disorder leads to smaller-than-
normal neurons in the limbic system (Bauman and Kemper
1985; Raymond et al. 1996; Blatt et al. 2001; Bauman and
Kemper 2005). This anatomical anomaly may in turn be the
foundation for the social cognitive deficits observed in
autism.

Breitmeyer and Ganz (1976) hypothesized that the M
pathway could also play a direct role in directing selective
attention during the reading task. This model proposes that
the role of visual attention is to shift attention from the
fixation point to the parafoveal region to the right of fixa-
tion so that the saccade may be programmed (Steinman
et al. 1998). A shift in visual attention is necessary before a
refixation may be executed (Sereno 1992), and the M

pathway contributes an important input to the visual
attention mechanisms (Steinman et al. 1997). These
mechanisms also depend substantially upon neurons in the
posterior parietal cortex, a major endpoint of the M path-
way (Hussain 1991). The posterior parietal cortex has
heavy connections with the frontal eye fields and the
intermediate layers of the superior colliculus, both of which
are important for saccadic eye movements (Mowafy et al.
1992). These studies propose that the M pathway may
influence the planning of saccadic eye movements during
reading tasks by means of an intermediate pathway
(Steinman and Steinman 1998). A recent study has shown
that children that were prenatally exposed to alcohol have
impaired oculomotor control (Green et al. 2009), which
maybe a consequence of an M pathway deficit.

Conclusion

The benefit of using the non-human as a translational
model is that the naturalistic alcohol consumption can be
monitored and thereby provides a controlled environment
in which to study the effects of foetal alcohol exposure.
The data presented here demonstrate that a regular and
voluntarily consumption of alcohol during the third tri-
mester, at doses that do not cause overt intoxication, does
not affect the number of neurons in the P and M regions of
the LGN. The soma size reduction of the M-neurons maybe
related to an alcohol affect on neurotrophic factors released
by astrocytes that would then have an effect on oculomotor
control (Green et al. 2009). This study shows that not all
regions of the brain are affected in the same manner by
naturalistic third trimester ethanol exposure in primates
(Burke et al. 2009b).
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