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Abstract
Background—The adverse effects of fetal and early postnatal ethanol intoxication on peripheral
organs and the central nervous system are well documented. Ocular defects have also been
reported in about 90% of children with Fetal Alcohol Syndrome (FAS), including microphthalmia,
loss of neurons in the retinal ganglion cell layer (GCL), optic nerve hypoplasia and
dysmyelination. However, little is known about perinatal ethanol effects on retinal cell
morphology. Examination of the potential toxic effects of alcohol on the neuron architecture is
important since the changes in dendritic geometry and synapse distribution directly affect the
organization and functions of neural circuits. Thus, in the present study estimations of the numbers
of neurons in the GCL and dorsolateral geniculate nucleus (dLGN), and a detailed analysis of
RGC morphology were carried out in transgenic mice exposed to ethanol during the early
postnatal period.

Methods—The study was carried out in male and female transgenic mice expressing Yellow
Fluorescent Protein (YFP) controlled by a Thy-1 (thymus cell antigen 1) regulator on a C57
background. Ethanol (3 g/kg/day) was administered to mouse pups by intragastric intubation
throughout postnatal days (PD) 3–20. Intubation control (IC) and untreated control (C) groups
were included. Blood alcohol concentration (BAC) was measured in separate groups of pups on
PD3, PD10, and PD20 at 4 different time points, 1, 1.5, 2 and 3 h after the second intubation.
Numbers of neurons in the GCL and in the dLGN were quantified on PD20 using unbiased
stereological procedures. Retinal ganglion cell morphology was imaged by confocal microscopy
and analyzed using Neurolucida software.

Results—Binge-like ethanol exposure in mice during the early postnatal period from PD3
through PD20 altered RGC morphology and resulted in a significant decrease in the numbers of
neurons in the GCL and in the dLGN. In the alcohol exposure group, out of 13 morphological
parameters examined in RGCs, soma area was significantly reduced and dendritic tortuosity
significantly increased. After neonatal exposure to ethanol a decrease in total dendritic field area
and an increase in the mean branch angle were also observed. Interestingly, RGC dendrite
elongation and a decrease in the spine density were observed in the IC group, as compared to both
ethanol-exposed and pure control subjects. There were no significant effects of alcohol exposure
on total retinal area.
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Conclusion—Early postnatal ethanol exposure affects development of the visual system,
reducing the numbers of neurons in the GCL and in the dLGN, and altering RGCs’ morphology.

Keywords
postnatal ethanol; yellow fluorescent protein (YFP) mice; Retinal ganglion cell (RGC)
morphology; stereological cell counts

Introduction
Perinatal (pre- and early postnatal) alcohol exposure affects a variety of organ systems in
both humans and laboratory animals. Fetal Alcohol Syndrome (FAS) and the less severe
Fetal Alcohol Spectrum Disorders (FASD) are described as a set of specific human birth
defects related to maternal alcohol consumption during pregnancy characterized by pre- and
postnatal growth retardation, craniofacial defects and central nervous system (CNS)
dysfunctions (Bruce et al., 2009; Jones and Smith, 1973; Lemoine et al.,1968).

Both human and animal research has shown reductions in brain weight and microencephaly
resulting from prenatal exposure to alcohol (Jones et al., 1973; Clarren et al., 1978;
Streissguth et al., 1980; Pierce and West, 1986; Bonthius and West, 1990; Tran et al., 2000).
Neuronal loss is one of the most common deleterious effects of fetal and early postnatal
exposure to alcohol on the CNS, and several studies have reported reduced numbers of
neurons and fibers within different brain regions including the hippocampus (Barnes and
Walker, 1981; Gonzalez-Burgos et al., 2006; Livy et al., 2003; Miki et al., 2003; Moulder et
al., 2002) cerebellum (Goodlett et al.,1998; Goodlett and Eilers, 1997; Miki et al.,1999;
Thomas et al., 1998), and corpus callosum (Qiang et al., 2002; Riley et al., 1995). Perinatal
alcohol exposure also produces a variety of types of damage to the visual system. Ocular
defects have been reported in about 90% of children with FAS suggesting that ocular
structures are sensitive to alcohol exposure during their development (Strömland, 1987).
Because of the marked similarity among the eyes of all vertebrates, it is not surprising that
microphthalmia, retinal ganglion cell loss, optic nerve hypoplasia, delayed myelination and/
or reduced myelin thickness in the optic nerve fibers have all been observed after ethanol
exposure during the embryonic development in fish (Dlugos and Rabin, 2007; Kashyap et
al.,2007; Matsui et al., 2006), chick (Chmielewski et al. 1997; Tufan et al., 2007), mouse
(Ashwell and Zhang, 1994; Cook et al., 1987; Kennedy and Elliott, 1986; Parson et al.,
1995; Parson and Sojitra, 1995), rat (Harris et al., 2000; Pinazo-Duran et al., 1993, 1997;
Philips et al., 1991; Pons et al., 2007; Strömland and Pinazo-Duran, 1994) and monkey
(Clarren et al., 1990).

The adverse effects of fetal alcohol exposure are mediated by multiple mechanisms and
depend on dose, pattern, and timing of exposure with different tissues and organs showing
different vulnerability to ethanol effects (Berman and Hannigan, 2000; Guerri, 2002;
Mooney and Miller, 2007). In mice, even a single exposure to ethanol, mimicking a ‘binge’
abuse of alcohol, during critical period of ocular ontogeny (E13) was reported to cause
adverse ocular changes (Ashwell and Zhang, 1994; Kennedy and Elliott, 1986). Also during
the early postnatal period, a single ethanol intoxication episode was shown to trigger
apoptosis of retinal ganglion cells as well as of neurons at higher levels of the visual system.
Tenkova et al., (2003) observed significant retinal ganglion cell (RGC) degeneration in rat
pups after a single exposure to ethanol applied at various postnatal ages within the first
postnatal weeks of life. The loss of RGCs was especially pronounced during a relatively
narrow developmental time window from PD 1 to PD 4. The period of peak sensitivity for
the higher order visual neurons was defined as postnatal days 4–7. These results suggest that
in rodents the visual system shows increased vulnerability to the adverse effects of ethanol
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during the first 10 postnatal days, the time corresponding to the third trimester in human and
known as the brain growth-spurt period (Dobbing and Sands, 1979; Rice and Barone, 2000).
However, RGCs development is not completed until PD20 when the dendritic arbor is
finally shaped (Chalupa and Williams, 2008 pp194). Therefore, it is also important to
examine the potential adverse ethanol effects on developing retina over the extended
postnatal period covering the whole process of RGCs maturation.

Most recent studies have examined ethanol effects on the developing visual system and
focused on alcohol-induced changes in cell numbers and optic nerve myelination. Therefore,
little is known about the potential effects of fetal and early postnatal ethanol exposure on the
morphology of retinal neurons. Morphological effects have been reported in other brain
areas. For instance, Qiang et al., (2002) reported abnormal dendritic arborization of corpus
callosum projection neurons after ethanol treatment administered during the second
trimester in rats. Examination of the potential toxic effects of drugs including alcohol on the
neuron architecture is important as it is well known that the neurons’ dendritic arborization
and the synapse distribution along the neurites have profound effects on the organization and
functions of local neural circuits.

Previous studies have provided detailed descriptions of the morphological features of RGCs
in adult mice (Badea and Nathans, 2004; Coombs et al., 2006; Jeon et al., 1998; Kong et al.,
2005; Sun et al., 2002). Additional studies have also traced the development of RGCs during
the early postnatal period in mice (Coombs et al., 2007; Diao et al., 2004). These data
constitute a frame of reference for the current studies on the effects of ethanol intoxication
on retina development.

The present study was designed to investigate the effects of the early postnatal exposure to
ethanol on the morphology of RGCs and on the numbers of neurons within the retinal
ganglion cell layer and dorsolateral geniculate nucleus of the thalamus (dLGN) in transgenic
mice expressing yellow fluorescent protein (YFP).

MATERIALS AND METHODS
Subjects

Both male and female transgenic mice expressing Yellow Fluorescent Protein (YFP)
controlled by a Thy-1 (thymus cell antigen 1) regulator on a C57 background (YFP-H line,
Jackson Laboratory, Bar Harbor, ME, USA; Feng et al., 2000) were used in this study. The
YFP-H line expresses YFP in most types of RGC’s identified and are visible by postnatal
day 8 (Coombs et al., 2006, 2007). Pups used in these experiments were randomly selected
from different litters. All procedures were approved by the Institutional Animal Care and
Use Committee of the University of California, Davis (IACUC). Animals were housed in
IACUC approved animal facilities under controlled environmental conditions.

Neonatal Treatment
The newborn YFP pups were divided into 3 groups; alcohol treated (A), intubation controls
(IC), and non-intubated controls (C). The day of birth was designated as Postnatal Day (PD)
0. Pups in group A were intubated each day from PD 3 to PD 20 with 3 g/kg body weight
ethanol delivered in a 0.02 ml/g volume of artificial enriched milk. The milk formula was
prepared after Kelly and Lawrence (2008) and contained evaporated milk, a custom mix of
minerals (ZnSO4, CuSO4, FeSO4, MgCl, KCl) and vitamins (BioServ, Beltsville, MD),
Supro 710 protein power (Ralston Purina Co., St. Louis, NJ), corn oil, methionine,
tryptophan, calcium phosphate dibasic, and deoxycholic acid. The alcohol dose of 3 g/kg
body weight has been used in previous rodent studies and shown to result in adverse effects
on brain morphology and behavior (Tran et al., 2000; Green et al., 2006).
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The alcohol solution was divided into two equal doses given to pups two hours apart. Two
hours after the second intubation, pups were reintubated with 0.02 ml/g of the milk solution
alone. The pups were intubated at the same time each morning. Each day one hour before
intubation the litter was taken from the dam and placed on a heating pad maintained at 37
°C. Between intubations, the pups were returned to the dam. Intubations were carried out
using PE-10 tubing (Clay Adams Brand, Becton Dickinson) lubricated with corn oil and
attached to a 1cc insulin syringe filled with milk with or without alcohol. The length of the
tube was measured from the mouth to the stomach and marked. The PE-10 tube was
carefully inserted down the esophagus into the stomach and a measured amount of solution
was given immediately. Pups from the IC group, a control for possible intubation-induced
stress effects, were intragastrically intubated in the same manner as those from the A group,
but received neither ethanol nor milk. The non-intubated control group (C) was weighed
daily with no additional treatment.

Blood Alcohol Concentration
Blood alcohol concentration (BAC) was measured in a separate group of pups on PD3,
PD10, and PD20 at 4 different time points, 1, 1.5, 2 and 3 h after the second intubation. On
PD 3 and PD 10, pups were anesthetized in an ice bath until movement stopped then
decapitated and blood collected. On PD20, 10µl of tail blood was collected into heparinized
capillary tubes. BAC was determined using an oximetric procedure (Helfer et al., 2009) with
an Analox GL5 Alcohol Analyzer (Analox Instruments, Lunenburg, MA). Between 2 and 4
different pups were sampled for each PD and each time point.

Retina collection
On PD20, after the last intubation, the pups from A, IC, and C groups were euthanized with
a lethal i.p. dose (0.1 ml) of Fatal Plus (Vortech Pharmaceuticals). After enucleation, the
cornea and lens were removed. The eyecup was fixed for 2 h in 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS) and then washed and stored in PBS until
processed for immunohistochemistry. Before removing the retina from the sclera, a notch
was made to identify the nasal retina.

Immunohistochemistry
Fixed retinas were blocked for 2 h in a blocking solution containing 10% normal donkey
serum (Jackson Immuno Research), 2% bovine serum albumen (Jackson Immuno Research,
West Grove, PA), 0.3% Triton X-100 in PBS (Fisher Scientific, Atlanta, GA). The following
primary antibodies were diluted in fresh blocking solution: rabbit anti-green fluorescent
protein (GFP) (1:500; Invitrogen, Carlsbad, CA) and a goat anti-choline acetyltransferase
(1:50; Chemicon International, Temecula, CA). The retinas were incubated in the primary
antibody for 3–4 days at 4 °C. After washing three times in PBS, the retinas were incubated
for 2 h at room temperature in secondary antibodies Alexa-488 and Alexa 568 (1:500;
Invitrogen, Carlsbad, CA) diluted in PBS. Finally, retinas were rinsed three times in PBS
and incubated overnight in DAPI (1:500; KPL, Gaithersburg, MD). Radial cuts were made
to flatten the retina, with careful note taken to the nasal identifying notch. Flattened retinas
were then mounted on a glass slide, coverslipped with PBS as the mounting media and
sealed with Depex (Electron Microscopy Sciences, Hatfield, PA).

Imaging and morphometric measures
The retinal ganglion cells that had obvious axons were chosen for imaging. High-resolution
three-dimensional images were taken using an Olympus Fluoview 500 confocal microscope
with the following parameters; x and y =1024 × 1024 pixels, and two images averaged at
each focal plane. Each confocal image stack of individual retinal ganglion cells was traced
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using Neurolucida software (Microbrightfield, Williston, VT). Fourteen parameters were
measured and analyzed as described in Coombs et al., 2006, including soma size, dendritic
field size, total dendritic length, number of dendrites, number of dendritic branches, branch
order, mean internal branch length, mean terminal branch length, branch angle, number of
dendrites, spine density, tortuosity, dendrite diameter and symmetry. A photomicrograph of
a (A) representative yellow fluorescent (YFP) retinal ganglion cell and (B) the
morphological features measured are shown diagrammatically in Figure 1.

Cell Counting Procedures
Cell counting was done on retinas obtained from different animals as follows: A (n=7), IC
(n=7), C (n=6). Free-floating whole retinas were stained with 0.1% cresyl violet for 6
minutes then twice rinsed with PBS for 20 seconds each time. Stained whole-mount retinas
were mounted on a glass slide in PBS, coverslipped and sealed with Depex (Electron
Microscopy Sciences, Hatfield, PA). Using a 20X objective on a Nikon E600 microscope
(Nikon Instruments Inc., Melville, NY), a contour line was drawn around each retina to
define the region of interest (ROI) and a 100X oil-immersion lens was then used for
individual cell counting (i.e., 1000 magnification). The counting frame was set at 25µm with
a grid size of 500µm. Unbiased stereological analysis of the number of retinal ganglion and
amacrine neurons in the retinal ganglion cell layer was then carried out using
StereoInvestigator software (Microbrightfield, Williston, VT).

Stereological procedures were also used to estimate the number of dLGN neurons. Brains
were removed immediately after the eye dissection on PD20, post-fixed for 3 days in 4%
paraformaldehyde, cryoprotected in 10% sucrose solution for 1h, in 30% sucrose solution
for another 24h, and then frozen in 30% sucrose. Brains were serially sectioned in the
coronal plane at 50µm on a sliding microtome (American Optical model 860, Buffalo, NY).
Sections were mounted on slides, air dried and stained with Cresyl violet. On each section,
the dLGN was outlined using a 10X objective, and neurons were counted under oil
immersion using a 100X objective (i.e., 1000 magnification). The counting frame was set at
20µm with a grid size of 100µm. Every 2nd tissue section was counted through the entire
dLGN. Tissue section thickness was measured for each counting frame and the number-
weighted section thickness was used when calculating numbers of neurons. A fixed dissector
height of 10 µm was used in each counting step, and a guard height of 2 µm was used to
avoid artifacts at the sectioning surface. The numbers of neurons within the dLGN were
counted by unbiased stereological methods, using the optical fractionator probe in the
StereoInvestigator software (Microbrightfield, Williston, VT). The optical fractionator is
unaffected by tissue shrinkage that takes place during tissue preparation (West, 1993).

Statistical Analyses
From all measures group means ± SEM were calculated. The data were analyzed with
treatment (i.e., A, IC, and C) as the independent factor. A one way ANOVA for the number
of neurons in the retina and dLGN, and a repeated measure ANOVA for body weight were
carried out. A conditional hierarchical linear model was employed for analysis of
morphometric parameters of RGCs. The three-level hierarchical linear model consisted of
three variance components parameters: the treatment-to-treatment variability (fixed effects
part), retina-to-retina variability (random effects part), and cell-to-cell variability (random
effects part). The Tukey HSD and the Differences of Least Squares Means tests were used
for post hoc analysis of the data. The statistical packages SAS and SPSS 16 (Chicago, IL)
were used.
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RESULTS
Body weight

The pups’ mean body weight (± SEM) was analyzed throughout PD3-PD20 for A (n=10),
IC (n=7), and C (n=8) groups. A two-way repeated measures ANOVA (treatment × days)
yielded significant day effect (F(17,374) = 374.68, p<0.00) confirming a steady increase in the
pups’ body weight throughout the first 10 postnatal days. There was no statistically
significant effect of alcohol treatment on body weight (Figure 2).

Blood Alcohol Concentration
Figure 3 shows BAC concentrations measured at 4 time points after the second intubation on
PDs 3, 10 & 20. The peak BAC was observed 1–1.5 h after the second intubation, at 298 ±
5.9, 256 ± 22.7, and 156 ± 4.1 mg/dl for PD3, PD10, and PD20, respectively. The mean
BAC was inversely proportional to the pups’ age.

Retina Area and Number of Neurons in the Retinal Ganglion Cell Layer and in the
Dorsolateral Geniculate Nucleus (dLGN)

At PD20, in the ethanol-treated group, there was no change in the total retinal area compared
to controls (Fig. 4A). However, the number of neurons in the retinal ganglion cell layer (Fig.
4B) was significantly affected by alcohol exposure (F(2,18)= 5.86, p=0.012), and individual
group comparisons confirmed that there were significantly fewer neurons in group A
compared to the IC and C groups (p=0.02 and p=0.03, respectively). The two control groups
did not differ significantly (Fig.4B). For the dLGN cell count (Fig. 4C) there was a
significant main group effect (F(2,19)= 3.76, p=0.044). However, post hoc comparisons
revealed that only the difference between A and IC groups was statistically significant
(p=0.035).

Morphometric analyses of Retinal Ganglion Cells (RGC)
The numbers of traced ganglion cells were as follows: Alcohol (n=104), Intubation Control
(n=81), Control (n=108). The number of animals used in each treatment group and mean
number of RGC’s per animal used for counting were as follows: Group A (n=4), mean = 26;
Group IC (n=5), mean = 16.2; and C group (n=5), mean = 21.6.

Somal area—As seen from Fig. 5A, alcohol treatment significantly reduced the mean
soma area of retinal ganglion neurons (F(2,16)= 4.25, p=0.033). Individual group
comparisons showed that mean soma area for Group A was significantly smaller compared
to both control groups (p=0.017 and p=0.031, for IC and C group, respectively). The two
control groups did not differ significantly. In all three groups, ganglion cell soma area
showed a normal frequency distribution with a peak at 250 µm2 for alcohol-treated pups and
350 µm2 for control subjects (Fig. 5B).

Dendritic field area—The mean dendritic field area was also smaller in the alcohol group
as compared to Groups C and IC (Fig. 6A). Statistical analysis showed that the treatment
effect just failed to reach statistical significance (F(2,16)=3.30, p=0.06). Nevertheless, in
view of the significant decrease in soma area for Group A (see Fig. 5A), individual group
comparisons were carried out on dendritic field area. This analysis showed that the dendritic
field area was significantly smaller for Group A compared to Group IC (p=0.02). The
difference between Groups A and C was not significant (p=0.09), and the two control groups
did not differ significantly (p=0.4). As seen from Fig. 6B, in the ethanol-exposed pups,
neurons with dendritic fields within the range between 20000 – 30000 µm2 constituted the
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largest group of ganglion cells. In contrast, in the control groups, the largest group of
ganglion cells had dendritic fields within the range between 30000 – 40000 µm2.

Total Dendritic length—Analysis of dendritic length (Fig. 7A) showed a significant main
effect of treatment (F(2,16)=3.64, p<0.05). Post hoc analysis showed that the mean dendrite
length in the IC group was significantly greater than that in either the A or C groups
(p=0.034 and p=0.026, respectively) with no significant difference between Groups C and
A. Differences were also observed between treatment groups for the dendrite length
frequency distribution (Fig. 7B). In control pups, the predominant dendrite length was
between 35000 and 40000 µm. In alcohol group, the typical dendritic length fell within a
broader range of values, between 35000 and 45000 µm. In contrast, in the IC group of pups
the distribution of dendritic length showed two peaks, one at 40000–45000 and the second at
55000–60000 µm (see Fig. 7B).

Dendritic tortuosity—Dendrite tortuosity was estimated as the ratio of the length along
each dendritic branch and the length of the straight line drawn between the two nodes that
define the branch. As shown in Figure 8A, the overall group effect was highly significant
(F(2,16)=16.76, p=0.0001). Individual group comparisons showed that dendritic tortuosity
was significantly higher in Group A compared to groups C and IC (p=0.02 and p=0.0001,
respectively). Tortuosity in IC group was also significantly higher compared to Group C
(p=0.01). The tortuosity index (Fig. 8B) manifested by the largest number of retinal
ganglion cells was between 1.2–1.3 for Group A, 1.1–1.25 for Group C and 1.15–1.25 for
Group IC.

Dendritic spine density—Dendritic spine density, shown in Figure 9, was calculated as
the total number of spines divided by the total dendrite length (sp/L). The main effects of
treatment on dendritic spine density of the retinal ganglion cells just failed reaching
statistical significance (F(2,16)= 3.22, p=0.07). Interestingly, it was the IC group that
appeared to have a lower spine density compared to the other groups (Fig. 9A). As shown in
Figure 6B, there appeared to be a bimodal distribution of spine density for all groups, with
one peak within the range between 0–0.005 and a second peak at 0.01–0.015 sp/L,
respectively (Fig. 9B).

Dendritic branch angle—The group effect for dendritic branch angle shown in Figure 10
just failed to reach statistical significance (F(2,16) = 3.35, p=0.06). Because soma area (see
Fig. 5A) and mean dendritic field area (Fig. 6A) showed effects of alcohol treatment,
individual group comparisons were again carried out. This analysis showed that dendritic
branch angle was significantly greater in Group A compared to Groups C and IC (p=0.04),
although the magnitude of the difference was small. Groups C and IC did not differ
significantly in branch angle (p=0.87). In all three groups, the branch angle frequency
distribution appeared normal with a peak at 40 to 50 degrees (Fig 10B).

The remainder of the morphological parameters examined were not significantly affected by
early postnatal alcohol exposure. These data are presented as supplementary information.
Briefly, early postnatal alcohol exposure did not significantly affect the mean number of
dendrites (p=0.4), the mean number of branches/dendrite (p=0.6), the mean branch length
(internal, p=0.2; terminal, p=0.2), mean dendritic branch order (p=0.4), symmetry (p=0.5) or
dendrite diameter (p=0.5).

DISCUSSION
The present study shows that binge-like ethanol exposure in mice during the early postnatal
period from PD3 through PD20 affected the developing visual system, including reducing
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the numbers of neurons in the retinal ganglion cell layer, altering several morphological
features of retinal ganglion cells, and reducing the number of neurons in the dorsolateral
medial geniculate nucleus. Pup body weight gain was not affected by alcohol exposure, and
this is likely to be due to the fact that alcohol was administered at a relatively low 3 g/kg/day
dose in an enriched milk formula, and that the pups remained with their dams and were
allowed to suckle. This alcohol dose and this method of alcohol delivery during early
postnatal period have been shown not to compromise body weight gain in new born pups
(Serbus et al., 1986).

The peak BAC was reached 1–1.5 h after the last ethanol administration for the three ages
examined (i.e., PD 3, 10 & 20) with the average BAC between 156–298 mg/dL. This range
is above the toxic level shown by other authors to produce damage to the brain and visual
system in rodents (Bonthius and West, 1990; Ikonomidou et al., 2000; Livy et al., 2003;
Pierce and West, 1986; Tenkova et al., 2003). The amplitude of the BAC was inversely
proportional to the pups’ age, as shown in Figure 3. This is likely due to the increase in the
efficiency of liver alcohol dehydrogenase and the microsomal ethanol oxidizing system
resulting in an increase in metabolic tolerance to alcohol with maturation (Bhalla et al.,
2005, Krasner et al., 1974).

In this study, the 3 g/kg/day ethanol dose given to mice during the extended postnatal period
between PD 3–20 resulted in a significant loss of neurons in the retinal ganglion cell layer
with no change in the total retinal area. Loss of ganglion cell layer neurons after ethanol
exposure during the early postnatal period has been reported previously in different animal
species such as the macaque monkey (Clarren et al., 1990), rat (Pinoza-Duran et al., 1997),
chick (Aguilera et al., 2004; Chmielewski et al., 1997) and also in humans (Pinoza-Duran et
al., 1997; Strömland and Pinazo-Duran, 2002). The results are consistent with ethanol-
induced reductions in the number of optic nerve fibers and decreases in the optic nerve
cross-sectional area reported earlier in mice (Ashwell and Zang,1994; Dangata and
Kaufman, 1997; Kennedy and Elliott, 1986; Parnell et al., 2006; Parson and Sojita, 1995;
Parson et al., 1995), rats (Harris et al., 2000; Pinazo-Duran et al., 1993; Philips et al., 1991;
Samoraski et al., 1986), chicks (Tufan et al., 2007) and zebrafish (Dlugos and Rabin,2007;
Kashyap et al., 2007). Ethanol-induced cell loss has been shown to be caused by apoptotic
cell death due to ethanol toxicity (Ikonomidou et al., 2000; Tenkova et al., 2003). Exposure
to alcohol during development may also alter neurotrophin levels and/or function (Climent
et al., 2002; Heaton et al., 1999: 2000(a); 2000(b); Parks, et al., 2008), and change
expression of neurotropic receptors (Dohrman et al., 1997; Light et al., 2002). Neurotrophins
and their receptors are important for the survival and differentiation of neurons in the chick
retina (Frade et al., 1999). In the present study, in parallel to the significant loss of retinal
output neurons, a decrease in the number of neurons was found in the lateral geniculate
nucleus of the thalamus, the major target area of RGCs. This observation is consistent with
the results by Tenkova et al. (2003) pointing towards high susceptibility of dLGN neurons to
ethanol toxicity at postnatal days PD4 to PD7 in mice. Our results therefore confirm the
generalized neurotoxic effects of early postnatal ethanol administration shown earlier in
other brain regions including the hippocampus (Barnes and Walker, 1981; Gonzales-Burgos
et al., 2006; Miki et al., 2000,2003,2004,2008; Miller, 1995; Moulder et al., 2002; Tran and
Kelly, 2003), cerebellum (Goodlett et al., 1990,1997,1998; Goodlett and Eilers,1997; Miki
et al., 1999; Thomas et al., 1998), and cerebral cortex (Climent et al., 2002; Han et al., 2005;
Jiang et al., 2007; Money and Napper, 2005; Tenkova et al., 2003). However, it is not
possible based on the present results to determine whether the loss of neurons in the dLGN
is due to direct neurotoxic effects of ethanol, or whether it may be secondary to a reduction
in axonal projections from the retina.
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Retinas were collected on PD20 when RGCs are reported to display adult cell morphological
characteristics (Chalupa and William, 2008 pp 194; Coombs et al., 2007; Diao et al., 2004).
For the quantitative analysis of ganglion cell morphologies in control and ethanol-exposed
mice, 13 different structural parameters were considered. These parameters have been
previously used to classify RGCs (Coombs et al., 2006). In the present study, irrespective of
the RGC type, two conventional size measurements, soma area and dendritic field diameter,
were affected by neonatal ethanol exposure. In normal mice, these two parameters show a
steady growth during the early postnatal retina development, and so the effects of alcohol
exposure are particularly striking (Coombs et al., 2007). Another parameter showing a
similar developmental trajectory, dendritic branch length, remained unaffected by early
postnatal ethanol administration. The reduced size of both soma and dendritic field area
support the idea that within a neuron population, soma size may be a good predictor of the
volume occupied by the cell’s dendritic arbor. These results are in accord with findings by
other authors reporting reduction of soma size and dendritic fields of the neurons in the rat
oculomotor nucleus (Burrows et. al, 1995), Bergmann glial cells (Perez-Torrero et al.,
1997), and cerebellar granule cells (Smith et al., 1986) due to perinatal alcohol exposure.

Two other morphological measurements appeared to be affected by the ethanol intoxication:
dendrite tortuosity and the angle at which dendrites branch. In contrast to soma size and the
dendritic field area which were reduced in ethanol-exposed subjects, ethanol administration
increased dendrite tortuosity and appeared to increase branch angles. In mice, these two
latter features reach adult values shortly after birth, and remain relatively unchanged
throughout postnatal development (Coombs et al., 2007). A similar developmental pattern is
seen in the kitten cerebellar Purkinje cells (Calvet and Calvet, 1984). However, in postnatal
dendritic development of Y-like geniculocortical relay neurons in cat (Coleman and
Friedlander, 2002), both the branch angle and dendrite tortuosity have been reported to
decrease in the course of postnatal development. During normal development of these dLGN
relay neurons, these two changes in the dendritic architecture were negatively correlated
with the changes in the size of the soma and dendritic field. Similarly, in the present study
the changes in the values of this pair of parameters show opposite trends. A decrease in the
branch angle has also been observed for hippocampal pyramidal neurons during human fetal
development (Paldino and Purpura, 1979). The decrease in the branch angle occurring
during neural development would be expected to contribute to an increase in the distance
between the dendrite terminal tips and the soma. The straightening of dendritic segments
associated with reduced tortuosity would have a similar effect. However, during early stages
of retinal development, the meandering of growing fibers may facilitate location of specific
cellular targets, which would be more difficult if dendrite elongation took place along a
straight trajectory. It has been postulated by some authors that tortuosity might reflect the
searching for specific inputs or targets (Stepanyants et al., 2004). It has been also suggested
that increased tortuosity represents a morphologic marker of nerve regeneration (Kallinikos
et al., 2004). In the present study, ethanol-induced hypoplasia of the RGCs could result in
the delayed reduction in both the branch angle and dendrite tortuosity. The increased
dendrite tortuosity in RGCs of ethanol-exposed mice may also explain why the dendritic
field area of these neurons was significantly smaller despite no changes recorded in the total
dendrite length, number of branches and the highest branch order. The lack of ethanol
effects on the RGCs’ dendrite length and branch number observed in the present study is
consistent with the absence of a significant difference in these two parameters in the rat
prefrontal cortex after similar neonatal ethanol intoxication, however, in the latter study,
spine density was lower in ethanol treated group as compared to control (Whitcher and
Klintsova, 2008). In mice, perinatal ethanol exposure covering late pregnancy and the first
postpartum week, the time window coinciding with growth and development of dendritic
arbors in hippocampus, was reported to cause a marked reduction in the extent of basilar
dendrites in CA1 pyramidal neurons as assessed at PD 14 (Davies and Smith, 1981). In rat
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hippocampal pyramidal neuronal cultures, six days of ethanol exposure in the medium (i.e.,
200, 400 or 600 mg/dl), beginning at the time of plating, was also shown to decrease the
total dendrite number and dendritic length (Yanni and Lindsley, 2000). The changes in the
dendritic arbor towards a reduction in the number of dendritic branches, and a reduction in
the arbor complexity were also observed in the rat oculomotor nucleus on PD15 (Burrows et
al., 1995) and in the mouse cerebellar granular cells on PD14 (Smith et al., 1986) following
a prenatal ethanol exposure. In contrast to these findings, Qiang and colleagues (2002)
reported an increase in the number and length of apical and basilar dendritic branches in the
corpus callosum that project to neurons in the rat visual cortex after prenatal alcohol
exposure restricted to the second trimester equivalent. These differing results reported in the
literature may be due to regional differences in ethanol susceptibility and different timing of
ethanol administration. Interestingly, in the present study, RGC dendrite elongation and the
decrease in the spine density were observed in the IC group, as compared to both ethanol-
exposed and pure control subjects. The change in the morphology of RGC parameters in the
intubation control group may be related to the repeated intubation stress the newborn pups
were subjected to. In the alcohol group, intubation stress may have been attenuated by the
sedative action of ethanol. Retrospective studies on humans and animals suggest that even
chronic maternal stress during pregnancy, associated with raised plasma levels of CRH,
ACTH and cortisol, may increase the likelihood of morphological and functional
abnormalities in the nervous system of ethanol exposed offspring (Weinstock, 2001). It has
been demonstrated that corticosteroid receptors are distributed widely throughout the central
nervous system and are also present in the developing retina (Gremo and Vernadakis, 1981;
Koehler and Moscona, 1975; Zhang et al., 1993). There are, however, relatively few studies
examining the effect of perinatal stress on brain morphology and none on the development
of the visual system in rodents. The available studies have been focused on the limbic
regions of the brain such as hippocampus, anterior cingulate and orbitofrontal cortices,
where perinatal stress can result in dendritic atrophy manifested by reduction in spine
densities, but also in the dendrite length and complexity of the dendritic trees (Andersen and
Teicher, 2004; Bartesaghi and Severi, 2002; Hayashi et al., 1998; Murmu et al., 2006).
These results stand in contrast to the dendrite elongation observed in the IC group in the
present study.

The decrease in RGC spine density observed in the IC group could be secondary to the
increase in the dendrite length and thus fiber surface in this group. On the other hand, the
lack of change in the spine number in the alcohol exposed group in this study differs from
some earlier reports of a decrease in the spine density after perinatal ethanol administration.
For example, a decrease in the spine number was found in the hippocampal pyramidal cells
of 30-day-old rat pups exposed to ethanol during gestation through lactation (Gonzalez-
Burgos et. al., 2006). Lower spine density was also reported by Whitcher and Klintsova
(2008) in the rat prefrontal cortex after a short, neonatal (PD 4–9) exposure to ethanol
although in that study no between-group differences in dendritic complexity were noted.
However, these discrepant findings may be related to regional differences in ethanol effects
on the developing nervous system (e.g., cortex versus dLGN).

There is strong evidence that ethanol-induced brain damage, including adverse changes
occurring in the developing visual system, is most pronounced when ethanol is delivered
during the brain growth spurt, a critical period characterized by an increased susceptibility to
ethanol effects (Tenkova et al., 2003; Tran et al., 2000). This was the reason why in the
present study ethanol was administered to new born mouse pups between PD 3–20. It would
be interesting to compare our results with potential changes in the developing mouse retina
due to fetal ethanol intoxication throughout embryonic days 11–19, the early period of RGC
generation and differentiation. However, to our knowledge, there are no such data available.
It is also important to correlate the ethanol-induced morphological abnormalities with
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functional changes in the visual system (the degree of impairment in visual perception).
Reduced visual acuity in one or both eyes, diplopia, hyperopia, myopia and astigmatism
have been reported in FAS children (Strömland, 2004). However, no comparative studies on
visual perception have been done so far in rodent models of FAS.

In summary, this study provides clear evidence of ethanol toxicity on the development of
mouse RGCs during the early postnatal period considered to be equivalent to the human
third trimester when the fetal nervous system is particularly susceptibility to the damaging
effects of ethanol. The findings also show that early postnatal ethanol intoxication affected
RGC development in dissimilar ways. The most affected parameters were soma size and
total dendritic field area, both showing decreases, as well as dendrite branch angle and
dendrite tortuosity, both showing an increase. Since during normal retinal development,
these parameters also show opposite trends, ethanol-induced changes in RGCs’ morphology
observed in the present study suggest developmental delay rather than permanent damage.
To confirm this notion further investigation of retinal morphology in mouse pups at more
advanced ages will be required.
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Figure 1.
(A) Photomicrograph of retinal ganglion cell expressing yellow fluorescent protein (bar = 50
microns). (B) Diagramatic representation of the 13 morphological parameters measured on
each RGC (see text for details).
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Figure 2.
Growth rates of the three treatment groups, A, IC, and C, with daily body weights averaged
across male and female pups in each group. Error bars denote SEM.
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Figure 3.
Mean of blood alcohol concentration measured 1, 1.5, 2, 3 hour following last intubation
with alcohol containing milk on PD3, PD10 and PD20. Error bars denote SEM.
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Figure 4.
The total retina area (A), the mean number of neurons in the retinal ganglion cell layer (B)
and total number of neurons in the dLGN estimated at P20 (C). Error bars denote SEM.
*p<0.05
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Figure 5.
Morphometric measures of Soma Area (A) and the normalized distribution of ganglion cells
(B). Error bars denote SEM. *p<0.05
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Figure 6.
Morphometric measures of Dentritic Field Area (A) and the normalized distribution of
ganglion cells (B). Error bars denote SEM. *p=0.02
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Figure 7.
Morphometric measures of Total Dentritic Length (A) and the normalized distribution of
ganglion cells (B). Error bars denote SEM. *p<0.05
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Figure 8.
Morphometric measures of Tortuosity (A) and the normalized distribution of ganglion cells
(B). Error bars denote SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 9.
Morphometric measures of Spine Density (A) and the normalized distribution of ganglion
cells (B). Error bars denote SEM.
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Figure 10.
Morphometric measures of Branch Angle (A) and the normalized distribution of ganglion
cells (B). Error bars denote SEM. *p=0.04
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