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Abstract

Perinatal ethanol exposure (PEE) impacts the developing fetus, the central nervous system 
being particularly affected. These alterations can have clinical implications encompassed in 
Fetal Alcohol Spectrum Disorders (FASD), which include physical, mental, and behavioral 
deficits, with possible lifelong consequences.

The hippocampus is implicated in cognitive functions which are altered in adults with FASD.

The dentate gyrus (DG) of the hippocampus conserves the capacity to produce new neurons in 
adulthood. In this context, our study aimed to describe the effect of PEE on adult hippocampal 
neurogenesis using a murine model. Female CD1 mice were exposed to ethanol 6% v/v for 20 
days prior to mating and along pregnancy and lactation. After weaning, pups had no further 
contact with ethanol. Characteristic cell types of the adult male DG were studied by 
immunofluorescence. 

A lower percentage of type 1 and 4 cells and a higher percentage of type 2 cells were observed 
in PEE animals. This decrease in type 1 cells suggests that PEE reduces the population of 
remnant progenitors of the DG present in adulthood. The increase in type 2 cells and decrease 
in type 4 cells may indicate that the presence of ethanol during neurodevelopment alters the 
capacity of neuroblasts to become neurons in the adult neurogenic niche. These results suggest 
that pathways implicated in cell determination were affected by PEE and remained affect in 
adulthood. Since neurogenesis is associated to cognitive processes altered in FASD, these 
results may contribute to explaining one of the mechanisms involved in alcohol teratogenesis.   
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1. Introduction
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Alcohol consumption during pregnancy can cause a spectrum of deleterious effects on 
offspring known as Fetal Alcohol Spectrum Disorders (FASD). These effects can be physical, 
mental or behavioral, with possible lifelong implications (Riley & McGee, 2005). The severity 
of such outcomes is linked to the amount and time window of alcohol consumption, among 
other factors (Maier & West, 2001).

During pregnancy, alcohol consumed by the mother can cross the placenta and reach the fetus, 
thus impacting fetal development. The central nervous system is one of the main targets of 
ethanol toxicity, undergoing morphological alterations that have been associated with 
neurobehavioral and cognitive deficits reported in individuals with FASD (Mattson et al., 
2019). 

Several neurobehavioral impairments registered in children with FASD –such as anxiety 
disorders and spatial learning and memory deficits– are connected to hippocampal function 
(Mattson et al., 2019). Moreover, FASD patients have shown a reduction in overall brain size 
and hippocampal volume (Autti-Rämö, 2002; Donald et al., 2016), an area especially affected 
by ethanol toxicity. These behavioral and neurologic alterations can persist into adulthood 
(Glass et al., 2014), although further research is needed to understand the lifelong effects of 
prenatal alcohol exposure.

Similar results are observed in rodent models of FASD, which have shown impairments in 
spatial learning and memory (Berman & Hannigan, 2000; Schambra et al., 2017) and an 
increase in anxiety-like behavior (Madarnas et al., 2020; Rouzer et al., 2017). As in humans, 
the rodent hippocampus is particularly affected by prenatal ethanol exposure. Alterations in 
hippocampal morphology have been registered in young rats perinatally exposed to ethanol 
(Evrard et al., 2003; Ramos et al., 2002), and a reduction in hippocampal volume has been 
reported in mouse fetuses after a single day of prenatal ethanol exposure (Godin et al., 2010). 
In addition, changes in hippocampal structural and functional plasticity have been observed in 
adolescent and adult rats chronically exposed to ethanol during development (Gil-Mohapel et 
al., 2011; Patten et al., 2013). These alterations could result from cell loss in the developing 
hippocampus (Livy et al., 2003), although the effects of ethanol may depend on the period of 
exposure and dosage, among other variables (Petrelli et al., 2018). 

Neurons are particularly sensitive to ethanol exposure in periods of cell proliferation, migration 
and differentiation, cortical dysplasia being one of the most serious consequences (Aronne et 
al., 2011). Given that most of the neurobehavioral and neurologic impairments reported in 
children with FASD persist into adulthood and that newborn neurons are particularly sensitive 
to ethanol, perinatal ethanol exposure (PEE) may indeed affect neurogenesis in adulthood. 

Adult neurogenesis is driven by neuronal progenitor cells (NPCs) located in neurogenic niches 
of the brain. The two neuroprogenitor regions in the adult brain of rodents that contain NPCs 
are: the subventricular zone (SVZ) along the walls of the lateral ventricles and the subgranular 
zone (SGZ) in the dentate gyrus (DG) of the hippocampus (Gonçalves et al., 2016). 
Neurogenesis is thought to be key to hippocampal function (Zhao et al., 2008).

While some authors have found a reduction in the number of proliferative cells and 
neurogenesis in adult rats and mice prenatally exposed to ethanol (Gil-Mohapel et al., 2014; 
Olateju et al., 2017; Redila et al., 2006), other studies have shown unaltered hippocampal cell 
proliferation after prenatal alcohol exposure (Choi et al., 2005; Gil-Mohapel et al., 2011). 
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Although Gil-Mohapel et al. (Gil-Mohapel et al., 2011) and Reid et al. (Reid et al., 2020) have 
extensively reviewed the effects of pre and perinatal ethanol exposure on adult neurogenesis in 
murine models, evidence is still controversial, as results in cell proliferation and neurogenesis 
may vary according to the time and period of exposure, dosage, route of administration, blood 
concentrations and animal age at the time of evaluation, among others.

In this context, the present study aimed to describe the effect of PEE on adult hippocampal 
neurogenesis using a murine model of chronic ethanol exposure throughout neurodevelopment. 
Furthermore, a wide range of markers was used to characterize the cell types present in 
neurogenic niches in the DG. The results presented here may help establish whether ethanol 
exposure during brain development has long-lasting effects on hippocampal neurogenic niches, 
altering cell survival, proliferation, migration, differentiation and maturation.

2. Material and methods

2.1. Animals 
Twelve primiparous female CD1 mice (aged 45-50 days) and 6 adult male CD1 mice were 
randomly selected from different litters in the animal room at Instituto de Biología Celular y 
Neurociencia. Animals were housed in a temperature (21-22ºC) and photoperiod-controlled 
room (12 light/dark cycle; 8 am on, 8 pm off).
All procedures were in agreement with standards for the care of laboratory animals as outlined 
in the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH). 
All procedures were administered under the auspices of CICUAL (Institutional Committee for 
the Care and Use of Laboratory Animals, Facultad de Medicina, Universidad de Buenos Aires, 
RES (CD) 2375/2017).

2.2. Ethanol exposure
Female mice were divided into two groups, a control group (C, 6 females) and an ethanol-
exposed group (E, 6 females) and housed two per cage. Ethanol treatment was performed as 
previously described in detail (Madarnas et al., 2020).
Briefly, E females received a constant dilution of 6% v/v ethanol in water as the only beverage 
with standard food ad libitum as from 20 days previous to mating until pup weaning. C females 
and all male mice had free access to water and standard food. In both groups, a single male was 
put in a cage with two females for mating and pregnancy was determined by the detection of a 
vaginal plug (considered gestational day 0). Pregnant mice were separated for the rest of 
pregnancy and nursing. At postnatal day 1 (P1), all the litters were reduced to no more than 10 
pups, preferentially male. At P21, male offspring from both groups were weaned and housed 
3-6 per cage from the same litter and received water and standard food ad libitum, with no 
further contact with ethanol. Pups from E mothers were defined as the perinatally exposed to 
ethanol group (PEE) and the pups from C mothers the Control group. C mothers and Control 
female pups were returned to complete their life as part of the colony. PEE and Control pups 
were submitted to morphological studies in adulthood (90-100 postnatal days).

2.3. Tissue processing
Twelve adult male pups per experimental group were randomly selected, two from each litter. 
Animals were deeply anesthetized with ketamine and xylazine in doses of 100 mg/kg and 10 
mg/kg in physiological solution, respectively, and perfused through the left ventricle, initially 
with physiological solution added to 50 IU heparin, and subsequently with a fixative solution 
containing 4% (w/v) paraformaldehyde in 0.1M phosphate buffer (PB), pH 7.4. Brains were 
removed and postfixed in the same cold fixative solution for 4 hours and then washed overnight 
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Figure 1. DG measuring area. Photomicrographs of coronal sections at the level of dorsal hippocampus 
stained with Hoechst. An overall view of the DG and hippocampus showing the crest (C) of the DG 
and its supracrest (S) and infracrest blades (I). Image at low magnification showing the area studied 
with a dotted box (A). Image at high magnification showing the detail of the three DG layers (GZ, SGZ 
and Hilus) delimited by dotted lines (B). 

Double staining with different primary antibodies was performed to determine the proportion 
of cells at every stage of neurogenesis, relativizing to the total number of cells per unit of area. 
Ki67 immunofluorescence was used to assess proliferating cells. In order to study Ki67 
expression in the SGZ, the Z axis was explored by Z projection in which Ki67+ cells and total 
nuclei were counted. The proportion of Ki67+ cells was then calculated regarding total nuclei.

Cell types were identified following the classification criteria stipulated by Kempermann 
(Kempermann et al., 2004). The total number of cells was determined in the same area by 
quantification of Hoechst-positive nuclei.

                      Marker
 Cell Type GFAP Nestin DCX CR CB NeuN

1 + + - - - -
2a - + - - - -
2b - + + - - -
3 - - + - - -
4 - - + + - +
5 - - - - + +

Table 1. Markers used in the present work to identify each cell type involved in the neurogenic process. 

Photomicrographs of double immunostaining were used to measure colocalization of two 
markers using ImageJ and the JACoP plugin. Thresholds of positive mark were set for each 
marker and the Manders’ overlap coefficient was calculated (Bolte & Cordelières, 2006; 
Manders et al., 1996).

2.2.3 Data analysis
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Statistical analysis was performed using GraphPad Prism v5.00 (GraphPad Software Inc.). 
Immunostaining quantifications (n = 3-5/treatment) were made from two slices per brain of 
each treatment and brain structure. Means and standard error of the mean (SEM) were obtained 
for all variables measured, the assumptions of normality and homoscedasticity were tested, and 
a two-tail Student's t test was performed to compare the two groups.

3. Results

Early precursor populations 

In order to study the earliest stages of neurogenesis, Nestin and GFAP were used as specific 
markers to describe characteristic cell types –i.e., radial glial-like stem cells (type 1) and 
neuronal progenitors (type 2a)– in the adult Control and PEE hippocampal DG (Fig 2). 

Type 1 cells were identified through GFAP+/Nestin+ immunolabeling (Fig 2 C and G). The 
cell body expresses both markers and is located in the SGZ, while neurites project through the 
granular zone (GZ). Of note, discontinuous GFAP+/Nestin+ immunostaining was observed in 
these processes (Fig 2 D and H). Type 2a cells were identified through GFAP-/Nestin+ 
immunolabeling (Fig 2 A and E). These cells present an oval-shaped soma located in the SGZ 
and lining the GZ, with no neuritic processes. In addition, astrocytic cells were identified 
through GFAP+/Nestin- immunostaining (Fig 2 B and F) and exhibited star-shaped 
morphology.

A smaller proportion of GFAP+/Nestin+ cells (Fig 2 I: Control 0.0612 ± 0,004, PEE 0.0447 ± 
0.003; p<0.05) and a larger proportion of GFAP-/Nestin+ cells (Fig 2 J: Control 0.06443 ± 
0.007, PEE 0.1181 ± 0.015; p<0.05) were observed in the SGZ of PEE animals. These results 
indicate that PEE animals present a lower percentage of type 1 cells and a higher percentage of 
type 2a cells in this neurogenic niche than Control animals.

Figure 2. Cell types in early stages of neurogenesis in the adult mouse hippocampus. Radial glial-
like stem cells (type 1 cells, GFAP+/Nestin+, arrows), neuronal progenitors (type 2a cells, GFAP-
/Nestin+, arrowheads) and astrocytic cells (GFAP+/Nestin-, double arrows) in the SGZ of the DG of 
adult Control and PEE mice. Photomicrographs of coronal sections with Hoechst staining for cell nuclei 
(blue) and double immunofluorescence for Nestin (red) and GFAP (green). Sections at low 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4195487

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed






































