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Abstract

Background—~Prenatal alcohol exposure can kill developing neurons, leading to
microencephaly and mental retardation. However, not all fetuses are equally vulnerable to
alcohol’s neurotoxic effects. While some fetuses are severely affected and are ultimately
diagnosed with fetal alcohol syndrome (FAS), others have no evidence of neuropathology and are
behaviorally normal. These widely different outcomes among alcohol-exposed fetuses are likely
due, in part, to genetic differences. Some fetuses possess genotypes that make them much more
vulnerable than others to alcohol’s teratogenic effects. However, to date, only one gene has been
identified whose mutation can worsen alcohol-induced behavioral deficits in an animal model of
FAS. That gene is neuronal nitric oxide synthase (nNOS). The purpose of this study was to
determine whether mutation of nNOS can likewise worsen alcohol-induced microencephaly and
lead to permanent neuronal deficits.

Methods—Wild type and nNOS-/- mice received alcohol (0.0, 2.2, or 4.4 mg/g) daily over
postnatal days (PD) 4-9. Beginning on PD 85, the mice underwent a series of behavioral tests, the
results of which are reported in the companion paper. The brains were then weighed, and
stereological cell counts were performed on the cerebral cortex and hippocampal formation, which
are the brain regions that mediate the aforementioned behavioral tasks.

Results—Alcohol caused dose-dependent microencephaly, but only in the nNOS—/- mice and
not in wild type mice. Alcohol-induced neuronal losses were more severe in the NNOS-/- mice
than in the wild type mice in all of the brain regions examined, including the cerebral cortex,
hippocampal CA3 subregion, hippocampal CA1 subregion, and dentate gyrus.

Conclusions—Targeted mutation of the nNOS gene increases the vulnerability of the
developing brain to alcohol-induced growth restriction and neuronal losses. This increased
neuropathology is associated with worsened behavioral dysfunction. The results demonstrate the
critical importance of genotype in determining the outcome of developmental alcohol exposure.

Address all correspondence to: Daniel J. Bonthius, MD, PhD, Division of Child Neurology, Department of Pediatrics, University of
lowa Hospital, 200 Hawkins Drive, lowa City, |A 52242, Telephone: (319) 356-7727, FAX: (319) 356-4855, daniel-
bonthius@uiowa.edu.
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Introduction

Alcohol can damage the developing brain in a variety of ways. Perhaps most important is
neuronal death (Olney et al., 2000). Alcohol can kill developing neurons and lead to
permanent deficits in neuronal number (Bonthius and West, 1991; Bonthius et al., 1992).
These neuronal deficits contribute strongly to the microencephaly that commonly
accompanies fetal alcohol spectrum disorder (FASD). Animal models have verified that
alcohol is toxic to developing neurons and that the neuronal losses are highly correlated with
behavioral deficits, including learning disorders, ataxia, and reduced seizure thresholds
(Bonthius et al., 2001a,b; Goodlett et al., 1992; Thomas et al., 1998). Thus, neuronal death is
a key pathogenic mechanism in FASD and is closely tied to both the structural and
functional deficits induced by alcohol in the developing brain.

The presence, severity, and location of neuronal death differ markedly among children
prenatally exposed to alcohol. Some have microencephaly, suggesting generalized and
severe neuronal losses, while others have normal-sized brains with no evidence of neuronal
deficits (Abel, 1995; Streissguth and Dehaene, 1993). In some children, neuronal losses are
restricted to certain brain regions, such as the cerebellum or basal ganglia, while different
brain regions are affected in others (Astley et al., 2009; Norman et al., 2009). These widely
different patterns of neuropathology are probably due, at least in part, to genetic differences
among the exposed fetuses (Warren and Li, 2005).

In the accompanying article, we demonstrated that homozygous mutation of one specific
gene, neuronal nitric oxide synthase (nNOS), makes developing mice much more vulnerable
to certain behavioral deficits following alcohol exposure (Karacay et al., 2014). These
worsened behavioral deficits could be due to worsened neuronal losses. Indeed, we have
demonstrated previously that neuronal losses induced by alcohol are greater in nNOS-/-
mice than in wild type (Bonthius et al., 2002; 2006; de Licona et al., 2009). However, in all
of these previous studies, neuronal numbers were determined acutely, in infant mice,
immediately following the alcohol exposure. Because of background cell death (Hamburger,
1975) and the ability of some neuronal populations to proliferate in the postnatal period
(Patten et al., 2013), the reductions in neuronal numbers in nNOS-/- mice observed in the
neonates may not persist into adulthood. Thus, the goal of this study was to determine
whether the worsened neuronal losses in nNOS—/- mice persist into adulthood. The results
demonstrate for the first time that a specific genotype can predispose to permanently
worsened neuroanatomical deficits in a model of FASD.
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Materials and Methods

Animals

The mice used in this anatomical study were identical to those used in the behavioral study,
as described in detail in the companion paper (Karacay et al., 2014). Briefly, the mouse
strains were either homozygous null mutants for neuronal nitric oxide synthase (nNOS-/-
mice) or their wild type control (F2 offspring of 129SVJ x C57B6 matings) (Huang et al.,
1993). The Institutional Animal Care and Use Committee at the University of lowa
approved all of the procedures for this study.

Over postnatal days 4-9, the mice received intraperitoneal injections of alcohol (0.0, 2.2, or
4.4 mg/g/day), administered as 0%, 10%, and 20% (v/v) solutions, respectively (Bonthius et
al., 2002). Males and females were included. Each treatment group for each genotype/sex
combination consisted of 7-10 subjects (n = 7-10 per treatment/genotype/sex group).
Beginning on PD 85, the animals underwent a series of behavior studies, including open
field activity, the Morris water maze, and prepulse inhibition. Results of those behavioral
studies are provided in the companion paper.

Tissue preparation and cutting of frozen sections

Following completion of the behavioral testing, the adult mice (PD 110-122) were weighed,
anesthetized with pentobarbital, and perfused via the left cardiac ventricle with 0.9% NacCl,
followed by 4% (w/v) paraformaldehyde fixative in 0.1 M phosphate buffer (pH=7.4). The
brains were removed, weighed, and stored in fixative at 4°C for at least 24 hours. During
processing, three of the brains were lost. The total number of brains included for each
treatment group is shown in Table 1.

The olfactory bulbs, cerebellum, and brain stem were removed. The forebrains were bisected
at the sagittal midline. For cryoprotection, the right forebrains were placed in a 30% sucrose
solution in phosphate buffer and gently rocked continuously on a rocker table at room
temperature for 48 hours. The cryoprotected forebrains were positioned on the stage of a
freezing microtome and cut exhaustively at a thickness of 40um in the horizontal plane. All
of the serial sections generated were saved in consecutive order with one section per well in
96-well tissue culture trays containing 4% paraformaldehyde fixative. The collected sections
were stored at 4°C pending further processing.

Stereological Cell Counts

Stereological cell counts were conducted on neurons of the cerebral cortex, hippocampus,
and dentate gyrus. These particular brain regions were chosen for study because they govern
performance in the open field, the water maze, and prepulse inhibition (Vanderwolf et al.,
1997; Morris et al., 1982; Swerdlow et al., 2001).

To quantify neurons of the hippocampal formation and cerebral cortex, we used the optical
disector method of stereology. The technique of and rationale for the optical disector method
has been described elsewhere (Gundersen et al., 1988; Bonthius et al., 1992; 2004b; West et
al., 1988). The optical disector method requires determination of the volume containing the
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cells of interest, referred to as the “reference volume” (Vf), and the density (N) of the
cells within that volume. The total number of neurons (N) is the product of the reference
volume and the numerical density.

N=Ny X Vit (equation 1)

To conduct the stereology, we utilized the frozen section method, previously described by
our group (Bonthius et al., 2004b). Details of the methodology are provided in the
Supplementary Materials.

The total number of cerebral cortex neurons, hippocampal CA1 pyramidal cells,
hippocampal CA3 pyramidal cells, and granule cells of the dentate gyrus were
stereologically quantified in animals of all three treatment groups and both genotypes.
Methods utilized to identify the specific borders of the brain regions examined are provided
in Figure 1 and described in detail in the Supplementary Materials.

Quantification of cortical and hippocampal neurons required identification of brain region
boundaries in the horizontal plane along the entire ventral-dorsal axis. When examining
horizontal brain sections, as one progresses from ventral planes to dorsal planes, the shape
and position of the hippocampal formation and of its subfields change considerably (Figure
2). Subfields of the hippocampal formation occupy “classical” locations and spatial
relationships in the ventral regions, but not in the more dorsal regions. This can make
identification of the boundaries of CA1, CA3, and the dentate gyrus challenging in the
dorsal locations. However, this challenge was easily overcome by (a) utilizing adjacent
sections to sequentially trace the location of the subfields and by (b) examining the sections
at higher power, where the different cell sizes and packing densities provided clear guidance
regarding the location of subfield boundaries.

Throughout this study, systematic random sampling was used at all levels of sampling
(Sterio, 1984). Table 2 shows the specific sampling parameters utilized for quantifying
neurons of the cerebral cortex and hippocampal formation. Further details of the ways in
which systematic random sampling was applied in these studies are supplied in the
Supplementary Materials.

Statistical analyses

All statistical analyses were conducted with SPSS statistical software. Total brain weight
was analyzed by analysis of variance (ANOVA) in which genotype, alcohol treatment, and
sex were the fixed factors.

To assess the effect of alcohol on cell survival, neuronal numbers for each of the individual
cell populations (CA1 pyramidal cells, CA3 pyramidal cells, dentate gyrus granule cells, and
cerebrocortical neurons) were analyzed together by three-way MANOVA in which
genotype, alcohol treatment group, and sex were the fixed (between subjects) factors, while
the dependent variables were the total number of cells in each of the four brain regions. The
MANOVA, in which all cell populations were analyzed together, was followed by
ANOVA:s, in which each cell population was analyzed separately.

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2016 February 09.
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The effect of alcohol on neuronal number for each of the four cell populations was also
expressed as a percent reduction from control. For the alcohol-exposed animals, this percent
reduction from control is a direct measure of alcohol-induced cell loss. The percent
reduction was calculated by subtracting the number of surviving neurons in each brain
region in each alcohol-exposed mouse from the corresponding mean control value of the
same brain region, then dividing by the mean control value and multiplying by 100. These
alcohol-induced percent cell losses for all four of the cell populations were analyzed
together by three-way MANOVA, with genotype, treatment group (2.2 and 4.4 mg/g), and
sex as the fixed factors and with percent reduction in each cell population as the dependent
variables. A significant main effect of genotype in this analysis would indicate that alcohol’s
effect on behavior depended on genotype.

For all of the post-hoc analyses in this study, specific between-group comparisons were
conducted with Bonferroni adjustments for multiple comparisons.

The results of the behavior studies are described in the companion paper (Karacay et al.,
2014). To determine the relationships among cell numbers and behavioral performances,
correlational analyses were conducted between each of the quantified cell populations
(cerebral cortex, CA1, CA3, and dentate gyrus granule cells) and the most relevant overall
measure of performance on each behavioral test (total line crossings for the open field,
percent time in the target quadrant for the water maze, and percent inhibition at 16 dB on the
PPI test). For these correlational analyses, Pearson correlation coefficients were calculated
for each genotype (wild type and nNOS-/- separately) and for all mice in the study (wild
type and nNOS-/- combined). Correlations were considered significant at the 0.05 level and
below.

Results

Alcohol caused more severe microencephaly in nNOS-/- mice than in wild type

As shown in Figure 3A, brain weights were affected by sex, genotype, and alcohol exposure.
For both genotypes, female brains were modestly but consistently smaller than male brains.
This led to a significant effect of sex [F(1, 79) = 29.3; p<0.001]. The brains of nNOS-/-
mice were slightly, but consistently, smaller than wild type, which led to a significant effect
of genotype in the analysis [F(1, 79) = 39.7; p<0.001]. Alcohol reduced brain weights in a
dose-dependent fashion for both genotypes and both sexes. This led a significant effect of
treatment [F(2, 79) = 77.6; p<0.001]. However, the effect of alcohol on brain growth was
more pronounced in the NNOS-/- mice than in wild type, as confirmed by a significant
genotype X treatment interaction [F(2, 79) = 14.0; p<0.001]. Post hoc analyses revealed that
statistically significant effects of alcohol on brain weight occurred only the NNOS—/- mice
and only at the high alcohol dose.

Figure 3B depicts percent reductions in brain weight (for the combined males and females in
each group) induced by alcohol and demonstrates that the nNOS—/- mice were more
affected than wild type. This greater effect in the mutant mice was confirmed by a
significant effect of genotype in the ANOVA of alcohol-induced changes in brain weight
[F(1,53) = 93.9; p<0.001]. Among mice receiving either the 2.2 or 4.4 mg/g/day alcohol
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doses, the percent reductions in brain weight induced by alcohol were significantly greater
in the nNOS-/- mice than in wild type. Thus, alcohol can permanently restrict brain growth
in mice, and absence of the nNOS gene worsens this microencephaly.

Alcohol caused greater neuronal losses in NNOS—/- mice than in wild type

Figure 4 shows the total number of neurons within the cerebral cortex and subfields of the
hippocampal formation in wild type and nNOS—-/- mice. Because the analysis showed no
significant main or interactive effects of sex on any of the cell populations, data from the
two sexes were merged. The MANOVA, in which all neuronal populations (cortex, CA1,
CA3, and dentate gyrus) were analyzed together, showed a significant genotype x treatment
interaction [F(8, 152.0) = 3.868; p<0.001], indicating that the effect of alcohol on neuronal
number depended on genotype. Follow-up ANOVAs in which each of the four cell
populations was considered separately confirmed a significant genotype x treatment
interaction for the cerebral cortex [F(2, 79) = 4.309; p<0.05], CA3 pyramidal cells [F(2, 79)
= 4.649; p<0.05], CAL pyramidal cells [F(2, 79) = 6.460; p<0.005], and dentate gyrus
granule cells [F(2, 79) = 6.027; p<0.005].

As shown in Figure 4A, in the absence of alcohol, nNOS-/- mice and wild type mice had
equivalent numbers of cerebral cortex neurons. Thus, absence of the nNOS gene alone did
not induce any change in neuronal number within the cerebral cortex. Alcohol did affect the
number of cerebral cortical neurons. However, the patterns in which alcohol affected
cortical neuron number depended on genotype and dose. In particular, the low dose of
alcohol (2.2 mg/g) did not statistically affect neuronal number in either genotype. The high
dose of alcohol (4.4 mg/g) had no effect in wild type mice, but significantly reduced cortical
neuron number in the NNOS-/- mice. This more severe effect of alcohol in the mutant mice
than in wild type was verified by a significant genotype x treatment interaction [F(2, 79) =
4.309; p<0.05].

The greater vulnerability of the NNOS—/- mice to alcohol-induced loss of cortical neurons
was further verified in the analysis of percent cell reductions (figure 5A). Both the 2.2 and
4.4 mg/g/day alcohol doses led to significantly greater cell losses in the nNOS—/- mice than
in the wild type mice. At the high dose of alcohol (4.4 mg/g/day), neuronal losses in the
cerebral cortex of NNOS—/— mice were three times greater than in wild type. These same
patterns of neuronal vulnerability to alcohol in the cerebral cortex were also observed in
CA3 pyramidal cells (figures 4B and 5B).

The greater vulnerability to alcohol-induced cell loss of the nNOS—/- mice was even more
apparent in the CA1 pyramidal cells and dentate gyrus granule cells (Figures 4C and 4D). In
particular, for these neuronal populations, both the low dose and the high dose of alcohol
significantly reduced the number of surviving neurons in the nNOS—-/- mice, while neither
dose had any significant effect in the wild type mice. Furthermore, the percent cell losses in
both CA1 and the dentate gyrus were significantly greater in the NNOS—/- mice than in wild
type at both alcohol concentrations (Figure 5C and 5D). In all four cell populations, the
lower dose of alcohol (2.2 mg/g/day) led to more severe cell losses in the NNOS—/— mice
than did the high alcohol dose in the wild type mice. Thus, absence of nNOS gene function
substantially worsened alcohol-induced cell losses in multiple brain regions.

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2016 February 09.
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The reductions in cell number were not reflected by changes in cell densities. Neither
genotype nor alcohol had any effect on cell densities of any of the four brain regions
examined (Table 3). Instead, the reductions in cell number were reflected by reductions of
the volumes in which the cells resided (the reference volumes). As shown in figure 6,
alcohol significantly reduced the reference volumes of the cerebral cortex, CA1 pyramidal
cells, and dentate gyrus. However, these alcohol-induced reductions in reference volume
occurred only in the nNOS-/- mice, and not in the wild type mice.

Behavior scores were highly correlated with neuron numbers for nNOS-/- mice, but not
for wild type mice

In the companion paper, we describe the results of behavioral tests, including open field
activity, Morris water maze, and paired pulse inhibition (Karacay et al., 2014). Because the
behavioral tests and neuronal cell counts were conducted on the same animals in these
studies, it was possible to assess the degree to which behavioral performances were
correlated with neuronal number (Table 4). When all of the mice in the study (wild type and
nNOS-/-) were considered together, strongly significant correlations emerged between all
of the chosen behavioral measures and all of the cell types examined. When only the nNOS
—/- mice were considered, most of these correlations remained significant. In contrast, when
only the wild type mice were considered, almost all of the correlations became statistically
insignificant. Thus, for the nNOS-/- mice, there were significant relationships between
neuronal losses and behavioral deficits, and these relationships tended to be absent in wild
type mice.

Discussion

This study demonstrated for the first time that homozygous mutation of a single gene
(nNOS) can permanently worsen alcohol-induced brain injury. This finding is critically
important because some human fetuses are much more vulnerable than others to alcohol’s
neuroteratogenic effects (Abel, 1995). The results underline the importance of genetic
differences in determining individual outcomes of prenatal alcohol exposure (Warren and
Li, 2005).

This study of alcohol-exposed nNOS—/- mice, demonstrating worsened neuroanatomical
deficits, is especially valuable when combined with the companion study, demonstrating
worsened behavioral deficits in those same mice (Karacay et al., 2014). In the companion
study, we found that NNOS—/- mice exposed to alcohol are substantially impaired in several
behaviors, including the open field, water maze, and prepulse inhibition tests. In the present
study, we found that these mice have corresponding dose-dependent neuronal losses in the
cerebral cortex and hippocampal formation, which are the brain regions that mediate those
behaviors (Vanderwolf et al., 1997; Morris et al., 1982; Swerdlow et al., 2001). Thus, a
specific genotype can worsen the impact of developmental alcohol exposure on certain brain
regions and on the behaviors governed by those brain regions.

Alcohol exposure in this study induced little neuronal loss in the wild type mice, suggesting
that wild type mice are relatively insensitive to alcohol. This finding appears to contrast with
reports from the Olney group, in which alcohol exposure during development induced

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2016 February 09.
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substantial apoptosis (Young and Olney, 2005; Conti et al., 2009). However, methodologic
differences between the studies are instructional. In Olney’s studies, larger doses of alcohol
were administered, resulting in greater maximum blood alcohol concentrations. In addition,
the region most markedly affected in Olney’s reports was the striatum, which was not
examined in the present study. These differences underline the likely important interactions
among blood alcohol concentration, brain region, and genotype in determining the outcome
of fetal alcohol exposure.

The precise mechanism through which absence of nNOS increased the vulnerability of
neurons to alcohol-induced death is unclear. However, whereas nNOS catalyzes the
production of nitric oxide (NO), it is likely that the increased vulnerability was due to a lack
of NO. Indeed, using in vitro systems, we have shown that NO donors can protect
developing neurons against alcohol-induced death, while agents that inhibit NO production
worsen alcohol-induced cellular losses (Bonthius et al., 2008; 2009). In addition, we have
demonstrated that adenoviral vector-mediated delivery of the nNOS gene into cerebellar
granule neurons protects them against alcohol toxicity, not only in nNOS—/-, but also in
wild type granule neurons (Karacay et al., 2007). Thus, NO is neuroprotective against
alcohol. NO produces this protective effect via a specific signaling pathway that utilizes a
cyclic nucleotide and a protein kinase, the NO-cGMP-PKG pathway (Bonthius et al.,
2004a). In the presence of alcohol, stimulation of this pathway enhances neuronal survival,
while inhibition of the pathway induces neuronal death (Bonthius et al., 2004a).

One downstream target of the NO-cGMP-PKG pathway is NF-kB. We have recently shown
that stimulation of the NO-cGMP-PKG pathway activates NF-kB, that activation of NF-kB
protects neurons against alcohol toxicity, and that inhibition of NF-kB blocks the protective
effects of the NO-cGMP-PKG pathway (Bonthius et al., 2008; 2009). Thus, the NO-cGMP-
PKG pathway protects neurons against alcohol, at least in part, by activating NF-kB. A
transcription factor, NF-kB can promote neuronal survival by altering gene expression (Beg
and Baltimore, 1996). The gene or genes whose expression NF-kB alters to protect neurons
against alcohol is unknown, but we hypothesize that at least one of the target genes is nerve
growth factor (NGF). Both NO and NF-kB can up-regulate NGF (Heese et al, 1998; Xiong
et al, 1999), and NGF can protect neurons against alcohol-induced death (Bonthius et al.,
2003). Thus, nNOS may work via the NO-cGMP-PKG pathway and NF-kB to increase NGF
expression as its neuroprotective mechanism against alcohol.

Several previous studies have shown that neuronal losses induced by alcohol are greater in
nNOS—-/- mice than in wild type (Bonthius et al., 2002; 2006; de Licona et al., 2009).
However, in all of those studies, neuronal numbers were determined in infant mice,
immediately following the alcohol exposure. Because of background cell death (Hamburger,
1975; Pennington et al., 1984) and the ability of some neuronal populations to proliferate in
the postnatal period (Bayer, 1982), the reductions in neuronal numbers in NNOS—/- mice
observed in the neonates may not last into adulthood. In contrast, this study was conducted
after the mice reached adulthood and demonstrated that the worsened neuronal losses in
NNOS-/- mice are permanent.

Alcohoal Clin Exp Res. Author manuscript; available in PMC 2016 February 09.
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Human fetuses differ in their vulnerability to alcohol toxicity, and much of this variability is
likely due to genetic differences. The present studies revealed that mice homozygous for a
null mutation of nNOS have worsened microencephaly, neuronal loss, and behavioral
dysfunction following alcohol exposure. This raises the question whether the increased
vulnerability of some human fetuses could be due to NNOS mutations. Complete genetic
deficiency of nNOS has not been described in humans. However, the human nNOS gene
encodes 29 exons and includes several polymorphic regions (Hall et al., 1994). These
polymorphisms of the nNOS gene influence susceptibility to several diseases, including
asthma, epilepsy, infantile pyloric stenosis, and Parkinson’s disease (Chung et al., 1996;
Grasemann et al., 1999; Levecque et al., 2003; Sayitoglu et al., 2006). Thus, it is possible
that variants in the nNOS gene underlie or contribute to increased alcohol-vulnerability in
many human fetuses.

This study identified for the first time a gene (nNOS) whose mutation worsens alcohol-
induced brain injury. Through the use of homozygous knockout mice, two other genes have
been identified whose mutation can also influence alcohol neuroteratogenicity. However,
mutation of those genes protects the brain against alcohol toxicity. One of these genes is the
pro-apoptotic BAX gene. Targeted deletion of BAX prevents alcohol-induced apoptosis of
Purkinje cells (Young et al., 2003; Heaton et al., 2006). The second gene is tissue
plasminogen activator (tPA), whose targeted deletion can prevent caspase-3-mediated
neurodegeneration of several forebrain structures following developmental alcohol exposure
(Noel et al., 2011). Another gene that influences the risk of fetal alcohol effects is pdgfra,
whose mutation worsens alcohol-induced craniofacial defects in a zebrafish model
(McCarthy et al., 2013). Taken together, these studies demonstrate that the effect of
individual genes on the alcohol-exposed developing brain can range from strongly positive
to strongly negative and suggest that the net genetic influence is likely a complex interplay
of genes that worsen and ameliorate alcohol’s teratogenic effects

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Photomicrographs of a Nissl-stained 40-um-thick horizontal section of mouse forebrain
at a mid-temporal plane demonstrating the boundaries of brain regions examined in this study

A. The cerebral cortex included all cortical tissue extending from the interhemispheric
fissure anteriorly to the subiculum posteriorly and is demarcated by the region within the
dotted line.

B. Higher magnification view of the box B in panel A demonstrates the prepiriform cortex, a
three-layered cortex, located anteriorly within the cerebral cortex.

C. Higher magnification view of the box C in panel A demonstrates the neocortex, which
consists of six distinct cellular layers and constitutes the bulk of the mouse cerebral cortex.
D. Higher magnification view of the box D in panel A demonstrates the periallocortex, a
five-layered cortical structure that includes the entorhinal cortex (Ent). The parasubiculum
(PaS) and presubiculum (PrS) were also included in the measurements of cerebral cortex,
while the more anterior subiculum (Sub) was not.

E. Higher magnification view of the box E in panel A demonstrates the subregions of the
hippocampal formation, including the dentate gyrus (DG), CA3 pyramidal cells and CA1
pyramidal cells.

F. Higher magnification of box F in panel E demonstrates that the granule cells of the
dentate gyrus (G) can be easily distinguished from cells of the molecular layer (M), and
hilus (H).
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G. Higher magnification of box G in panel E demonstrates the border between CA3 and
CAL (arrows). CA3 pyramidal cells have larger cell bodies and a lower packing density than
the pyramidal cells of CAL.

H. Higher magnification of box H in panel E demonstrates the border (dashed line) between
CAL and the subiculum. The CA1 pyramidal cells abut one another and have a higher
packing density than do the cells of the subiculum.

Scale bars represent 2 mm in A, 200 um in B-D, 500um in E, 300 um in F, 100 um in G, and
200 um in H.
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Figure 2. Identification of brain region boundaries at various ventral-dorsal levels
These are Nissl-stained 40-pum-thick horizontal sections of an adult mouse brain. The inset

figure in each row shows the approximate horizontal plane through the brain from which the
section in that row was derived.

A-C: At this level, which is at a slightly more dorsal level than that shown in figure 1, the
hippocampal formation still has a “classical arrangement.” However, the width of the
dentate gyrus has expanded. The border between CA1 and CA3 can be distinguished by the
different cell soma sizes and packing densities.
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D-F: At this level, the shape and location of the hippocampal formation have changed
substantially, relative to those observed at more ventral levels. CA3 remains separated from
the dentate gyrus by the hilus (H).

G-I: At this level, dentate gyrus granule cells are no longer present. The cytoarchitectural
arrangement of the CA1 and CAS3 subregions is an oval. The boundary between CA1 and
CA3 is readily recognizable in the higher power photomicrograph (1) by differences in soma
size and packing density.

J-L: At this level, the section passes tangentially through the dorsal-most portion of CA3.
Neither CA1 nor dentate granule cells are present at this level.

M-QO: This section passes exclusively through cerebral cortex. No component of the
hippocampal formation is present.

Scale bars represent 2 mmin A, D, G, J, and M; 1 mm in E, H, K, and N; 200 um in B, F, L,
I and O; 100 um in C
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Figure 3. Alcohol caused more severe microencephaly in NNOS-/- mice than in wild type mice
A. Brain weights of adult male and female mice of the wild type and nNOS-/- strains

following exposure to various doses of alcohol during development. Alcohol led to
significant dose-dependent reductions in brain weight, but only in the nNOS-/- mice. Post-
hoc statistical comparisons for this data set were conducted by comparing animals of the
same genotype and sex.

B. Alcohol-induced brain weight reductions were significantly more severe in the nNOS-/-
mice than in wild type at both the low (2.2 mg/g) and high (4.4 mg/g) alcohol doses.
Because there were no sex differences in alcohol-induced brain weight reductions, data for
the two sexes are combined.

* Significantly different from the no alcohol group of the same sex and genotype (p<0.05).
# Significantly different from the wild type group administered the same dose of alcohol
(p<0.05).
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Figure 4. The effect of alcohol on the total number of neurons within the cerebral cortex and
subregions of the hippocampal formation in wild type and nNOS-/- mice

In all four brain regions, in the absence of alcohol, wild type mice and nNOS-/- mice had
equivalent numbers of neurons. Thus, absence of nNOS alone had no effect on neuron
number. In the cerebral cortex (A) and in the CA3 hippocampal subregion (B), alcohol
induced dose-dependent cell losses, but the losses were significant only in the nNOS-/-
mice and only at the high alcohol dose. In the CA1 hippocampal subregion (C) and in the
dentate gyrus (D), alcohol induced dose-dependent cell losses in the nNOS—-/- mice only,
and the reductions were significant at both the low and high alcohol doses.
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All measures represent means. Error bars represent standard error of the mean.
* Significantly different from the no alcohol group of the same genotype (p<0.05).
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Figure 5. Alcohol induced greater cell losses in NNOS—/- mice than in wild type mice
Shown here are the percent changes in cell number induced by alcohol in the cerebral cortex

(A), CA3 hippocampal subregion (B), CA1 hippocampal subregion (C), and dentate gyrus
(D). In all of the regions examined, and at both alcohol doses, alcohol-induced neuronal
losses were significantly more severe in nNOS—-/- mice than in wild type mice. Thus,
absence of NNOS gene expression enhanced the vulnerability of forebrain neurons to

alcohol-induced cell loss.
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* Significantly different from the wild type group administered the same dose of alcohol
(p<0.05).
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Figure 6. Alcohol reduced reference volumes, but only in nNOS-/- mice
Shown here are the volumes in which neurons were distributed (the reference volumes),

determined by the Cavalieri method, for neurons of the cerebral cortex (A), CA3
hippocampal subregion (B), CA1 hippocampal subregion (C), and the dentate gyrus (D). In
the absence of alcohol, reference volumes in the nNOS—/- mice were equivalent to those of
wild type mice. Thus, absence of nNOS gene function alone did not affect the volumes of
these forebrain regions. In contrast, in the presence of alcohol, reference volumes were
reduced, but only in the NNOS-/- mice. Thus, the enhanced alcohol-induced neuronal losses
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in the nNOS-/- mice were reflected principally by reductions in reference volumes, rather
than by reductions in cellular densities.
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Table 1

Treatment groups and number of subjects per group.

Genotype Alcohol dose Gender | n for brain weights
(mg/g/day) and neuronal counts

Wild Type | 0.0 (injected control) | Male 8

Female 7

2.2 Male 8

Female 8

4.4 Male 8

Female 7

nNOS™= 0.0 Male 8

Female 7

2.2 Male 7

Female 8

4.4 Male 8

Female 7
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Table 2

Stereology sampling scheme used with the optical disector method to quantify neurons of the cerebral cortex
and hippocampal formation.
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Cerebral cortex | CA3 pyramidal | CAl pyramidal | Dentate granule

cells cells cells
Disector height 12 ym 12 ym 12 ym 12 ym
Counting frame area 25 um x 25 ym 18 um x 18 pm 16 um x 16 pm 10 pm x 10 pm
Raster pattern sampling step 1/238 1/18 1/15 1/40
X,y step 148,750 pum? 5832 um? 3840 um? 4000 um?
Section sampling fraction for Vref | 1/4 1/4 1/4 1/4
Section sampling fraction for Nv 1/24 1/12 1/12 1/12
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