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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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in 5% (w/v) sucrose in PB at 4 °C. Afterwards, brains were cryoprotected by immersion in 30% 
(w/v) sucrose in PB overnight at 4 ºC and stored at -80ºC. Coronal 50-μm-thick brain sections 
were cut using a cryostat (Leitz, Kryostat 1720 Digital), placed in glycerol 50% in phosphate 
buffer saline (PBS) and stored at -20ºC until used. Brain sections corresponding to -1 to -2.30 
mm Bregma level for dorsal hippocampus (Franklin and Paxinos, 2008) were processed for the 
corresponding histological studies. 

2.4. Immunofluorescence

Two coronal 50-μm-thick brain sections containing dorsal hippocampus were selected from 
each of the 5-6 mice per group from different litters. Slices were washed three times in PBS 
and immersed in a solution of 3% (v/v) normal equine serum plus 0.5% (v/v) Triton X-100 in 
PBS for 3 hours at 4 ºC under agitation to permeabilize and block nonspecific sites. Sections 
were then incubated with the following primary antibodies diluted in a solution of 1.5% (v/v) 
normal equine serum and 0.25% (v/v) Triton X-100 in PBS: mouse anti-NeuN (mouse anti-
neuronal nuclei, monoclonal antibody, 1:750, Millipore, Cat# MAB377, RRID: AB_2298772), 
rabbit anti-GFAP (rabbit anti-gliofibrillary acidic protein, 1:3000, Sigma Aldrich, Cat# G9269, 
RRID: AB_477035), mouse anti-Nestin (monoclonal antibody, 1:1000, eBioscience, Cat# 14-
5843-82, RRID: AB_1907435), rabbit anti-Ki67(polyclonal antibody, 1:3000, Abcam, 
Cat#ab15580, RRID: AB_443209), rabbit anti-CR (rabbit anti-calretinin, polyclonal antibody, 
1:1000, Zymed, Cat# 180211), rabbit anti-DCX (rabbit anti-doublecortin, polyclonal antibody, 
1:5000, Abcam, Cat#ab18723, RRID: AB_732011), rabbit anti-CB ( rabbit anti-Calbindin 
D28k, polyclonal antibody, 1:7000, Swant Cat# CB38, RRID:AB_10000340). Slices were 
incubated at 4 ºC overnight under agitation. After three washes in PBS, sections were incubated 
for 1.5 hours in the dark with fluorescent secondary antibodies: goat anti-mouse IgG 
conjugated with Alexa FluorTM 568 (1:1000, Invitrogen, Cat# A11004, RRID: AB_143162) 
and goat anti-rabbit IgG conjugated with Alexa FluorTM 488 (1:1000, Invitrogen, Cat# 
A11008, RRID: AB_143165). Finally, slices were counterstained with Hoechst 33342 (1:1000, 
Sigma-Aldrich) to label nuclei, washed three times with PBS, mounted on gelatin-coated slides 
and coverslipped with 70% glycerol mounting medium. Negative controls were performed in 
each immunofluorescence, omitting the primary antibody to ensure technique specificity (see 
Supplementary Figure 1).
Photographs were taken on an inverted Olympus IX83 microscope with several objectives 
(10X, 20X, 60X) using an additional spinning disk unit for better resolution. Images were 
acquired using high-resolution digital monochromatic sCMOS Orca camera (Hamamatsu) and 
CellSens Dimension CS-DI-V1 software.

2.5. Morphometric digital image analysis

Measurements were made on the photomicrographs at 20X primary magnification, analyzed 
by two blinded operators (Fig 12). The SGZ located near the crest of the hippocampal DG was 
the brain area selected for morphometric studies, and all measurements were made using 
ImageJ software (NIH, http://imagej.net) in the same region of the SGZ.
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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 
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magnification (A-C and E-G) and merge at high magnification (D and H). Proportion of 
GFAP+/Nestin+ cells (I) and GFAP-/Nestin+ cells (J) in the SGZ. Data expressed as the mean ± SEM 
(Control n = 4, PEE n = 5); all parameters were analyzed through Student’s t-test (*p < 0.05). 

Given the larger proportion of GFAP-/Nestin+ cells and the fact that these cells retain the 
capacity to divide, assays were conducted on the number of proliferative cells. For this purpose, 
Nestin and Ki67 were used as specific markers to analyze whether PEE altered the number of 
proliferative type 2a cells in the adult DG (Fig  and 4).

Contrary to expectations, no Nestin+/Ki67+ cells were found in the SGZ. Both experimental 
groups revealed Nestin-/Ki67+ cells in this area, arranged in clusters of four or more cells in 
the crest of the DG (Fig 3) and in clusters of two or three cells in the supra- and infra-crest 
regions of the DG (Fig 4), whereas no Nestin-/Ki67+ cells were found in the GZ or hilus. No 
significant differences were observed in the proportion of Nestin-/Ki67+ cells between Control 
and PEE animals in any of these areas (Fig 3 I, Control 0.0306 ± 0.003, PEE: 0.0267 ± 0.004; 
p = 0.504 and Fig 4 I, Control 0.0109 ± 0.0011, PEE: 0.0081 ± 0.0018; p = 0.199).

Figure 3. Distribution of proliferative cells in the crest of the DG in the adult mouse hippocampus. 
Proliferative cells (Nestin-/Ki67+, arrows) and neuronal progenitors (type 2 cells, arrowheads) in the 
SGZ of the DG of adult Control and PEE mice. Photomicrographs of coronal sections with Hoechst 
staining for cell nuclei (blue) and immunofluorescence for Ki67 (green) and Nestin (red). Sections at 
low magnification (A and E) and at high magnification (B-D and F-H). Proportion of Ki67+ cells in the 
SGZ in the crest of the DG (I). Data expressed as the mean ± SEM (Control n = 4, PEE n = 4); all 
parameters were analyzed through Student’s t-test. 

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



Figure 4. Distribution of proliferative cells in the supra- and infra-crest regions of the DG in the 
adult mouse hippocampus. Photomicrographs of coronal sections with Hoechst staining for cell nuclei 
(blue) and immunofluorescence for Ki67 (green) and Nestin (red). Sections at low magnification (A 
and E) and at high magnification (B-D and F-H). Proportion of Ki67+ in SGZ in the supra- and infra-
crest regions of the DG (I). Data expressed as the mean ± SEM (Control n = 4, PEE n = 4); all parameters 
were analyzed through Student’s t-test. 

With the view to analyzing a later stage in the neurogenic process, studies were carried out 
using Nestin and doublecortin (DCX) as specific markers (Fig 5). Interestingly, no 
Nestin+/DCX+ (type 2b cells) were found in the SGZ of the DG in either experimental group 
(Fig 5 C-D and G-H). This result may indicate a transient co-expression of these markers, 
reflecting a short time window in which type 2b cells can be found. Nestin-/DCX+ (type 3 
cells) –which are at a more advanced stage in the neurogenic process than type 2b cells– were 
detected in the SGZ of both Control and PEE animals, with round-shaped or slightly triangular 
nuclei (Fig 5 B and F).  
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Figure 5. Neuronal progenitors and migratory cells in the adult mouse hippocampus. Neuronal 
progenitors (type 2a, Nestin+/DCX-, arrowheads) and migratory (type 3 cells, Nestin-/DCX+, 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 DCX 
(green). Sections at low magnification (A-C and E-G) and at high magnification (D and H). 

Interestingly, the exploration of the rostro-caudal axis unveiled a particular expression pattern 
for DCX and Nestin immunolabeling: fewer DCX+ than Nestin+ cells were found -1.46 to -
1.82 from Bregma (Fig 6 A and C), whereas more DCX+ than Nestin+ cells were observed -
1.94 to -2.30 from Bregma (Fig 6 B and D). 
The expression pattern of these two markers was further analyzed in the SGZ and GZ along 
the rostro-caudal axis (Fig 6 E and G, rostral level; Fig 6 F and H, caudal level). Results showed 
a significantly larger number of Nestin+/DCX- type 2a cells in the PEE group in both areas but 
only in rostral slices (Fig 6 E: Control 0.1501 ± 0.013, PEE 0.3178 ± 0.037; p<0.01 / F: Control 
0.0279 ± 0.003, PEE 0.01816 ± 0.004; p>0.05), while no differences were found in the number 
of Nestin-/DCX+ cells (Fig 6 G: Control 0.174 ± 0.006, PEE 0.1574 ± 0.013; p>0.05 / H: 
Control 0.199 ± 0.010, PEE 0.186 ± 0.020; p>0.05). 
These results hint at an expression pattern for Nestin+/DCX- neuronal progenitors and Nestin-
/DCX+ migratory cells along the rostro-caudal axis and suggest that PEE disrupts the 
localization pattern of neuronal progenitors in the SGZ and GZ.
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Figure 6. Rostro-caudal distribution of neuronal progenitors and migratory cells in the adult 
mouse hippocampus. Rostral (A and C) and caudal (B and D) sections of dorsal DG of Control and 
PEE adult mice. Neuronal progenitors (type 2a, Nestin+/DCX-) and migratory cells (type 3 cells, 
Nestin-/DCX+). Photomicrographs of coronal sections at low magnification with Hoechst staining for 
cell nuclei (blue) and double immunofluorescence for Nestin (red) and DCX (green). Proportion of 
Nestin+ cells at rostral (E) and caudal (F) level and DCX+ cells at rostral (G) and caudal (H) level in 
the SGZ. Data expressed as the mean ± SEM (Control n = 3-4, PEE n = 3-4); all parameters were 
analyzed through Student’s t-test (**p < 0.01). 

Migratory cells 

When DCX+ cells were analyzed, it could be noticed how they started to migrate from the SGZ 
to the GZ, as their orientation changed from tangential to radial and their morphology became 
more polarized. Their neurites projected to the GZ and increased in number and complexity as 
the cells matured (Fig 7). Moreover, DCX+ cells presented different morphologies and 
localizations and, as the time window for DCX expression is considerably wide, immature 
granule cells (type 4) were also found to express it: Early type 3 cells exhibited tangential 
orientation of their soma, with the major cellular axis parallel to the layers distribution of the 
DG, late type 3 cells had radial orientation and were located in SGZ, while type 4 cells were 
located in the edge between the GZ and SGZ, with their neurites/dendrites extending to the first 
third of the molecular layer. Morphology and localization were conserved in PEE animals 
regarding Control (Fig 7 A-D), as was the proportion of DCX+ cells in the SGZ (Fig 6 G and 
H). 
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Figure 7. Migratory cells in the adult mouse hippocampus. Early type 3 cells (Nestin-/DCX+, 
asterisks), late type 3 cells (Nestin-/DCX+, arrowheads) in SGZ and early type 4 cells (Nestin-/DCX+, 
arrows) in the GZ 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 DCX 
(green). Sections at low magnification (A and C) and at high magnification (B and D). 

As mentioned above, DXC+ cells were found in the GZ as in SGZ (Fig 8). A smaller proportion 
of DXC+ cells were observed in PEE than in Control in GZ (Fig 8 E: Control 0.00415 ± 
0.00017, PEE: 0.00288 ± 0.00018; p = 0.0042). Therefore, early exposure to ethanol during 
development may be hypothesized to affect either the differentiation or migration of 
neuroblasts, causing a delay in their transit toward the granular layer.
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Figure 8. Migratory and immature granule cells in the adult mouse hippocampus. Type 3 cells 
(DCX+) in the SGZ and early type 4 cells (DCX+, arrows) in the GZ of the DG of adult Control and 
PEE mice. Photomicrographs of coronal sections with Hoechst staining for cell nuclei (blue) and 
immunofluorescence for DCX (green). Sections at low magnification (A and C) and at high 
magnification (B and D).  Proportion of DCX+ cells (E) in the GZ. Data expressed as the mean ± SEM 
(Control n = 4, PEE n = 4); all parameters were analyzed through Student’s t-test (**p < 0.01).

Double NeuN –a specific marker of mature neurons– and DCX immunostaining was further 
used to study more advanced stages in the neurogenic process (Fig 9). Type 3 cells may have 
differentiated from more mature neurons for being DCX+/NeuN- (cellular type described in 
Fig 7 and 8), with their somas located in the SGZ (Fig 9 B-C and F-G) and their neurites 
entering the granular zone. 

Postmitotic populations 

Type 4 cells continue expressing DCX and begin to express NeuN. These cells were thus 
identified as DCX+/NeuN+, and their somas were located both in the SGZ and GZ, which 
indicates that migrating neurons began transit from the SGZ to their definite location in the GZ 
(Fig 9 B, D, F and H). In contrast, mature granule cells (type 5) no longer express DCX and 
were hence identified as DCX-/NeuN+ (Fig 9 B-D and F-H). The proportion of type 4 cells 
showed no significant differences between experimental groups in the SGZ (Fig 9 I: Control 
0.0163 ± 0.0025, PEE: 0.0171 ± 0.0027; p = 0.783) but a smaller value for PEE animals in the 
GZ (Fig 9 J: Control 0.00415 ± 0.00017, PEE: 0.00288 ± 0.00018; p = 0.0042). In addition, 
the proportion of mature granular cells showed no significant differences between conditions 
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in either zone (Fig 9 K: Control 0.821 ± 0.013, PEE: 0.812 ± 0.027; p = 0.781 / L: Control: 
0.9634 ± 0.0049, PEE: 0.9478 ± 0.0078; p = 0.1441). These results suggest that the 
differentiation process in adulthood is not affected by PEE.

Figure 9. Migratory and granule cells in the adult mouse hippocampus. Migratory cells (type 3 
cells, NeuN-/DCX+, arrows), immature granule cells (type 4 cells, NeuN+/DCX+, arrowheads) and 
granule cells (type 5, NeuN+/DCX-) in the SGZ and GZ of the DG of adult Control and PEE mice. 
Photomicrographs of coronal sections with Hoechst staining for cell nuclei (blue) and double 
immunofluorescence for NeuN (red) and DCX (green). Sections at low magnification (A-B and E-F) 
and at high magnification (C-D and G-H). Proportion of NeuN+/DCX+ cells in the SGZ (I) and GZ (J) 
and NeuN+/DCX- cells in SGZ (K) and GZ (L). Data expressed as the mean ± SEM (Control n = 4, 
PEE n = 4); all parameters were analyzed through Student’s t-test (**p< 0.01). 

Given that postmitotic stages can be identified through the expression of different types of 
Ca2+ binding proteins, Calretinin (CR) and Calbindin (CB), calcium-binding and buffering 
proteins, were used as specific markers for type 4 and type 5 cells, respectively. Furthermore, 
the transition from migratory type 3 to immature granule type 4 cells was analyzed using double 
DCX/CR (Fig 10) and NeuN/CR (Fig 11) immunostaining. 

Once again, type 3 cells only expressed DCX, while type 4 cells expressed both DCX and CR 
with their somas located in the SGZ (Fig 10 C-F and J-M). The proportion of DCX+/CR+ cells 
was smaller in PEE than in Control animals (Fig 10 N: Control 0.07424 ± 0.0067, PEE: 0.04984 
± 0.0041; p = 0.037). 
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Figure 10. Migratory and immature granule cells in the adult mouse hippocampus. Migratory cells 
(type 3 cells, CR-/DCX+), immature granule cells (type 4 cells, CR+/DCX+, 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 CR (red) and DCX (green). Sections at low 
magnification (A-C and G-J) and at high magnification (D-F and K-M). Proportion of CR+/DCX+ cells 
in the SGZ (N). Data expressed as the mean ± SEM (Control n = 4, PEE n = 4,); all parameters were 
analyzed through Student’s t-test (*p < 0.05). 

In agreement with the results shown above, the PEE group presented a smaller proportion of 
NeuN-/CR+ cells than the Control group (Fig 11 S: Control: 0.06112 ± 0.004 y PEE: 0.03863 
± 0.005; p = 0,008), while no significant differences were found in the proportion of 
NeuN+/CR+ cells between experimental groups (Fig 11 T: Control: 0.02124 ± 0.0019, PEE: 
0.02475 ± 0.0033; p = 0.3702). 

Figure 11. Immature granule cells in the adult mouse hippocampus. Early type 4 cells (NeuN-/CR+, 
arrowheads) and late type 4 cells (NeuN+/CR+, 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 NeuN (red) and CR (green). Sections at low magnification (A-C and J-L) and 
at high magnification (D-F and M-O, NeuN-/CR+ cells; G-I and P-R, NeuN+/CR+ cells). Proportion 
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of NeuN-/CR+ (S) and NeuN+/CR+ (T) cells in the SGZ. Data expressed as the mean ± SEM (Control 
n =5, PEE n = 4,); all parameters were analyzed through Student’s t-test (**p < 0.01). 

Finally, mature granule cells were studied employing CB and NeuN as specific markers. 
NeuN+/CB+ cells were detected in both the GZ and SGZ (Fig 12 A-F and G-L), and their 
proportions did not vary between experimental groups in either area (Fig 12 M: Control: 
0.03885 ± 0.0052, PEE: 0.03852 ± 0.0046, p = 0.647; N: Control: 0.7976 ± 0.0016, PEE: 
0.8071 ± 0.011; p = 0.646). 

Figure 12. Mature granule cells in the adult mouse hippocampus. Mature granule cells 
(NeuN+/CB+) in the SGZ and the GZ of the DG of adult Control and PEE mice Photomicrographs of 
coronal sections with Hoechst staining for cell nuclei (blue) and double immunofluorescence for NeuN 
(red) and CB (green). Sections at low magnification (A-C and G-I) and at high magnification (D-E and 
J-L).  Proportion of NeuN+/CB+ cells in the SGZ (M) and GZ (N). Data expressed as the mean ± SEM 
(Control n = 4, PEE n = 4); all parameters were analyzed through Student’s t-test. 
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4. Discussion

Accumulating evidence from studies in humans and animal models demonstrates the 
deleterious effects of alcohol exposure during development on the central nervous system and 
particularly on the hippocampus, which are linked to many of the neurobehavioral and 
cognitive disorders reported in FASD.

The present work focused on the effects of PEE on the adult hippocampal structure and, in 
particular, the DG, where neurogenesis persists throughout life. This process includes six stages 
or cellular types from a presumable bipotential radial glial-like stem cell (type 1), to a 
transiently amplifying lineage determined by progenitor cells (type 2) and migratory cells (type 
3) to early postmitotic and mature neurons (type 4 and 5) (Kempermann et al., 2004; Nicola et 
al., 2015). As each of these stages presents specific molecular and morphological features, 
injury such as ethanol exposure during embryonic and early postnatal life is expected to affect 
them in different ways.

The first cell type involved in adult neurogenesis (type 1 cells) showed a smaller number in 
adult PEE animals, even though ethanol exposure was interrupted after weaning. Given that 
ethanol exposure in the embryonic period has been shown to reduce the pool of radial glial-
like progenitors (Rubert et al., 2006), the neurotoxic effect of ethanol during the entire 
neurodevelopmental period (both embryonic and early postnatal life) may be thought to reduce 
the pool of stem cells in PEE pups. Therefore, PEE may bring about the decrease in type 1 cells 
while ethanol is present in blood, with damage persisting into adulthood after ethanol removal 
from the diet.

It has been demonstrated that cell differentiation varies along the rostro-caudal axis in the adult 
DG, being higher in the rostral region (Snyder et al., 2009). Consistently with these findings, 
the analysis of neuronal precursor populations revealed a larger number of GFAP-/Nestin+ 
progenitor cells (types 2) in the rostral than in the caudal region of the SGZ. Therefore, early 
precursors populations were analyzed in the rostral zone.

Type 2 cells were more abundant in the DG of adult PEE than in Control animals. It has been 
reported in different experimental models that exposure to ethanol during early development 
can affect neuronal differentiation (Gil-Mohapel et al., 2011; Singh et al., 2009; Tateno et al., 
2005). Although the molecular mechanism underlying this alteration is still unclear, it can be 
speculated that PEE may dysregulate the neurogenic process in adulthood, delaying the 
differentiation of type 2 cells into type 3.

Most of the proliferative activity in the adult SGZ corresponds to type 2 cells, also referred to 
as transient amplification progenitor cells (Steiner et al., 2006). Interestingly, double-
immunostaining assays on late type 2 cells (type 2b) rendered no Nestin/DCX colocalization, 
which may be due to the transient expression of these markers (Harris et al., 2017; Seri et al., 
2004). In addition, the analysis of proliferative capacity yielded no significant differences 
between experimental groups. In line with findings reported by Olateju et al. (Olateju et al., 
2017), our results suggest that PEE has a mild effect on the proliferative process in the adult 
hippocampus. Alternatively, the naturally low rate of cell proliferation in adulthood may mask 
the possible effects of PEE.
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Early type 3 cells in the SGZ have a horizontal arrangement with very short processes, while 
more mature cells acquire a radial arrangement in which the extension ascends to the granular 
layer (Knoth et al., 2010). Our studies revealed no differences in horizontal or radial type 3 
cells in the SGZ between PEE and Control animals. In contrast, fewer type 3 cells were found 
in the GZ of PEE animals. Taken together, these results suggest that PEE had a negative effect 
on the migration of neuroblasts from the SGZ to the GZ, generating a delay in the process. 

In agreement with these results, PEE animals presented a lower number of type 4 cells than 
Control in the GZ, while type 5 cells (granular neurons) did not vary between groups. This is 
probably due to the low number of new mature granular cells generated in adult hippocampal 
neurogenesis (Ciric et al., 2019; Kerloch et al., 2019), which may have made it difficult to 
detect differences induced by perinatal treatment with the methods used.

Various studies have shown no effects of PEE on hippocampal neurogenesis in  
adolescent/young adult animals (Joana Gil-Mohapel et al., 2011; Klintsova et al., 2007), and 
some reports have even shown a slight increase in neuronal differentiation (Boehme et al., 
2011). However, these data do not conflict with our findings, as young animals present a 
different hippocampal neurogenesis rate, and compensatory mechanisms may be at play. 
Indeed, as neurogenesis declines with age, comparisons between adolescence/youth and 
adulthood can hardly be made (Hamilton et al., 2016; Kuhn et al., 2018; Lugert et al., 2010; 
Smith et al., 2018). Furthermore, our work finds support in previous studies using different 
experimental designs which have reported a reduction in neurogenesis in adults perinatally 
exposed to ethanol (Choi et al., 2005; Gil-Mohapel et al., 2014; Ieraci & Herrera, 2007; 
Klintsova et al., 2007).

In addition to age, several other factors may influence the effects of alcohol exposure during 
development. Alcohol intake during gestation produces central nervous system damage in both 
humans and animal experimental models, with alterations depending on the developmental 
time point, duration and dose of exposure and epigenetic features, among others (Reid et al., 
2020). Scientific research has long addressed the influence of these factors and the cell 
mechanisms involved in neuronal damage using different animal models and experimental 
designs such as exposure to ethanol vapors, forced ethanol intake, intraperitoneal ethanol 
injections, intragastric ethanol administration, intermittent and continuous exposure 
(Gaztañaga et al., 2020). Moreover, murine models have revealed differences in PEE effects 
across mouse strains (Amiri et al., 2019).

Our group has previously used a model of maternal exposure to low doses of ethanol consisting 
in 6% (v/v) ethanol intake before mating and along pregnancy and lactation, with no other 
stressors for mothers or pups. Results showed a reduction in the cerebral cortex thickness , 
probably due to neuronal death and alterations in neuronal migration during corticogenesis 
(Aronne et al., 2011). Other previous studies by our group have further shown alterations in 
the morphological organization of limbic system areas which correlate with anxious behavior 
in adult CD1 mice perinatally exposed to ethanol (Madarnas et al., 2020). These results are in 
agreement with reports using similar experimental models of maternal alcoholism (Abbott et 
al., 2016; El Shawa et al., 2013; Madden et al., 2020), but differ from those using stressors 
other than ethanol exposure (Gil-Mohapel et al., 2014).

One of the processes where the neuroplasticity of the brain becomes evident throughout life is 
neurogenesis, with the hippocampus being one of the few brain areas where neurogenesis 
persists in adulthood. Several groups have aimed to characterize the cell types present in the 
adult DG of the hippocampus and their histological organization (Kempermann et al, 2004; 
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Alenina and Klempin 2014; Aguilar-Arredondo et al, 2015; Harris et al, 2017). Due to the 
neurotoxicity of ethanol along neuronal development and, more precisely, its effect on 
immature neurons and the entire neurogenic process, the aim of the present work was to analyze 
the cellular composition of the adult DG in mice only perinatally exposed to moderate but 
continuous dose of ethanol.

It is well known that the developing central nervous system is mostly affected by maternal 
alcoholism and that behavioral and cognitive alterations in early life –for instance, fetal alcohol 
syndrome– can persist in adulthood even in the absence of alcohol intake (Alati et al, 2006; 
Day et al, 2013; Rangmar et al, 2015; Goldschmidt et al, 2019). As several disorders are 
associated with maternal alcoholism (Comasco et al., 2018; Mattson et al., 2019; Willford et 
al., 2004), it is necessary to establish a connection between perinatal exposure and alterations 
observed in adulthood. FASD encompass a wide range of clinical expressions, and some of 
them may result from alterations in adult neurogenesis, as this mechanism works as a plastic 
response of the brain to adapt to a changing environment (Lledo et al., 2006).

Campaigns to discourage alcohol consumption during pregnancy and lactation should raise 
awareness of its negative impact and prevent FASD, which is often difficult to detect. Likewise, 
preclinical studies should be carried out to test potential neuroprotectors and transfer them to 
properly designed clinical studies, since few groups have achieved translation from animal 
models to humans (Ernst et al., 2022).

5. Conclusion 

The results shown in this study demonstrate that exposure to low ethanol concentrations 
throughout the neurodevelopmental period alters the hippocampal neurogenic process in 
adulthood, as PEE animals showed fewer type 1 cells, more type 2 cells and then again fewer 
type 4 cells in the DG.

It is clear that the generation of neuronal precursors is affected by ethanol exposure during 
neurodevelopment, and that this impact is not offset in the absence of ethanol after weaning 
and persists into adulthood, together with an impairment in neuronal differentiation. 

Given the plasticity of the hippocampus and particularly the DG, alterations remain in 
adulthood and may account for the typical neurobehavioral and cognitive features observed in 
FASD.
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