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Abstract

Prenatal alcohol exposure (PAE) may result in Fetal Alcohol Spectrum Disorders (FASD). 

The hippocampus has been recognized as a vulnerable target to alcohol-induced developmental 

damage. However, the effect of prenatal exposure to alcohol on dendritic morphological 

adaptations throughout the hippocampal fields in the developing brain still remains largely 

unknown in the context of FASD. We hypothesized that chronic binge alcohol exposure during 

pregnancy alters dendrite arborization throughout the developing rat hippocampus. Pregnant 

Sprague-Dawley rats were assigned to either a pair-fed control (PF-Cont) or a binge alcohol 

(Alcohol) treatment group. Alcohol dams were acclimatized via a once-daily orogastric gavage 

of 4.5 g/kg alcohol from gestational day (GD) 5–10 and progressed to 6 g/kg alcohol from GD 

11–21. Pair-fed dams similarly received isocaloric maltose dextrin. After parturition, all dams 

received an ad libitum diet and nursed their offspring until postnatal day (PND) 10 when the 

pup brains were collected for morphological analysis. PAE increased dendritic arborization and 

complexities of CA1, CA2/3, and DG neurons in the PND 10 rat hippocampus. The number 

of primary dendrites, total dendritic length, and number of dendritic branches were significantly 

increased following PAE, and Sholl analysis revealed significantly more intersections of the 

dendritic processes in PND 10 offspring following PAE compared with those in the PF-Cont 

group. We conclude that chronic binge PAE significantly alters hippocampal dendritic morphology 

in the developing hippocampus. We conjecture that this morphological alteration in postnatal rat 

hippocampal dendrites following chronic binge prenatal alcohol exposure may play a critical role 

in FASD neurobiological phenotypes.
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1. Introduction

Prenatal alcohol exposure (PAE) is a leading cause of Fetal Alcohol Spectrum Disorders 

(FASD), which is described as an array of cognitive, neurobehavioral and physical 

developmental disabilities (Riley and McGee, 2005, Sokol et al., 2003, Riley et al., 2011). A 

recent study reported that 1 in 10 pregnant women consumed alcohol in the past month and 

that 1 in 33 women binge drank during pregnancy (Tan et al., 2015), with 8.4% of newborns 

exhibiting biochemical evidence of PAE (Bakhireva et al., 2017). The prevalence of FASD is 

estimated at 2–5% of school-age children in the United States (May et al., 2018, Roozen et 

al., 2016). PAE-induced developmental deficits can be severe and may persist for a lifetime.

The hippocampus is intricately associated with cognition, behavior, learning and memory. 

The developing hippocampus is profoundly vulnerable to the teratogenic effects of alcohol 

(Lebel et al., 2011, Archibald et al., 2001, Gautam et al., 2015). The susceptibility of the 

hippocampus may vary depending on the dose, duration, timing, and pattern of alcohol 

exposure. (Ho et al., 1972, Gil-Mohapel et al., 2010, Dudek et al., 2014, Kodituwakku, 

2007, Savage et al., 2002). Alcohol exposure during hippocampal development has been 

shown to alter hippocampal synaptic plasticity (Bhattacharya et al., 2015, Sutherland et 

al., 1997, Medina, 2011, Fontaine et al., 2016), synaptic activity (Kajimoto et al., 2016, 

Krawczyk et al., 2016), cellular morphology (Berman and Hannigan, 2000, Ramos et al., 

2002), and gene expression (Chen et al., 2013, Chater-Diehl et al., 2016).

Although the hippocampus has been recognized as a vulnerable target of alcohol-induced 

developmental damage, there is little knowledge related to the morphological alteration 

of the hippocampal neurons caused by alcohol exposure in vivo, mainly in adults and 
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in neonates (Barnes and Walker, 1981, McMullen et al., 1984, Goeke et al., 2018). 

Furthermore, the effect of prenatal exposure to alcohol on morphological alteration in 

the hippocampal fields and the dentate gyrus remains largely unknown in the context 

of FASD. We recently identified using proteomics and RNA-SEQ that the developing 

hippocampus is a major target of alcohol exposure in utero (Davis-Anderson et al., 2018, 

Lunde-Young et al., 2019). Following these high throughput studies, we also recently 

reported major deficits in hippocampal mTOR signaling, a pathway closely associated with 

hippocampal neuronal development (Lee et al., 2020). As a logical next step, we herein 

hypothesized that chronic binge alcohol exposure during pregnancy alters developmental 

dendritic morphological adaptations. In the present study, utilizing Golgi-Cox staining-based 

morphological analyses, we evaluated dendrite arborization in the postnatal day 10 (PND) 

rat hippocampal formation CA1 field, CA2/3 field, and the dentate gyrus (DG) neurons 

following alcohol exposure in utero.

2. Result

2.1. Prenatal Exposure to Alcohol Increases Dendritic Complexity of CA1 Neurons

Neuronal tracer was applied to visualize the overall dendritic branches of the CA1 neurons 

(Fig. 1A), and Sholl analysis was utilized to localize the effect of PAE. As shown in Fig. 1B, 

a significant change in the number of intersections of CA1 neurons were localized at 10-50 

μm of the dendrite process from the center of soma (Fig. 1B; F(1, 5) = 19.57, P = 0.0069) 

in the Alcohol group compared to those in the PF-Cont group. The Alcohol group showed 

significantly higher number of primary dendrites (Fig. 1C; ↑ 49.15 %; PF-Cont, 3.278 ± 

0.3379 vs. Alcohol, 4.889 ± 0.4527; t(10) = 2.852, P = 0.0172), total dendritic length (Fig. 

1D; ↑ 38.84 %; PF-Cont, 294.3 ± 24.63 vs. Alcohol, 408.6 ± 20.51; t(10) = 3.563, P = 

0.0052), and number of dendritic branches (Fig. 1E; ↑ 66.27 %; PF-Cont, 8.889 ± 0.9336 vs. 

Alcohol, 14.78 ± 0.7919; t(10) = 4.81, P = 0.0007) in the CA1 field neurons compared to 

those in the PF-Cont group.

2.2. Prenatal Exposure to Alcohol Increases Dendritic Complexity of CA2/3 Neurons

Dendrite branches of CA2/3 field neurons were traced and depicted in Fig. 2A, and Sholl 

analysis revealed significantly more intersections of the dendritic process at 50-140 μm from 

the center of soma (Fig. 2B; F(1, 5) = 18.4, P = 0.0078) in CA2/3 neurons from the Alcohol 

group than those in the PF-Control. The Alcohol group showed a significantly increased 

number of primary dendrites (Fig. 2C; ↑ 50.0 %; PF-Cont, 4.0 ± 0.2236 vs. Alcohol, 6.0 

± 0.4425; t(10) = 4.034, P = 0.0024), total dendritic length (Fig. 2D; ↑ 94.26 %; PF-Cont, 

557.5 ± 51.98 vs. Alcohol, 1083 ± 132.8; t(10) = 3.685, P = 0.0042), and number of 

dendritic branches (Fig. 2E; ↑ 84.77 %; PF-Cont, 13.33 ± 2.286 vs. Alcohol, 2463 ± 3.172; 

t(10) = 2.888, P = 0.0162) in CA2/3 neurons compared to those in the PF-Control group.

2.3. Prenatal Exposure to Alcohol Increases Dendritic Complexity of DG Neurons

Dendritic branches of the DG neurons were traced (Fig. 3A) and the number of dendritic 

process at 100-140 μm from the center of soma (Fig. 3B; F(1, 5) = 30.45, P = 0.0027) 

demonstrated more intersections in the Alcohol group compared with those in the PF­

Control. The DG neurons from the Alcohol group had significant increases in the number 

Lee et al. Page 3

Brain Res. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of primary dendrites (Fig. 3C; ↑ 33.79 %; PF-Cont, 3.083 ± 02297 vs. Alcohol, 4.125 ± 

0.2795; t(10) = 2.879, P = 0.0164), total dendritic length (Fig. 3D; ↑ 79.86 %; PF-Cont, 

336.7 ± 42.9 vs. Alcohol, 605.6 ± 70.01; t(10) = 3.275, P = 0.0084), and number of dendritic 

branches (Fig. 3E; ↑ 54.27 %; PF-Cont, 8.375 ± 0.8678 vs. Alcohol, 12.92 ± 1.076; t(10) = 

3.286, P = 0.0082) compared to those in the PF-Control group. Taken together, our findings 

reveal that prenatal alcohol exposure increased the dendritic arborization and complexity in 

the hippocampal CA1, CA2/3, and DG region neurons in the offspring.

3. Discussion

To our knowledge, this is the first study investigating morphological alterations related 

to dendritic arborization throughout the postnatal rat hippocampal formation, utilizing 

Golgi-cox staining and neuronal tracing following chronic binge prenatal alcohol exposure. 

We herein demonstrate that chronic binge prenatal alcohol exposure during pregnancy 

significantly increased the complexity of dendritic arborization in the hippocampal 

formation.

3.1. A note on the timing of alcohol exposure

Alcohol can impact the developing brain differentially depending on the ontogenetic stage. 

During the first trimester, alcohol can interfere with neuronal tube development and result 

in facial dysmorphology (Ernhart et al., 1987). During the second trimester, alcohol can 

alter neuronal cell proliferation and migration in the cortex and hippocampus (Gressens et 

al., 1992, Miller, 1995). Alcohol exposure during the third trimester can induce neuronal 

cell loss in the hippocampus and cerebellum (Ikonomidou et al., 2000). Our rat FASD 

study model utilized an exposure paradigm in which offspring were exposed to alcohol 

in utero during pregnancy, corresponding to the first two trimester-equivalents of human 

brain development. Alcohol treatments to dams were withdrawn from GD21 and rat pups 

were not exposed to alcohol from GD21 to PND10, corresponding to the third trimester­

equivalent in humans. Measurements in the current study were conducted at the peak 

velocity of hippocampal growth at PND 10, corresponding to the time of parturition in 

women. Therefore, we were able to investigate the effect of the first two trimesters of 

alcohol exposure on the hippocampal neuronal morphology of neonates.

3.2. Alcohol exposure effects on hippocampus during first two trimester-equivalents

Numerous studies have reported the effect of alcohol on the number of neurons in the 

hippocampal formation following exposure during the first two trimester-equivalents in the 

rat model. PAE with a free access liquid diet (8.1 % ethanol v/v) decreased the number of 

CA1 pyramidal neurons, but did not alter the cell numbers in other CA fields or the dentate 

gyrus in adult rats (Barnes and Walker, 1981, González-Burgos et al., 2006). Maier and West 

demonstrated that binge-like alcohol exposure during pregnancy in rats did not affect the 

number of cells in the hippocampal CA1, CA3, and dentate gyrus in PND 10 pups (Maier 

and West, 2001, Livy et al., 2003). Although many studies have reported behavioral and 

cognitive deficits associated with hippocampal damage following PAE in rat models (Riley, 

1990, Lobaugh et al., 1991, Berman and Hannigan, 2000, Thomas et al., 2010), stereological 

cell counting techniques did not demonstrate neuronal loss per se in the developing rat 
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hippocampus. Hence, we utilized Golgi-cox staining followed by dendrite tracing to evaluate 

the effect of PAE on morphological alterations of dendrites in the PND 10 rat hippocampus.

3.3. Morphological alterations in the hippocampus following alcohol exposure

While many studies have analyzed morphological changes in the cerebral cortex and 

striatum (Whitcher and Klintsova, 2008, Rice et al., 2012, Wang et al., 2015, Hamilton 

et al., 2015, Cheng et al., 2018), there is little knowledge related to the morphological 

alterations of hippocampal neurons following alcohol exposure in vivo. Furthermore, the 

effect of alcohol can manifest differently depending on the time of observation as well as 

timing of alcohol exposure. Following chronic alcohol exposure in adult rats, the number of 

dendritic branches decreased but the density of CA1 and CA3 field neurons did not differ 

(McMullen et al., 1984). However, Goeke et al. reported that neonatal exposure to alcohol 

increased dendritic length and arborization of hippocampal CA1 neurons in rat pups (Goeke 

et al., 2018) and our study is in agreement with this finding. The current study reveals the 

effect of chronic binge prenatal exposure to alcohol on dendrite morphological changes in 

the PND 10 rat hippocampus and demonstrates increased dendritic length and arborization 

of hippocampal CA1, CA2/3, and DG neurons.

3.4. Alcohol effects on the hippocampus in children and translational perspectives

Children with FASD often show attention deficit/hyperactivity disorder (ADHD) (Lange 

et al., 2018) and animal models of FASD also demonstrate increased hyperactivity 

(Hausknecht et al., 2005, Idrus et al., 2014). Some studies have suggested that PAE induced 

hyperactivity is associated with altered synaptic plasticity within the cerebral cortex and 

striatum (Emond et al., 2009, Sonuga-Barke et al., 2016, Cheng et al., 2018) as well as 

alcohol-altered hippocampus-dependent behaviors in rodent FASD models (Berman and 

Hannigan, 2000, Thomas et al., 2008, Patten et al., 2014). Cheng et al reported that PAE 

increased the length and number of neuronal branches in striatum and locomotor activity 

in juvenile offspring (Cheng et al., 2018). Krawczyk et al. reported that PAE increased 

hippocampal hyperexcitability, including robust firing, accompanied by an imbalance of 

synaptic plasticity (Krawczyk et al., 2016). Our data in the current study are in alignment 

with the literature and show that morphological alterations by PAE could be linked to an 

increased hyperactivity observed in patients with FASD and animal models of FASD. Our 

results support the plausible conclusion that PAE induces an abnormal development of 

apical dendrites in hippocampal pyramidal neurons during particular periods of gestation, 

resulting in premature maturation. These particular neural changes can result in disrupted 

neuroplasticity and a lack of the ability of neurons, throughout developmental stages, to 

respond to external and internal stimuli, as well as alter synaptic and neural architecture, 

affecting later stages of development (Goeke et al., 2018). Similar to this current study, 

previous literature showed that adult rats exposed to drugs experience a change in neurons, 

stemming from rising dendritic arborization (Kolb and Gibb, 2015), and this increase in 

dendritic arborization has been proposed to disrupt neuronal plasticity (Kolb et al., 2003).
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4. Mechanistic Perspectives and Conclusions

We recently reported that gestational chronic binge alcohol exposure altered hippocampal 

transcriptome (Lunde-Young et al., 2019), proteome (Davis-Anderson et al., 2018), and 

signaling pathways, including the mammalian target of rapamycin (mTOR) pathway 

following first two trimester-equivalent alcohol exposure (Lee et al., 2020). Since mTOR 

plays a crucial role in regulating protein synthesis in response to synaptic formation 

and plasticity, abnormalities in mTOR activity may be associated with the observed 

morphological alterations in hippocampal neurons in the present study. Future studies 

are warranted to determine the mechanism(s) underlying alcohol-induced dysregulation 

of hippocampal molecular signaling and the mechanistic relationship with hippocampal 

neurodevelopment in the context of FASD. Based on the present study, we conclude 

that gestational chronic binge alcohol exposure significantly alters hippocampal dendritic 

morphology in the developing hippocampus in rats. Thus, we conjecture that these 

morphological alterations in postnatal rat hippocampal dendrites following chronic binge 

prenatal alcohol exposure, may have a significant impact on FASD neurobiological 

pathology.

5. Materials & Methods

5.1. Animals

All experimental procedures were in accordance with National Institutes of Health 

guidelines (NIH Publication No. 85–23, revised 1996) and approved by the Institutional 

Animal Care and Use Committee at Texas A&M University. Experimental procedures and 

the prenatal alcohol exposure paradigm were conducted as described previously (Naik et 

al., 2016, Davis-Anderson et al., 2018, Lunde-Young et al., 2019, Lee et al., 2020, Naik 

et al., 2020). Briefly, timed-pregnant Sprague Dawley rats purchased from Charles River 

(Wilmington, MA) were housed in a temperature-controlled room (23°C) with a 12-hour 

light/dark cycle. Animals were assigned to either a pair-fed control (PF-Cont) group (n=6 

dams) or a binge alcohol treatment (Alcohol) group (n=6 dams) on gestational day (GD) 

4. Alcohol group animals were acclimatized via a once-daily orogastric gavage of 4.5 g/kg 

(22.5% wt/v) ethanol (peak blood alcohol concentration (BAC), 216 mg/dl) from GD 5–10, 

and progressed to 6.0 g/kg (28.5% wt/v) ethanol (peak BAC, 289 mg/dl) from GD 11–20 

(Davis-Anderson et al., 2018, Subramanian et al., 2014). The exposure paradigm utilized 

in this study is modeled after alcohol consumption patterns in pregnant women and is 

commonly utilized to study FASD phenotypes in animal models (Caetano et al., 2006, 

Church and Gerkin, 1988, Cudd et al., 2002, Thomas et al., 2008, Thomas et al., 2010). 

All animals were weighed prior to the start of the study, and each Alcohol group animal 

was yoked with a PF-Cont group animal of similar weight for the duration of the study. 

The PF-Cont group animals received isocalorically matched (50% wt/v) maltose dextrin 

once-daily on each exposure day to account for calories that the Alcohol group received 

from ethanol. The Alcohol group animal received an ad libitum diet and daily feed intake 

was measured. The PF-Cont group animal was fed the same amount of diet consumed 

by the Alcohol group animal until pups were delivered. Water was available at all times 

throughout the experiment for both the treatment groups. From the day following parturition, 
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both PF-Cont and Alcohol group animals were provided ad libitum diet and were nursing 

their offspring until postnatal day (PND) 10. No animal was treated with alcohol during this 

period of time.

5.2. Brain tissue preparation and sectioning

On PND 10, each pup was weighed and one male pup was selected at the median body 

weight within a litter (n=6 pup brains). The selected pups were deeply anesthetized 

with isoflurane in the anesthesia chamber and sacrificed. Whole brains were extracted 

under a dissection microscope via craniotomy and washed in double distilled water. The 

brain tissues were immediately immersed in Golgi-Cox impregnation solution (FD Rapid 

GolgiStain Kit, FD NeuroTechnologies Inc., Columbia, MD) and processed according 

to the manufacturer’s instructions. Briefly, after impregnation for 10 days followed by 

cryoprotection for 4 days at room temperature in the dark, the brain tissues were frozen 

in chilled isopentane and sectioned at 100 μm in a coronal plane using a Leica CM1860 

cryostat (Leica Biosystems, Buffalo Grove, IL). Brain sections were mounted on gelatin 

coated glass slides and dried overnight at room temperature. The sections were stained 

for 10 min in developing solution, then dehydrated in serial concentrations of ethanol. 

Following cleaning in xylene, the sections were coverslipped with Permount (Fisher 

Scientific, Ottawa, ON) and stored at room temperature in the dark.

5.3. Image Acquisition and Morphological Analysis

Digital images were captured using an Olympus BX63 stereomicroscope, ORCA-Flash 4.0 

LT digital camera (HAMAMATSU, Japan), and Olympus cellSens Dimension software 

(Olympus, Japan) with Extended Depth of Field. Neurons were selected from the CA1 

field, CA2/3 field, and the dentate gyrus (DG) of the hippocampal formation in each brain, 

only if they were relatively isolated from other neurons and clearly located in each field 

without discernable breaks. Dendrite branches were traced by ImageJ Fiji software (National 

Institutes of Health, Bethesda, MD) with the Simple Neurite Tracer plugin (Longair et al., 

2011) on z-stacked images to visualize the structure of dendritic branches, then dendrite 

length and number of branches were determined for each neuron. The Sholl analysis plugin 

(Ferreira et al., 2014) was utilized for dendrite arborization by counting the number of 

crossing dendrites with concentric circles at 10 μm intervals from the center of the soma.

5.4. Statistical Analysis

For all measurements, means for each animal were analyzed by averaging across the four 

selected neurons per hippocampal field (n=6, 4 neurons/animal). Dendrite arborization data 

utilizing Sholl analysis were analyzed by mixed ANOVA with treatment group as between 

factor and distance from soma as within factor, followed by Sidak’s multiple comparisons 

test. The effects of prenatal alcohol exposure on the number of primary dendrites, total 

dendrite length, and the number of branches were analyzed using an unpaired two-tailed 

Student’s t-test. All data are presented as mean ± SEM. Significance was established a priori 
at P < 0.05.
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Highlights

• Prenatal alcohol exposure alters dendritic morphology in PND 10 rat 

hippocampus

• Alcohol produces maladaptation in dendritic length of developmental 

hippocampal CA1, CA2, and DG neurons

• Alcohol increased complexity of developmental dendritic arborization in 

FASD model

Lee et al. Page 12

Brain Res. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Prenatal exposure to alcohol results in increased dendritic length and complexity in 
hippocampal CA1 neurons of postnatal day 10 (PND) offspring.
(A) Representative Z-stack confocal images illustrate dendritic branches of CA1 pyramidal 

neurons from PND 10 offspring following prenatal alcohol exposure (Alcohol) and their 

pair-fed controls (PF-Cont). (B) A 3-dimentional Sholl analysis revealed significantly more 

intersections of the dendritic processes at 10-50 μm from the center of soma of CA1 neurons 

in Alcohol rat, compared to their PF-Cont. (C) CA1 neurons from Alcohol rat exhibited 

increased number of the primary dendrites compared to PF-Cont. (D) The total dendrite 

length, and (E) the number of branches were significantly increased in the CA1 field of 

Alcohol compared to those in PF-Cont. Significance was established a priori at P<0.05; * P 

< 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. All data are presented as mean ± SEM. 

n=6 animals derived from 6 litters; 4 neurons/animal.
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Figure 2. Prenatal exposure to alcohol results in increased dendritic length and complexity in 
hippocampal CA2/3 neurons of postnatal day 10 (PND) offspring.
(A) Representative Z-stack confocal images illustrate dendritic branches of CA2/3 

pyramidal neurons from PND 10 offspring following prenatal alcohol exposure (Alcohol) 

and their pair-fed controls (PF-Cont). (B) A 3-dimentional Sholl analysis revealed 

significantly more intersections of the dendritic processes at 50-140 μm from the center of 

soma of CA2/3 field neurons in the Alcohol rat, compared to the PF-Cont group. (C) CA2/3 

neurons from Alcohol rats exhibited increased number of the primary dendrites compared to 

PF-Cont. (D) The total dendrite length, and (E) the number of branches were significantly 

increased in the CA2/3 field of Alcohol compared to PF-Cont. Significance was established 

a priori at P<0.05; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. All data are 

presented as mean ± SEM. n=6 animals derived from 6 litters; 4 neurons/animal.
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Figure 3. Prenatal exposure to alcohol results in increased dendritic length and complexity in 
hippocampal formation dentate gyrus (DG) neurons of postnatal day 10 (PND) offspring.
(A) Representative Z-stack confocal images illustrate dendritic branches of DG neurons 

from PND 10 offspring following prenatal alcohol exposure (Alcohol) and their pair­

fed controls (PF-Cont). (B) A 3-dimentional Sholl analysis revealed significantly more 

intersections of the dendritic process at 10-50 μm from the center of soma of DG neurons in 

the Alcohol rat, compared to those in PF-Cont. (C) DG neurons from Alcohol rat exhibited 

increased number of the primary dendrites compared to PF-Cont. (D) The total dendrite 

length, and (E) the number of branches were significantly increased in DG of Alcohol rats 

compared with those in the PF-Cont group. Significance was established a priori at P<0.05; 

* P < 0.05, ** P < 0.01. All data are presented as mean ± SEM. n=6 animals derived from 6 

litters; 4 neurons/animal.
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