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Abstract

Neonatal brain lesions cause deficits in structure and function of the cerebral cortex that sometimes are not fully expressed
until adolescence. To better understand the onset and persistence of changes caused by postnatal day 7 (P7) ethanol treatment,
we examined neocortical cell numbers, volume, surface area and thickness from neonatal to post-adolescent ages. In control
mice, total neuron number decreased from P8 to reach approximately stable levels at about P30, as expected from normal
programmed cell death. Cortical thickness reached adult levels by P14, but cortical volume and surface area continued to
increase from juvenile (P20-30) to post-adolescent (P54-93) ages. P7 ethanol caused a reduction of total neurons by P14,
but this deficit was transient, with later ages having only small and non-significant reductions. Previous studies also reported
transient neuron loss after neonatal lesions that might be partially explained by an acute acceleration of normally occurring
programmed cell death. GABAergic neurons expressing parvalbumin, calretinin, or somatostatin were reduced by P14, but
unlike total neurons the reductions persisted or increased in later ages. Cortical volume, surface area and thickness were
also reduced by P7 ethanol. Cortical volume showed evidence of a transient reduction at P14, and then was reduced again
in post-adolescent ages. The results show a developmental sequence of neonatal ethanol effects. By juvenile ages the cortex
overcomes the P14 deficit of total neurons, whereas P14 GABA cell deficits persist. Cortical volume reductions were present
at P14, and again in post-adolescent ages.
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Introduction and fetal alcohol spectrum disorders (Gogtay 2008; Lebel

et al. 2012; Baribeau and Anagnostou 2013). At present,

In humans, cerebral cortex reaches peak volume at approxi-
mately 11 years old, after which volume and thickness
decrease through adolescence (Giedd and Rapoport 2010).
These changes correspond to ongoing cognitive development
(Shaw et al. 2006), and their trajectory is altered in brain
disorders including childhood onset schizophrenia, autism,
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the cellular changes that accompany adolescent develop-
ment of cortical shape are incompletely understood. Neurons
undergo increased myelination, maturation of neurotransmit-
ter systems, and loss of dendritic spines during adolescence
(Huttenlocher and Dabholkar 1997; Petanjek et al. 2011;
Catts et al. 2013). However, it is unclear to what extent these
changes contribute to the reduction of cortical volume and
thickness, which in normal adolescence are estimated to be
as large as 10% of total cortex. To our knowledge, estimates
of cortical cell number changes during human adolescence
are unavailable, aside from two studies with limited samples
sizes (Huttenlocher 1990; Barger et al. 2015).

Psychiatric disorders often have their onset around
adolescence and are more common after pre- or perinatal
complications (Brown 2011; Benros et al. 2013). Thus, it is
hypothesized that early brain disruptions increase adoles-
cent vulnerability to psychiatric disease. This is supported
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by animal models in which early lesions cause abnormalities
found in psychiatric subjects, including for example, reduc-
tions of GABA expression, dendritic length, and dendritic
spine density [e.g. (O’Donnell, 2011; Komitova et al. 2013;
Sadrian et al. 2014)]. These abnormalities might occur at or
near the time of early lesion and precede the onset of psy-
chiatric symptoms. Alternatively, or additionally, they could
be a consequence of the disease state. For example, reduced
GABA expression, dendritic length, and dendritic spine den-
sity can also be induced by stress in adult animals (Duman
and Duman 2015; Ghosal et al. 2017). To distinguish these
possibilities, it is of interest to know when changes associ-
ated with early lesions are first expressed.

Substantial progress has been made to establish rodent
homologues of human development. The first 10 postnatal
days in rodents are often used to model late gestation in
humans (Ikonomidou et al. 2000; Semple et al. 2013). This
is a period when most cortical neurons have finished migra-
tion, although there is some persisting neuronal migration
and neurogenesis (Miller 1988; Inta et al. 2008; Miyoshi and
Fishell 2011). Synapse formation is robust, and programmed
cell death is maximal (Spreafico et al. 1995; Rabinowicz
et al. 1996; Le Magueresse and Monyer 2013). Rodent
brains grow rapidly during the first few postnatal weeks,
like the human brain growth spurt in the first two postnatal
years (Dobbing and Sands 1979; Hahn et al. 1983; Uylings
2000). The period around P20-P30, during which rodents
are weaned but sexually immature, is sometimes referred to
as the juvenile phase (Spear 2000). Adolescence occurs at
approximately P30-42, defined by social, neurochemical and
anatomical development (Spear 2000; Semple et al. 2013).
Like humans, rodent adolescents are undergoing increased
myelination, decrease of dendritic spines and maturation of
neurotransmitter systems (Kim and Juraska 1997; Zuo et al.
2005; O’Donnell 2011; Suri et al. 2015; Willing and Juraska
2015). While postnatal brain development is similar in mice
and rats, most of the above descriptions are from rats, and
the boundaries of juvenile and adolescent phases can vary
depending on the animal strain, sex, environmental condi-
tions, and the developmental feature of interest (Spear 2000).
For the present study, a working definition was adopted that
included rapid growth (P8—14), juvenile (P20-30) and post-
adolescent phases (P54-93). While these definitions may
prove to be imprecise in future studies, the inclusion of
multiple time points in each phase gave us confidence that
our data captured the broad trends of postnatal neocortex
development into early adulthood.

We investigated neocortical development after subcuta-
neous ethanol injections at P7, using the treatment para-
digm developed by Olney and colleagues (Ikonomidou
et al. 2000). Since their seminal work, this method has been
widely used as a model of fetal alcohol spectrum disorder
corresponding approximately to ethanol exposure in the
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third trimester of human fetal development [e.g. (Wozniak
et al. 2004; Kumral et al. 2005; Ieraci and Herrera 2007,
Noel et al. 2011; Wilson et al. 2011; Coleman et al. 2012;
Subbanna et al. 2013; Susick et al. 2014; Wagner et al.
2014; Smiley et al. 2015; Hamilton et al. 2016; Wilson et al.
2016; Lewin et al. 2018; Saito et al. 2018)]. A significant
advantage of this model is that it provides precise control
of the timing of ethanol exposure, to help isolate the effects
of binge-like ethanol exposure at a defined developmen-
tal stage. It has similarities with other models that disrupt
this sensitive developmental timepoint, for example, using
NMDA antagonists, hypoxia, hyperoxia, heavy metals, or
surgical lesions of the ventral hippocampus (Ikonomidou
et al. 2000; Dribben et al. 2011; O’Donnell 2011; Komi-
tova et al. 2013; Nikolic et al. 2013; Reich et al. 2016).
In adults, P7 ethanol causes behavioral deficits (Wozniak
et al. 2004; Coleman et al. 2009; Wilson et al. 2011, 2016;
Hamilton et al. 2016; Lewin et al. 2018) and anatomical
changes including reduced GABA cells, dendritic length,
dendritic spines, and cortical volume (Granato, 2006; Cole-
man et al. 2009, 2012; Hamilton et al. 2015; Smiley et al.
2015; Saito et al. 2018). Immediately after P7 ethanol, there
is widespread apoptotic cell death in the cerebral cortex, that
peaks about 8 h after treatment (Olney et al. 2002b). Curi-
ously, although apoptotic markers are obviously abundant in
both pyramidal and GABA neurons (Saito et al. 2018) adult
cortex has large deficits of GABA neurons but small defi-
cits of total neuron number (Smiley et al. 2015) suggesting
that pyramidal neurons have greater capacity than GABA
neurons to compensate for neonatal cell loss. Additionally,
there is evidence that GABA reductions may be caused not
only by cell death, but also by later downregulation of the
GABAergic phenotype in surviving cells (Saito et al. 2018).
Thus, one goal of the present study was to determine the
onset and persistence of pyramidal and GABA cell deficits
after ethanol treatment.

Methods
Subjects and ethanol exposure

Data are presented from 124 C57BL/6By mice. Ethanol
and saline injected animals were compared at eight differ-
ent developmental time-points from P8 to P93. The number
of animals used for the different measurements at each time
point is shown in Table 1. At each time-point, the ethanol-
treated animals were matched with saline-treated animals
by litter and by sex. To reduce litter effects, multiple litters
were included within each treatment group.

All mice were subcutaneously injected at P7 with either
saline or ethanol, with two injections separated by a 2-h
interval. Each ethanol injection applied a dose of 2.5 g/kg
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Table 1 Number of animals

Age  Phase All other meas- Parvalbumin Calretinin Somatostain
used (Females) urements

SAL ETOH SAL ETOH SAL ETOH SAL ETOH
P8 Rapid growth, early 8(4) 84)
P11 Rapid growth, early 4 (2) 4(2)
P14  Rapid growth, late 12(5) 12(5) 12(5) 12(5) 12(5) 12(5) 43) 403
P20 Juvenile 116) 100) 11(6) 106) 11(6) 10(6) 42 30
P30  Juvenile 6(3) 6(3) 6(3) 6(3) 6(3) 6(3) 2(1) 2(
PS4  Post-adolescent 8 (6) 8(4) 8 (6) 8(4) 8 (6) 8(4)
P70  Post adolescent 5@03) 5(2) 503) 5() 503) 5() 53 5@
P93 Post adolescent 8(4) 94 8(4) 94 8(4) 94)
Total 62 (33) 62(30) 50(27) 50(24) 50@27) 50(24) 15(09) 14(6)

that was previously shown to induce peak blood ethanol
of ~0.5 g/dL after the second injections, as measured in trun-
cal blood (Ikonomidou et al. 2000; Saito et al. 2007). After
injections pups were returned to their litter, and weaning
occurred at P25-30. This dose of ethanol is well tolerated by
pups, with 96% survival rate at P90 in a sample of ethanol-
injected animals (n=105) similar to 97% survival in saline-
treated animals (n=131). Previous measurements showed
that this treatment had only slight and non-significant effects
on body weight at juvenile or adult ages (Coleman et al.
2012; Sadrian et al. 2014). All procedures were approved by
the Nathan Kline Institute TACUC and were in accordance
with NIH guidelines for the proper treatment of animals.

Histological processing and immunolabeling

Mice were anesthetized by intraperitoneal injection of
200 mg/kg ketamine plus 10 mg/kg xylazine, and transcar-
dially perfused with heparinized 4% paraformaldehyde in
phosphate buffer, pH 7.2. Brains were removed from the
skull and immersed in the same fixative at 4C for 24 h before
short-term storage in phosphate buffer with 0.02% sodium
azide.

As in our previous study (Smiley et al. 2015) brains
were embedded in blocks for simultaneous sectioning and
processing, so that matched ethanol and saline-treated
brains at each developmental age were always processed
in the same tissue sections, with each block containing
from 6 to 16 brains (Fig. 1). While we previously embed-
ded brains in a protein matrix for simultaneous processing
(Smiley and Bleiwas 2012), in the present study we used
a less complicated agar embedding method (Nagamoto-
Combs et al. 2016) with slight modifications. Briefly,
fixed brains were sunk in 20% buffered glycerol, and then
immersed for 1 h at 40C in 15% agar in phosphate buffered
saline as in the published protocol, but additionally add-
ing 15 grams of sucrose to each 100 ml agar solution so

that the final frozen block was softer and easier to cut, and
also adding 2% (vol/vol) commercially available red food
coloring to increase agar-tissue contrast for block-faced
imaging (Smiley and Bleiwas 2012). Brains were then
pinned through the brainstem onto a base of hardened agar,
carefully aligned for coronal sectioning, and immersed in
the same agar-sucrose solution described above and left
to cool several hours at 4C. Once hardened, the block was
trimmed to size, immersed overnight in 4% formalin at
4C, and then cryoprotected by sinking in 20% buffered
glycerol, prior to freezing and then sectioning in coronal
orientation at 50um thickness on a sliding microtome.

Free-floating sections were used for all immunolabeling
procedures. Primary antibodies included mouse anti-neu-
ron specific protein (NeuN; Millipore catalog # MAB377)
used at 1:2,000, mouse anti-parvalbumin (PV; Sigma cata-
log # P3088) used at 1:2,500, rabbit anti-calretinin (CR;
Swant catalog # 7699/4) used at 1:5,000, rabbit anti-soma-
tostatin-14 (Peninsula catalog # T-4103) used at 1:2,000,
rabbit anti-cleaved caspase-3 (CC3; Cell Signaling catalog
# 9664) used at 1:400, and rat anti-Ctip2 (Abcam catalog
# 18465) used at 1:300. For immunofluorescence, pri-
mary antibodies were visualized with Alexa Fluor 488- or
594-conjugated secondary antibodies (Invitrogen catalog #
A11001 or #A11008), cell nuclei were stained by immers-
ing sections for 20 min in 200 nM 4'6'diamino-2-phenylin-
dole (DAPI; Sigma catalog # D9564) and sections were
mounted on glass slides coverslipped using Fluoro-Gel
aqueous mounting medium (Electron Microscopy Sci-
ences, catalog # 17985-s10). CR neurons were labeled
using the streptavidin—biotin—peroxidase method with
diaminobenzidine reaction product, after which sections
were dried on chrome-alum slides before dehydration and
cover-slipping with Permount. Nissl stained sections were
dried on slides before staining with thionin and cover-
slipping with Permount.
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Fig.1 The methods used for quantitative morphometry are illus-
trated. a Matched ethanol and control brains at each time-point were
simultaneously processed by embedding in an agar block. Shown is a
block face image taken during sectioning, that was acquired for each
section. b A 3-dimensional reconstruction is shown that was made
from the block faced images taken at sectioning. White lines show
the region of the neocortex that was sampled on each 6th section for
measurements of cortical thickness, surface area and volume. Typi-
cally, 18-22 sections were sampled from each brain for these meas-
urements. Black arrows indicate the location of the sections shown in
c. ¢ Sample Nissl stained sections demonstrate the regions of neocor-
tex that were included in different measurements. The thick black out-
lines show the tracings of the pial surface, white matter borers, and
layer IV/V border that were used for volume and surface area meas-
urements, as well as for cell counting. These measurements included
the midline infralimbic and cingulate areas but excluded the retros-

Quantitative morphometry

Anatomical measurements were done using methods pre-
viously described, with some modifications (Smiley et al.
2015). Briefly, whole fixed brain volumes were measured
by a fluid displacement method before histological embed-
ding (Dorph-Petersen et al. 2005). All histological meas-
urements were done in neocortex, thus omitting areas of
archicortex and paleocortex (Fig. 1). For measurement of
neocortex volume, surface area and thickness, ImageJ soft-
ware was used to trace the countours of pia and white mat-
ter boundaries on every 6th coronal Nissl stained section,
viewed on digital images obtained with a X2 microscope
objective at final magnification of 310 pixels per millim-
eter. To search for hemispheric asymmetries, these corti-
cal shapes were measured separately in the left and right
hemispheres. Thickness measurements were displayed as
colored flat maps to visualize regional distributions (Smi-
ley et al. 2009, 2015).
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plenial cortex in caudal sections where the hippocampus was present.
Thin vertical lines are shown at areas measured for cortical thickness.
To avoid tangentially cut rostral cortex, thickness measurements were
not taken from the sections more than one section rostral from the
anterior commissure. To avoid midline distortions, thickness meas-
ures were not taken from midline cingulate areas. d For stereologi-
cal cell counts, a systematically random placed grid of counting sites
(black squares) was sampled in the left neocortex. e To estimate total
cortical neuron numbers, identically focused z-stacks were obtained
at each disector site, and these were simultaneously displayed for
counting. DAPI cell that contained NeuN (arrow) were counted as
neurons, and those that lacked it (arrowhead) were counted as non-
neuronal cells. Counting box width =34 microns. Al agranular insular
cortex, Cg cingulate cortex, DP dorsopeduncular cortex, Ect ectorhi-
nal cortex, /L infralimbic cortex, Pir piriform cortex, Rs retrosplenial
cortex

Neuron numbers were estimated in the left neocortex
using the optical disector method (Gundersen et al. 1988).
Neocortex was sampled on every 12th section through neo-
cortex with systematic random grids of sampling sites, and
at each site a z-stack of six 2-um spaced images was cap-
tured with a Foculus FO442 digital camera (Net GMBH,
Germany), using a 40X, 1.3 numerical aperture (NA) oil-
immersion objective for fluorescent sections, and a 50x,1.3
NA oil-immersion objective for peroxidase labeled CR cells.
Cell counting was done on optical disector counting boxes
drawn onto each z-stack, with the upper guard zone of two
z-stack images, a counting box of three images, and a bottom
guard zone of one image. However, for CR immunolabeled
sections, that had on-slide thickness of 9—14 microns, we
used only one image (2 microns) for the upper guard zone.

In CR counts, we were careful to omit pyramidal cells
in middle cortical layers that were CR-immunolabeled in
P8-14 animals (Melvin and Dyck 2003). Additionally, we
omitted the CR cells in deep layers near the midline corpus
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callosum that were easily distinguished by their dense label,
small round soma, and irregularly shaped proximal dendrites
that contrasted with the straight dendrites of most CR neu-
rons (Revishchin et al. 2010).

To estimate total numbers of neurons and non-neuronal
cells, identically focused z-stacks of NeuN labeling and
DAPI-labeled nuclei were obtained at each disector site.
Both labels were simultaneously displayed, and DAPI nuclei
that also expressed NeuN were counted as neurons. The
same disectors were used to estimate the number of non-
neuronal cells identified as DAPI nuclei that lacked NeuN.
The latter included glia, as well as blood vessel associated
endothelial and smooth muscle cells. While NeuN labeling
was robust even at younger ages, it was previously shown
that some neurons do no express this marker, although the
most obvious examples were in brain areas other than cer-
ebral cortex [e.g., (Cannon and Greenamyre 2009; Duan
et al. 2016)].

To estimate cell numbers, typical X-Y counting box
dimensions were 200 pm X 144 um for GABA cells, and
34 um X 34 pym for NeuN and DAPI cells. Disector spac-
ing was adjusted so that the average number of disectors
per cell number estimate was 239 + 55 (mean + SD) and
the average coefficient of error (Dorph-Petersen et al. 2009)
was 0.082 +£0.031 (N=537 estimates of cell number). Coef-
ficients of error rarely exceeded the acceptable threshold
of 0.1, although they were 0.15 +0.03 for PV cells at P14
where comparatively few cells were detectable.

Cortical volumes were estimated using the Cavalieri
method (Gundersen et al. 1999). For calculation of cell
numbers, we multiplied cell densities by cortical volumes
obtained from the same sections used for cell density meas-
urements. This approach differed from our previous study,
that used volumes from Nissl sections for all cell number
calculations (Smiley et al. 2015). In the present study, we
realized that volume measurements from immunofluores-
cence and immunoperoxidase processed section were as
much as 15% reduced compared to those of Nissl sections.
Therefore, the reported cell numbers in the present study are
lower than previously reported.

All calculations of cell number were corrected for sec-
tion thickness that was measured in triplicate on every
section used for cell counting. For immunoperoxidase-
labeled CR sections, the on-slide thickness was 11.0+ 1.4
UM (N =112 brains) and did not differ between treatment
groups (p=0.97, T test). For immunofluorescence sec-
tions, coverslipped with Fluor-Gel aqueous mounting
media (Electron Microscopy Sciences, cat. # 17985-510),
slides were stored in a humidified chamber at 4C and
imaged for cell counting within 10 days of mounting, to
minimize possible on-slide shrinkage. Sections thickness
was measured to be 50.0+ 3.5 uM thick, with no signifi-
cant difference between treatment groups (p =0.93). The

thickness measurements were not corrected for refractive
index mismatch caused using an oil immersion objective
with an aqueous sample, and thus overestimate section
thickness by 15-20% (Hell et al. 1993; Dorph-Petersen
et al. 2001). The effect of this distortion on the estimate of
final cell density is theoretically minimized by the simul-
taneous overestimate of the counting box depth.

Statistics

The present study was designed to determine the develop-
mental onset and persistence of effects of neonatal ethanol
treatment. For statistical comparisons of all measurements
except GABA cell numbers, samples were divided into 4
developmental phases (Table 1). Previous authors considered
P8-14 to be in the phase of rapid brain growth (Dobbing and
Sands 1979; Hahn et al. 1983). For the present study we
subdivided this phase of rapid growth into early ages when
P7 ethanol effects were just beginning (P8-11), and 1-week
post-treatment when most measurements showed a clear
effect of ethanol (P14). Animals at P20-30 were included
in a juvenile phase, and animals at P54-93 were included in
a post-adolescent phase (Spear 2000; Schneider 2013). For
analyses of GABA cell numbers, only the later 3 develop-
mental phases were included because these cells were poorly
detected at P8—11. Analyses were done using a three-way
univariate analysis of variance (ANOVA) using the general
linear model implemented in the IBM SPSS version 24 pro-
gram, with treatment (2 levels), developmental phase (4 or 3
levels) and sex (2 levels) included as predictor variables. Sex
was included because there is precedence for sex differences
in brain development; note that our samples contained nearly
equal numbers of males and females. Comparisons between
treatment groups at the individual developmental phases, or
between the developmental phases in control animals, used
significance thresholds that were Bonferroni-corrected for
the number of developmental phases (usually 4, or 3 for
GABA cell numbers). We additionally considered an alter-
nate statistical model that included only 3 developmental
phases for all measurements, omitting the P§8—11 measure-
ments because they could be considered “baseline” when
ethanol effects were still very minor. However, estimates and
significance of the main effects and interactions were nearly
identical in both models, and since the results did not differ
this latter model is not presented.

All measurements were done on coded images so that
raters were blind to treatment group. Results that are
expressed as percent changes for comparisons between
treatment groups were calculated as =100 X (1 — ethanol/
saline), between ages as =100 X (1 — older/younger), and
between sexes as =100 X (1 — female/male).
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Results

Figure 2 illustrates the abundant apoptosis in cortical neu-
rons that occurs within hours of P7 ethanol injection. Both
pyramidal and non-pyramidal shaped neurons expressing
CC3 immunoreactivity are widely distributed across the
regions and layers of neocortex. Double labeling with Ctip2,
a marker for deep layer cortical projection neurons, confirms
that many CC3 neurons are pyramidal cells. Previous stud-
ies using the same ethanol treatment in P7 mice concluded
that this pattern of CC3 expression indicates widespread
cell death by apoptosis, without obvious evidence of non-
apoptotic excitotoxic cell death (Olney et al. 2002a).

Total cell numbers

Total cell numbers were estimated in all brains available
from P8 to P93 (Table 1). Neuron number was estimated
by counting DAPI-labeled cells that colocalized NeuN
immunolabeling, and non-neuron number by counting
DAPI-labeled cells that lacked NeuN. In control animals,
total neuron number decreased from the phase of early rapid
growth (P8-11) to the juvenile phase (P20-30; p=0.016,
which is trend-level for Bonferroni-corrected significance;
Fig. 3) consistent with ongoing programmed cell death in
this period (see Discussion). In the same time-period, the

Fig.2 Immunolabeling for cleaved caspase-3 (CC3) 8 h after P7
ethanol injections shows the distribution of apoptotic cells in mouse
somatosensory cortex. CC3 neurons (green label) are present in all
layers, although more abundant in layers II and V. Cells with both
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number of non-neuronal cells increased (p <0.001; Fig. 3)
consistent with ongoing gliogenesis and angiogenesis (Sem-
ple et al. 2013). Overall, comparing the earliest time-point
measured (P8) to the time when total cell numbers become
approximately stable (P30), total neuron number decreased
by 14%, whereas non-neuronal cell number increased 48%.
Subsequently, comparing juvenile to post-adolescent ages,
there were no further significant changes in neuronal or non-
neuronal numbers, indicating that ongoing cortical volume
increase at the same time is not caused by increasing cell
number.

P7 ethanol caused a reduction of total neuron number.
Three-way ANOVA showed significant main effects of both
ethanol treatment (F(1,108)=12.1, p<0.001) and develop-
mental phase (F(3,108)=4.9, p=0.003) and a significant
interaction between treatment and phase (£(3,108)=2.9,
p=0.04). Analysis of individual developmental phases
showed that the ethanol effect was significant at P14
(F(1,20)=23.2, p<0.001). However, the 18% reduction
due to ethanol at this developmental phase appeared to be
transient, followed by smaller and non-significant ethanol-
related reductions at juvenile (2%) and post-adolescent
phases (7%; Fig. 4a). The lower neuron number in ethanol-
treated P14 animals was not explained by a simple down-
regulation of NeuN-immunoreactivity, as there was not a
concurrent increase of non-neuronal cell counts (Fig. 4b).

CC3

pyramidal and non-pyramidal morphology are present. Inset: pyram-
idal cell identity was confirmed in many cells by colocalized Ctip2
label (arrowheads, red label). Some cells did not colocalize (double
arrowhead). Scale bar=100um
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Fig.3 As shown in data from
control animals, different
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P7 ethanol also caused a reduction of non-neuron number
(Fig. 4b). Three-way ANOVA showed significant effects of
both treatment (F(1,108)=5.3, p=0.02) and developmen-
tal phase (F(3,108)=17.7, p<0.001). The main effect of
treatment was due to reduced cell numbers ranging from 3%
(at P20-30) to 11-13% (at P14 and P54-92). Interactions
of treatment with developmental phase or with sex were
not significant. However, there was a significant interac-
tion between sex and developmental phase (F(3,108)=3.8,
p=0.013). Further analsyis showed that this was due to
15% more non-neuronal cells in males than females at the
post-adolesecent phase, whereas a similar difference was not
present at earlier phases. This sex difference was similar in
ethanol and saline-treated animals.

GABA neuron numbers
PV and CR neuron counts are presented from all animals

P14 and older, whereas somatostatin neurons were sampled
in fewer animals (Table 1). At P8—11 comparatively few

Days postnatal

PV and CR cells were clearly detected by immunolabeling.
Strong cell labeling, and cell counts approaching mature
(e.g., post-adolescent) levels were first obtained at P14
for CR, and not until P20 for PV. Somatostatin cells were
already near post-adolescent levels by P14, which was the
earliest time they were sampled.

P7 ethanol caused a clear reduction of all three GABA
subpopulations (Fig. 5). For PV cells, three-way ANOVA
showed significant main effects of treatment (F(1,88)=34.2,
p<0.001) and developmental phase (F(1,88)=155.5,
p<0.001), but there was no significant interaction between
treatment and phase (F(2,88)=0.44, p=0.65). The effect of
phase was due to the low cell counts obtained at P14 com-
pared to later phases. Even though cell counts were low at
P14, there was already evidence of an ethanol-related reduc-
tion (32%), similar to the reductions at subsequent phases
(19%).

Analysis of CR cells showed a significant effect of
treatment (F(1,88)=32.9, p<0.001) and developmental
phase (F(1,88)=38.2, p<0.001) and there was a trend-level
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Fig.4 Total cell numbers were estimated in left neocortex in control
animals (open circles) and ethanol treated animals (open triangles), at
four developmental phases. a Total neuron number was significantly
reduced only at P14. This decrease was transient, with only small and
non-significant reductions in subsequent phases. b While the three-
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way ANOVA showed an overall significant reduction of non-neuronal
cells, comparisons at individual developmental phases did not show
any significant differences. Asterisks indicate statistical differences
between treatment groups at individual developmental phases, that
were Bonferroni corrected for multiple comparisons (**p < 0.0025)
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Fig.5 GABA cell numbers were estimated in the left neocortex in
control animals (open circles) and ethanol treated animals (open tri-
angles), at three different developmental phases. GABA cells were
not evaluated before P14 due to poor immunolabeling in some cells.
a ANOVA analysis of PV cell counts showed a significant main
effect of treatment, but no evidence for an interaction between etha-
nol treatment and developmental phase. However, at P14, the num-
ber of detectable cells was low due to immature expression of PV
immunolabeling, and although the PV cell counts were 32% lower
in ethanol-treated brains, the 2-sample ¢ test did not reach Bonfer-
roni corrected significance (p=0.033). The ethanol effect on PV cell
number estimated with 2-sample 7 test was similar and significant at

interaction between treatment and phase (F(2,88=2.5,
p=0.08). The interaction was caused by progressively larger
ethanol-related reduction from P14 (9%) to P20-30 (19%) to
P54-93 (26%). The main effect of developmental phase was
caused by progressively decreasing cell numbers in older
animals, mainly in the ethanol-treated animals.

@ Springer

juvenile (19%) and post-adolescent (19%) phases. b ANOVA analysis
of CR cell counts showed a trend-level significance for the interaction
between treatment and developmental phase: ethanol treated animals
had smaller reductions at P14 (9%) compared to juvenile (19%) and
post-adolescent (26%) phases. ¢ ANOVA analysis of Somatostatin
neuron counts showed a significant main effect of treatment. Ethanol
treatment caused similar reductions (29-36%) at all three develop-
mental phases. Asterisks indicate statistical differences between treat-
ment groups at individual developmental phases, based on 2-sam-
ples 7 test, that were Bonferroni corrected for multiple comparisons
(**p<0.0025)

Three-way ANOVA for somatostatin cells showed
a main effect of ethanol treatment (F(1,17)=41.6,
p <0.001), but no significant main effect for develop-
mental phase, and no interaction effects. The ethanol-

induced reductions in the three phases were in the range
of 28-36%.
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Neocortex volume, surface area, and thickness

While neocortical volume, surface area, and thickness were
separately evaluated in the left and right hemispheres, there
was no significant hemispheric asymmetry at any age, in
either saline or ethanol injected animals. For simplicity, the
following presentation of neocortical measures includes only
results from the left hemisphere.

In saline-injected control animals, the developmental tra-
jectories of neocortical volume and surface area were simi-
lar to that of whole brain volume (Fig. 3). They increased
rapidly from PS8 to P14, and then more gradually until about
P54. Neocortical thickness also increased rapidly until P14,
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Fig.6 Measurements of cortical volume, surface area and thick-
ness were made at four developmental phases, in control animals
(open circles) and ethanol treated animals (open triangles). a Whole
brain volumes were reduced by P7 ethanol exposure as early as P14.
b The effect of P7 ethanol on neocortex volume was especially pro-
nounced at P14 and in post-adolescent animals. ¢. Neocortical surface

but then did not subsequently increase. Comparing juvenile
(P20-30) to post-adolescent (P54-93) phases, neocortex vol-
ume, surface area, and whole brain volume all significantly
increased by 12-13% (F(1,36)> 13.1, p values <0.001),
whereas thickness showed evidence of a slight but non-
significant decrease.

P7 ethanol caused a reduction of neocortex volume
(Fig. 6b). A three-way ANOVA that included developmental
phase, treatment and sex showed a significant effect of treat-
ment (F(1,108)=17.6, p<0.001) and developmental phase
(F(3,108=31.7, p<0.001) and a significant interaction
between ethanol treatment and development (F(3,108=2.9,
p=0.04). Analysis of the individual phases showed that
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area was reduced as early as P14. d The ethanol effect on neocorti-
cal thickness was most evident in post-adolescent animals. Asterisks
indicate statistical differences between treatment groups at individual
developmental phases, based on 2-samples 7 tests, that were Bonfer-
roni corrected for multiple comparisons (*p <0.0125, **p <0.0025)
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ethanol caused 15-16% reductions at P14 (»p =0.009) and
at P54-93 (p <0.001) whereas the 5% reduction at P20-30
did not reach Bonferroni adjusted statistical significance
(p=0.04). There was additionally a trend-level effect of sex
(F(1,108)=3.6, p=0.06) due to 4% larger neocortex vol-
umes in male animals, but there were no significant interac-
tions between sex and treatment or developmental phase.

The effect of neonatal ethanol on whole brain volume
was similar to its effect on neocortex volume (Fig. 6a). For
whole brain volume, there were significant effects of etha-
nol treatment (F(1,108)=19.0, p <0.001) developmental
phase (F(3,108)=73.3, p<0.001) and sex (F(1,108)=4.3,
p <0.04) but none of the 2- and 3-way interactions were
significant. The magnitude of the ethanol effect on brain
volume was 7% at P20-30 and 11-12% at P14 and P54-93.
The sex effect was due to 5% larger brain volumes in male
animals.

Changes in neocortical volume can be caused by changes
in its thickness and/or surface area. These parameters have
different developmental profiles (Figs. 3 and 6¢—d) and
might reflect somewhat different aspects of cellular devel-
opment in the cortex. Analysis of surface area showed a
significant effect of treatment (F(1,108)=17.2, p <0.001)
and developmental phase (F(3,108)=65.2, p<0.001). Simi-
larly, analysis of cortical thickness showed an effect of treat-
ment (F(1,108)=6.5, p=0.012) and developmental phase
(F(3,108)=8.5, p<0.001). Neither measurement showed a
significant sex difference or significant interactions. These
measurements confirm previous results in P70 mice (Smi-
ley et al. 2015). In that study P7 ethanol caused 14% lower
neocortex volume, due to 8% reduced surface area plus 6%
reduced thickness. In the present study, post-adolescent ani-
mals had 16% lower volume caused by 9% reduced surface
area and 7% reduced thickness.

Discussion

We encountered three main findings by tracking the effects
of neonatal ethanol during development. The first is that
GABA cell reductions were already present by P14, as early
as they could be measured after P7 ethanol. These reductions
subsequently persisted, and only CR cell counts showed
trend-level evidence for greater reductions at later stages.
Second, while total neuron number was decreased at P14,
this effect was transient and no longer present by the juvenile
phase. Other studies also observed a transient reduction of
neuron number after neonatal lesions, and we suggest that
this may be partially explained by a temporary acceleration
of ongoing programmed cell death. Finally, neonatal ethanol
caused reductions of cortical volume, thickness and surface
area. Volume measurements showed some evidence for a
transient reduction at P14, like neuron number. However,
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unlike reduced neuron number, cortical volume deficits were
also clearly present in post-adolescent animals.

Our data in the control animals show that cortical vol-
ume and surface area, like whole brain volume, continue
to increase from pre-adolescence to early adult ages. We
have not identified the cellular changes that contribute to
this growth. Possible candidates include increasing dendritic
complexity, as seen in pyramidal cells during this period in
rats (Markham et al. 2013), increasing myelin volume, in
conjunction with increasing white matter volume (Juraska
and Willing, 2016) or increased volume of non-neuronal
cells. Our cell counts did not show increasing numbers of
either neuronal or non-neuronal cells that coincided with the
adolescent increase of volume. Previous counts of cortical
neurons also did not find increases (e.g., (Heumann et al.
1978; Lyck et al. 2007; Bandeira et al. 2009) and in fact
there is evidence for a modest reduction at adolescence in
prefrontal areas of female rats (Juraska and Willing, 2016).
It is possible that we did not detect this modest change
because we sampled whole neocortex.

The effect of neonatal ethanol on cortical volume was
pronounced at P14 and in the post-adolescent phase, whereas
the intevening juvenile phase showed a smaller reduction
that was not significant. This developmental sequence is
complex and needs to be confirmed in future studies. It
suggests that neonatal ethanol has multiple effects on corti-
cal volume. At P14, it is possible that the transient volume
reduction is caused by the transient reduction of cortical cell
number at this stage. Explanations for the delayed volume
reduction in post-adolescent animals are more speculative.
It is possible that early disruption of GABA neurotransmis-
sion causes later disruption of cortical growth. GABA neuro-
transmission is known to dynamically interact with different
aspects of cortical maturation (Southwell et al. 2010; Le
Magueresse and Monyer, 2013). It is possible that neona-
tal ethanol inhibits ongoing growth of cell size, as well as
dendritic and axonal complexity during adolescence. Adult
animals treated with neonatal ethanol have reduced dendritic
length and spine density (Granato et al. 2003; Lawrence
et al. 2012; Hamilton et al. 2015) and human fetal alcohol
subjects have reduced white matter (Archibald et al. 2001).
However, we are unaware of studies that tracked the devel-
opmental onset of these ethanol-induced effects.

Our counts of GABA neurons showed that the number of
detectable cells was reduced soon after ethanol treatment,
and the reduction remained stable or modestly increased
by early adulthood. One explanation of these results is that
many GABA cells are killed by P7 ethanol. This is sup-
ported by previous studies that showed apoptic markers in
transgenically labeled GABA cells immediately after P7
ethanol, in cortex and hippocampus (Bird et al. 2018; Saito
et al. 2018). Nevertheless, there is evidence that cell death
may only partly explain the loss of GABA cells. A study of
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neonatal hypoxia (at P3—P10 in mice) also found about 30%
reduction of immunolabeled GABA cells, but did not find a
corresponding reduction of GABA cells that were transgeni-
cally labeled for GAD67-EGFP. Furthermore, environmental
enrichment at juvenile ages reversed the loss of immuno-
labeled GABA cells (Komitova et al. 2013). Similarly, we
previously found that neonatal ethanol caused reduction of
PV-immunolabeled cells in P90 barrel cortex, but not of the
perineuronal nets that normally colocalized with PV neurons
(Saito et al. 2018). These findings suggest that some GABA
cells may be present but have suppressed phenotypes follow-
ing neonatal lesions. While our previous study in barrel cor-
tex showed the reduction of PV cells was delayed until after
P14, we did not replicate this delay in the present study, sug-
gesing that PV development in barrel cortex may differ from
that of other cortical areas. We also found that reduction of
PV cells in dentate gyrus (Saito et al. 2018) and entorhinal
cortex (unpublished results) after P7 ethanol occured earlier
than in barrel cortex. Our present results in whole neocortex
showed that 3 major subtypes of GABA cells are reduced
as early as P14. Only CR cells showed trend-level evidence
for ethanol-induced reductions that increased at later ages.

Our counts of total neuron number showed that P7 ethanol
caused a highly significant 18% reduction at P14, but a simi-
lar reduction was not present at P20-30. A transient reduc-
tion of cortical neuron number was previously described
after neonatal ethanol in rats (Mooney and Napper 2005) and
after neonatal hypoxia in mice (Fagel et al. 2006). In the lat-
ter study, there was a 30% decrease of neuron number at P11,
one day after P3-P10 hypoxia treatment, but at P18 neuron
number was not decreased. The authors hypothesized that
neonatal neuron loss is compensated by neurogenesis, and in
fact they subsequently demonstrated that neonatal hypoxia
causes an increase of postnatal neurogenesis, demostrated by
BRDU uptake into cortical precursor cells at P15 (Bi et al.
2011). However, they suggested that the modest number of
newborn neurons may be insufficent to compensate for the
30% loss of cortical neurons (Salmaso et al. 2014).

An additional mechanism to overcome early neuron loss
is suggested by the presence of ongoing programmed cell
death. It is plausible that P7 ethanol causes a premature
acceleration of programmed cell death, that in control
animals continues at a more gradual pace until similar
numbers are acheived by about P20. This explanation was
previously proposed to explain transient neuron loss in rat
visual cortex after neonatal ethanol (Mooney and Napper
2005). It is consistent with the idea that the ethanol and
other stimuli easily induce apoptosis at P7 because this is a
time when neurons are highly predisposed to undergo pro-
grammed cell death (Nikolic et al. 2013). An early stereo-
logical study in mouse neocortex estimated that as many
as 30% of neurons are lost during normal programmed
cell death, with the steepest decline at P5-P10, followed

a more gradual decline and stable neuron numbers by P30
(Heumann et al. 1978). Subsequent authors using alter-
native methods estimated the neuron loss to be 10-20%,
in mice (Verney et al. 2000) or greater than 30%, in rats
(Bandeira et al. 2009). Studies that mapped the distribu-
tion of pyknotic/apoptotic cells in rat or mouse cortex
have consistently shown that cell death peaks about P5-7,
gradually decreases until about P15, and then continues
at low levels as late as P30 (Ferrer et al. 1990; Spreafico
et al. 1995; Verney et al. 2000; Nunez et al. 2001; Mosley
et al. 2017). These studies indicate that our estimate of
14% decline in neuron number after P8 includes only the
latter portion of programmed cell death.

Our different anatomical measurements indicate that
neonatal ethanol has multiple effects on cerebral cortex
that emerge at different times in posnatal development. An
immediate effect within hours of treatment is widespread
apoptosis across cortex of many pyramidal and non-pyram-
idal cells. As early as P14 there is reduction of most types of
GABA cells either due to cell death or supressed GABAe-
rgic phenotype, that subsequently persists into adulthood.
Also by P14 there is a striking reduction of total neuron
number, but unlike the deficit of GABA cells this reduc-
tion is transient. Cortical volume is also transiently reduced
near P14, but unlike neuron number is also robustly reduced
in post-adolescent animals. The cellular mechanisms that
give rise to this sequence of events remain to be established.
Like previous authors, we suggest that transient reduction of
total neuron number could be due to an acute acceleration
of normally occurring programmed cell death, in addition
to increased neurogenesis. At present, the mechanisms that
regulate programmed cell death in cortex are incompletely
understood. Its disruption could interfere with the normal
selection for survival of neurons and cortical connections,
leading to subsequent behavioral and developmental deficits.
It is notable that although programmed cell death occurs at
the same time in GABA cells and pyramidal cells, the mech-
anisms that regulate their elimination appear to be distinct
and independent (Southwell et al. 2012). The differential cell
death mechanisms might be associated with the selective
reduction of GABA cells by neonatal ethanol.
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