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ABSTRACT: Ethanol is known as a potent terato-
gen having adverse effects on brain and behavior. How-
ever, some of the behavioral deficits caused by fetal
alcohol exposure and well expressed in juveniles amelio-
rate with maturation may suggest some kind of functional
recovery occurring during postnatal development. The
aim of this study was to reexamine age-dependent behav-
ioral impairments in fetal-alcohol rats and to investigate
the changes in neurogenesis and gross morphology of the
hippocampus during a protracted postnatal period
searching for developmental deficits and/or delays that
would correlate with behavioral impairments in juveniles
and for potential compensatory processes responsible for
their amelioration in adults. Ethanol was delivered to the
pregnant dams by intragastric intubation throughout 7-
21 gestation days at daily dose of 6 g/kg. Isocaloric intuba-
tion and intact control groups were included. Locomotor
activity, anxiety, and spatial learning tasks were applied

to juvenile and young-adult rats from all groups. Unbiased
stereological estimates of hippocampal volumes, the total
number of pyramidal and granular cells, and double cortin
expressing neurons were carried out for postnatal days
(PDs) PD1, PD10, PD30, and PD60. Alcohol insult during
second trimester equivalent caused significant deficits in
the spatial learning in juvenile rats; however, its effect on
hippocampal morphology was limited to a marginally
lower number of granular cells in dentate gyrus (DG) on
PD30. Thus, initial behavioral deficits and the following
functional recovery in fetal-alcohol subjects may be due to
more subtle plastic changes within the hippocampal forma-
tion but also in other structures of the extended hippocam-
pal circuit. Further investigation is required. © 2013 Wiley
Periodicals, Inc. Develop Neurobiol 74: 498-513, 2014
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INTRODUCTION

For thousands of years, ethanol has been the most
widely abused drug in the world. Today alcohol is
known as a potent teratogen. Exposure to ethanol in
utero may cause a neurodevelopmental deficit called
fetal alcohol syndrome (FAS) (Jones et al., 1973) or
fetal alcohol spectrum disorders (Thomas et al.,
2010; Warren et al., 2011), including brain damage
resulting in a variety of cognitive and behavioral
abnormalities.

Morphological, neurochemical, and electrophysio-
logical studies suggest that among brain structures,
the cerebellum and hippocampal formation are most
vulnerable to the teratogenic effects of perinatal
exposure to ethanol (Bonthius and West, 1990; Good-
lett et al., 1997; Mihalick et al., 2001; Livy et al.,
2003; Miki et al., 2003). This may be due to a partic-
ularly low content of biochemical antioxidants (i.e.
Vitamin E) in these structures normally attenuating
the potential effects of ethanol-induced oxidative
stress (Abel and Hannigan, 1995). In light of these
findings, it is not surprising that perinatal alcohol
intoxication mostly affects motor and cognitive
functions.

Generally, more pronounced deficits in learning
and memory tasks were noted in juveniles as com-
pared to adult subjects (Zimmerberg et al., 1991;
Nagahara and Handa, 1997; Girard et al., 2000; Woz-
niak et al., 2004; Dursun et al., 2006). Amelioration
of behavioral deficits with maturation may suggest an
inherent ability to functional recovery in the young
brain. The self-regenerative capability of a young
brain after fetal exposure to ethanol is of considerable
interest because it may contribute to human neurode-
velopmental recovery also after other developmental
insults. The importance of this issue has been recog-
nized also by other researchers. Olney’s group (Woz-
niak et al., 2004) has previously taken an attempt to
investigate how behavioral deficits and potential
recovery after neonatal alcohol insult relate to degen-
erative or regenerative changes in the brain.

The aim of this study was to re-examine the behav-
ioral deficits in juvenile and young-adult fetal-alcohol
rats and to compare developmental changes in the
hippocampus of control rats and the rats exposed to
ethanol during gestation to disclose developmental
deficits and/or delays that would correlate with
behavioral impairments in juveniles and if possible,
to reveal a potential compensatory process that could
underlie amelioration of cognitive deficits occurring
with maturation. To do so, behavioral tests measuring
locomotor activity anxiety and learning skills were
applied to control and fetal-alcohol subjects from two
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age groups: juvenile and young-adult. In addition,
age-dependent changes in the hippocampal volumes,
counts of principal hippocampal neurons, and neu-
rons expressing doublecortin (DCX), a marker for
neurogenesis (Brown et al., 2003), were analyzed for
different hippocampal regions throughout the first
two postnatal months in rats exposed to ethanol
intoxication during gestation days (GDs) 7-20.

MATERIALS AND METHODS

Subjects

A total of 120 adult Wistar rats (20 males and 100 females)
obtained from the Giuilhane Military Medical Academy,
Animal Breeding Facility (Ankara, Turkey) were used for
breeding in this study. The study consisted of three separate
cohorts of animals: one used in behavioral experiments,
second in stereological studies, and the third for DCX
immunohistochemistry. Rats were housed in a secluded
room with the temperature of 22 = 1°C and under 12 h/12 h
light/dark cycle commencing at 7:00 a.m. Throughout the
experiment, animals had ad libitum access to food and
water, except when stated otherwise (as described below).
Female rats were individually housed in transparent Plexi-
glas cages. For mating, a male rat, picked at random, was
placed into a female’s cage for a maximum time period of
1 week. Each morning, female rats were examined for the
presence of the vaginal plug, which was an evidence of suc-
cessful fertilization, and this day was annotated as gesta-
tional day 0 (GDO). On GD7, pregnant dams were assigned
(counterbalanced for initial body weight) to one of three
treatment groups on average 15 dams per group: Alcohol
group (A), pair-fed intubated control group (IC), a control
for possible intubation-induced stress effects, and intact
control group (C).

The day of birth was referred to as postnatal day O
(PDO0). At birth, the number of pups in each litter was
counted. The body weight gains of dams and offspring
were monitored on a daily basis. Until weaning at PD25,
pups (except those killed earlier for stereological studies)
remained with their natural dams. Afterward, pups were
group-housed by litter and sex (on average four pups per
cage) in transparent Plexiglas cages (46 X 24 X 20 cm).
Because in most of the previous similar studies, the data
have been analyzed for each sex separately; in this study,
for more reliable comparison of our results with the litera-
ture, we used the male pups only. Male pups belonging to
the dams from each of treatment groups (A, IC, and C)
were randomly assigned to four age subgroups and killed
for either stereological or DCX-IR studies at PD1(n =19
and n =22), PD10 (n = 23, and n = 19), PD30 (n =23 and
n=23), and PD60 (n =23 and n =22, respectively). In
behavioral studies, only two age groups were used: PD30
(n=122) and PD60 (n=20). To limit the effects attribut-
able to contributions from individual litters, the rats from
each age/treatment group were intermixed between litters
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with no more than two pups from the same litter in a group.
The pregnant dams and then the offspring were monitored
with regard to body weight gain. All experimental proce-
dures were approved by the Ethics Committee of the Mid-
dle East Technical University, Ankara, Turkey.

Ethanol Administration

Ethanol was administered by intragastric intubation (binge-
like drinking model) allowing precise determination of the
applied ethanol dose and ensuring higher peak blood alco-
hol concentration compared with the liquid diet (Bonthius
and West, 1990). The protocol of ethanol administration
was adopted from our previous study (Dursun et al., 2006).
Starting from GD7 throughout GD20, dams from Group A
were daily administered with 6 g of alcohol/kg body
weight. Animals in Group IC received the same volume of
fluid with sucrose substituted isocalorically for ethanol;
they were also given the same amount of laboratory chow
as the weight-matched dams from Group A. Animals in
Group C received ad libitum access to laboratory chow and
water with no additional treatment. The alcohol/isocaloric
sucrose solution was delivered by intra-gastric intubations
using a stainless curved feeding needle (18 ga, 3 in, Stoelt-
ing Co., Wood Dale, IL). The daily portion of alcohol/
sucrose solution was divided into two equal doses given to
animals 1 h apart. The alcohol solution was prepared daily
as a 25% (vol/vol) ethanol (99.8% vol/vol, Merck) mixed
with distilled water and stored at room temperature.

Determination of BAC

To avoid the potential effect of maternal stress induced by
the blood collection on the pups, blood alcohol concentra-
tion (BAC) was assessed on GD20 in a separate group of
pregnant dams (n = 4). Blood samples (1-2 ml) were taken
from the rat-tail vein 2 h after the last intra-gastric intuba-
tion. The timing of blood collections was based on previous
studies determining peak BAC in rat dams (Marino et al.,
2002; Tran and Kelly, 2003). Blood samples were then cen-
trifuged for 10 min at 1,000g, blood plasma separated, and
stored at —80°C until BAC determination was accom-
plished. BAC (mg/dl) was determined by an alcohol assay
kit (Biolabo, France) at the Giilhane Military Medical
Academy as previously described (Uzbay et al.,2004; Sag
et al., 2006).

Behavioral Testing

Behavioral tests were run at two ages: at P30 (juveniles)
and at P60 (young-adults) in two controls (C30, n =8 and
C60, n = 8), two intubation controls (IC30, n = 7 and I1C60,
n = 6), and two fetal-alcohol groups (A30, n =7 and A60,
n = 6). Behavioral tests included open field (OF) (1 day),
elevated plus maze (EPM; following 1 day), and Morris
water maze (MWM; total 12 days), the latter test carried
out in the presence and absence of allothetic (distal visuo-
spatial) cues stimulus conditions. The OF (Hall and
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Ballachey, 1932; Denenberg, 1969; Prut and Belzung,
2003) and the EPM (Pellow et al., 1985; Lister, 1987) allow
to test spontaneous locomotor activity and anxiety-like
behavior in small rodents benefiting from these animals’
innate tendency to avoid open, brightly lit, and/or elevated
places. The MWM for long has been commonly used to
assess hippocampus-dependent place learning correspond-
ing to the episodic memory in humans (Morris, 1984).

OF Test. The OF apparatus constituted of a square box
(120 X 120 cm) with 50 cm high side walls made of plain
wood painted black and illuminated by a bright light from
the ceiling. The rat was placed at the middle of one of the
side walls facing the wall. Its locomotor activity was
recorded by the computerized video tracking system (Etho-
Vision System 3.1 by Noldus Information Technology,
Holland). The OF was divided by virtual lines into 16 equal
squares, 12 of which comprised the peripheral zone, and
remaining 4, the central zone of the arena. The system
recorded time spent and distance moved (ambulation) in
each of the zones for 20 min in 5 min intervals.

EPM Test. The EPM was constructed of polyester and
consisted of a central platform (10 X 10 cm), two open
arms (50 X 10 cm), and two closed arms (50 X 10 cm)
with dark, 30 cm high Plexiglas walls with no ceiling. The
arms were arranged in a cross shape with the two open
arms and two closed arms facing each other. The maze was
elevated 80 cm above the floor. On a single testing session,
each animal was placed in the center of the maze facing an
open arm. Rats were allowed to explore the maze for 5
min. During this time, the number of entries with all four
paws to the closed and open arms, the total time spent in
closed and open arms separately, and total time spent on
the central platform were recorded by the computerized
video tracking system (EthoVision System 3.1). The EPM
tests were carried out as described previously (Kayir and
Uzbay, 20006).

Place Learning in the Morris Water Maze. MWM used
to monitor spatial learning and memory in small rodents
was a circular tank, 150 cm in diameter and 60 cm high. It
was filled to the depth of 45 cm with water maintained at
23°C (£1) by an automatic heater. A nontoxic paint was
used to make the water opaque. Computerized video track-
ing system (EthoVision System 3.1) was used to track the
animal in the pool and to record data. The pool was virtu-
ally divided into four quadrants (NE, NW, SE, and SW). A
movable platform (11 cm X 11 cm) made of transparent
Plexiglas was located in the center of one of the quadrants.
The top of the platform was 2 cm below the surface of the
water such that the animal could not see it but could easily
climb on it to escape from the water. Experimental room
was furnished with several extra-maze cues immobile
throughout the entire experimental period. These distal
extra-maze cues were either available to the animals and
could be used as a spatial reference frame in place learning
(an allothetic paradigm defined as object-centered strategy

85UB017 SUOLUWIOD SAERIO 3|ced 1 dde ) Ag PaULBAOD 312 A1 YO 8N J0'S3INI 10} AXRIGIT BUNIUO /B]IA UO (SUO1IPLIOD-PUE-SULBYLIOY" A3 | 1M AJe.q1 U UO//STNY) SUOIIPUOD PUE SWLS | 84} 39S *[5202/TT/60] U0 ARiqiTauliuo A|IM ‘AISBAIIN JRA WY |-Wzag Ad £TZZ TeUP/Z00T OT/10p/L00 A3 | 1M ARRIq1UIIUO//SAIY W01} POPROIUMOQ ' ‘YTOZ ‘XOr8ZE6T



of pathfinding), or eliminated by nontransparent curtains
surrounding the pool. Prior to the place learning, animals
were subjected to 1 day shaping training to learn swimming
and climbing the platform. Shaping training was carried out
with the pool surrounded by nontransparent curtains and
the platform changing location between the trials (Dursun
et al., 2006). It was applied to reduce the possible con-
founding effect of non-mnemonic factors arising from
being introduced to a novel stressful situation. During fol-
lowing place learning, conducted both with and without
allothetic reference frame, the platform was placed in the
center of one of the quadrants (different for each stimulus
conditions) where it remained throughout this stage of
experiment. Rats were given four daily trials, for 4 consec-
utive days under allothetic paradigm and 6 consecutive
days when the distal visuospatial cues were absent. Each
rat was released into the water facing the pool wall at one
of the four starting points (N, S, E, W), which were used in
a pseudorandom order such that each start position was
used only once during the daily experimental session. The
trial was finished when the animal found the platform or 60
s passed. Later the rat was returned to its cage for a 5-min
inter-trial interval. The video-tracking system was auto-
matically recording the swim trajectory, swim velocity,
escape latency, and the swim distance to reach the invisible
platform.

On the completion of place learning, to assess the
strength of the acquired place preference, a platform has
been removed from the pool and a 60-s probe trial was car-
ried out. On the computer screen, an imaginary annulus 40
(40 cm in diameter) was drawn around the place where
originally platform was located. On the probe trial, the per-
centage time spent and the distance swum by the animal in
the platform quadrant and in the annulus 40 were recorded.

Histological Procedures

Histological procedures included stereological cell count-
ing and immunohistochemistry against DCX (DCX-IR).
The morphology of the hippocampus from the control and
fetal alcohol rat pups was examined under three treatment
conditions (A, IC, and C) in four time windows: at PD1
(shortly after the birth), PD10 (at the end of the brain
growth spurt period), PD30 (at the juvenile age, when the
most prominent cognitive deficits used to be reported in
fetal alcohol subjects), and PD60 (in young-adults). Total
12 groups were used in each study: A: n = 6; IC: n=6; C:
n="17 for PD1, A: n=28; IC: n=7; C: n=28 for PD10, A:
n=28; IC: n=7; C:. n=28 for PD30, and A: n=28; IC:
n=28, C: n="7 for PD60 in stereological studies, and A:
n=6;IC:n=5;C:n=9 for PD1, A: n=8; IC: n=6; C:
n=7>5 for PD10, A: n=7; IC: n="17; C: n=8 for PD30,
and A: n=8; IC: n=6, C: n=28 for PD60 in DCX-IR
studies.

Fixation. Pups were deeply anesthetized with a mixture
containing ketamine hydrochloride (80 mg/kg Alfamine
10%, Alfasan International B.V. Holland) and xylazine

Fetal Ethanol, Behavior, Hippocampal Morphology 501

(10 mg/kg Alfamine 2% Alfasan International B.V. Hol-
land) (intraperitoneally) and perfused intracardially with
0.1 M phosphate buffer (pH 7.4) followed by 4% parafor-
maldehyde solution in 0.1 M phosphate buffer. The brains
were removed from the skulls and postfixed overnight in
4% paraformaldehyde. After that, brains were cryopro-
tected with 30% sucrose solution in 0.1 M PBS until sunk,
quickly frozen in liquid nitrogen and then stored at —80°C.
The stereological studies on frozen sections have previ-
ously been successfully performed by other research groups
(Goodlett et al., 1997; Bonthius et al., 2004; Fitting et al.,
2010; Dursun et al., 2011; Boldrini et al., 2012; Vazquez-
Roque et al., 2012).

Sectioning, Sampling, and Staining for Stereological
Studies. The fixed brains were cut coronally on a Shan-
don Cryotome (Thermo Fisher Scientific Inc.) at the nomi-
nal setting of 50 um and all sections that included the entire
hippocampal formation (from the dorsal tip of the hippo-
campus, where the corpus callosum begins to form, and
past the end of the ventral hippocampus) were collected. A
systematic random sampling of one section out of every
third in PD1, every fourth in PD10 and PD30 brains, and
every fifth in the PD60 brains (16-22 section per rat) was
carried out that comprised 2,000-2,500 pum of total hippo-
campal length at PDI1, 3,000-3,500 pm at PDI10, and
3,500-4000 pm at PD30 and PD60. Collection of the first
section was random within the predetermined collection
interval (Gundersen and Jensen, 1987). The sections were
floated in 0.1 M PBS in 24-well plates, mounted on polyly-
sine covered glass slides, dried at room temperature, and
stained with cresyl fast violet (Nissl staining). The staining
solution contained 1 g of cresyl violet acetate (Merck), 2-3
drops of glacial acetic acid, and distilled water. The
mounted sections were dehydrated in increasing alcohol
concentrations (70, 95, and 100%), defatted in xylene solu-
tions, and eventually rehydrated in decreasing alcohol con-
centrations. Afterward, the slides were placed in the
staining solution and differentiated in dilute acetic acid
solution. Finally, the samples were dehydrated and cleared
with xylene. Sections were then cover-slipped using Entel-
lan (Merck) mounting medium (Dursun et al., 2013).

Stereological Cell Counting Procedure. The cell counts
confined to the pyramidal cells in CAl and CA2+3
regions, and granule cells in the DG from the left hippo-
campi were performed using unbiased stereological proce-
dures. The unbiased stereology technique was applied
using a commercial computer-assisted stereological work-
station (Stereolnvestigator, Microbrightfield, Williston,
VT) including a high-resolution computer monitor
DMS5500 and a Leica light microscope equipped with a
Leica DFC320 R2 digital firewire camera. Areal outlines
and volumes were confined to the stratum pyramidale in
regions CAl and CA2+3 and the stratum granulosum in
the dentate gyrus according to Paxinos and Watson (2007,
figures 47—89) rat brain atlas and Paxinos et al. (2007, fig-
ures 63-78) developing mouse brain atlas. The
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Figure 1 Photographs showing hippocampal regions at
low (X10) and at high magnification (X100) lens, DG: den-
tate gyrus; CAl: Cornu Ammonis region 1, CA2: Cornu
Ammonis region 2; CA3: Cornu Ammonis region 3. Arrow
shows a neuron and the arrowhead shows a glial cell.

identification of the different hippocampal subdivisions
was based on the previous anatomical reports (Blackstad,
1956; West et al., 1991; Tran and Kelly, 2003). Figure 1
presents a photomicrograph of a representative Nissl-
stained coronal section through CA hippocampal region on
which pyramidal and glial cells can be easily discriminated.
The principal neurons of different hippocampal regions
were clearly differentiated by their characteristic shapes,
sizes, and densities, according to morphological criteria
described by West et al. (1991). Nevertheless, in addition
to principal neurons, the counts may also include basket
interneurons that are difficult to discriminate. Basket cells,
however, constitute only a very small fraction (less than
1%) of all neurons in granular and pyramidal cell layers
(West et al., 1991). The neuroanatomical borders of the
principal cell layers of the hippocampus were outlined
under a low-power (4 X) objective (Fig. 1) and the selected
areas were systematically sampled with the aid of Stereoln-
vestigator software (Microbrightfield, Williston, VT). The
neuronal counts were carried out within these areas under a
high-power oil immersion lens (100X, NA. 1.25), using
motorized X—Y-Z stage controlled through the Stereoln-
vestigator software package. The optical fractionator work-
flow extension of the Stereolnvestigator software was used
to quantify the total number of neurons. The counting
frame size varied according to the neuron size in each
region. For CA1 and CA2+3 regions, it was set to 25 X 25
pm with a grid (sampling step) size of 150 X 150 pm, and
for DG region to 12 X 12 pm with a grid size of 120 X 120
pum. Counting was performed in each sampling step accord-
ing to the rules of the unbiased counting frame and the opti-
cal dissector (West et al. 1991). A fixed dissector height of
10 pm was used in every counting step with a guard height
of 2 pm from the top surface of each section to avoid errors
when counting the cells at the cut surface. To calculate the
mean section thickness [(¢)], first, the thickness of each
sampled section was estimated at every sampled dissector
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location and then the thickness estimates were averaged
across the whole set of sampled sections. The thickness
sampling fraction was estimated as the dissector height rel-
ative to the mean section thickness [tsf= 10/(¢)]. An
unbiased estimate of the total number of hippocampal
pyramidal and dentate granular cells (N) was calculated by
multiplying the sum of the neuronal counts over all sections
(3-0) with the reciprocals of the sampling fractions as fol-
lows: N=3> "0 X (1/ssf) X (1/asf) X (1/tsf), where ssf is
the section sampling fraction (the actual number of sections
sampled in relation to the total number of sections), asf is the
areal sampling fraction (the area of the counting frame rela-
tive to the sampling area per each sampling step), and tsf is
the thickness sampling fraction. Statistical evaluation and
error determination of obtained estimates were determined
by the coefficients of error (CE) (Gundersen et al., 1999).

Sectioning, Sampling, and Staining for DCX Immunohis-
tochemistry Studies. To estimate the numbers of DCX-IR
neurons on the hippocampal slices belonging to fetal-
alcohol and control rat pups of four age groups, the fixed,
frozen, and cryoprotected brains were cut coronally on a
Shandon Cryotome (Thermo Fisher Scientific Inc.) at the
nominal setting of 20 um. In this study too, only left dorsal
hippocampi were used with three to four section per rat
(every 24th section) stained.

The sections used in DCX-IR cell counts were dried in
an incubator for 20-25 min at 37°C. After rinsing with 0.1
M PBS once, the antigen retrieval was carried out by citrate
buffer to uncover epitopes. Sections were kept inside the
boiling citrate buffer for 15 min, then, they cooled down
inside citrate buffer for 15 min. After rinsing in 0.1 M PBS
(3 times, 5 min each time), the sections were incubated for
1 h at room temperature with blocking solution containing
5% normal goat serum (NGS) with 0.3% Triton-X-100 in
PBS. Afterward, the sections were incubated at 4°C for 24
h with primary antibodies against DCX (cell signaling
#4604, 1:200). The antibody dilution buffer contained 2%
NGS dissolved in 0.3% Triton-X-100 in PBS. Upon the
completion of incubation with the primary antibody, sec-
tions were rinsed in 0.1 M PBS (three times, 5 min each
time), and incubated for 2 h at room temperature in a dark
place with fluorescent-conjugated secondary antibody,
Alexa Fluor 488, and goat anti-rabbit IgG (1:250) diluted
with 2% NGS dissolved in 0.3% Triton-X-100 in PBS. The
secondary antibody incubation was followed by washing
the sections with PBS (three times, 5 min each time) and
counterstaining the cell nuclei with 4’,6-diamidino-2-phe-
nylindole (DAPI) (Kilic et al., 2010). After being washed
with PBS, slides were cover slipped by fluoromount, a
water soluble mounting media. Negative control was pro-
vided for each staining by omitting the primary antibody in
antibody dilution buffer.

The obtained immunofluorescence sections were visual-
ized using a Nikon Microscope equipped with a fluorescent
attachment at 40X magnification. Three to seven pictures
of each hippocampal region: CA1, CA3, subgranular zone
(SGZ) of DG, and additionally of subventricular zone
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Table 1 Effects of Fetal Ethanol on the Survival of Rat Pups

Rate of Succesful Mean No. of Survival Rate of Survival Rate
Groups Pregnancy (%) Pups Per Litter Female Pups (%) of Male Pups (%)
A 31.6 5.7 67.0 72.6
IC 453 6.1 95.4 89.2
C 70.0 6.7 93.3 97.9

(SVZ) (2300 pictures in total) were taken under fluores-
cence microscope at 40X magnification. To determine the
number of DCX positive cells, the cell counter option of
ImageJ software was used (Yamamura et al., 2011).

Statistical Analyses

Group means = SEM were calculated for all measures. A
repeated-measures analysis of variance (ANOVA) was con-
ducted on the dams’ body weight data throughout GD7-20
and on the behavioral data.

Pups’ weights were analyzed for each postnatal age sep-
arately by one-way ANOVA with treatment as independent
variable. The analyses of morphological data were per-
formed for each hippocampal subregion independently and
included cross-sectional comparisons of treatment effects at
different ages and longitudinal comparisons of age effect
for different treatment groups. In this study, the group sizes
were similar with number of subjects per group varying
between 6 and 8. The morphological data showed normal
distribution as assessed by Kolmogorov-Smirnov normality
test. Under these conditions, two-way ANOVA (treatment
X age) was conducted to evaluate the main effects of age
and treatment as well as age X treatment interaction. Addi-
tionally, the between-group differences in the estimates of
volumes and cell counts for each hippocampal region at
each postnatal age, and between different ages for the same
hippocampal region in each treatment group separately
were analyzed by one-way ANOVA using treatment or
pups’ age as an independent factor. The post hoc compari-
sons of simple effects were conducted using Fisher’s least
significant difference (LSD) test. The SPSS 15 statistical
package was used for statistical analysis of the data. The
criterion of statistical significance was P < 0.05.

RESULTS

Dams and Pups Data

Gestational exposure to ethanol decreased the per-
centage of successful pregnancies and survival rate in
neonates (Table 1). The litter size was affected less,
however, the body weight at birth and PD10 was sig-
nificantly lower (P <0.05) in Group A (5.7 = 0.1 and
14.6 = 0.3, respectively) compared with both IC
(6.1 0.1 and 16.7*0.7, respectively) and C
(6.7*0.2 and 15.9 = 0.6, respectively) controls. This
difference disappeared at PD30.

In all experimental groups, an increase in dams’
body weight was observed throughout the gestational
period. The repeated measure ANOVA yielded
highly significant day effect (F(20.450) = 35.020,
P <0.001) and insignificant main effect of treatment
and treatment X day interaction.

Blood Alcohol Concentrations

The mean maternal blood alcohol concentration esti-
mated 3 h after the second intubation on GD20 was
244.8 = 49.8 mg/dl. As ethanol readily crosses pla-
centa (Kesaniemi and Sippel 1975), the fetal BAC is
assumed to be close to the maternal BAC.

Behavioral Results

OF Test. Figure 2(A) presents the mean time spent in
outer versus inner zone of the OF, an index of anxiety
level. As seen from this figure, all rats regardless of
treatment and age spent more time in the outer zone.
Two way repeated measure ANOVA (treatment X
zone) yielded significant zone effect (F(y.19)=
20291.32, P<0.001 for juveniles and F(y.17)=
20404.47, P <0.001 for young-adults) and significant
zone X group interaction (F .19, = 13.20, P <0.001,
and F.17y=63.65 P <0.001 for juvenile and adult
rats, respectively) with main group effect insignificant.
However, one way ANOVA with group as an inde-
pendent factor applied to each zone and each age
group separately revealed significant between-group
differences with intubated groups spending signifi-
cantly less time in the inner zone compared with the
intact control group (F(o.19) =13.25, P <0.001 and
Fo.7,=64.15 P<0.001 for juvenile and adult rats,
respectively).

Figure 2(B) shows the mean distance moved in
two zones of the OF, by each of the treatment group,
during the consecutive 5 min intervals of the total 20
min testing period. The distance moved is an index of
animals’ locomotor activity. Two-way repeated mea-
sure ANOVA (treatment X time) conducted for each
age and zone independently confirmed a significant
decline in the overall locomotor activity throughout
the testing period in the outer zone of the
arena  (F.57=27.63, P <0.001 for juveniles,
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Figure 2 (A) The mean time (=SEM) spent in the different zones of the OF during the total 20
min testing period. (B) The mean distance (=SEM) moved in the outer and the inner zone of the
OF, respectively, during the consecutive 5-min intervals of the total 20-min testing period for juve-
nile and young adult control and fetal-alcohol rats. Error bars denote SEM. The asterisks show the
significant difference between intact control (C) and intubated groups (IC and A) for each postnatal

age separately.

F3.51y=3242, P<0.001 for young-adults). The
main treatment effect was also significant in both
juveniles and young-adults (F.19) = 21.36, P <0.001,
Foa7y=104.31, P <0.001, respectively). One way
ANOVA followed by the post hoc Fisher’s LSD test
performed for each zone, each age and each time inter-
val independently revealed significantly lower loco-
motor activity in intubated groups (A, IC) compared
with the intact control group (P < 0.01).

EPM Test. There was a trend among the fetal-
alcohol rats, regardless of age, to spend relatively
more time in the closed arms of the plus maze (Fig.
3); however, two-way ANOVA (treatment X age)
performed for each arm independently yielded treat-
ment effect insignificant with highly significant age
effect (F(1.36=82.40, P <0.001 for open arms;
F(1.36=76.86, P <0.001 for closed arms). A two-
way repeated measure ANOVA (age X arm) also
revealed a significant interaction between pups’ age
and their arm preference (F(s.36) =22.77, P <0.001)
with significantly higher preference of juveniles for
closed and adults for open arms.

Morris Water Maze Test. In the course of training in
the MWM, in all groups, a decrease in the swim
distance to reach the hidden platform was observed
[Fig. 4(A,D)]. In both paradigms (with and without
allothetic cues), no significant difference in the task
acquisition was noted between the adult groups.
Two-way repeated measure ANOVA (treatment X
day) yielded significant day effect only (F(3.45)=
12.61 P <0.001 in the allothetic paradigm; Fs.g0) =
7.60 P <0.001 without distal visuo-spatial cues).
The same analysis applied to the data from the
juvenile groups revealed a significant day effect for
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both training conditions (F(s.s;)=24.83 P <0.001,
F(s5.90) = 10.44 P <0.001, respectively) and a signif-
icant main group effect in the training without allo-
thetic cues only (F(2.15) = 9.53 P =0.002). One-way
ANOVA performed for each training day and each
age group independently, confirmed significantly
worse performance in juvenile fetal alcohol pups
compared with their age-matched controls on the
first  training day under allothetic  cues
(F2:17y=3.53 P=10.05) and on the four first train-
ing days without distal visuospatial cues
(F(z]g) 397 P= 0037 F(z]g) 721 P= 0005
Foasy=3.52, P=0.05; F@.18 =6.37, P=0.008,
respectively).

On the probe trial, fetal-alcohol juvenile rats spent
significantly less time in Annulus 40 under allothetic

B Juvenile-A

100 -
o Juvenile-1C

— Y OJuvenile- C
?_\i 80 | w Adult-A
E 70 - 3 mAdult-IC
: 60 ‘ I w Adult-C
E 50 - ‘
[- 40 -

30 -

20

10 -

0 L
Open Arm Closed Arm

Figure 3 Comparison of the animal’s behavior in the
elevated plus maze test as a function of age (juvenile vs.
young adult) and treatment (A, IC, and C). The bars repre-
sent mean time percent spent in open and closed arms of
the plus maze. Error bars denote SEM.
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Figure 4 Mean swim distance (£=SEM) calculated for the first 4 days of MWM training with allo-
thetic cues (A) and six consecutive days of MWM training without distal visuospatial cues (D).
Mean percent time (=SEM) spent and the distance swam in the platform quadrant on the probe trial
under allothetic cues (B) and without allothetic cues (E). Mean time (=SEM) spent in the annulus
40 on the 60-s probe trial with (C) and without allothetic cues (F). Error bars denote SEM. Asterisk

indicates significant difference at P <0.05.

conditions [Fig. 4(C)] (F:17y=5.83, P =0.012) and
swam significantly shorter distance in the platform
quadrant when trained without allothetic cues [Fig.
4(E)], F(2:17) = 313, P= 0070)

Estimates of Hippocampal Volumes. Table 2 presents
volume estimates for each hippocampal region, each
treatment group, and each postnatal age independ-
ently. Two-way ANOVA with age and treatment as
independent variables performed on the volume data
for each hippocampal region separately, yielded a
significant main effect of age (F(3.76)=272.33,
PSOOOl for CAl, F(3:76)= 17924, PSOOOl for
CA2+3; and F.26 =509.62, P <0.001 for DG).
However, neither main group effect nor age X group
interaction was significant.

Estimates of Total Neuron Numbers. Total numbers of
neurons for each hippocampal region, each treatment
group, and each postnatal age independently, are pre-
sented in the Figure 5 and in the Table 2. As seen from
the Table 2, for all estimates, CEs were between 0.02
and 0.04 indicating sufficient accuracy in making esti-
mates of total neuron number at the individual level
(West et al., 1991). Table 2 also presents the coefficient
of variance indicating interindividual variation for each
group. The observed between-subject variation in the
total number of granular and pyramidal cells was simi-
lar in the fetal alcohol and control groups.

Two-way ANOVA with treatment and hippocam-
pal region as independent factors (3 X 3) performed
on the estimates of neuron number at PD1 yielded the

main effect of treatment and treatment X region
interaction significant (F(p.46, = 2.84, P =0.029 and
Fa.46)=3.06, P=0.026, respectively) with region
effect insignificant.

During the following two postnatal months, in all
treatment groups and in all three hippocampal subre-
gions, a significant increase in the number of princi-
pal neurons was observed. Two-way ANOVA with
treatment and age as independent factors (4 X 3) per-
formed for each hippocampal subregion independently
revealed a significant effect of age in all three regions
(F(3:76) = 17124, P < 0.001 for CAl, F(3:76) =
89.82, P<0.001 for CA2+3; and F(3.06) = 328.58,
P <0.001 for DG). In all three hippocampal subre-
gions, the greatest overall increase in the number of
principal neurons was observed between PD1 and
PD10 (P £0.001). However, a slower but significant
increase in neuron counts was found in all three hip-
pocampal subregions also in PD10-PD30 and PD30—
PD60 time windows (Fig. 5; Table 2).

The main treatment effect yielded by two-way
ANOVA (treatment X age) was significant for CAl
region (F(2.76) = 3.45, P = 0.037), marginally signifi-
cant for CA2+3 region (F.76) = 2.706, P = 0.073)
and insignificant for DG region with age X group
interaction significant for CA2+3 region only
(F(6:76) = 267, P= 0021)

One-way ANOVA with treatment as independent
variable performed for each postnatal age independ-
ently for CAl region yielded a significant group
effect on PD1 (F(5.14) = 3.837, P = 0.047). On PD10,
the main group effect approached (F (.20, = 2.964,
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Figure 5 Comparison of mean total neuron numbers
(=SEM) within hippocampal CA1, CA2 + CA3, and DG
regions in fetal alcohol (A) and control (IC and C) rat pups
at different postnatal ages: PD1, PD10, PD30, and PD60,
respectively. Error bars denote SEM. Asterisks indicate sig-
nificant difference between the two consecutive age groups
(PD1 vs. PD10, PD10 vs. PD30, and PD30 vs. PD60):
*P <0.05, #*P <0.01, ***P <0.001, respectively.

P =0.075) but did not reached the accepted signifi-
cance level of P <0.05. Post hoc analyses revealed a
significantly higher number of neurons in Group IC
compared with Group C on both PD1 and PDI10
(P =0.020 and P = 0.035, respectively). In addition,
on PD1, the total number of neurons in Group IC was
significantly higher than that in Group A (P = 0.046).
On PDI10, the number of neurons in Group IC was
also higher compared with Group A, but this differ-
ence did not reach the required level of significance
remaining at P = 0.064.

A subsequent analysis for CA2+3 region using
one-way ANOVA revealed a significant main effect
of treatment on PD1 (F(2.16) = 7.925, P = 0.004) with
significantly higher number of neurons in both,
Groups A and IC compared with Group C (P = 0.009
and P =0.002, respectively). On PD10, a higher
number of neurons was recorded in Group IC com-
pared with both Groups A and C, however, the main
group effect approached but did not reach the signifi-
cance (F(2.20) = 2.798, P = 0.085) (Fig. 5).

In DG region, on PD30, fetal-alcohol rats showed
a trend toward having fewer granular cells compared
with IC and C controls but these differences failed to
reach significance (P = 0.078, and P = 0.114, respec-
tively). The difference between Groups IC and C was
insignificant.

Estimates of DCX-IR. Figure 6 shows representative
images of immunostaining against DCX in CAl,
CA3, SGZ, and SVZ regions, at four postnatal ages
(PD1, PD10, PD30, and PD60), for the control group,
while Figure 7 presents the numbers of DCX-IR neu-
rons, for each region, postnatal age, and treatment
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Figure 6 Representative photomicrographs showing
DCX-immunoreactivity in CAl, CA3, SGZ, and SVZ
regions for all experimental ages in the control group. Mag-
nification, X40; Arrows shows the DCX-positive cells;
green: DCX; blue: DAPI (the nuclear stain).

group, separately. Two-way ANOVA with age and
treatment as independent factors carried out on these
data revealed highly significant effect of age in all
four regions (F(z.70)=77.79, P<0.001 in CAI
F(3:71) = 8284, P S 0.001 in CA3, F(3:70) = 2688,
P <0.001 in SGZ, and F(3.65) = 55.40, P <0.001 in
SVZ). The main effect of treatment and age X treat-
ment interaction were significant in CA1 region only
(F(2;70) = 3669, P =0.031 and F(6;70) = 2468,
P =0.032, respectively) with an overall number of
DCX-IR neurons lower in the intubated control com-
pared with Groups A and C.

210
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wPDIO .

175 1 uPD30

11 PD60

140
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70 4

354

The Number of DCX-IR Cells

A IC PC
SVZ

Figure 7 Comparison of the numbers DCX-IR neurons
in alcohol (A) and control (IC and C) groups at different
postnatal ages for CA1, CA3, SGZ, and SVZ regions of the
left hippocampus. Error bars denote *=SEM. Asterisks
denote the level of significance: *P <0.05, **P <0.01,
#%EP < 0.001.
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In all hippocampal regions and all treatment
groups, the estimates of DCX-IR cell counts were the
highest on PD1, showing a decline during the follow-
ing postnatal period. This decline was stepwise in
SGZ and relatively rapid in the CA regions and SVZ
(Fig. 7). Regardless of treatment, in all regions,
except SGZ, the greatest decrease in DCX-IR cell
counts was recorded between PD1 and PD10, while
in SGZ, the greatest decrease was observed between
PD10 and PD30 (Fig. 7).

According to the results of one-way ANOVA with
treatment as independent variable, no significant
between-group differences were found in the num-
bers DCX-IR neurons at birth and PD10. On PD30,
the main treatment effect was yielded marginally sig-
nificant (F(2;21) = 3265, P= 0060, F(2;21) = 3364,
P= 0056, and F(2;21) = 3100, P= 0068, for CAS,
SGZ, and SVZ, respectively). The output of post hoc
tests suggested, in Group A, a trend toward having a
higher number of DCX-IR neurons compared with
both Groups IC and C in CA3 (P = 0.025, P = 0.069,
respectively) and in SVZ (P = 0.029, and P = 0.074,
respectively). In SGZ, a significant difference was
noted between Groups A and IC only (P =0.018);
however, there was no statistically significant differ-
ence between control groups.

DISCUSSIONS

To our knowledge, this is the first study examining
behavior, changes in the hippocampal neuron num-
bers, and the expression of DCX (a neurogenesis
marker) throughout the first two postnatal months in
the same laboratory strain of control and fetal-
alcohol rats. This study is complementing previous
similar studies on the effect of neonatally applied
ethanol on animal behavior and gross morphology of
hippocampus and related structures (Wozniak et al.,
2004).

Effects of Fetal-Alcohol on Behavior

In this study, both juvenile and young-adult fetal-
alcohol rats manifested significantly lower locomotor
activity and higher anxiety-like behavior. Although
locomotor hyperactivity linked to the deficits in
response inhibition has often been shown as a charac-
teristic feature of FAS in human (Abel, 1982; Dris-
coll et al., 1990; Westergren et al., 1996), in the
animal studies brought contradictory results: increase
(Bond, 1981; Ulug and Riley, 1983; Meyer and
Riley, 1986; Vorhees and Fernandez, 1986) or no
change (Wigal and Amsel, 1990; Westergren et al.,
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1996; Randall and Hannigan, 1999; Carneiro et al.,
2005; Dursun et al., 2006). These discrepancies may
be due to differences in the experimental protocols
used, and especially the differences in the ethanol
dose (Bond, 1981) and timing of the exposure rela-
tively to the developmental stage (Kelly et al., 1987
Tran et al., 2000; Tran and Kelly, 2003; Smith et al.,
2012). On the other hand, increased anxiety was
shown to suppress exploratory behavior and thus
spontaneous locomotor activity in a novel environ-
ment (Osborn et al., 1998). This may explain lower
activity scores in the OF observed in Group A, in this
study. The increased anxiety levels in subjects
exposed to fetal-alcohol have been reported previ-
ously (Weinberg et al., 1996; Ogilvie and Rivier,
1997; Osborn et al., 1998; Dursun et al. 2006; Gabriel
et al., 2006) and linked to decreased sensitivity of
GABA, receptor’s to endogeneous anti-anxiety neu-
rostereoids such as allopregnanolone (Zimmerberg
et al.,, 1995) and/or increased activation of the
hypothalamic-pituitary-adrenal axis making animals
hyper-responsive to stressors (Austin et al., 2005;
Kapoor et al., 20006).

However, the effects on locomotor activity and
anxiety were not secular to the alcohol groups but
were observed also in the Group IC which points
toward the intubation-induced prenatal stress rather
than alcohol effects per se.

Consistently with previous literature (Gianoulakis,
1990; Nagahara and Handa, 1997; Girard et al., 2000;
Wozniak et al., 2004; Dursun et al., 2006), only juve-
nile fetal-alcohol rats demonstrated impaired learning
and memory retention suggesting amelioration of
learning deficits taking place with maturation in the
animals exposed in utero to ethanol.

Hippocampal Volumes and Neuron
Number Estimates

No significant between-group differences in the post-
natal increase of hippocampal volumes were noted.
The fastest volume increase in the CA2+3 and the
slowest in the DG region could contribute to the
relatively lower cell density in CA2+3 area and rela-
tively high cell density in the DG area.

On PD1, no significant difference was found in the
neuron counts between the three hippocampal subre-
gions in fetal alcohol and control rats. Consistently
with the literature data (Dobbing and Sands 1979;
Goodlett et al., 1990; Bonthius and West, 1991), the
greatest overall increase in the neuron numbers was
observed during so-called brain growth spurt period
(PD1-PD10). This increase was much faster (three-
fold) in DG as compared to CA subregions
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(approximately by 50%) resulting in a significant dif-
ference in the neuron counts between DG and CA
regions already at PD10. However, during the follow-
ing period, PD10-PD60, slower but still significant
increase in the total neuron counts was recorded not
only in DG known for its well-documented life-long
neurogenesis (Bayer et al., 1982; Kaplan and Bell,
1983; Veena et al., 2011) but also in the Ammon’s
horn. The latter finding is at odds with some previous
reports according to which neurogenesis in CA
region is completed by the end of the first postnatal
week (Bayer et al., 1993; Bandeira et al., 2009).
There are, however, very few studies examining
changes in the numbers of hippocampal neurons
throughout an extended postnatal period and the dis-
crepancies in the obtained results may arise from the
differences in the cell quantification methods such as
optical fractionator versus isotropic fractionators. Iso-
tropic fractionator technique estimates neuron num-
bers by counting nuclear antigen (NeuN) marked
isolated nuclei in homogenous suspension (Bandeira
et al., 2009), which may produce underestimated
results due to previously reported developmental
delay in acquisition of NeuN by neurons (Lyck et al.,
2007). On the other hand, however, another recently
published study (Mortera and Herculano-Houzel,
2012) wusing the isotropic fractionator method,
reported a continuous increase in neuron numbers in
varies brain regions including hippocampus, through-
out the period from birth to adolescence. In addition,
results similar to ours were also reported by some
other authors who used the optical fractionator tech-
nique for the quantification of total cell numbers
(Gokcimen et al., 2007; Smith et al., 2008).

Counts of DCX Expressing Neurons

As expected, in all groups and brain regions, the
highest numbers of DCX-expressing neurons were
found at PD1 with the highest overall count of DCX-
IR neurons in SVZ and no differences between the
hippocampal subregions. During the postnatal devel-
opment, a decline in the number of DCX-IR neurons
was sharp in CA areas and step-wise in subgranular
and subventricular proliferative zones. However, at
more advanced postnatal ages (PD30 and PD60),
DCX-IR was still detected not only in SGZ and SVZ
but also in CA regions. This finding is in line with an
increase in the estimates of neuron counts observed
in CA regions between PD10-PD60. These data sug-
gest a possibility of limited neurogenesis still taking
place during a protracted postnatal period in the brain
areas beyond DG and SVZ (Rietze et al., 2000; Inta
et al., 2008).
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Effects of Intubation-Induced Prenatal
Stress and Fetal Alcohol on Hippocampal
Neuron Counts and DCX Expression

Interestingly, pups born from intubated dams mani-
fested a trend toward higher neuron numbers during
the neonatal period, which in turn indicates towards
an increased neurogenesis during the late gestation
period in these groups. In contrast to this, a substan-
tial body of evidence indicates that alcohol and stress
inhibits rather than stimulates neurogenesis, and thus,
adversely affects neuron counts in the hippocampus
(Lemaire et al., 2000; Mirescu and Gould, 2006;
Redila et al., 2006; Gil-Mohapel et al., 2010; Sliwow-
ska et al., 2010). However, most of the experimental
data on the effects of prenatal stress on hippocampal
neuron counts were collected from adult animals. On
the other hand, there is an evidence that the effects of
prenatal stress on neurogenesis in hippocampus are
age- (Koehl et al., 2009), gender- (Schmitz et al.,
2002), and strain-dependent (Darnaudéry and Mac-
cari, 2008; Lucassen et al., 2009). Interestingly, it
was also reported that moderate ethanol intake, may
increase rather than decrease neurogenesis (Miller,
1995; Aberg et al., 2005) and that the prenatal etha-
nol exposure may ameliorate the stress effects on hip-
pocampal neurogenesis (Sliwowska et al., 2010). All
these findings suggest that both developmental and
adult neurogeneses are highly regulated processes.

The expected adverse effect of fetal ethanol per se
on the postnatal estimates of hippocampal neuron
numbers was very mild and confined to a marginal
(P <0.078) reduction in DG granular neurons at
PD30 which correlated with spatial learning and
memory deficits in juvenile fetal-alcohol rats. How-
ever, it is known that the severity of ethanol-induced
hippocampal damage depends on several factors
including developmental time point when alcohol
was administered. Some previous reports demon-
strated a reduction in neuron numbers only in rats
treated with alcohol during the third trimester-
equivalent but not prenatally (Maier and West, 2001;
Livy et al., 2003; Tran and Kelly, 2003; Gonzales-
Burgos et al., 2006).

According to our data, during the neonatal period
(PD1-PD10), neither dentate nor SVZ neurogenesis
as assessed by the numbers DCX-IR neurons was sig-
nificantly affected by the fetal-ethanol exposure and/
or prenatal stress. However, in fetal-alcohol pups as
compared to intact control, there was a trend toward
a lower count of DCX-IR neurons in SGZ at PD10,
and a general tendency towards higher number of
DCX-IR at PD30 which correlated with relatively
lower count of granular cells recorded in Group A at
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PD30 and an increase in the granular cells count in
this group at PD60. The latter finding is consistent
with the studies reporting a significant increase in the
number of immature neurons in the DG in fetal-
alcohol juvenile but not adult rats (Singh et al., 2009;
Gil-Mohapel et al., 2010; Chang et al., 2012). These
changes in the numbers of migratory neurons in DG
suggest a delayed adverse impact of fetal-alcohol on
the dentate neurogenesis and then escape from fetal
ethanol-induced inhibition representing an intrinsic
compensatory process occurring along with func-
tional recovery from cognitive deficits.

Taken together, our results suggest an extended
postnatal neurogenesis in both DG and CA hippo-
campal subregions with the time course of postnatal
increase in neuron counts being region specific. The
mild overall effect of fetal-ethanol exposure on hip-
pocampal neurogenesis, total neuron counts and
regional volumes proves lower vulnerability of the
brain to detrimental ethanol effects during the sec-
ond trimester equivalent relatively to the neonatal
brain growth spurt period (Olney et al., 2002; Woz-
niak et al., 2004). In this study, in pups prenatally
exposed to ethanol, a marginally significant reduc-
tion in neuron number was found on PD30 in DG
only, which correlated with but could hardly be
shown as the only reason of poorer cognitive per-
formance observed in juvenile pups. Additional
studies are needed to better understand which mor-
phological and/or functional anomalies in postnatal
development of hippocampus but also the other
structures of the extended hippocampal circuit are
responsible for the behavioral deficits observed in
juvenile subjects prenatally exposed to alcohol
abuse and which processes are responsible for their
amelioration.

The authors thank Dr. Emin Ozta§ for his help and sug-
gestions regarding histological protocols applied in this
study.

REFERENCES

Abel EL. 1982. In utero alcohol exposure and developmen-
tal delay of response inhibition. Alcohol Clin Exp Res 6:
369-376.

Abel EL, Hannigan JH. 1995. Maternal risk factors in fetal
alcohol syndrome: Provocative and permissive influen-
ces. Neurotoxicol Teratol 17:445-462.

Aberg E, Hofstetter CP, Olson L, Brené S. 2005. Moderate
ethanol consumption increases hippocampal cell prolifer-
ation and neurogenesis in the adult mouse. Int J Neuro-
psychopharmacol 8:557-567.

Developmental Neurobiology

Austin MP, Leader LR, Reilly N. 2005. Prenatal stress, the
hypothalamic-pituitary-adrenal axis, and fetal and infant
neurobehaviour. Early Hum Dev. 8§1:917-926.

Bandeira F, Lent R, Herculano-Houzel S. 2009. Changing
numbers of neuronal and non-neuronal cells underlie
postnatal brain growth in the rat. Proc Natl Acad Sci
USA 106:14108-14113.

Bayer SA, Yackel JW, Puri PS. 1982. Neurons in the rat
dentate gyrus granular layer substantially increase during
juvenile and adult life. Science 216:890-892.

Bayer SA, Altman J, Russo RJ, Zhang X. 1993. Timetables
of neurogenesisin the human brain based on experimen-
tally determined patterns in the rat. Neurotoxicol 14:83—
144.

Blackstad TW. 1956. Commissural connections of the
hippocampal region in the rat, with special reference
to their mode of termination. J Comp Neurol 105:417—
538.

Boldrini M, Hen R, Underwood MD, Rosoklija GB, Dwork
AJ, Mann JJ, Arango V. 2012. Hippocampal angiogenesis
and progenitor cell proliferation are increased with anti-
depressant use in major depression. Biol Psychiatry 72:
562-571.

Bond NW. 1981. Prenatal alcohol exposure in rodents: A
review of its effects on offspring activity and learning
ability. Aust J Psych 33:331-344.

Bonthius DJ, West JR. 1990. Alcohol-induced neuronal
loss in developing rats: Increased brain damage with
binge exposure. Alcohol Clin Exp Res 14:107-118.

Bonthius DJ, West JR. 1991. Permanent neuronal deficits
in rats exposed to alcohol during the brain growth spurt.
Teratology 44:147-163.

Bonthius DJ, McKim R, Koele L, Harb H, Karacay B,
Mahoney J, Pantazis NJ. 2004. Use of frozen sections to
determine neuronal number in the murine hippocampus
and neocortex using the optical disector and optical frac-
tionator. Brain Res Brain Res Protoc 14:45-57.

Brown JP, Couillard-Després S, Cooper-Kuhn CM,
Winkler J, Aigner L, Kuhn HG. 2003. Transient expres-
sion of doublecortin during adult neurogenesis. J Comp
Neurol 467:1-10.

Carneiro LM, Didgenes JP, Vasconcelos SM, Aragao GF,
Noronha EC, Gomes PB, Viana GS. 2005. Behavioral
and neurochemical effects on rat offspring after
prenatal exposure to ethanol. Neurotoxicol Teratol 27:
585-592.

Chang GQ, Karatayev O, Liang SC, Barson JR, Leibowitz
SF. 2012. Prenatal ethanol exposure stimulates neurogen-
esis in hypothalamic and limbic peptide systems: Possible
mechanism for offspring ethanol overconsumption. Neu-
roscience 222:417-428.

Darnaudéry M, Maccari S. 2008. Epigenetic programming
of the stress response in male and female rats by prenatal
restraint stress. Brain Res Rev 57:571-585.

Denenberg VH. 1969. Open-field behavior in the rat: What
does it mean? Ann N 'Y Acad Sci 159:852-859.

Dobbing J, Sands J. 1979. Comparative aspects of the brain
growth spurt. Early Hum Dev 3:79-83.

85UB017 SUOLUWIOD SAERIO 3|ced 1 dde ) Ag PaULBAOD 312 A1 YO 8N J0'S3INI 10} AXRIGIT BUNIUO /B]IA UO (SUO1IPLIOD-PUE-SULBYLIOY" A3 | 1M AJe.q1 U UO//STNY) SUOIIPUOD PUE SWLS | 84} 39S *[5202/TT/60] U0 ARiqiTauliuo A|IM ‘AISBAIIN JRA WY |-Wzag Ad £TZZ TeUP/Z00T OT/10p/L00 A3 | 1M ARRIq1UIIUO//SAIY W01} POPROIUMOQ ' ‘YTOZ ‘XOr8ZE6T



Driscoll CD, Streissguth AP, Riley EP. 1990. Prenatal alco-
hol exposure: Comparability of effects in humans and
animal models. Neurotoxicol Teratol 12:231-237.

Dursun I, Jakubowska-Dogru E, Uzbay T. 2006. Effects of
prenatal exposure to alcohol on activity, anxiety, motor
coordination, and memory in young adult Wistar rats.
Pharmacol Biochem Behav 85:345-355.

Dursun I, Jakubowska-Dogru E, van der List D, Liets LC,
Coombs JL, Berman RF. 2011. Effects of early postnatal
exposure to ethanol on retinal ganglion cell morphology
and numbers of neurons in the dorsolateral geniculate in
mice. Alcohol Clin Exp Res 35:2063-2074.

Dursun I, Jakubowska-Dogru E, Elibol-Can B, van der List
D, Chapman B, Qi L, Berman RF. 2013. Effects of early
postnatal alcohol exposure on the developing retinogeni-
culate projections in C57BL/6 mice. Alcohol 47:173—
179.

Fitting S, Booze RM, Hasselrot U, Mactutus CF. 2010.
Dose-dependent long-term effects of Tat in the rat hippo-
campal formation: A design-based stereological study.
Hippocampus 20:469—480.

Gabriel KI, Yu CL, Osborn JA, Weinberg J. 2006. Prenatal
ethanol exposure alters sensitivity to the effects of
corticotropin-releasing factor (CRF) on behavior in the
elevated plus-maze. Psychoneuroendocrinology 31:1046—
1056.

Gil-Mohapel J, Boehme F, Kainer L, Christie BR. 2010.
Hippocampal cell loss and neurogenesis after fetal alco-
hol exposure: Insights from different rodent models.
Brain Res Rev 64:283-303.

Gianoulakis C. 1990. Rats exposed prenatally to alcohol
exhibit impairment in spatial navigation test. Behav Brain
Res 36:217-228.

Girard TA, Xing HC, Ward GR, Wainwright PE. 2000.
Early postnatal ethanol exposure has long-term effects on
the performance of male rats in a delayed matching-to-
place task in the Morris water maze. Alcohol Clin Exp
Res 24:300-306.

Gokcimen A, Ragbetli MC, Bas O, Tunc AT, Aslan H,
Yazici AC, Kaplan S. 2007. Effect of prenatal
exposure to an anti-inflammatory drug on neuron
number in cornu ammonis and dentate gyrus of the rat
hippocampus: A stereological study. Brain Res 1127:
185-192.

Gonzales-Burgos M, Alejandre-Gémez ME, Olvera-Cortés
MI, Pérez-Vega S, Evans S, Feria-Velasco A. 2006. Pre-
natal-through-postnatal exposure to moderate levels of
ethanol leads to damage on the hippocampal CAl field of
juvenile rats: A stereology and golgi study. Neurosci Res
56:400-408.

Goodlett CR, Marcussen BL, West JR. 1990. A single day
of alcohol exposure during the brain growth spurt induces
brain weight restriction and cerebellar Purkinje cell loss.
Alcohol 7:107-114.

Goodlett CR, Pearlman AD, Lundahl KR. 1997. Binge-like
alcohol exposure of neonatal rats via intragastric intuba-
tion induces both Purkinje cell loss and cortical astroglio-
sis. Alcohol Clin Exp Res 21:1010-1017.

Fetal Ethanol, Behavior, Hippocampal Morphology 511

Gundersen HJ, Jensen EB. 1987. The efficiency of system-
atic sampling in stereology and its prediction. J Microsc
147:229-263.

Gundersen HJG, Jensen EBV, Kieu K, Nielsen J. 1999. The
efficiency of systematic sampling in stereology-reconsid-
ered. J Microsc 193:199-211.

Hall CS, Ballachey EL. 1932. A study of the rat’s behavior
in a field: A contribution to method in comparative psy-
chology. Univ Calif Publ Psychol 6:1-12.

Inta D, Alfonso J, von Engelhardt J, Kreuzberg MM,
Meyer AH, van Hooft JA, Monyer H. 2008. Neurogenesis
and widespread forebrain migration of distinct
GABAergic neurons from the postnatal subventricular
zone. Proc Natl Acad Sci USA 105:20994-20999.

Jones KL, Smith DW, Ulleland CN, Streissguth AP. 1973.
Pattern of malformation in offspring of chronic alcoholic
mothers. Lancet 1:1267-1271.

Kaplan MS, Bell DH. 1983. Neuronal proliferation in the
9-month-old rodent-radioautographic study of granule
cells in the hippocampus. Exp Brain Res 52:1-5.

Kapoor A, Dunn E, Kostaki A, Andrews MH, Matthews
SG. 2006, Fetal programming of hypothalamo-pituitary-
adrenal function: Prenatal stress and glucocorticoids. J
Physiol 1;572:31-44.

Kayir H, Uzbay iT. 2006. Nicotine antagonizes caffeine-
but not pentylenetetrazole-induced anxiogenic effect in
mice. Psychopharmacology 184: 464-469.

Kelly SJ, Pierce DR, West JR. 1987. Microencephaly and
hyperactivity in adult rats can be induced by neonatal
exposure to high blood alcohol concentrations. Exp Neu-
rol 96:580-593.

Kesaniemi YA, Sippel HW. 1975. Placental and foetal
metabolism of acetaldehyde in rat: I. Contents of ethanol
and acetaldehyde in placenta and foetus of the pregnant
rat during ethanol oxidation. Acta Pharm Toxicol 37:
43-48.

Kilic E, Elali A, Kilic L, Guo Z, Ugur M, Uslu U, Bassetti
CL, et al. 2010. Role of Nogo-A in neuronal survival in
the reperfused ischemic brain. J Cereb Blood Flow Metab
30:969-984.

Koehl M, Lemaire V, Le Moal M, Abrous DN. 2009.
Age-dependent effect of prenatal stress on hippocampal
cell proliferation in female rats. Eur J Neurosci 29:635—
640.

Lemaire V, Koehl M, Le Moal M, Abrous DN. 2000. Pre-
natal stress produces learning deficits associated with an
inhibition of neurogenesis in the hippocampus. Proc Natl
Acad Sci USA 97:11032-11037.

Lister RG. 1987. The use of a plus-maze to measure anxiety
inthe mouse. Psychopharmacology 92:180-185.

Livy DJ, Miller EK, Maier SE, West JR. 2003. Fetal alco-
hol exposure and temporal vulnerability: Effects of
binge-like alcohol exposure on the developing rat hippo-
campus. Neurotoxicol Teratol 25:447-458.

Lucassen PJ, Bosch OJ, Jousma E, Kromer SA, Andrew R,
Seckl JR, Neumann ID. 2009. Prenatal stress reduces
postnatal neurogenesis in rats selectively bred for high,
but not low, anxiety: Possible key role of placental

Developmental Neurobiology

85UB017 SUOLUWIOD SAERIO 3|ced 1 dde ) Ag PaULBAOD 312 A1 YO 8N J0'S3INI 10} AXRIGIT BUNIUO /B]IA UO (SUO1IPLIOD-PUE-SULBYLIOY" A3 | 1M AJe.q1 U UO//STNY) SUOIIPUOD PUE SWLS | 84} 39S *[5202/TT/60] U0 ARiqiTauliuo A|IM ‘AISBAIIN JRA WY |-Wzag Ad £TZZ TeUP/Z00T OT/10p/L00 A3 | 1M ARRIq1UIIUO//SAIY W01} POPROIUMOQ ' ‘YTOZ ‘XOr8ZE6T



512 Elibol-Can et al.

11beta-hydroxysteroid dehydrogenase type 2. Eur J Neu-
rosci 29:97-103.

Lyck L, Kreigard T, Finsen B. 2007. Unbiased cell quanti-
fication reveals a continued increase in the number of
neocortical neurons during early post-natal development
in mice. Eur J Neurosci 26:1749-1764.

Maier SE, West JR. 2001. Regional differences in cell loss
associated with binge-like alcohol exposure during the
first two trimesters equivalent in the rat. Alcohol 23:
49-57.

Marino MD, Cronise K, Lugo JN, Kelly SJ. 2002. Ultra-
sonic vocalizations and maternal— infant interactions in a
rat model of fetal alcohol syndrome. Dev Psychobiol 41:
341-351.

Meyer LS, Riley EP. 1986. Behavioral teratology of
alcohol. In: Riley EP, Vorhees CV, editors. Handbook of
Behavioral Teratology. New York: Plenum, pp 101-140.

Mihalick SM, Crandall JE, Langlois JC, Krienke JD, Dube
WM. 2001. Prenatal ethanol exposure generalized learn-
ing impairment and medial prefrontal cortical deficits in
rats. Neurotoxicol Teratol 23:453-462.

Miki T, Harris SJ, Wilce PA, Takeuchi Y, Bedi KS. 2003.
Effects of alcohol exposure during early life on neuron
numbers in the rat hippocampus. 1. Hilus neurons and
granule cells. Hippocampus 13:388-398.

Miller MW. 1995. Generation of neurons in the rat dentate
gyrus and hippocampus: Effects of prenatal and postnatal
treatment with ethanol. Alcohol Clin Exp Res 19:1500—
1509.

Mirescu C, Gould E. 2006. Stress and adult neurogenesis.
Hippocampus 16:233-238.

Morris R. 1984. Developments of a water-maze procedure
for studying spatial learning in the rat. J Neurosci Meth-
ods 11:47-60.

Mortera P, Herculano-Houzel S. 2012. Age-related neuro-
nal loss in the rat brain starts at the end of adolescence.
Front Neuroanat 6:45.

Nagahara AH, Handa RJ. 1997. Fetal alcohol exposure pro-
duces delay-dependent memory deficits in juvenile and
adult rats. Alcohol Clin Exp Res 21:710-715.

Ogilvie KM, Rivier C. 1997. Prenatal alcohol exposure
results in hyperactivity of the hypothalamic-pituitary-
adrenal axis of the offspring: Modulation by fostering at
birth and postnatal handling. Alcohol Clin Exp Res 21:
424-429.

Olney JW, Wozniak DF, Jevtovic-Todorovic V, Farber NB,
Bittigau P, Ikonomidou C. 2002. Glutamate and GABA
receptor dysfunction in the fetal alcohol syndrome. Neu-
rotox Res 4:315-325.

Osborn JA, Kim CK, Steiger J, Weinberg J. 1998. Prenatal
ethanol exposure differentially alters behavior in males
and females on the elevated plus maze. Alcohol Clin Exp
Res 22:685-696.

Paxinos G, Watson C. 2007. The rat brain in stereotaxic
coordinates. USA: Academic Press, Figures 45-90.

Paxinos G, Halliday G, Watson C, Yuri K, HongQin W.
2007. Atlas of the developing mouse brain. USA: Aca-
demic Press, Figures 63-78.

Developmental Neurobiology

Pellow S, Chopin P, File SE, Briley M. 1985. Validation of
open:closed arm entries in an elevated plus-maze as a
measure of anxiety in the rat. J Neurosci Methods 14:
149-167.

Prut L, Belzung C. 2003. The open field as a paradigm to
measure the effects of drugs on anxiety-like behaviors: A
review. Eur J Pharmacol 463:3-33.

Randall S, Hannigan JH. 1999. In utero alcohol and post-
natal methylphenidate: Locomotion and dopamine recep-
tors. Neurotoxicol Teratol 21:587-593.

Redila VA, Olson AK, Swann SE, Mohades G, Webber AJ,
Weinberg J, Christie BR. 2006. Hippocampal cell prolif-
eration is reduced following prenatal ethanol exposure
but can be rescued with voluntary exercise. Hippocampus
16:305-311.

Rietze R, Poulin P, Weiss S. 2000. Mitotically active cells
that generate neurons and astrocytes are present in multi-
ple regions of the adult mouse hippocampus. J Comp
Neurol 424:397—408.

Sag C, Yokusoglu M, Cincik M, Ozkan M, Kayir H, Uzun
M, Baykal B, et al. 2006. The prevention of myocardial
ultrastructural changes by perindopril, atenonol, and
amlodipine in chronic alcohol administered rats. Pharma-
col Res 53:142-148.

Schmitz C, Rhodes ME, Bludau M, Kaplan S, Ong P,
Ueffing I, Vehoff J, et al. 2002. Depression: Reduced
number of granule cells in the hippocampus of female,
but not male, rats due to prenatal restraint stress. Mol
Psychiatry 7:810-813.

Singh AK, Gupta S, Jiang Y, Younus M, Ramzan M.
2009. In vitro neurogenesis from neural progenitor cells
isolated from the hippocampus region of the brain of
adult rats exposed to ethanol during early development
through their alcohol-drinking mothers. Alcohol 44:
185-198.

Sliwowska JH, Barker JM, Barha CK, Lan N, Weinberg J,
Galea LA. 2010. Stress-induced suppression of hippo-
campal neurogenesis in adult male rats is altered by pre-
natal ethanol exposure. Stress 13:301-313.

Smith AM, Pappalardo D, Chen WIJ. 2008. Estimation of
neuronal numbers in rat hippocampus following neonatal
amphetamine exposure: A stereology study. Neurotoxicol
Teratol 30:495-502.

Smith AM, Wellmann KA, Lundblad TM, Carter ML,
Barron S, Dwoskin LP. 2012. Lobeline attenuates neona-
tal ethanol-mediated changes in hyperactivity and dopa-
mine transporter function in the prefrontal cortex in rats.
Neuroscience 206:245-254.

Thomas JD, Warren KR, Hewitt BG, 2010. Fetal alcohol
spectrum disorders: From research to policy. Alcohol Res
Health 33:118-126.

Tran DT, Kelly SJ. 2003. Critical periods for ethanol-
induced cell loss in the hippocampal formation. Neuro-
toxicol Teratol 25:519-528.

Tran TD, Cronise K, Marino MD, Jenkins WJ, Kelly SJ.
2000. Critical periods for the effects of alcohol exposure
on brain weight, body weight, activity and investigation.
Behav Brain Res 116:99-110.

85UB017 SUOLUWIOD SAERIO 3|ced 1 dde ) Ag PaULBAOD 312 A1 YO 8N J0'S3INI 10} AXRIGIT BUNIUO /B]IA UO (SUO1IPLIOD-PUE-SULBYLIOY" A3 | 1M AJe.q1 U UO//STNY) SUOIIPUOD PUE SWLS | 84} 39S *[5202/TT/60] U0 ARiqiTauliuo A|IM ‘AISBAIIN JRA WY |-Wzag Ad £TZZ TeUP/Z00T OT/10p/L00 A3 | 1M ARRIq1UIIUO//SAIY W01} POPROIUMOQ ' ‘YTOZ ‘XOr8ZE6T



Ulug S, Riley EP. 1983. The effect of methylphenidate on
overactivity in rats prenatally exposed to alcohol. Neuro-
behav Toxicol Teratol 5:35-39.

Uzbay IT, Celik T, Aydin A, Kayir H, Tokgoz S, Bilgi C.
2004. Effects of chronic ethanol administration and etha-
nol withdrawal on cyclic guanosine 3’,5'-monophosphate
(cGMP) levels in the rat brain. Drug Alcohol Depend 74:
55-59.

Vazquez-Roque RA, Ramos B, Tecuatl C, Juarez I, Adame
A, de la Cruz F, Zamudio S, et al. 2012. Chronic adminis-
tration of the neurotrophic agent cerebrolysin ameliorates
the behavioral and morphological changes mduced by
neonatal ventral hippocampus lesion in a rat model of
schizophrenia. J Neurosci Res 90:288-306.

Veena J, Rao BS, Srikumar BN. 2011. Regulation of
adult neurogenesis in the hippocampus by stress,
acetylcholine and dopamine. J Nat Sci Biol Med 2:
26-37.

Vorhees CV, Fernandez K. 1986. Effects of short-term pre-
natal alcohol exposure on maze, activity, and olfactory
orientation performance in rats. Neurobehav Toxicol Ter-
atol 8:23-28.

Warren KR, Hewitt BG, Thomas JD, 2011. Fetal alcohol
spectrum disorders: Research challenges and opportuni-
ties. Alcohol Res Health 34:4—14.

Weinberg J, Taylor AN, Gianoulakis C. 1996. Fetal ethanol
exposure: Hypothalamic-pituitary-adrenal and beta-
endorphin responses to repeated stress. Alcohol Clin Exp
Res 20:122-131.

Fetal Ethanol, Behavior, Hippocampal Morphology 513

West MJ, Slomankia L, Gundersen HJ. 1991. Unbiased
stereological estimation of the total number of neurons in
the subdivisions of the rat hippocampus using the optical
fractionator. Anat Rec 231:482-497.

Westergren S, Rydenhag B, Bassen M, Archer T, Conradi
NG. 1996. Effects of prenatal alcohol exposure on activ-
ity and learning in Sprague-Dawley rats. Pharmacol Bio-
chem Behav 55:515-520.

Wigal T, Amsel A. 1990. Behavioral and neuroanatomical
effects of prenatal, postnatal, or combined exposure to
ethanol in weanling rats. Behav Neurosci 104:116-126.

Wozniak DF, Hartman RE, Boyle MP, Vogt SK, Brooks
AR, Tenkova T, Young C, et al. 2004. Apoptotic neuro-
degeneration induced by ethanol in neonatal mice is asso-
ciated with profound learning/memory deficits in
juveniles followed by progressive functional recovery in
adults. Neurobiol Dis 17:403-414.

Yamamura T, Barker JM, Balthazart J, Ball GF. 2011.
Androgens and estrogens synergistically regulate the
expression of doublecortin and enhance neuronal recruit-
ment in the song system of adult female canaries. J Neu-
rosci 31:9649-9657.

Zimmerberg B; Sukel HL; Stekler JD. 1991. Spatial learn-
ing of adult rats with fetal alcohol exposure: Deficits are
sex-dependent. Behav Brain Res 42:49-56.

Zimmerberg B, Drucker PC, Weider JM. 1995. Differential
behavioral effects of the neuroactive steroid allopregna-
nolone on neonatal rats prenatally exposed to alcohol.
Pharmacol Biochem Behav 51:463—-468.

Developmental Neurobiology

85UB017 SUOLUWIOD SAERIO 3|ced 1 dde ) Ag PaULBAOD 312 A1 YO 8N J0'S3INI 10} AXRIGIT BUNIUO /B]IA UO (SUO1IPLIOD-PUE-SULBYLIOY" A3 | 1M AJe.q1 U UO//STNY) SUOIIPUOD PUE SWLS | 84} 39S *[5202/TT/60] U0 ARiqiTauliuo A|IM ‘AISBAIIN JRA WY |-Wzag Ad £TZZ TeUP/Z00T OT/10p/L00 A3 | 1M ARRIq1UIIUO//SAIY W01} POPROIUMOQ ' ‘YTOZ ‘XOr8ZE6T



