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ABSTRACT 

 In animal models that mimic human third-trimester fetal development, ethanol causes 

substantial cellular apoptosis in the brain, but for most brain structures the extent of permanent 

neuron loss that persists into adulthood is unknown. We injected ethanol into C57BL/6J mouse 

pups at postnatal day 7 (P7) to model human late-gestation ethanol toxicity, and then used 

stereological methods to investigate adult cell numbers in several subcortical neurotransmitter 

systems that project extensively in the forebrain to regulate arousal states. Ethanol treatment 

caused especially large reductions (34-42%) in the cholinergic cells of the basal forebrain, 

including cholinergic cells in the medial septal /vertical diagonal band (Ch1/Ch2) and in the 

horizontal diagonal band/substantia innominata/ nucleus basalis (Ch3/Ch4) nuclei.  Cell loss was 

also present in non-cholinergic basal forebrain cells, as demonstrated by 34% reduction of 

parvalbumin immunolabeled GABA cells and 25% reduction of total Nissl-stained neurons in the 

Ch1/Ch2 region. In contrast, cholinergic cells in the striatum were reduced only 12% by ethanol, 

and those of the brainstem pedunculopontine / lateral dorsal tegmental nuclei (Ch5/Ch6) were not 

significantly reduced. Similarly, ethanol did not significantly reduce dopamine cells of the ventral 

tegmental area/ substantia nigra or serotonin cells in the in the dorsal raphe nucleus. Orexin 

(hypocretin) cells in the hypothalamus showed a modest reduction (14%).  Our findings indicate 

that the basal forebrain is especially vulnerable to alcohol exposure in the late gestational period.  

Reduction of cholinergic and GABAergic projection neurons from the basal forebrain that regulate 

forebrain arousal may contribute to the behavioral and cognitive deficits associated with neonatal 

ethanol exposure. 

 

INTRODUCTION 

 Fetal alcohol exposure is a common cause of life-long cognitive disability.  Findings from 

humans and experimental animals have shown that the type and severity of disability can vary 

depending on the phase of development and the dose of ethanol (May et al. 2013; Marquardt and 

Brigman 2016; Riley et al. 2011; Schneider et al. 2011). 

 The third trimester of human gestation is a sensitive period when ethanol exposure can 

cause lasting behavioral and developmental deficits (Schneider et al. 2011). Experiments in 
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rodents and monkeys demonstrated that ethanol at this time causes apoptotic neuron death in 

several brain structures (Farber et al. 2010; Wozniak et al. 2004). This is a developmental period 

when most neurons have recently finished migration and are undergoing rapid growth and de-novo 

synaptogenesis (Dobbing and Sands 1979; Bourgeois and Rakic 1993). Also, during this period a 

fraction of the neuron population is eliminated by normal programmed cell death.  For example, 

in rodent cerebral cortex it has been estimated that as many as 20-30% of neurons are removed by 

a normal programmed death that peaks around P5-7 and continues into the second and third 

postnatal weeks (Ferrer et al. 1992; Heumann et al. 1978; Verney et al. 2000; Smiley et al. 2019).  

For reasons that are only partially understood, some neuron populations are more 

vulnerable to neonatal ethanol. Several factors are likely to determine a cell’s vulnerability. One 

key feature is the precise stage of cellular development. This was demonstrated in mice, where 

ethanol treatments from P0 to P7 caused a caudal-to-rostral progression of apoptosis, with greater 

vulnerability of structures nearer to brainstem around P0, progressing to greater vulnerability in 

cortex and associated structures by about P7 (Ikonomidou et al. 2000). The progression of ethanol 

vulnerability correlated approximately with the timing of normal programmed cell death in the 

affected structures, supporting the hypothesis that neurons are more vulnerable when they are 

already predisposed to undergo apoptosis. A prediction of this hypothesis is that some neuron 

populations may be constitutively more vulnerable to ethanol because they undergo more 

extensive programmed cell death during normal brain development (Ahern et al. 2013). A second 

feature that determines cell vulnerability to ethanol is its pharmacological profile. For example, 

some neurons are more vulnerable to the NMDA-antagonist effects of neonatal ethanol, and others 

more sensitive to its GABA-mimetic effects (Ikonomidou et al. 2000). A third important influence 

on a cell’s vulnerability is its degree of synaptic interaction with other vulnerable cells. Several 

studies have shown that neurons can undergo increased normal programmed cell death if they are 

substantially deprived of their normal synaptic partners (Ferrer et al. 1992; Young et al. 2004; 

Bayly et al. 2006). This mechanism might also occur after neonatal exposure to ethanol. For 

example, it is notable that this treatment causes robust apoptosis in the strongly interconnected 

structures of the extended hippocampus circuitry (historically known as Papez circuit) including 

the anterior thalamus, retrosplenial cortex, subiculum, and hypothalamic mammillary bodies 

(Wozniak et al. 2004).  
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 The extent of permanent cell loss in the adult brain caused by neonatal ethanol is only 

partially explored. While ethanol-induced apoptosis is dense in certain brain areas, many areas 

have diffusely distributed apoptotic cells. The anterior dorsal nucleus of the thalamus is likely to 

have substantial cell loss, as its volume is reduced about 50% in adult brains (Wozniak et al. 2004).  

Other studies showed adult neuron deficits in the thalamic nucleus reuniens (Gursky et al. 2019), 

in the cerebellum and connected inferior olivary nucleus (Bonthius and West 1991; Goodlett and 

Eilers 1997; Napper and West 1995a, b), in the hippocampus CA1 region (Tran and Kelly 2003; 

Livy et al. 2003) and in GABA cells in the cerebral cortex and hippocampus (Coleman et al. 2012; 

Sadrian et al. 2014; Moore et al. 1998; Smiley et al. 2015; Saito et al. 2018; Bird et al. 2018; Saito 

et al. 2019). These findings suggest that neonatal apoptosis causes permanent deficits of cell 

number in the adult brain.  However, there is evidence that certain neuron populations might have 

some capacity to recover from cell loss caused by neonatal disruptions (Smiley et al. 2019; Fagel 

et al. 2006). Additionally, it is well established that some neuron populations can become 

undetectable due to downregulation of their identifying phenotypic markers (Sloviter et al. 2003; 

Spitzer 2017). More complete understanding of long-term cell loss in this model is needed to 

understand how the brain responds to early developmental lesions, and to understand the causes 

of lasting behavioral deficits.  

Behavioral studies have shown that neonatal ethanol causes social and cognitive behavioral 

deficits (Marquardt and Brigman 2016; Harvey et al. 2019) including disruptions of sleep-wake 

cycles (Troese et al. 2008; Wilson et al. 2016). While multiple brain regions may regulate these 

behaviors, their disruption by neonatal ethanol might be especially caused by damage to a few 

structures. The goal of the present study was to identify neuron populations that have especially 

prominent long-term cell loss due to neonatal ethanol.  The original study design focused on four 

well-characterized subcortical nuclei (expressing dopamine, serotonin, acetylcholine and orexin) 

that are known to regulate diverse behaviors including attention, motivation, arousal, and sleep-

wake cycles. Upon finding deficits in the acetylcholine cells of the basal forebrain, we then pursued 

additional experiments that demonstrated cell loss is also present in other basal forebrain cell types.  

 

METHODS 

Subjects and ethanol exposure 
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A total of seven litters of C57BL/6J mice were used, each having 6-8 animals that were 

divided into ethanol and saline treatment groups matched as closely as possible for sex. Due to 

limited numbers of tissue sections, we were unable to quantify all cell types in the same litters, and 

each cell type was quantified in 3-5 separate litters (Table 1).  Pups were subcutaneously injected 

at P7 with either saline or 2.5 g/kg ethanol per injection, with two injections separated by a 2-hour 

interval, using a well characterized paradigm of fetal alcohol toxicity (Saito et al. 2007; 

Ikonomidou et al. 2000). This is a simple method of ethanol delivery that was previously shown 

to reliably produce blood ethanol concentrations between 0.35 and 0.45 g/dL that persisted for 

several hours (Saito et al. 2007). After injections pups were returned to their litter and weaning 

occurred at P25-30. All procedures were approved by the Nathan Kline Institute IACUC and were 

in accordance with NIH guidelines for the proper treatment of animals. 

 

Histological processing and immunolabeling 

 At P70, mice were anesthetized by intraperitoneal injection of 200 mg/kg ketamine and 10 

mg/kg xylazine, and transcardially perfused with heparinized 4% paraformaldehyde in phosphate 

buffer, pH 7.2. Brains were removed from the skull and immersed in the same fixative at 4C for 

48 hours before short-term storage in phosphate buffer. As in our previous study, brains were 

embedded in agar blocks for simultaneous sectioning and processing using the method of 

Nagamoto-Combs et al. (Nagamoto-Combs et al. 2016) with minor modifications as previously 

described (Smiley et al. 2019). Each block contained from 6 to 8 brains from a single mouse litter, 

so that matched ethanol and saline treated brains were processed in the same tissue sections. The 

agar-embedded brains were cryoprotected by sinking in 20% buffered glycerol, prior to freezing 

and sectioning in coronal orientation at 50 µm thickness on a sliding microtome. Digital images of 

the block face were used to digitally reconstruct sectioned brains and to identify the location of 

brain regions used for quantitative cell counts. Consecutive sections were stored in buffer in 

partitioned boxes with numbered wells. 

  Five primary antibodies were used to label different cell populations. Goat anti-choline 

acetyl transferase (ChAT; Millipore AB144P) used at 1:500 dilution, has been extensively used to 

label cholinergic neurons, with cell labeling that colocalizes with ChAT mRNA expression and 

transgenically expressed ChAT (Tallini et al. 2006; Zhu et al. 2007).  Rabbit anti-orexin-A (R&D 

systems MAB763) used at 1:3,000, labels cells in the hypothalamus that robustly co-expressed 
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orexin-specific lenti-viral constructs (Sears et al. 2013).  Rabbit anti-serotonin (5HT, Sigma 

S5545) at 1:10,000 provides cell labeling that nearly completely co-expresses with transgenic (Pet-

1) labeling of serotonin cells (Cunha et al. 2020). Rabbit anti-tyrosine hydroxylase (TH, Pel-Freeze 

P40101) used at 1:1,000, was previously shown to be exclusively expressed in transgenically 

labeled dopamine transporter expressing cells in the substantia nigra and ventral tegmental area 

(Menezes et al. 2021). Mouse anti-parvalbumin (PV; Swant PV 235) used at 1:3,000, is a widely 

used antibody that selectively colocalizes with cells labeled by other PV antibodies, but not with 

other major subtypes of GABA cells in the cerebral cortex (Smiley et al. 2016; Smiley et al. 2019).  

 Different immunolabeling methods were used, in order to facilitate stereological cell 

counting. TH, serotonin, PV, and possibly orexin immunolabels do not fully penetrate the depth 

of the tissue section. Therefore, these antibodies were processed with immunofluorescence 

procedures that do not require dehydration and shrinkage of the tissue, thus allowing us to place 

our disector counting box within the superficial 12 µm of the 50 µm thick tissue section. ChAT 

immunolabeling fully penetrates the tissue sections, and was processed with the 

immunoperoxidase method that provides the advantage of long-term stability. In all preparations, 

tabulation of the z-location of counted cells showed that the immunolabels fully penetrated the 

depth of the disector counting box. 

   Free-floating sections were used for all immunolabeling procedures. Primary and 

secondary antibody solutions contained 1% normal goat serum, 1% bovine serum albumin, 0.1% 

glycine, and 0.05% saponin in 0.1M phosphate, pH 7.2.  Sections were immersed at 4C in primary 

antibodies for 2-3 days, in secondary antibody overnight at 1:500 dilution, and in avidin-

conjugated chromogen for 3-5 hours at 1:500. ChAT antibody was visualized by incubation in 

biotinylated goat anti-guinea pig secondary antibody (Vector Laboratories BA-7000) followed by 

extravidin-peroxidase (Sigma E2886) and reaction with diaminobenzidine and hydrogen peroxide, 

after which sections were mounted and dehydrated on glass slides and coverslipped with 

Permount. All other primary antibodies were visualized by exposure to biotinylated secondary 

antibodies (Vector Laboratories BA-1000 or BA-9200) followed by streptavidin-594 (Invitrogen 

S11227), after which sections were mounted on glass slides and coverslipped with Fluoro-Gel 

aqueous mounting medium (Electron Microscopy Sciences 17985-s10).  Nissl stained sections 

were dried on slides before staining with thionin and cover-slipping with Permount. 
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Stereological quantification of cell number and size 

Estimates of cell number used the fractionator method (Gundersen et al. 1988), or 

alternatively the Nv*Vref method for estimates of total Nissl stained neurons in the Ch1/Ch2 

region (Gundersen 1986).  Each cell group was sampled through its full rostral-caudal extent in 

evenly spaced sections. For each cell type, the section sampling fraction, disector spacing, and 

disector size were adjusted to provide acceptable precision. For all measurements, the average 

brain sample coefficient of error (Dorph-Petersen et al. 2009) varied from 0.05 to 0.09 (0.07 +/- 

0.01, mean +/- S.D.). The average number of sections sampled per brain sample varied from 7 to 

16 sections (10.4 +/- 2.5), and the average number of cells sampled varied from 174 to 502 (284 

+/- 78). Calculations of cell number were corrected for on-slide section thickness that was 

measured in triplicate on every section used for cell counting. Consistent with our previous studies 

(eg. (Smiley et al. 2016; Smiley et al. 2019)) average section thicknesses per cell population for 

Permount-mounted peroxidase and Nissl-stained sections ranged from 11-13 µm (11.5 +/- 0.05), 

and for fluorescent preparations ranged from 53-55 µm (53.8 +/- 0.5). Section thickness did not 

differ between treatment groups in any preparation.  

Cell sampling was done using ImageJ software to control a motorized Nikon E-600 

microscope equipped with Ludl X, Y, and Z motors, a Heidenhain z-axis microcator, and a foculus 

FO 442 digital camera (Net GMBH, Germany) as previously described (Smiley et al. 2019; Smiley 

et al. 2016). For each section, a low magnification video montage was made to identify the 

boundaries of labeled cells. The montage pixel coordinates were aligned to the X-Y stage 

coordinates so that a systematic grid of sampling sites drawn onto the montage could be used to 

automatically guide the user to each sampling site. At each sampling site a z-stack of images was 

captured and saved to a computer, each z-stack typically containing 6-7 image slices with 2 µm 

slice spacing, or 1 µm slice spacing for Nissl-stained sections. Optical dissector counting boxes 

were drawn onto the z-stack, using the top 1 or 2 slices for an upper guard zone, 2 or 3 slices for 

the counting box, and the remaining slices as a bottom guard zone. Cells identified by fluorescence 

were imaged with a 40x, 1.3 numerical aperture (NA) oil-immersion objective, ChAT cells labeled 

with peroxidase were imaged with a 50x, 1.3 NA oil-immersion objective, and Nissl-stained cells 

with a 100x, 1.3 NA oil immersion objective. For counting in Nissl-stained sections, only neurons 

were counted that were differentiated from glia by morphological features including their 

prominent nucleolus and well stained cytoplasm.  

Jo
urn

al 
Pre-

pro
of



8 
 

 Cell size and cell labeling intensity were estimated for all ChAT cells counted in 

fractionator estimates of cell number in the basal forebrain and striatum.  As previously described, 

cell size was measured by the nucleator method (Gundersen 1988), from the average of 3 random 

isotropic radii measured from the approximate cell center to peripheral edge, and cell labeling 

intensity was the difference between the average gray-scale intensity in an 8 micron diameter circle 

at the cell center and the mode of the background gray-scale density in a 3 micron wide band 30 

microns from the cell center  (Smiley et al. 2015). The average coefficient of error (Dorph-Petersen 

et al. 2004) for all cell size measures was 0.03 +/- 0.01. 

 

Anatomical definitions of nuclei and sampling strategy 

 All cell counts were from both left and right hemisphere except for ChAT cells in the 

striatum that were from the left hemisphere. We obtained separate cell number estimates from 

different cholinergic cell groups, that were identified using established definitions (Woolf 1991; 

Mesulam et al. 1983). For simplicity we have adopted the Ch1-Ch6 nomenclature of Mesulam et 

al. (Mesulam et al. 1983). Estimates of ChAT immunolabeled cell number were obtained in the 

combined medial septal /vertical diagonal band (Ch1/Ch2) cholinergic cell groups that project 

mainly to the hippocampus. In the Ch1/Ch2 region we additionally estimated the number of PV 

immunolabeled neurons and of total Nissl-stained neurons. In PV immunolabeled sections the 

borders of Ch1/Ch2 were identified by the dense cell and neuropil labeling compared to 

surrounding areas, that closely co-distributed with the location of cholinergic cells. Similarly, in 

Nissl-stained sections contiguous with ChAT-immunolabeled sections, the borders of MSN/VDB 

were easily distinguished from adjacent areas by its high density of large neurons. In all 

preparations, the border separating caudal Ch2 from Ch3 was at the level of the rostral end of the 

third ventrical at the ventral brain surface. In coronal sections the Ch1/Ch2 region in our samples 

extended through 24-30 consecutive 50 µm sections, and was sampled in every 3rd or 4th section 

for stereological cell counts.   

Separate estimates of cholinergic cell number were obtained from the Ch3/Ch4 cholinergic 

cell groups that project mainly to the cerebral cortex, amygdala, and olfactory bulbs. These 

included the ChAT immunolabeled cell groups in the basal forebrain extending from near the 

caudal border of Ch1/Ch2 to the caudal end of the globus pallidus, thus including the region of the 

horizontal diagonal band, substantia innominate, nucleus basalis, and preoptic area. The Ch3/Ch4 
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region spanned 27-33 50 µm sections in our brains, and was sampled in every 3rd section.  Separate 

estimates were additionally obtained from the combined pedunculopontine and lateral dorsal 

tegmental cholinergic cells (Ch5/Ch6) in the upper brainstem whose axons project extensively to 

subcortical structures including brainstem, thalamus and basal forebrain. Ch5/Ch6 spanned 27-36 

50 µm sections, and was sampled in every 3rd section. Separate counts were also obtained from the 

cholinergic interneurons of the striatum, including the caudate, putamen, and nucleus accumbens. 

ChAT cell counts in striatum were from the left hemisphere only. The striatum spanned 60-72 50 

µm sections and was sample in every 6th section.  

 Estimates of dopamine cell number included TH-immunolabeled cells in the substantia 

nigra (SN) and ventral tegmental areas (VTA) corresponding to A9 and A10 cell groups (Fuxe et 

al. 1970) and excluding the retrorubral group (A8) as described in our previous study (Vadasz et 

al. 2007). Dopamine cells spanned 33-42 50 micron sections, and were sampled in every 3rd or 4th 

section. Estimates of serotonin-immunolabeled cell number were done as in our previous study 

(Cunha et al. 2020), but in the present study counts were restricted to the dorsal raphe, that includes 

cells in the B6 and B7 groups as described by Muzarelle (Muzerelle et al. 2016). This region 

spanned 24-34 50 µm sections and was sampled in every 2nd or 4th section. Estimates of orexin 

cells included the immunolabeled cells distributed in the lateral and posterior hypothalamic region 

(Date et al. 1999).   Orexin cells spanned 14-24 50 µm sections and were sampled in every 2nd 

section. 

  

Statistical analysis 

Initial experiments hypothesized that neurotransmitter systems involved in arousal are 

affected by P7 ethanol resulting in decreased counts of ChAT cells of Ch1/Ch2 as well as dopamine 

(DA), serotonin (SHT), and orexin cells at P25-30. Bonferroni correction was applied to adjust for 

multiple comparisons with respect to these primary hypotheses of interest such that the modified 

type I error rate, a’=0.0125.  Based on initial findings, subsequent experiments were conducted to 

examine related non-ChAT cell populations in the Ch1/Ch2 region and ChAT cell populations in 

other regions of the brain. We also examined whether reduced ChAT cell number was 

accompanied by changes in ChAT cell size and labeling intensity.  

 Male and female animals within each litter were divided into ethanol or saline treatment 

groups. Within each sex, animals were selected so that ethanol and saline treated animals had 
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approximately equal distributions of body weight. Two litters lacked female animals in the ethanol 

treatment group, either because no females were available in that litter, or because the female 

animal was found pregnant at weaning and removed from the experiment. For assessment of cell 

populations, we used 7 mouse litters with each cell type quantified in 3-5 of these litters. Tables 1 

and 2 show the number of litters and animals used to evaluate each cell population. We used mean 

± S.D. and percent differences, i.e., (1-ethanol/saline)*100%  in cell population, size, and labeling 

intensity to describe the sample and quantify associations. Then, to conduct hypothesis testing, we 

used two-way analysis of variance models with treatment group and sex included as independent 

variables, and litter as a blocking factor. Because each litter was separately processed for 

histological labeling and cell counting, and animals within each litter were separated into ethanol 

or saline treatment groups, analyses of treatment x sex effects for most cell populations have 

limited power. Despite the relatively small sample size and exploratory nature of this study, we 

confirmed that there were no violations of assumptions of normality using residual plots and the 

Shapiro-Wilkes test. Statistical analysis was conducted using IBM SPSS version 24 software.  

 

RESULTS 

Cholinergic cells of the basal forebrain are reduced by P7 ethanol 

 Basal forebrain cholinergic neurons were identified by ChAT immunolabeling. Separate 

cell number estimates were made for the combined Ch1/Ch2 cholinergic cell groups that project 

mainly to the hippocampus, and for the combined Ch3/Ch4 cell groups that project mainly to the 

cerebral cortex, amygdala, and olfactory bulb. Cell counts in Ch1/Ch2 showed that P7 ethanol 

reduced ChAT cell number by about 42% (F1,30 = 84.9, p < 0.001; Figure 1A, B, F). ChAT cells 

in Ch3/Ch4 showed a similar reduction (34%; F1,13 = 63.7, p < 0.001). Although there was no 

interaction of treatment group and sex, in Ch3/Ch4 there was evidence for an effect of sex (p < 

0.05) with higher mean cell number among female animals (Figure 1 C, D, G). 

  While ChAT cell number was obviously reduced, measurements of cell soma size and cell 

labeling intensity done in Ch1/Ch2, Ch3/Ch4, or in striatum did not reveal differences between 

ethanol treated and control animals (Table 2; Ch1/Ch2 size F(1,30) = 2.4, p=0.13, intensity F(1,30) 

= 0.18, p = 0.67); Ch3/Ch4 (size F(1,13) = 0.17, p=0.69, intensity F(1,14) = 0.93, p = 0.35); 

striatum (size F(1,13) = 0.82, p>0.38, intensity F(1, 7) = 0.31, p = 0.60)).   
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Non-cholinergic neurons in the MSN/VDB region are reduced by P7 ethanol 

 To determine if reduced neuron number in the basal forebrain is selective for cholinergic 

neurons, we estimated the number of PV-immunolabeled neurons, and of total Nissl-stained 

neurons, in the Ch1/Ch2 region (Figure 2). PV neurons in Ch1/Ch2 include both interneurons with 

locally distributed axons and projection neurons that innervate the hippocampal formation along 

with other cholinergic and glutamatergic projection neurons. In ethanol treated animals, estimates 

of PV cell number showed a reduction of 34% compared to control animals (F(1,14) = 32.3, p< p 

< 0.001; Figure 2E), whereas total cell number was reduced by 25% (F(1,29) = 54.1, p< 0.001; 

Figure 2F). Comparison between cell types in the Ch1/Ch2 region of control animals indicated 

that the average numbers of ChAT (7,969 +/- 816) and PV (7,946 +/- 1,570) cells are each about 

11% of the total neuron population (71,580 +/- 6,568).  

 

Other types of cholinergic neurons are comparatively unaffected by P7 ethanol 

 We next queried whether neonatal ethanol caused reductions in other similar cholinergic 

cell groups. ChAT cells distributed throughout the striatum (Figure 3E, I) are local circuit neurons 

with morphology and developmental origins similar to those in the basal forebrain (Magno et al. 

2017). Estimates of ChAT cell number in the striatum, that included the combined caudate, 

putamen and nucleus accumbens, demonstrated about 12% reduction in these cells (F(1,20) = 4.4, 

p < 0.05; Figure 4A).  

 The cholinergic cells in the brainstem Ch5/Ch6 nuclei (Figures 3A, J) are projection 

neurons that mainly innervate the thalamus, but also have minor projections to cortical structures 

and to the basal forebrain (Mesulam et al., 1983). Estimates of ChAT cell number in the combined 

Ch5/Ch6 cell groups did not reveal an effect of P7 ethanol treatment (F(1,11) = 0.40, p = 0.54; 

Figure 4B). 

 

Other ascending modulatory systems are comparatively unaffected by P7 ethanol 

 Basal forebrain projection neurons are one of several neurotransmitter systems that project 

throughout the forebrain to regulate attention, motivation, and arousal. We examined three 

additional neurotransmitter systems that project to extensively throughout the forebrain.  

Serotonin cells in the brainstem dorsal raphe nucleus (Figure 3D, F) project extensively to 

forebrain structures including cerebral cortex, amygdala, thalamus and basal forebrain (Muzerelle 
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et al. 2016). Estimates of serotonin-immunoreactive cell number in the dorsal raphe did not show 

an effect of P7 ethanol (F(1,14) = 0.05, p = 0.83; Figure 4C). 

Dopamine cells in the substantia nigra and ventral tegmental area (Figures 3C, H) project 

especially to the striatum and to midline structures of the basal forebrain, amygdala and cerebral 

cortex (Ikemoto 2007). Estimates of TH-immunolabeled dopamine cell number in the combined 

substantia nigra and ventral tegmental area did not show evidence of an effect of P7 ethanol 

(F(1,13) = 2.8, p = 0.11; Figure 4D). 

Orexin cells in the hypothalamus  (Figure 3B, G) project widely throughout the brain and 

spinal cord (Sakurai 2007). Analysis of orexin-immunolabeled cell number revealed a significant 

effect of ethanol treatment (F(1,16) = 12.6, p < 0.003) and a significant interaction effect of ethanol 

treatment and sex (F(1,18) = 11.2, p < 0.01; Figure 4E).  Results of post-hoc tests showed that 

among males ethanol treatment was associated with 25% lower cell number (t(9) = 3.12,  p = 

0.012). There was no significant treatment effect among female animals (t(9) = 0.19 , p = 0.85).  

 

DISCUSSION 

Our findings demonstrate that third trimester equivalent ethanol reduces the number of a 

basal forebrain cholinergic projection neurons by approximately 30-40%. The reduction was not 

selective for cholinergic cells, as both total neuron number and PV-immunolabeled GABA cells 

in the Ch1/Ch2 regions were also reduced. In contrast to the basal forebrain, smaller or non-

significant changes were found in cholinergic cells of the striatum or brainstem Ch5/Ch6 nuclei, 

or in serotonin, dopamine and orexin nuclei of the midbrain and hypothalamus.  

To our knowledge this is the first report that ethanol treatment in the early postnatal period 

causes reduction of cholinergic cells in the basal forebrain. There are, however, previous findings 

that neonatal ethanol causes lasting changes in the basal forebrain cholinergic system, including 

lower stimulated release of acetylcholine and altered muscarinic receptor binding (Kelly et al. 

1989; Carneiro et al. 2005; Monk et al. 2012; Perkins et al. 2015). Similarly, ethanol exposure 

during prenatal gestational periods caused reductions of acetylcholine synthesis and ChAT 

expression (Rawat 1977; Swanson et al. 1995; Doehner et al. 2017) even though prenatal exposure 

did not cause clear reductions of cholinergic cell number in the basal forebrain (Doehner et al. 

2017). These findings have contributed to the idea that reduced cholinergic function may 

contribute to behavioral deficits such as hyperexcitability and reduced spatial learning that are 
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associated with fetal alcohol exposure (Riley et al. 1986). They have motivated efforts to overcome 

fetal alcohol behavioral deficits by enhancing cholinergic function with therapies including 

cholinesterase inhibitors (Riley et al. 1986; Bond 1986; Dokovna et al. 2013; Heroux et al. 2019) 

and choline supplementation (Thomas et al. 2007; Monk et al. 2012; Ross et al. 2016; Wozniak et 

al. 2020). Our results indicate that reduced cell number in the basal forebrain is likely to be an 

important feature of decreased cholinergic function caused by third-trimester equivalent ethanol 

exposure.  

Cholinergic cells are also vulnerable to ethanol in adult and adolescent animals. In adult 

rats, Arendt and colleagues demonstrated that exposure to high dose ethanol for prolonged periods 

(28 weeks) causes 20-30% reduction of total neuron number in the medial septal area, along with 

30% reduction of cholinergic neurons labeled by nerve growth factor receptor (NGFr) antibodies, 

and up to 80% reduction of ChAT immunolabeled cells (Arendt et al. 1988; Arendt et al. 1995). 

They concluded that adult ethanol caused neurodegenerative cell loss of some cholinergic neurons, 

whereas others may have selectively downregulated ChAT expression.  

More recently it was found that adolescent animals were more sensitive than adults to the 

effects of ethanol. Binge-like exposures caused as much as 29-36% reductions of basal forebrain 

ChAT cells in adolescent but not adult rats (Ehlers et al. 2011; Vetreno et al. 2014). While it is 

striking that the cholinergic basal forebrain is vulnerable across different postnatal ages, the type 

of cellular damage may be age-dependent. Unlike our findings in neonatal animals, adolescent 

treatment also caused reductions of Ch5/Ch6 cholinergic cells and of serotonin cells in the dorsal 

raphe, and it caused reduction of ChAT cell size in the basal forebrain (Vetreno et al. 2017; Vetreno 

and Crews 2018). Different mechanisms have been proposed to explain ethanol induced 

neurotoxicity (Vetreno and Crews 2018; Saito et al. 2016; Goodlett et al. 2005; Gupta et al. 2016). 

In adolescent-ethanol treated animals, reduced cholinergic cell number and size were reversed by 

subsequent exercise regimes, as was demethylation of gene promoters associated with cholinergic 

expression (Vetreno et al. 2020).  It remains to be established whether the same mechanisms occur 

after neonatal ethanol treatment.  

In addition to the reduction of ChAT cells by neonatal ethanol, we also found reductions 

of total Nissl-stained neurons and PV neurons in Ch1/Ch2. Our estimates in control animals 

indicate that the ChAT and PV neuron populations each comprise about 11% of the total neuron 

population. These estimates are similar to stereological results in rat that concluded that ChAT 
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cells were about 4-15% of all neurons in the medial septal region and diagonal band of Broca 

(Gritti et al. 2006). In the same region of rats, GABAergic cells were 20-35% of the total neuron 

population, indicating that our PV cell counts are evaluating only a fraction of the GABAergic 

neurons in Ch1/Ch2. In ethanol treated animals, we found more pronounced reductions of ChAT 

cells (42%) and PV cells (34%) compared to the reduction of total neurons (25%). However, the 

much larger size of the total neuron population indicates that its reduction is unlikely to be caused 

only by ChAT and PV neuron loss, and that other neuron types are also diminished by ethanol 

treatment. The region contains several populations of interneurons, as well as projection neurons 

expressing ChAT, PV, and glutamate that have widespread modulatory effects throughout the 

forebrain (Muller and Remy 2018; Zaborszky et al. 2015). In the present study we did not evaluate 

the number of glutamatergic cells because we are unaware of readily accessible methods to 

selectively label this cell population.  

The reduction of Nissl-stained neurons in Ch1/Ch2 indicates that neonatal ethanol causes 

an irreversible reduction of neuron number in this region. However, because ChAT and PV cells 

were identified by immunolabeling, we cannot exclude the possibility that some fraction of these 

cells were not counted because they have simply downregulated their expression of ChAT or PV. 

In adult animals, lesion studies showed that cholinergic cells can lose detectable ChAT and NGFr, 

even though they continue to survive and can sometimes be revived by interventions such as 

growth factors or exercise (Hagg et al. 1988; Smith et al. 1999; Naumann et al. 1997; Lazo et al. 

2010; Hall et al. 2018; Vetreno et al. 2020). A similar phenotypic downregulation has been 

demonstrated for other cell types, such as cholinergic cells of Ch5/Ch6 (Li and Spitzer, 2020) and 

PV and other GABA cell markers in hippocampus and cerebral cortex under conditions of 

pathology or stress (Saito et al. 2018; Komitova et al. 2013; Sanacora et al. 2002; Saito et al. 2019; 

Sloviter et al. 2003).    

The behavioral effects of basal forebrain cell loss caused by P7 ethanol remain to be 

determined. The basal forebrain contains intermingled cholinergic, GABAergic and glutamatergic 

projections neurons that project widely throughout the forebrain.  Activity of these projections is 

closely associated with attention, memory, and regulation of arousal states during sleep-wake 

cycles (Zaborszky et al. 2018; Hasselmo and Sarter 2011; Platt and Riedel 2011). Basal forebrain 

lesions cause deficits in memory and spatial navigation tasks, although the extent of these deficits 

vary depending on the location and cellular specificity of the lesion (Deiana et al. 2011; Toledano 
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and Alvarez 2004). Similarly, neonatal ethanol causes prominent deficits in spatial navigation/ 

memory tasks, as well as sleep fragmentation and increased locomotion (Marquardt and Brigman 

2016; Wilson et al. 2016; Wozniak et al. 2004; Hamilton et al. 2016; Harvey et al. 2019; Lewin et 

al. 2018). It is reasonable to expect that cell loss throughout the basal forebrain contributes to these 

deficits, possibly in conjunction with damage to other brain areas. For example, P7 ethanol also 

causes apoptosis in the anterior thalamic and mammillary nuclei (Wozniak et al. 2004), and adult 

lesions of these nuclei cause deficits in spatial memory tasks (Aggleton et al. 2010). Similarly, 

fragmentation of sleep EEG has been associated with decreased GABA cells in cerebral cortex 

caused by P7 ethanol (Wilson et al. 2016; Lewin et al. 2018). 

To our knowledge, cell numbers in dopamine, serotonin, and orexin nuclei have not 

previously been examined in models of neonatal ethanol treatment. We had some reason to expect 

that dopamine cells might be reduced. For example, dopamine cell number in the substantia nigra 

is reduced by exposure to the inflammation-inducing reagent lipopolysaccharide either at P5 or in 

prenatal gestation (Fan et al. 2011; Ling et al. 2002), and there is evidence that ethanol upregulates 

inflammation-related pathways (Saito et al. 2016; Vetreno and Crews 2018). Similarly, prenatal 

exposure to ethanol or lipopolysaccharide reduced serotonin cell number in the dorsal raphe 

(Sliwowska et al. 2014; Wang et al. 2009).  However, our present findings indicate that P7 ethanol 

has comparatively little effect on serotonin or dopamine cell numbers.  

In the case of orexin, we found that P7 ethanol causes reduced cell number in male but not 

female mice. Sex differences were previously reported in this population, with male > female cell 

number (Brownell and Conti 2010).  Additional studies are needed to be determined if the 

reduction caused by P7 ethanol is caused by cell loss, or by altered orexin expression that can 

occur in this system. For example, increased orexin cell number has been described in animal 

models of drug addiction and depression (James et al. 2019; Jalewa et al. 2014), and decreased cell 

counts in aged animals is thought to be caused by downregulated orexin rather than cell loss 

(Brownell and Conti 2010; Kessler et al. 2011).  

Our results add to a growing body of literature that describes the lasting brain damage 

caused by neonatal ethanol. It remains to be established why cholinergic and PV cells in the basal 

forebrain are especially vulnerable to this treatment. As discussed above, cholinergic cells are also 

vulnerable in adolescent and adult animals, suggesting that they may have a characteristic 

sensitivity to ethanol that might be similar across developmental stages. Additionally, it is possible 
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that P7 is an especially vulnerable period of development for the basal forebrain, and ethanol might 

be disrupting critical events in synaptogenesis and normal programmed cell death. However, we 

are unaware of studies that have characterized the precise timing of synaptogenesis and 

programmed cell death in this region. Yet another factor that might influence vulnerability of these 

cells is the extent of their synaptic connections with other vulnerable cells in the brain (Ferrer et 

al. 1992; Young et al. 2004; Bayly et al. 2006). The basal forebrain has complex brain connections, 

including synaptic inputs from ethanol sensitive regions such as the subiculum and 

supramammilary nuclei (Aggleton, 2010; Vertes, 1992), and synaptic outputs throughout the 

forebrain, including onto ethanol sensitive neurons in the subiculum, cingulate/retrosplenial 

cortex, anterior midline thalamus and mammillary nuclei (Agostinelli et al. 2019; Anaclet et al. 

2015) and GABAergic interneurons in cerebral cortex and hippocampus (Freund and Gulyas 1991; 

Unal et al. 2015). 

Finally, it is important to note some limitations of our experimental design. In some cell 

populations, a significant source of variance arose from differences between litters in cell number, 

cell size, and the effects of ethanol. Because litters were processed separately over a period of 

years, we cannot definitively exclude the possibility that these differences were due to 

methodological inconsistencies. Such differences might be predicted to occur especially in 

immunolabeled cell populations that include a mixture of intensely and lightly labeled cells, such 

as PV and orexin cells in the present study. In comparison, ChAT cells have more homogeneously 

intense immunolabeling, with comparatively few lightly labeled cells. Indeed, in the present study 

ChAT cell numbers were reasonably consistent across litters, even though there was some 

variability in labeling intensity that is to be expected from different peroxidase immunolabeling 

sessions. Similarly, we encountered litter differences in ChAT cell size, and it is not clear if these 

are litter or methodological differences. Another limitation of the present studies is that 

comparatively few female brains were available in some litters. Thus, it is possible that we have 

overlooked sex differences due to lack of statistical power. Our experimental approach, that used 

simultaneous embedding and processing of multiple brains, was optimized to compare ethanol and 

saline treated animals within each litter.  

 

FIGURE LEGENDS 
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Figure 1. Ethanol caused greater than 30% decrease of ChAT-immunolabeled cells in the basal 

forebrain. A-B: The Ch1/Ch2 region had lower ChAT cell density in ethanol (ETOH) treated 

animals that was obvious in closely matched sections. The arrow shows the ventral lateral border 

of the region included in Ch1/Ch2. C-D: The Ch3/ Ch4 region had lower ChAT cell density in 

ETOH treated animals. E: Nearly all ChAT immunolabeled cells throughout the basal forebrain 

were large densely labeled neurons. F-G: Estimates of ChAT cell number showed similar 

reductions in Ch1/2 and Ch3/4. Circles and triangles indicate male and female animals, 

respectively. Scale bar in A = 0.5 mm and applies to micrographs A-D. Scale bar in E = 20 µM.   

 

Figure 2. Estimates of parvalbumin (PV) cell number and total cell number were obtained from 

the Ch1/Ch2 region. A: Dense PV-immunolabeling (green) of neurons and neuropil was co-

distributed with ChAT immunolabeled neurons (magenta) in this region. B: PV and ChAT 

immunolabeled cells are shown at higher magnification. PV neurons in the region were 

heterogeneous in size and labeling intensity, in contrast to comparatively homogeneous ChAT 

neurons. C: Total neuron number in Ch1/Ch2 was evaluated in Nissl stained sections. This section 

is nearby to the section shown in A. The borders of Ch1/Ch2 in Nissl sections were easily identified 

by the high density of large neurons compared to surrounding areas. D: In stereological cell counts 

of total neuron number, neurons (e.g. arrow) were distinguished from glia (e.g. arrowhead) and 

endothelial cells by morphological criteria that were unambiguous for most cells. Scale bars in A 

and C = 0.5 mm. Scale bars in B and D = 10 µM.  

 

Figure 3. Micrographs show the immunolabeling used to quantify several additional cell 

populations. A. ChAT cells in the Ch5/Ch6 region in the upper brainstem are distributed near and 

within the superior cerebellar peduncle (sp) and in the central gray near the cerebral aqueduct (Aq). 

B. Orexin cells are found in a continuous cell group that spans the medial and lateral hypothalamus, 

shown here near the third ventrical (3V). C. Dopamine cells were counted in the combined 

substantia nigra (SN) and ventral tegmental area (VTA). The medial lemniscus (ml) is identified. 

D. Serotonin (5HT) cells were counted in the dorsal raphe nucleus, located in the upper pontine 

brainstem along the ventral border of the cerebral aqueduct (Aq). E. ChAT cells counted in the 

striatum were counted in the combined region of the caudate-putamen (CPu) and nucleus 
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accumbens (Acb), outlined by a dashed line. F.-J. High magnification images show detailed 

appearance of different immunolabeled cells. Scale bars in A-E = 0.5 mm, and in F-J = 20 µM.  

 

Figure 4. Graphs show summaries of cell number estimates in several subcortical cell populations 

outside of the basal ganglia. A. ChAT cell number in the striatum (caudate, putamen, plus nucleus 

accumbens) was reduce by about 12% in ethanol treated animals compared to controls. B. ChAT 

cell number in the brainstem pedunculopontine and lateral dorsal tegmental nuclei (Ch5/Ch6) was 

unchanged by ethanol treatment. C. Serotonin cell number in the dorsal raphe nucleus (DR) was 

unchanged by ethanol treatment. D. Dopamine cell number in the combined substantia nigra (SN) 

and ventral tegmental area (VTA) was not significantly changed by ethanol treatment. E. Orexin 

cell number in the hypothalamus was significantly reduced by ethanol treatment, with a significant 

sex x treatment interaction. Circles and triangles indicate male and female animals, respectively. 
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Table 1. Cell Counts by Litter (Number x 10-3 (S.D.))       

Mouse  N ChAT ChAT ChAT ChAT * Nissl PV 5HT DA Orexin 

Litter (Fem) Ch1/2 Ch3/4 Ch5/6 striatum Ch1/2 Ch1/2 DR SN/VTA   

#1            

 SAL  3 (2)     71.8 (2.7)     

 ETOH 4 (1)     55.0 (3.2)     

 ETOH/SAL     0.77     

#2            

 SAL  4 (3)     73.3 (3.4) 9.2 (1.1) 13.3 (0.6)  5.0 (0.6) 

 ETOH 4 (3)     43.0 (6.3) 5.8 (1.5) 12.9 (1.2)  4.4 (0.7) 

 ETOH/SAL     0.59 0.63 0.97  0.88 

#3            

 SAL  3 (1) 7.4 (0.3) 15.5 (1.8)  11.3 (1.6)  7.0 (1.5) 12.9 (2.0) 36.9 (3.3) 4.8 (0.5) 

 ETOH 3 (0) 3.0 (0.3) 7.9 (1.5)  9.3 (0.2)  4.8 (0.9) 12.1 (0.7) 34.3 (5.2) 3.7 (0.2) 

 ETOH/SAL 0.40 0.51  0.83  0.70 0.93 0.93 0.76 

#4            

 SAL  3 (1) 8.4 (1.2) 14.6 (1.4) 5.8 (0.3) 11.0 (0.9)  7.3 (1.4)  34.0 (5.8)  

 ETOH 3 (0) 4.8 (0.6) 8.9 (0.7) 5.7 (0.3) 10.3 (1.1)  4.8 (1.1)  30.0 (2.3)  

 ETOH/SAL 0.57 0.61 0.98 0.94  0.66  0.88  

#5            

 SAL  3 (1) 7.5 (0.3)  7.2 (0.9) 10.5 (1.1) 74.6 (12.0)     

 ETOH 5 (1) 4.5 (1.7)  7.5 (0.5) 9.0 (1.1) 57.4 (5.9)     

 ETOH/SAL 0.60  1.03 0.86 0.77     

#6            

 SAL  2 (1) 8.9 (0.1) 15.7 (0.6) 8.0 (0.2) 14.7 (3.2) 74.8 (6.9)   33.9 (6.7)  

 ETOH 4 (3) 6.8 (0.6) 12.1 (1.3) 7.6 (0.9) 13.0 (1.1) 59.8 (5.9)   31.4 (5.4)  

 ETOH/SAL 0.76 0.77 0.96 0.89 0.80   0.93  

#7            

 SAL  4 (2) 7.9 ()    66.2 (4.4)  12.3 (2.2)  3.6 (0.7) 

 ETOH 4 (2) 4.3 ()    50.9 (11.1)  13.6 (1.7)  3.3 (0.3) 

  ETOH/SAL 0.55       0.77   1.11   0.92 

SAL Average 8.0 (0.6) 15.3 (0.6) 7.0 (1.1) 11.8 (1.9) 72.2 (3.5) 8.7 (1.3) 14.2 (0.6) 38.8 (1.9) 5.0 (0.9) 

ETOH Average 4.7 (1.4) 9.6 (2.2) 6.9 (1.1) 10.4 (1.8) 53.2 (6.6) 5.7 (0.6) 14.3 (0.9) 35.4 (2.5) 4.2 (0.7) 

 ETOH/SAL 0.58 0.63 0.99 0.88 0.74 0.66 1.00 0.91 0.85 

            

 *ChAT striatum cell counts are from the left hemisphere only. All other counts are bilateral.     
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Table 2. ChAT Cell Size and Label Intensity       

   Average Radius in Microns (S.D.)  Label Intensity* (S.D.) 

Mouse  N ChAT ChAT ChAT   ChAT ChAT ChAT  

Litter (Fem) Ch1/2 Ch3/4 striatum   Ch1/2 Ch3/4 striatum 

#3          

 SAL  3 (1) 6.21 (0.18) 6.44 (0.10) 6.88 (0.08)  85.4 (1.2) 93.7 (1.8) 82.7 (3.6) 

 ETOH 3 (0) 6.28 (0.13) 6.38 (0.16) 7.06 (0.04)  86.6 (1.5) 96.7 (0.4) 89.9 (3.2) 

 ETOH/SAL  1.01 0.99 1.03  1.01 1.03 1.09 

#4          

 SAL  3 (1) 6.12 (0.02) 6.28 (0.10) 6.68 (0.27)  90.7 (3.6) 88.2 (3.9) 59.9 (3.6) 

 ETOH 3 (0) 6.13 (0.18) 6.38 (0.14) 7.13 (0.14)  93.4 (0.5) 89.9 (1.7) 66.4 (0.8) 

 ETOH/SAL  1.00 1.02 1.07  1.03 1.02 1.11 

#5          

 SAL  3 (1) 5.73 (0.06)  6.48 (0.23)  76.4 (4.5)  56.1 (5.0) 

 ETOH 5 (1) 5.93 (0.07)  6.63 (0.13)  80.1 (1.7)  56.4 (3.8) 

 ETOH/SAL  1.03  1.02  1.05  1.01 

#6          

 SAL  2 (1) 6.04 (0.40) 6.22 (0.20) 6.11 (0.03)  94.7 (7.7) 93.2 (0.0) 73.7 (2.0) 

 ETOH 4 (3) 6.10 (0.20) 6.30 (0.10) 6.01 (0.13)  93.7 (7.5) 93.6 (0.0) 71.0 (8.0) 

 ETOH/SAL  1.01 1.01 0.98  0.99 1.00 0.96 

#7          

 SAL  4 (2) 5.77 (0.26)    78.7 (9.3)   

 ETOH 4 (2) 5.94 (0.25)    75.5 (14.7)   

  ETOH/SAL   1.03       0.96     

SAL Average  5.97 (0.22) 6.31 (0.11) 6.54 (0.33)  91.7 (3.0) 91.7 (3.0) 68.1 (12.3) 

ETOH Average  6.07 (0.15) 6.36 (0.05) 6.71 (0.51)  93.4 (3.4) 93.4 (3.4) 70.9 (14.1) 

 ETOH/SAL  1.02 1.01 1.03  1.01 1.02 1.04 

          

*Label intensity = cell label minus local background using 0-255 range gray-scale.    
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We examined neuron deficits caused by third-trimester equivalent ethanol exposure.  

Ethanol caused profound deficits in cholinergic cells of the basal forebrain.  

Brainstem cholinergic, dopamine and serotonin cells were comparatively unaffected. 

Orexin cells of the hypothalamus were modestly reduced.  

Disruption of the basal forebrain is likely to contribute to behavioral deficits. 
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