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Abstract

Some of the neurobehavioral deficits identified in children with Fetal Alcohol Spectrum Disorders 

have been recapitulated in a binge model of gestational third trimester-equivalent ethanol 

exposure, in which Sprague-Dawley rats are intragastrically intubated between post-natal day (PD) 

4 and PD9 with high doses of ethanol. In this model, the ameliorating effects of choline 

administration on hippocampal-dependent behaviors altered by ethanol have also been extensively 

documented. In the present study, we investigated the effects of ethanol (5g/kg/day) and/or choline 

(100mg/kg/day) on morphometric parameters of CA1 pyramidal neurons by Golgi-Cox staining 

followed by Neurolucida tracing and analysis. We found that ethanol increased apical dendrite 

complexity in male and female pups neonatally exposed to ethanol. Ethanol did not significantly 

affect basal dendrite parameters in female and male rats. Interestingly, choline treatments 

decreased basal dendrites’ length, number, and maximal terminal distance in male pups. When 

pups were co-treated with ethanol and choline, choline did not rescue the effect of ethanol. In 

conclusion, ethanol increases while choline decreases dendritic length and arborization of 

hippocampal CA1 neurons in PD9 rats. We hypothesize that developmental ethanol exposure 

induces a premature maturation of neurons, leading to early restriction of neuronal plasticity while 

choline treatments delay the normal program of neuronal maturation and therefore prolong the 

window of maximal plasticity. Choline does not prevent the effects of developmental alcohol 

exposure on hippocampal pyramidal neurons’ morphology characterized in the present study, 

although whether prolonged choline administration after developmental ethanol exposure rectifies 

ethanol damage remains to be assessed.
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INTRODUCTION

Ethanol abuse during pregnancy may lead to Fetal Alcohol Spectrum Disorders (FASD) 

characterized by structural brain abnormalities and compromised cognitive and behavioral 

functions (Hellemans et al., 2010; Riley et al., 2011). Clinical and preclinical studies 

indicate that neuronal plasticity and connectivity are affected by in utero alcohol exposure; 

these alterations may play a major role in central nervous system (CNS) dysfunction present 

in individuals with FASD (Medina, 2011; Lebel et al., 2012; Wozniak et al., 2013).

Ethanol affects the development of the CNS throughout gestation (Rice and Barone, 2000). 

The third trimester of human gestation is characterized by functional maturation of several 

brain regions, including the hippocampus; this developmental stage in rats occurs mostly 

during the first 9 postnatal days. Major events during this period include a massive increase 

in brain size (brain growth spurt), proliferation of astrocytes and oligodendrocytes, and 

dendritic arborization (Rice and Barone, 2000). Ethanol exposure during this developmental 

stage induces microcephaly, cerebellar and hippocampal abnormalities, severe apoptotic 

neuronal death in the hippocampus and cerebral cortex, and behavioral dysfunctions 

(Bonthius and West, 1990, 1991; Ikonomidou et al., 2000; Patten et al., 2014). Of particular 

relevance to the present study is the fact that ethanol alters hippocampal-dependent 

behaviors in several rodent models of FASD, including models of gestational third trimester-

equivalent ethanol exposure (Kelly et al., 1988; Gianoulakis, 1990; Goodlett and Peterson, 

1995; Berman and Hannigan, 2000; Johnson and Goodlett, 2002; Christie et al., 2005; 

Popovic et al., 2006; Thomas et al., 2008; Thomas et al., 2010; Patten et al., 2014).

A substantial body of evidence derived from behavioral and neurochemical studies in rats 

indicate that choline improves hippocampal functions in the adult and aging brain and that 

choline supplementation during gestation as well as during the early postnatal period 

improves memory performance throughout life (Zeisel and Niculescu, 2006). More relevant 

to the present study, choline has been consistently shown to ameliorate hippocampal-

associated behaviors in rats exposed to ethanol during brain development (Thomas et al., 

2000; Thomas et al., 2004; Thomas et al., 2007; Thomas et al., 2009; Thomas et al., 2010). 

Additionally, a few studies explored how choline may ameliorate some of the effects of 

ethanol (Otero et al., 2012; Tang et al., 2014; Balaraman et al., 2017). For these reasons, 

choline is currently being tested clinically for its effectiveness in treating FASD (Wozniak et 

al., 2015; Nguyen et al., 2016).

Ethanol causes long-lasting changes in dendritic arborization and/or number of dendritic 

spines in different populations of neurons after prenatal and/or neonatal exposure. Neonatal 

ethanol exposure decreased spine density and dendritic complexity of basal dendrites as well 

as dendritic spine density in apical dendrites of layer II/III pyramidal neurons of the medial 

prefrontal cortex (mPFC) in juvenile rats, an effect that was reversed by voluntary exercise 
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(Whitcher and Klintsova, 2008; Hamilton et al., 2010; Hamilton et al., 2015). In addition, 

ethanol alters neuronal development, measured as neurite outgrowth, in hippocampal 

pyramidal neurons in vitro (Yanni and Lindsley, 2000; Lindsley et al., 2002; Yanni et al., 

2002; Lindsley et al., 2003; Lindsley and Clarke, 2004; VanDemark et al., 2009; Guizzetti et 

al., 2010; Giordano et al., 2011; Zhang et al., 2014). Together, this published literature 

supports the hypothesis that ethanol alters the proper development of neurons leading to 

altered brain connectivity.

We undertook the present study to investigate the effect of binge ethanol exposure and of the 

co-treatment with choline during the third trimester of gestation equivalent, between 

postnatal day (PD) 4 and PD9, on dendritic arborization of CA1 pyramidal neurons in pups 

euthanized two hours after the last alcohol exposure on PD9. Our rationale for exploring 

alterations in neuronal morphology occurring in developing neurons is that appropriate brain 

development requires developmental events to occur in a synchronized manner, so a delay or 

acceleration of any given event may have profound functional consequences that may persist 

throughout life.

EXPERIMENTAL PROCEDURES

Animals

Timed-pregnant Gestational Day (GD) 15 Sprague-Dawley rats were purchased from 

Charles River (Wilmington, MA) and maintained at the Portland VAMC Veterinary Medical 

Unit under a 12h light/dark cycle (lights on from 6:00 to 18:00) at 22 ± 1°C. Pregnant 

animals had ad libitum access to water and food (chow diet). All animal procedures were 

approved by the Portland VA Health Care System Institutional Animal Care and Use 

Committee and followed US National Institutes of Health animal welfare guidelines.

In Vivo Neonatal Ethanol and Choline Treatments

On PD4, animals were counted and sexes were determined. When possible, the litters were 

culled to ten pups, five of each sex and one animal/sex/litter was randomly assigned to one 

of the following conditions: 1) sham intubation and saline injection control (IC; 4 female 

and 4 male pups), 2) sham intubation and choline injection (Chol; 3 female and 4 male 

pups), 3) ethanol intubation and saline injection (EtOH; 4 female and 4 male pups); 4) 

ethanol intubation and choline injection (EtOH+Chol; 4 female and 4 male pups) 5) 

untouched animals that remained with the dam all the time (3 female and 4 male pups; the 

results from these animals were not presented in this study). In total, data presented in this 

study were obtained from the analysis of 31 pups derived from 4 different litters: 4 females 

and 4 males for condition 1, 3, and 4; 3 females and 4 males for condition 2 (one of the 

litters had only 3 females). Before the beginning of the treatments, pups were tattooed with 

subcutaneous injections of India Ink in their paws for identification. Between PD4 and PD9 

pups were weighted and injected subcutaneously with saline or 100 mg/Kg choline each day, 

followed by two ethanol or sham intragastric intubations. Pups that were given ethanol were 

also given two intubations of milk formula without ethanol at two-hour intervals starting two 

hours after the last ethanol intubation, to compensate for lack of suckling caused by 

inebriation; pups not receiving ethanol were sham-intubated at the same intervals (Fig. 1). 
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Intragastric intubation was done by inserting flexible tubing that was dipped into corn oil for 

lubrication into the esophagus of the neonatal rat. Animals in the EtOH and EtOH+Chol 

groups received 5 g/kg/day ethanol in milk formula (Similac Advance Early Shield with 

iron) delivered in two separate feedings two hours apart, at a concentration of 11.9% ethanol 

in formula, and an intubation volume of 0.0278 ml/g. Rat pups were weighed daily. During 

the intubation process, rat pups were removed from their dam and placed on a heating pad. 

On PD9, two hours after the last ethanol intubation, animals were anesthetized by an 

intraperitoneal injection with a cocktail of Ketamine (500 mg/10 mL, 100 mg/kg), Xylazine 

(50 mg/10 mL, 10 mg/kg) and Acepromazine (10 mg/10 mL, 1 mg/Kg) in 0.9% saline and 

decapitated. Trunk blood was collected to determine ethanol concentration and the brains 

were collected for Golgi-Cox staining. Four litters were used in these experiments; all the 

animals survived throughout the treatments.

Blood Ethanol Concentration (BEC) Determination

Following euthanasia, 20 μl of trunk blood was collected from the animals and mixed into 

500 μl of a matrix consisting of 4 mM n-propanol in distilled water. BECs were determined 

by head-space gas chromatography as previously described (Finn et al., 2007).

Tissue Collection and Staining

All brains were stained with the Golgi-Cox solution (using the FD Rapid GolgiStain™ Kit 

from NeuroTechnologies Inc., Columbia, MD) according to manufacturer’s instructions. 

Briefly, the tissue was rinsed in water and then immersed in the Golgi-Cox impregnation 

solution, and stored at room temperature for two weeks. The tissue was then transferred to 

Solution C and stored at 4° C for 48 hours. The brains were then rapidly frozen and 

embedded in Tissue Freezing Medium before sectioning on the cryostat. Coronal sections 

(100 μm in thickness) were mounted on gelatin-coated microscope slides and dried at room 

temperature overnight, then stained the next day.

Microscopy

All pyramidal neurons were traced with the software Neurolucida (Version 11, MBF 

Bioscience, Williston, VT) on a Leica DM500b microscope equipped with a DFC36 FX 

camera by a researcher blind to the treatments of the analyzed samples. Three or four slices/

brain containing the central part of the hippocampus were selected for analysis. Twelve 

cells/brain (6 cells/hippocampus) were measured using a 40× objective. Only fully 

impregnated CA1 pyramidal neurons clearly distinguishable from neighboring neurons were 

measured. Basal and apical dendrites were analyzed separately using the software 

Neurolucida explorer. For apical dendrites the following parameters were analyzed: 

complexity; total apical dendrite length (μm); sum of terminal orders; and number of ends. 

For basal dendrites the following parameters were analyzed: complexity; total basal dendrite 

length (μm); sum of terminal orders; number of ends; number of basal dendrite/neuron; and 

maximal terminal distance. Complexity was calculated as (sum of terminal orders + number 

of ends)*(total dendrite length/number of primary dendrites).
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Statistical Analysis

BECs and body weights (Table 1) were analyzed by two-way ANOVA with ethanol 

treatment and choline injection as the two independent variables. To account for the nested 

(dependent) data (12 neurons/brain from four or, in one condition, three different brains) 

from our neuron morphometric analysis, we carried out linear mixed effects analysis 

(multilevel analysis) as previously described (Aarts et al., 2014). For the neuron 

morphometric parameters we used R (R Core(Team, 2017) and lme4 (Bates et al., 2015) to 

perform a multilevel analysis including animal as the random effect to account for the 

multiple cells analyzed from each animal. As fixed effects, we used ethanol treatment and 

choline injection in our model and p-values were obtained by likelihood ratio tests. In most 

of the cases (Fig. 2A-D; Fig. 3 A-B; Fig. 4A-F; Fig. 5 A-F) data were log transformed 

before statistical analysis to satisfy normality and homoscedasticity assumptions. Residual 

and Q-Q plots did not reveal any obvious deviations from homoscedasticity or normality 

following log transformation where necessary. The nominal p-values derived from multilevel 

analyses of individual parameters (with the exception of complexity which is a composite 

parameter including all the other analyzed parameters) were then corrected for multiple 

comparisons using the Benjamini-Hochberg approach (Benjamini and Hochberg, 1995) to 

adjust nominal p-values to False Discovery Rate (FDR, q-values). Significance was 

considered to be p<0.05 (for complexity) and q<0.05 (for all the other parameters 

investigated). All data are reported as mean ± the standard error from 48 neurons per 

condition (with the exception of the Chol group that had 36 neurons).

RESULTS

Treatment Outcomes: Body Weights and Blood Ethanol Concentrations

There were no significant differences in the weights of the pups assigned to the four 

different treatment groups at PD4; animals in all groups gained weight during the treatment 

window (between PD4 and PD9). However, there was a trend toward decreased body weight 

in the ethanol-treated groups of both sexes beginning on PD5; the reduction in weight was 

significant in females at PD9 and in males at PD7, PD8, and PD9 (Table 1). We did not 

measure brain weight in this cohort of animals. However, in other cohorts of animals treated 

in the same way, we observed a significant decrease in brain weight in the ethanol-treated 

groups, while choline did not have significant effects (not shown). Low body and brain 

weights are hallmarks of Fetal Alcohol Syndrome (FAS) and can be present in FASD (Riley 

et al., 2011). BECs measured 2h after the last intubation on PD9 by gas chromatography 

(Finn et al., 2007) ranged between 60 and 65mM with no differences between males and 

females or between the EtOH and EtOH+Chol groups (Table 1).

Effects of ethanol and choline on CA1 pyramidal neuron apical dendrite parameters of 
neonatal female and male rats

We found that several of the morphological parameters investigated were significantly 

different in intubation control (IC) male PD9 pups in comparison to IC female pups; for this 

reason, we decided to analyze data from males and females separately. Pyramidal neurons 

have one large apical dendrite per neuron that emerges from the apex of the soma and 

branches several times; at the opposite side of the soma, pyramidal neurons have several 
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relatively short basal dendrites, which emerge from the base of the pyramidal cell’s soma. 

Because the morphology of apical and basal dendrites is very different, the two dendritic 

trees are analyzed separately.

We investigated the effect of ethanol on apical dendrite complexity, defined by the 

Neurolucida Explorer software as: (sum of terminal orders + number of ends)*(total dendrite 

length/number of primary dendrites). Multilevel analysis of log-transformed data revealed a 

significant upregulation of apical dendrite complexity in female and male rat pups 

neonatally exposed to ethanol (Fig. 2A; 3A Tables 2; 3). Complexity is a composite 

measurement that includes four different measurements: the sum of terminal orders (i.e. the 

number of “sister” branches encountered from each end to the cell body); the number of 

ends; the total dendrite length; and the number of primary dendrites.

In order to examine the specific effects of ethanol on each of these measurements (with the 

exception of the number of primary dendrites, which, in the case of the apical dendrite, is 

always one) we carried out multilevel analyses of each individual measurement with FDR 

correction. We found that ethanol significantly increased each of the individual components 

of complexity (namely apical dendrite length, sum of terminal orders, and number of ends) 

in female pups (Fig. 2B,C,D; Table 2). In male pups ethanol increased the sum of terminal 

orders and number of ends; the apical dendrite length also trended toward an increase, but, 

after FDR correction, it did not reach statistical significance (Fig. 3B,C,D; Table 3). 

Together these results indicate that ethanol increases the complexity of apical dendrites in 

developing CA1 neurons by increasing their branching. Surprisingly, no effects of choline 

were observed in any of the apical dendrite parameters analyzed in either males or females 

(Tables 2 and 3) indicating that six-day choline treatments did not affect apical dendrites in 

neonatal rats.

Effects of ethanol and choline on CA1 pyramidal neuron basal dendrite parameters of 
neonatal female and male rats

Basal dendrite morphometric parameters assessed were the same as the ones investigated for 

apical dendrites with two additions: the total number of dendrites (which, differently from 

the apical dendrite, is variable in basilar dendrites), and the maximal terminal distance. In 

PD9 female pups we did not observe effects of ethanol on any of the basal dendrites 

morphometric parameters analyzed (Fig. 4A-F; Table 4); while in male animals we observed 

a trend toward increased basal dendrite complexity, length, and terminal distance after 

multilevel analysis, but not after multiple comparison corrections (Fig. 5A,B,F; Table 5).

An interesting finding was that, in contrast to what observed in apical dendrites, choline 

affected some basal dendrite morphometric parameters. In females, we observed a trend 

(p=0.096) toward a decrease in basal dendrite complexity (Fig. 4A; Table 4) and a decrease 

in the maximal terminal distance after multilevel analysis, but not after FDR correction (Fig. 

4F; Table 4). Furthermore, we observed that choline, but not choline plus ethanol, displayed 

a trend toward a reduction in every basal dendrite parameter examined both in females and 

males. Because of this observation, we ran multilevel analyses followed by FDR corrections 

on sham control versus choline alone and found that in females, maximal terminal distance 

was the only parameter significantly reduced by choline, but not significant after FDR 
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correction (Fig. 4F; Table 6). Interestingly, in males the effect of choline was more 

pronounced, as choline significantly reduced the total basal dendrite length, the number of 

basal dendrites, and the basal dendrite maximal terminal distance (Fig. 5B,E,F; Table 7). In a 

similar manner, we also compared ethanol-treated animals with ethanol plus choline-treated 

animals; these analyses did not elicit any statistically significant results (not shown).

In summary, the effects of choline were always in an opposite direction compared to the 

effects of alcohol, as ethanol increased and choline decreased dendritic arborization. 

Furthermore, choline appeared to exert its effects mostly in the absence of ethanol, as when 

present together with ethanol, the effect of choline was abolished.

CA1 pyramidal neuron morphology at PD9

Representative tracings of CA1 pyramidal hippocampal neurons from female and male pups 

are shown in Figs. 6A and 6B respectively. Representative neurons were selected based on 

the criterion that complexity of the apical dendrite was close to the average apical 

complexity per each treatment and sex. CA1 pyramidal neurons from PD9 rats clearly 

display a simpler dendritic arbor compared to the arbor of hippocampal pyramidal neurons 

from adult animals, in agreement with the notion that at PD9 dendritic arborization is still 

ongoing. It has been reported that, in the adult rat, the combined length of all CA1 dendritic 

branches is between 12 and 13.5 mm of which 36% (4.32-4.86 mm) is from basal dendrites 

and 64% (7.68-8.64 mm) is contributed by apical dendrites (Spruston and McBain, 2007). 

We found that in CA1 neurons at PD9 the total basal dendrite length is 455.15 μm ± 35.3 in 

males and 609.4 μm ± 45.1 in females, corresponding to 53.3% and 53.18% of the total 

dendrite length respectively. The total length of the apical dendrite is 415.17μm ± 47.7 in 

males and 536.5 μm ± 46.8 in females, corresponding to 47.7% and 48.8% of the total 

dendrite length respectively. On the other hand, the number of basal dendrites at this 

developmental stage (6.38 ± 0.41 in females and 5.5 ±0.305 in males) is comparable to the 

adult animals (on average 5) (Spruston and McBain, 2007), indicating that all the dendrites 

have formed but the overall growth and arborization is incomplete.

DISCUSSION

Studies of children prenatally exposed to ethanol have shown significant deficits in 

hippocampus-mediated processes (Pei et al., 2008; Willoughby et al., 2008). Several 

preclinical studies of developmental ethanol exposure have also identified alterations in 

hippocampal-dependent behaviors (Kelly et al., 1988; Gianoulakis, 1990; Goodlett and 

Peterson, 1995; Berman and Hannigan, 2000; Johnson and Goodlett, 2002; Christie et al., 

2005; Popovic et al., 2006; Thomas et al., 2008; Thomas et al., 2010; Patten et al., 2014); in 

some of these studies, choline supplementation improved the behavioral outcome of 

neonatal alcohol exposure (Thomas et al., 2004; Thomas et al., 2007; Schneider and 

Thomas, 2016). Alterations in brain connectivity and processing after in utero alcohol 

exposure suggested by some recent human studies (Lebel et al., 2012; Wozniak et al., 2013) 

may be responsible for some of the behavioral and cognitive effects of developmental 

ethanol exposure. In support to this hypothesis, recent work found that alterations in 

structural plasticity and neuronal cytoarchitecture (measured as changes in dendritic 
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arborization and neuronal morphology) in the prefrontal cortex of adult animals were 

associated with alterations in synaptic plasticity and behavior (McEwen, 2013; Kolb and 

Gibb, 2015).

Previous studies have examined the effects of developmental alcohol exposure on dendrite 

arborization and neuronal morphology of cortical pyramidal neurons and spiny neurons of 

the nucleus accumbens in juvenile or adult animals (Whitcher and Klintsova, 2008; 

Hamilton et al., 2010; Rice et al., 2012; Hamilton et al., 2015). However, a systematic 

investigation of parameters of structural plasticity of pyramidal neurons of the hippocampus, 

a region highly affected by developmental ethanol exposure, after neonatal alcohol exposure 

and/or choline intervention has not been carried out. Therefore, we undertook the present 

study to explore changes induced by alcohol and choline exposure during the third trimester-

equivalent of human gestation on CA1 pyramidal neuron morphometric parameters after 

Golgi-Cox staining of PD9 brains.

We decided to examine changes induced by ethanol immediately after exposure in PD9 

animals, i.e. in animals at a developmental stage corresponding to the end of the third 

trimester of gestation in humans. This developmental window is characterized by, among 

others, a fast and massive increase in brain size, dendritic arborization, and glial cell 

proliferation and by the beginning of synaptogenesis. The rationale behind our approach is 

that deviations from the physiological program of neuronal morphological development 

occurring at this very critical developmental stage, when numerous events need to occur in a 

synchronized and coordinated manner, very likely lead to long-lasting alterations in brain 

connectivity even if these morphological differences are no longer detectable later in life. 

Altered morphology of neurons at this developmental stage is therefore likely to predict 

alterations in brain circuits and behavior in adolescence or adulthood.

The present study differs from previous studies in several ways: 1) nearly all the published 

studies analyzed neurons at a much later time-point in development (i.e. in juvenile or adult 

animals) (Whitcher and Klintsova, 2008; Hamilton et al., 2010; Rice et al., 2012; Hamilton 

et al., 2015); 2) previous studies analyzed morphological changes in different neuronal 

populations (i.e. in cortical pyramidal neurons or spiny neurons of the nucleus accumbens) 

(Whitcher and Klintsova, 2008; Hamilton et al., 2010; Rice et al., 2012; Hamilton et al., 

2015); and 3) there are no published studies investigating the effect of choline on ethanol-

induced changes in neuronal morphology. Because the dendritic tree of pyramidal neurons 

has two distinct domains: the basal and the apical dendrites, which are morphologically very 

different (Spruston, 2008), we analyzed apical and basal dendrite separately. Pyramidal 

neurons have one large apical dendrite per neuron that emerges from the apex of the soma 

and branches several times. The apical dendrite of CA1 pyramidal neurons occupies the 

stratum radiatum (proximal apical) and the stratum lacunosum-moleculare (distal apical) and 

extends to the hippocampal fissure (Spruston, 2008). At the opposite end, pyramidal neurons 

have several relatively short basal dendrites, which emerge from the base of the pyramidal 

cell’s soma, occupy the stratum oriens, and reach toward the alveus of the hippocampus 

(Spruston, 2008).
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We found that ethanol increases the complexity of apical dendrites (Figs. 2, 3) without 

affecting the maximal terminal distance from the soma in both female and male pups (not 

shown) indicating that ethanol increases the arborization of apical dendrites without 

affecting their reach toward the hippocampal fissure. Ethanol did not affect basal dendrites 

in female pups (Fig. 4). The observed trend (not statistically significant) toward an increase 

in basal dendrite complexity, length, and maximal terminal distance induced by ethanol in 

male pups appears to be driven by the decrease in basal dendrite arborization observed in the 

choline group (Fig. 5). A possible interpretation of our results is that developmental alcohol 

exposure induces a premature maturation of apical dendrites in hippocampal pyramidal 

neurons, which may lead to premature restriction in neuroplasticity and in the ability of 

developing neurons to respond to intrinsic and environmental signals as well as to altered 

synaptic circuits.

In line with our findings, there is an extensive literature indicating increased dendritic 

arborization in pyramidal neurons of the adult rat medial prefrontal cortex after exposure to 

stimulant drugs, such as amphetamine, cocaine, nicotine and tetrahydrocannabinol (reviewed 

in (Kolb and Gibb, 2015). It has been hypothesized that this drug-induced increase in 

dendritic arborization may reduce the physiological plasticity of neurons in response to 

environmental enrichment (Kolb et al., 2003). Additionally, the observed ethanol-induced 

increase in dendritic arborization is in agreement with the hyperconnectivity of multisensory 

areas of the cortex reported in ferrets exposed to alcohol during the period equivalent to the 

third trimester of human gestation (Tang et al., 2017). This study is also in agreement with 

several other studies reporting altered neuroplasticity in animal models of FASD (reviewed 

in (Medina, 2011).

A second goal of this research was to investigate whether choline prevents the effects of 

ethanol on neuronal morphology, as it has been reported that choline ameliorates neonatal 

ethanol exposure-induced behavioral alterations (Thomas et al., 2004; Thomas et al., 2007; 

Schneider and Thomas, 2016). We found that choline did not affect apical dendrites (Figs. 2 

and 3), but decreased basal dendritic arborization in males and, to a lesser extent, in females 

(Figs. 4 and 5).

Our results suggest that choline and ethanol both affect the structural plasticity of developing 

hippocampal neurons, albeit in opposite direction. Indeed, while ethanol increases dendritic 

arborization and complexity mostly in the apical dendrites, choline decreases length, 

number, and terminal distance in the basal dendrites of male pups and displays a trend 

toward decreased complexity and terminal distance in female pups. It can be hypothesized 

that, in opposition to ethanol, choline slows down the process of neuronal differentiation, 

therefore allowing for prolonged plasticity in response to intrinsic and environmental factors 

during this period of brain development.

It should be pointed out that in our study choline, while effective in reducing basal dendrite 

arborization when administered alone, did not prevent the effects of ethanol when co-

administered. The reason for this may be that we carried out treatments with choline for only 

six days, while choline was reported to improve alterations in hippocampal-dependent 

behaviors induced by neonatal alcohol exposure after about 3 weeks of intervention 
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(Thomas et al., 2007; Thomas et al., 2010; Schneider and Thomas, 2016). In the present 

study we did not carry out dendritic spine analysis because at this developmental stage few 

fully-formed synaptic spines are present in the CA1 region of the hippocampus (Bourne and 

Harris, 2008), in agreement with the notion that the majority of synaptogenesis occurs 

postnatally in humans and during the third postnatal week in rodents (Semple et al., 2013).

In conclusion, our study investigated for the first time the effects of neonatal ethanol and 

choline treatments on CA1 pyramidal neuron dendritic arborization after Golgi-Cox staining 

of PD9 brains. Our results suggest that ethanol accelerates, while choline delays, the 

development of CA1 pyramidal neurons. Choline and ethanol appear to work through 

different mechanisms; indeed different morphometric parameters are affected by choline and 

ethanol, with ethanol increasing dendritic branching in apical dendrites of male and female 

pups and choline decreasing the total length, number of ends, and terminal distance of the 

basal dendritic tree in male pups and trending toward a decrease in basal dendrite 

complexity and maximal terminal distance in females. Although the effects of ethanol were 

not counteracted by the effects of choline in our study, this may be the result of the 

experimental design in which choline treatments were carried out for only six days (during 

ethanol treatments). The experimental design employed in this study, in which changes in 

dendritic arborization were analyzed in still developing neurons, allowed us to identify 

ethanol-induced effects not previously reported that very likely lead to altered brain 

connectivity.

The alterations in dendritic arborization induced by ethanol in hippocampal pyramidal 

neurons of PD9 rats may be, at least in part, responsible for the behavioral and cognitive 

effects of developmental alcohol exposure. Our study indicates that choline supplementation 

does not prevent the effects of ethanol on the developing CA1 pyramidal neurons. However, 

further studies are necessary to investigate whether longer choline treatments after ethanol 

exposure can rectify the effects of ethanol on dendrite arborization.
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HIGHLIGHTS

• Developmental ethanol exposure increases CA1 pyramidal neurons’ apical 

dendrite arborization in female and male rat pups.

• Developmental ethanol exposure did not significantly affect basal dendrite 

arborization in female and male rat pups.

• Developmental choline exposure reduces basal dendritic arborization in males 

and, to a lesser extent, in female rat pups.
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Figure 1. Schematic representation of the experimental design employed in this study
Before the beginning of the treatments on PD4, pups were counted, sexed, and tattooed in 

their paws for identification. Between PD4 and PD8 pups were injected subcutaneously with 

saline or 100 mg/Kg choline each day, followed by two ethanol (in milk formula) or sham 

intragastric intubations and two milk formula only or sham intubations two hours apart (at 

10am, 12pm, 2pm, and 4pm respectively). On PD9 pups were injected subcutaneously with 

saline or 100 mg/Kg choline, followed by two ethanol or sham intragastric intubations (at 

10am and 12pm); pups were then euthanized 2h later (at 2pm).
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Figure 2. Effects of neonatal ethanol exposure and choline treatments on morphometric 
parameters of apical dendrites of CA1 pyramidal neurons in PD9 female pups
Morphometric measurements of apical dendrites of CA1 pyramidal neurons from female 

PD9 rats exposed to 5 g/Kg/day ethanol and/or 100 mg/Kg/day choline between PD4 and 

PD9 were analyzed by Neurolucida Explorer. A: Apical dendrite complexity (1,000×); a 

composite measurement defined as [(sum of terminal orders + number of ends)*(total 

dendrite length/number of primary dendrites)]. B: Apical dendrite length (in μm). C: Apical 

dendrite sum of terminal orders (defined as the number of “sister” branches encountered 

from each end to the cell body). D: Number of ends per apical dendrite. Shown in each 

graph is the mean ± the standard error from 48 neurons per condition (with the exception of 

the Chol group that had 36 neurons). Multilevel analysis was carried out on log-transformed 

data. On data shown in B, C, and D we employed multiple comparison corrections using the 

Benjamini-Hochberg approach to adjust nominal p-values toFDR. +p<0.05; *q<0.05 (after 

FDR correction).
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Figure 3. Effects of neonatal ethanol exposure and choline treatments on morphometric 
parameters of apical dendrites of CA1 pyramidal neurons in PD9 male pups
Morphometric measurements of apical dendrites of CA1 pyramidal neurons from male PD9 

rats exposed to 5 g/Kg/day ethanol and/or 100 mg/Kg/day choline between PD4 and PD9 

were analyzed by Neurolucida Explorer. A: Apical dendrite complexity (1,000×); a 

composite measurement defined as [(sum of terminal orders + number of ends)*(total 

dendrite length/number of primary dendrites)]. B: Apical dendrite length (in μm). C: Apical 

dendrite sum of terminal orders (defined as the number of “sister” branches encountered 

from each end to the cell body). D: Number of ends per apical dendrite. Shown in each 

graph is the mean ± the standard error from 48 neurons per condition. Multilevel analysis 

was carried out on original (C, D) or log-transformed (A, B) data. On data shown in B, C, 

and D we employed multiple comparison corrections using the Benjamini-Hochberg 

approach to adjust nominal p-values to FDR. +p<0.05; *q<0.05 (after FDR correction).
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Figure 4. Effects of neonatal ethanol exposure and choline treatments on morphometric 
parameters of basal dendrites of CA1 pyramidal neurons in PD9 female pups
Morphometric measurements of basal dendrites of CA1 pyramidal neurons from female PD9 

rats exposed to 5 g/Kg/day ethanol and/or 100 mg/Kg/day choline between PD4 and PD9 

were analyzed by Neurolucida Explorer. A: Basal dendrite complexity (1,000×); a composite 

measurement defined as [(sum of terminal orders + number of ends)*(total dendrite length/

number of primary dendrites)]. B: Basal dendrite length (in μm). C: Basal dendrite sum of 

terminal orders (defined as the number of “sister” branches encountered from each end to 
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the cell body). D: Basal dendrite number of ends. E: Number of basal dendrites per neuron. 

F: Basal dendrite maximal terminal distance (defined as the linear distance between the end 

of the farthest branch of the apical dendrite and the soma). Shown in each graph is the mean 

± the standard error from 48 neurons per condition (with the exception of the Chol group 

that had 36 neurons). Multilevel analysis was carried out on log-transformed data. On data 

shown in B, C, D, E, and F we employed multiple comparison corrections using the 

Benjamini-Hochberg approach to adjust nominal p-values to FDR, which did not result in 

any significant effects. +p<0.05 after multilevel analysis; p values approaching significance 

(0.05 <p<0.1) are also reported.

Goeke et al. Page 19

Neuroscience. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Effects of neonatal ethanol exposure and choline treatments on morphometric 
parameters of basal dendrites of CA1 pyramidal neurons in PD9 male pups
Morphometric measurements of basal dendrites of CA1 pyramidal neurons from male PD9 

rats exposed to 5 g/Kg/day ethanol and/or 100 mg/Kg/day choline between PD4 and PD9 

were analyzed by Neurolucida Explorer. A: Basal dendrite complexity (1,000×); a composite 

measurement defined as [(sum of terminal orders + number of ends)*(total dendrite length/

number of primary dendrites)]. B: Basal dendrite length (in μm). C: Basal dendrite sum of 

terminal orders (defined as the number of “sister” branches encountered from each end to 
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the cell body). D: Basal dendrite number of ends. E: Number of basal dendrites per neuron. 

F: Basal dendrite maximal terminal distance (defined as the linear distance between the end 

of the farthest branch of the apical dendrite and the soma). Shown in each graph is the mean 

± the standard error from 48 neurons per condition. Multilevel analysis was carried out on 

log-transformed data. On data shown in B, C, D, E, and F we employed multiple 

comparison corrections using the Benjamini-Hochberg approach to adjust nominal p-values 

to FDR. +p<0.05 after multilevel analysis; *q<0.05 (after FDR correction); p values 

approaching significance (0.05 <p<0.1) are also reported.
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Figure 6. Representative Neurolucida tracings of female and male hippocampal CA1 pyramidal 
neurons
Shown are the tracings of female (A) and male (B) neurons from each of the four treatment 

conditions. IC: Intubation and injection control; Chol: choline injected; EtOH: ethanol-

intubated; EtOH+Chol: ethanol intubated and choline injected animals. The displayed 

neurons were selected because their apical dendrites’ complexity was the closest to the mean 

complexity value per treatment group per sex.
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TABLE 6

FEMALE BASAL DENDRITE MULTILEVEL ANALYSIS AND FALSE DISCOVERY RATE 

CORRECTIONS OF THE EFFECT OF CHOLINE VERSUS SHAM CONTROL

Morphometric Parameters χ2 DF p value q value (FDR correction)

Complexity* 2.3808 1 0.1228 N/A

Length (μm)* 1.7615 1 0.1844 0.319

Terminal Order* 1.7061 1 0.1915 0.319

Number of Ends* 0.4624 1 0.4965 0.621

Number of Basal Dendrites* 0.0447 1 0.8326 0.832

Terminal Distance* 4.0306 1 0.0447 0.223

*
Measurements were log-transformed prior to statistical analysis to satisfy the assumption of normal distribution of residuals.
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TABLE 7

MALE BASAL DENDRITE MULTILEVEL ANALYSIS AND FALSE DISCOVERY RATE 

CORRECTIONS OF THE EFFECT OF CHOLINE

Morphometric Parameters χ2 DF p value q value (FDR correction)

Complexity* 0.8150 1 0.3666 N/A

Length (μm)* 4.8686 1 0.0273 0.046

Terminal Order* 0.6581 1 0.4172 0.417

Number of Ends* 2.5605 1 0.1096 0.137

Number of Basal Dendrites* 7.2918 1 0.0069 0.035

Terminal Distance* 4.9383 1 0.0263 0.046

*
Measurements were log-transformed prior to statistical analysis to satisfy the assumption of normal distribution of residuals.
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