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Abstract 
Fetal alcohol spectrum disorder (FASD) is associated with sustained impair-
ments in motor function mediated by neurotoxic injury and dysregulated in-
tracellular signaling through insulin and insulin-like growth factor (IGF) net-
works that support neuronal growth, survival, energy metabolism, and plas-
ticity. Although neurodevelopmental abnormalities in FASD can be reduced 
by supplying pregnant dams with 100% soy as the sole protein source, modi-
fied approaches are needed for feasible human translation. The research goals 
were to characterize the effects of soy dosing on cerebellar structure and func-
tion, and the expression of insulin/IGF signaling mediators, neuronal-glial 
molecules, and neurotrophins in an FASD model. Pregnant Long Evans rats 
were fed isocaloric liquid diets containing 0% or 26% ethanol (caloric) with 
0%, 10%, 30%, 50%, or 100% soy as the protein source. Ethanol and soy were 
withdrawn on postnatal day 1 (P1). Rotarod (RR) testing of cerebellar function 
was performed on P15. On P35, the offspring were sacrificed, and cerebella 
were harvested for image analysis and protein expression. Prenatal alcohol ex-
posure significantly impaired RR performance, reduced brain size, and caused 
cerebellar hypoplasia with reduced Tau and increased glial fibrillary acidic 
protein (GFAP) immunoreactivity. There were no consistent residual effects 
of ethanol on upstream insulin/IGF signaling molecules 5 weeks after its post-
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natal withdrawal. Soy doses of 30% or higher nearly normalized brain weight, 
as well as the densities of cerebellar Purkinje and granule cell neurons in the 
ethanol group. Soy dose-dependent increases in RR performance were observed 
in controls but not in the ethanol group. Although the ethanol-mediated reduc-
tions in Tau and increases in GFAP were not prevented by dietary soy, the con-
trol and ethanol cerebella exhibited similar dose-dependent increases in neuro-
trophin expression. In conclusion, maternal soy intake, at doses as low as 10%, 
can prevent or reduce cerebellar structural and functional abnormalities asso-
ciated with FASD and support the expression of neurotrophins involved in 
plasticity. Sustained deficits after ethanol withdrawal were associated with re-
duced Tau and increased GFAP, which likely compromised neuronal cyto-
skeletal function and contributed to persistent neuroinflammatory/oxidative 
stress-related injury. 
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1. Introduction 

Fetal Alcohol Spectrum Disorder (FASD) is unquestionably the most preventable 
neurodevelopmental disorder worldwide, as it is caused by heavy chronic or binge 
ethanol exposure in the prenatal period [1]-[4]. FASD encompasses a broad spec-
trum of neurodevelopmental abnormalities, ranging from subtle to severe [5]-[8]. 
Mild forms frequently go undetected and therefore untreated, compromising the 
ability to achieve successful education, employment, and societal status. Severe 
forms, designated as fetal alcohol syndrome (FAS), exhibit characteristic cranio-
facial dysmorphic features [5]-[8] and lead to significant and often debilitating 
long-term neurocognitive, behavioral, and motor deficits. The severity of FASD is 
proportional to the amount of alcohol consumed by the mother during pregnancy 
[2]. Public health preventive measures and mechanistically based therapeutic in-
terventions are needed to prevent or reduce the adverse effects of prenatal alcohol 
exposure, particularly with respect to the long-term consequences in the offspring 
[8].  

In previous publications, we showed that FASD-related cognitive neurobehav-
ioral deficits were associated with broadly compromised intracellular signaling 
through insulin and insulin-like growth factor (IGF) networks [9]. Given the crit-
ical roles of these pathways in brain development and the considerable array of 
functional deficits that result from their impairments, including downstream al-
terations in gene expression [10]-[13], novel approaches are needed to mitigate 
the adverse effects of early developmental alcohol exposure [12]-[15]. In addition, 
more information is needed on the spectrum of molecular and biochemical pa-
thologies in major central nervous system (CNS) cell types, including neurons, 
oligodendrocytes, and astrocytes, to advance the design of therapeutic interven-
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tions. To this end, we have already conducted a series of experiments demonstrat-
ing the therapeutic or preventive effects of dietary soy and its bioactive constitu-
ents in FASD models [9] [16]-[18]. Correspondingly, independent studies have 
shown that dietary soy has preventive effects on insulin resistance-related and 
metabolic diseases across various organs and tissues [19]-[27]. Furthermore, a re-
cent meta-analysis of the health benefits and safety of dietary soy corroborates the 
notion that it is suitable for nutritional support in women across the lifespan [28]. 

In previous studies, dietary interventions included 100% soy isolate as the pro-
tein source [9] [16] [29] [30]. Despite significant neurodevelopmental benefits, 
human translational feasibility remains low. Therefore, the present study was de-
signed to characterize soy’s dose effects on brain insulin/IGF signaling and neu-
ronal/glial functions to determine the threshold amounts of dietary soy that can 
significantly reduce the adverse effects of prenatal ethanol on brain development.  
The research focused on the cerebellum because: 1) it is a major CNS target of 
ethanol-mediated neurotoxicity in FASD [31] [32]; 2) ethanol inhibits insulin/IGF 
signaling in the developing cerebellum [33] [34]; and 3) insulin sensitizer agents 
have been shown to enhance neurodevelopment in models of brain insulin/IGF 
resistance, including those caused by ethanol exposure [35] [36]. 

2. Materials and Methods 
2.1. Materials 

Critical reagents and instruments used in this study are listed in Table A1. The 
bicinchoninic acid (BCA) kit, MaxiSorp 96-well plates, horseradish peroxidase 
(HRP)-conjugated secondary antibodies, and Superblock (TBS) were purchased 
from Thermo-Fisher Scientific (Bedford, MA, USA). The soluble fluorophores, 
Amplex UltraRed and 4-Methylumbelliferyl phosphate (4-MUP) were from Life 
Technologies (Carlsbad, CA, USA). Vector Laboratories Inc. (Newark, CA, USA) 
was the source of the Proton Biotin Protein Labeling Kit and Alkaline Phospha-
tase-conjugated Streptavidin. The rat Akt Pathway Total and Phospho Multiplex 
panels were from MilliporeSigma (Burlington, MA, USA) (Table A2). Primary 
antibodies used for direct binding duplex enzyme-linked immunosorbent assays 
(ELISAs) are listed in Table A3. Fine chemicals were purchased from CalBiochem 
(Carlsbad, CA, USA) or Sigma-Aldrich (St Louis, MO, USA).  

2.2. Experimental Model 

The FASD model was generated in Long Evans rats in accordance with our pro-
tocol, which was approved by the Brown University Health Institutional Animal 
Care and Use Committee (IACUC) of Rhode Island Hospital [16]. Females pur-
chased from Charles River Laboratories (Willmington, MA, USA) were mated, 
and 6 days after detecting sperm in the vaginal canal, isocaloric control (0% etha-
nol) or ethanol-containing (26% caloric pharmaceutical grade) liquid diets (Bi-
oServ, Frenchtown, NJ, USA) were initiated. To study the dose effects of dietary 
soy, both the control and ethanol diets were supplied with protein consisting of 
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0% soy/100% casein, 10% soy/90% casein, 30% soy/70% casein, 50% soy/50% ca-
sein, or 100% soy/0% casein. The liquid diets were initiated on gestation day 6 to 
minimize fetal demise and failed implantation, which frequently accompany ear-
lier gestation ethanol feeding [37]. The liquid diets continued until postnatal day 
1 (P1), after which the dams were maintained on standard chow without further 
ethanol exposure. Upon weaning, the pups were fed chow and provided free ac-
cess to water. Apart from fetal demise marked by fetal resorption [9], prenatal 
alcohol exposure does not reduce longevity into adulthood. 

2.3. Rotarod Testing  

On P16, cerebellar motor function was assessed by subjecting the offspring to 10 
consecutive trials of incrementally increased rod rotation speed from 1.5 to 6.0 
rpm using a Rotamex 5 instrument (Columbus Instruments, Columbus, OH, USA) 
[15]. The latencies to fall were automatically recorded with photocells positioned 
over the rod. To prevent exercise fatigue, all trials were halted after 45 seconds of 
work, and the rats were allowed 10 minutes of rest between each trial. The data 
were analyzed using two-way ANOVA with the Tukey post hoc test. 

2.4. Cerebellar Tissue Processing for Image Analysis and Protein 
Studies 

P35 was the experimental endpoint. The rats were sacrificed with terminal isoflu-
rane anesthesia. Fresh cerebella were hemisected through the vermis. One hemi-
sphere was fixed in 10% neutral buffered formalin, paraffin-embedded, and sec-
tioned for staining with hematoxylin and eosin. Image analysis with Stereologer 
software (Stereology Resources, Inc., Chester, MD, USA, available at https://srcbi-
osciences.com/stereologer-software, accessed on 24 February 2025) was used for 
unbiased stereological quantification of granule and Purkinje cell densities, as de-
scribed [17]. Gray matter volume was measured with the volume probe, and gran-
ule and Purkinje cell abundances were assessed using dissector probes. Cortical 
volumes were measured using the area point-count method at a 4x magnification. 
Purkinje and granule cells were counted, respectively, using frame sizes of 40% 
and 0.5% of the screen height, whereas granule cells were counted using a frame 
size that was 0.5% of the screen height at 40x magnification.  

The non-fixed cerebellar hemisphere was snap-frozen on dry ice and stored at 
−80˚C for biochemical studies. For protein assays, 100 mg tissue samples were 
homogenized in 5 volumes of buffer (150 mM NaCl, 50 mM Tris-Base pH 7.5, 
0.1% Triton X-100, 5 mM EDTA pH 8.0, 10 mM EDTA, 50 mM NaF) supple-
mented with protease (1 mM PMSF, 0.1 mM TPCK, 2 µg/ml aprotinin, 2 µg/ml 
pepstatin A, 1 µg/ml leupeptin, 1 mM NaF, 1 mM Na4P2O7) and phosphatase (2 
mM Na3VO4) inhibitors [16]. The samples were homoginzed using a TissueLyser 
II instrument (Qiagen, Germantown, MD, USA) and 5-mm diameter stainless steel 
beads. Supernatant fractions obtained by centrifuging the samples at 14,000xg for 
10 minutes at 4˚C were used in immunoassays. Protein concentrations were meas-
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ured with the BCA assay. 

2.5. Multiplex Enzyme-Linked Immunosorbent Assay (ELISA) 

Magnetic multiplex bead-based platform kits (Invitrogen, Carlsbad, CA, USA) were 
used to measure total and phosphorylated protein levels in the insulin/IGF/IRS-Akt 
pathway (Table A2). In brief, 100 μg aliquots of cerebellar protein homogenate 
were incubated with antibody-coated beads. The captured antigens were detected 
with biotinylated secondary antibodies and phycoerythrin-conjugated Streptavi-
din. Immunoreactivity was measured in a Luminex MAGPIX instrument (Di-
asorin, Austin, TX, USA) with xPONENT software. MAGPIX calibration and ver-
ification standards were used throughout, and standard curves were generated for 
each analyte. Data are expressed in arbitrary fluorescence light units (FLU) calcu-
lated from the standard curves.  

2.6. Duplex ELISAs 

Duplex ELISAs: Direct binding duplex ELISAs measured immunoreactivity to 
neuronal and glial proteins [38]. The antibodies, their sources, characteristics, val-
idations, and final concentrations are listed in Table A3. Triplicate samples con-
taining 50 ng protein in 50 μL bicarbonate-binding buffer were first added to 96-
well MaxiSorp plates for overnight adsorption at 4˚C. Non-specific binding sites 
were masked with Superblock TBS. The samples were then incubated with pri-
mary antibodies (0.2 - 5.0 µg/mL) overnight at 4˚C. Immunoreactivity was de-
tected with horseradish peroxidase (HRP)-conjugated secondary antibodies and 
the Amplex UltraRed soluble fluorophore. Fluorescence intensity was measured 
(Ex 530 nm/Em 590 nm) in a Spectra-Max M5 Multimode Plate Reader (Molecu-
lar Devices, Sunnyvale, CA, USA). The results were normalized to large acidic ri-
bosomal protein (RPLPO) (Proteintech Group Inc., Chicago, IL) as a control for 
sample loading [39] [40]. The second phase of the duplex ELISA was accomplished 
by incubating the samples with biotin-conjugated anti-RPLPO, followed by strep-
tavidin-conjugated alkaline phosphatase. RPLPO immunoreactivity was detected 
with 4-Methylumbelliferyl phosphate (4-MUP), and fluorescence was measured 
in a SpectraMax M5 (Ex 360 nm/Em 450 nm). 

2.7. Data Analysis 

Statistical analysis was performed, and graphs were generated using GraphPad 
Prism 10.6 (GraphPad Software Inc., Boston, MA). Inter-group comparisons were 
made using one-way or two-way analysis of variance (ANOVA) with Tukey post 
hoc multiple comparisons. Software-generated statistically significant (P ≤ 0.05) 
or trendwise (0.05 < P < 0.10) differences are included in the Tables and Graphs.  

3. Results 
3.1. Experimental Group Characteristics 

The 175 offspring, comprised of 90 males and 85 females, were divided among 5 
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control and 5 ethanol diet groups. The diets contained 0%, 10%, 30%, 50% or 
100% soy as the protein source, with casein added to achieve 100% of the protein 
requirements. Within each group, there were no significant differences in the pro-
portions of males and females that were gestationally exposed to the control or 
ethanol diet, as assessed by chi-square analysis (Table 1). 
 

Table 1. Rat treatment groups. 

Diet Treatment Male Female Total Chi-Square P-Value 

0% Soy Control 3 (33%) 6 (67%) 9 
0.926 N.S. 

0% Soy Ethanol 13 (52%) 12 (48%) 25 

10% Soy Control 4 (36%) 7 (64%) 11 
3.074 N.S. 

10% Soy Ethanol 10 (71%) 4 (29%) 14 

30% Soy Control 12 (48%) 13 (52%) 25 
0.383 N.S. 

30% Soy Ethanol 9 (39%) 14 (61%) 23 

50% Soy Control 13 (65%) 7 (35%) 20 
1.146 N.S. 

50% Soy Ethanol 6 (46%) 7 (54%) 13 

100% Soy Control 7 (70%) 3 (30%) 10 
0.945 N.S. 

100% Soy Ethanol 13 (52%) 12 (48%) 25 

Total  90 85 175 0.017 N.S. 

Long-Evans pregnant rat dams were maintained on isocaloric control or ethanol-containing (26% caloric) liquid diets from gestation 
day 6 through delivery. The sources of dietary protein included from 0% to 100% soy with casein added to achieve 100% of the 
required protein composition. The number and percentage of male and female pups in each group are listed. Chi-square tests show 
no significant differences in sex distribution across groups. 

3.2. Cerebellar Motor Function and Structure 

Rotarod performance was assessed by comparing mean latency-to-fall across 10 
trials at progressively higher rod rotation speeds. The two-way ANOVA tests 
demonstrated significant dietary soy effects in all 10 trials and significant ethanol 
effects in all trials except Trial #1 (Table 2). Significant interactive effects of sig-
nificant dietary protein source (soy dose) x ethanol were detected in Trials #4-#6 
and #9-#10. In addition, statistical trend effects of dietary protein x ethanol inter-
actions on performance were observed for Trials #3 and #8.  
 

Table 2. Two-way ANOVA for trial-based rotarod performance-dietary protein source and ethanol factors.  

 Protein Source Ethanol Factor Dietary Protein x Ethanol 

Rotarod Trial F-Ratio P-Value F-Ratio P-Value F-Ratio P-Value 

1 5.079 0.0008 0.734 N.S. 0.155 N.S. 

2 5.097 0.0008 10.27 0.0018 0.8059 N.S. 

3 6.368 0.0001 12.58 0.0006 2.090 0.086 
4 5.573 0.0001 27.11 <0.0001 5.429 0.0004 

5 4.366 0.0024 34.31 <0.0001 5.29 0.0006 

6 4.092 0.0037 35.85 <0.0001 4.325 0.0026 

7 3.883 0.005 30.05 <0.0001 1.404 N.S. 

https://doi.org/10.4236/jbbs.2026.163004


J. Ziplow et al. 
 

 

DOI: 10.4236/jbbs.2026.163004 101 Journal of Behavioral and Brain Science 
 

Continued 

8 6.707 <0.0001 16.60 <0.0001 2.341 0.0586 
9 7.085 <0.0001 16.59 <0.0001 2.579 0.041 

10 11.78 <0.0001 25.40 <0.0001 3.847 0.0055 

Long Evans rat offspring of pregnant dams that were maintained on isocaloric control or ethanol-containing (26% caloric) liquid 
diets from gestation day 6 through delivery. Maternal sources of dietary protein included from 0% to 100% soy, with casein added 
to achieve 100% of the required protein composition. On postnatal day 15, the offspring were subjected to 10 consecutive progres-
sively challenging rotarod performance tests to evaluate cerebellar motor function. Results were analyzed by two-way ANOVA with 
post hoc Tukey tests. Significant (P ≤ 0.05) differences are highlighted with bold font. Statistical trend effects (0.05 < P < 0.10) are 
italicized. The graphs and significant post hoc Tukey test results are shown in Figure 1 and Figure 2. 

 
To clearly illustrate the within-group and between-group exposure effects, 

graphs were generated to show the clustered and overall performance of the con-
trol and ethanol groups (Figure 1) or to present direct comparisons for each trial 
(Figure 2). The most striking observation was that among controls, dietary soy 
dose impacted performance such that exposures between 30% and 100% soy sig-
nificantly increased the latencies to fall relative to the effects of 0% or 10% soy 
(Figure 1). In contrast, the effects of dietary soy dose were modest and limited to 
the least challenging trials, i.e., #1-#3. The control-versus-ethanol paired compar-
isons by soy dose demonstrated that inter-group differences were mainly observed 
at 50% and 100% dietary soy, and largely attributable to the positive effects in 
controls versus minimal effects in the ethanol group (Figures 2(B)-(J)). Inter-
group differences were not detected for Trial #1 (Figure 2(A)) or for most of the 
more challenging trials in rats exposed to 30% or lower levels of dietary soy.  
 

 
Figure 1. Rotarod Performance-Soy dose effects on performance in control and ethanol-exposed offspring. (A)-(J) Rotarod perfor-
mance was measured over 10 consecutive trials of increasing rod rotation speed (See Table 2). The latencies to fall off the rod 
(seconds) were optically recorded. Graphs depict the mean ± S.D. of latencies in rats exposed to 0% (control) or 26% caloric ethanol 
in liquid diets containing 0%, 10%, 30%, 50%, or 100% soy as the protein source, with casein added to meet 100% of the dietary 
protein requirement. Results were analyzed by trial using ANOVA and Tukey’s test for within-group comparisons. Significant dif-
ferences are displayed. 
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Figure 2. Rotarod Performance-Ethanol exposure effects on performance with increasing dietary soy dose. (A)-(J) Rotarod perfor-
mance was measured over 10 consecutive trials of increasing rod rotation speed (See Table 2). The latencies to fall off the rod 
(seconds) were optically recorded. Graphs depict the mean ± S.D. of latencies in rats exposed to 0% (control) or 26% caloric ethanol 
in liquid diets containing 0%, 10%, 30%, 50%, or 100% soy as the protein source, with casein added to meet 100% of the dietary 
protein requirement. Results were analyzed by trial using ANOVA and Tukey’s test for between-group comparisons at each soy 
dose. Significant differences are displayed. 

3.3. Dietary Soy Effects on the Offspring’s Experimental Endpoint 
Body Weight and Brain Weight 

The experimental endpoint was P35. Two-way ANOVA detected significant soy 
dose, ethanol, and soy dose x ethanol interactions with respect to body weight 
(Table 3). However, regarding brain weight, significant soy dose and soy dose x 
ethanol interactive effects were observed, whereas ethanol itself was not a signifi-
cant factor (Table 3). 
 

Table 3. Two-way ANOVA table for body and brain weights. 

 Soy Dose Ethanol Factor Soy x Ethanol 

Offspring F-Ratio P-Value F-Ratio P-Value F-Ratio P-Value 

Body Weight (P35) 12.67 <0.0001 9.529 0.0024 4.766 0.0012 

Brain Weight (P35) 8.525 <0.0001 2.559 N.S. 5.058 0.0008 

Long Evans rat offspring of pregnant dams that were maintained on isocaloric control or ethanol-containing (26% caloric) liquid 
diets from gestation day 6 through delivery. Soy comprised 0%, 10%, 30%, 50%, or 100% of the protein source, and with casein 
added to provide 100% of the required protein. Postnatal day 35 (P35), experimental endpoint body and brain weight comparisons 
were made using two-way ANOVA. Significant results are represented with bold font. The corresponding graphs with significant 
(P < 0.05) post hoc Tukey test results are shown in Figure 3. 

 
Graphs were generated to optimally illustrate the within- and between-group 

effects of exposure on body weight (Figure 3(A), Figure 3(B)), brain weight (Fig-
ure 3(C), Figure 3(D)), and the brain weight/body weight ratios (Figure 3(E), 
Figure 3(F)). Body weight distributions varied within each group, but the main 
effect was that rats exposed to 100% soy in utero were significantly heavier than 
the other groups (Figure 3(A)). The paired comparisons demonstrated that 

https://doi.org/10.4236/jbbs.2026.163004


J. Ziplow et al. 
 

 

DOI: 10.4236/jbbs.2026.163004 103 Journal of Behavioral and Brain Science 
 

within the 10% and 30% soy groups, ethanol-exposed rats were significantly heav-
ier than controls, whereas the opposite was observed in the 50% dietary soy group 
(Figure 3(B)). The effects of soy dose and ethanol were clearer for brain weight. 
Among controls, the lowest mean brain weight was observed in the 10% soy group, 
and rats exposed to 100% soy protein had significantly higher brain weights than 
rats exposed to 10% or 30% soy (Figure 3(C)). In the ethanol group, the lowest 
mean brain weight was in the 0% soy group. Exposure to 10% soy or higher signifi-
cantly increased brain weight. The largest effect occurred with 100% soy, such that 
the mean brain weight was significantly higher than in all the other ethanol groups 
(Figure 3(C)). The paired control versus ethanol paired comparisons demonstrated 
significantly lower mean brain weight in ethanol+ 0% soy and ethanol + 50% soy 
groups (Figure 3(D)).  
 

 
Figure 3. Offspring Metrics. Effects of dietary soy dose and ethanol on body and brain weights. Pregnant Long Evans dams were 
maintained on isocaloric liquid diets containing 0% (control) or 26% caloric ethanol and 0%, 10%, 30%, 50%, or 100% soy as the 
protein source, with casein added to meet 100% of the dietary protein requirement. Ethanol and soy were withdrawn on postnatal 
day 1 (P1). P35 was the experimental endpoint. Scatter plots depict within-group effects of dietary soy dose on (A) body weight, (C) 
brain weight, and (E) brain/body weight ratios, and between-group differences in the effects of soy dose on (B) body weight, (D) 
brain weight, and (F) brain/body weight ratios in P35 offspring. Data were analyzed by two-way ANOVA (Table 3) and the Tukey 
post hoc test. 

 

Otherwise, the control and ethanol groups exposed to 10%, 30%, or 100% die-
tary soy had comparable mean brain weights. The data for the brain weight/body 
weight ratios show progressively increasing values from 0% to 30% soy in the con-
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trol and ethanol groups, but sharp reductions in the 100% soy groups, reflecting 
the effects of increased body weight (Figure 3(E)). Inter-group comparisons 
demonstrated lower mean brain weight-to-body weight ratios associated with eth-
anol and with dietary protein ranging from 0% to 30% soy. The combined effects 
of soy-mediated increases in brain and body weight rendered the brain-to-body 
weight ratios similar when the diets contained 50% or 100% soy as the protein 
source (Figure 3(F)). 

3.4. Soy and Ethanol Effects on Cerebellar Neuronal Populations 

Image analysis with unbiased stereology was used to quantify the densities of 
Purkinje and granule cell neurons in the cerebellar cortex. The control within-
group one-way ANOVA tests demonstrated significant dietary soy dose effects on 
Purkinje cell density and a statistical trend effect on granule cell density (Table 4). 
The ethanol within-group one-way ANOVA test demonstrated a significant die-
tary soy dose effect on granule cell but not Purkinje cell density (Table 4).  
 

Table 4. Impact of dietary soy dose on cerebellar structure within control and ethanol groups. 

Group Purkinje Cell Density Granule Cell Density 

 F-Ratio P-Value F-Ratio P-Value 

Control 4.459 0.0078 2.640 0.057 

Ethanol 1.039 N.S. 4.071 0.012 

Image analysis of the cerebellar cortex with unbiased stereology assessed the effects of prenatal ethanol and dietary soy dose on 
Purkinje and granule cell densities. Cells were counted at high magnification using an optical dissector method and the results were 
normalized to tissue volume based on Cavalieri point grid method. The data were analyzed by one-way ANOVA to determine the 
effect of soy dose on neuronal cell density within the control and ethanol groups. P ≤ 0.05 was considered as statistically significant.  
Statistical trend effects (0.05 < P < 0.10) are italicized. NS = not significant. See the corresponding graphs in Figure 4. 

 
Two-way ANOVA revealed significant ethanol effects on Purkinje cell density, 

and significant soy dose, ethanol, and soy dose x ethanol interactions on granule 
cell density (Table 5). The corresponding graphs of paired comparisons between 
the control and ethanol groups by soy dose, with post hoc Tukey test results, 
showed significantly lower Purkinje and granule cell neuron densities in the eth-
anol + 0% dietary soy samples (Figure 4(A) and Figure 4(B)). In both groups, the  
 

Table 5. Two-Way ANOVA tests of soy dose and ethanol exposure effects on cerebellar structure. 

 Soy Dose Factor Ethanol Factor Soy Dose x Ethanol 

Cell Type F-Ratio P-Value F-Ratio P-Value F-Ratio P-Value 

Purkinje 1.619 N.S. 5.224 0.027 1.801 N.S. 

Granule  3.418 0.0156 6.463 0.0144 3.511 0.0137 

Histological sections of cerebellar cortex were evaluated using stereology-based image analysis to assess the effects of prenatal etha-
nol and dietary soy dose on Purkinje and granule cell densities. Cells were counted at high magnification using an optical dissector 
method and the results were normalized to tissue volume based on Cavalieri point grid method. The results were analyzed by two-
way ANOVA with post hoc Tukey tests. P ≤ 0.05 was considered as statistically significant. See the corresponding graphs in Figure 4. 
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Figure 4. Cerebellar Morphometrics. Histological sections of cerebellar cortex (vermis) 
from control and ethanol-exposed Long Evans rat P35 offspring were subjected to image 
analysis to evaluate the effects of prenatal alcohol exposure and dietary soy dose (0%, 10%, 
30%, 50%, or 100% of the protein source) on Purkinje and granule cell densities. Numerical 
densities of (A) Purkinje and (B) granule cells were quantified per cubic micron of cortical 
gray matter present on the slide with the aid of an Olympus BX60 light microscope (Olym-
pus America Inc., Center Valley, PA) with an attached MS-2000 XYZ Inverted Stage (Ap-
plied Scientific Instrumentation, Eugene, OR) and Stereologer software (Stereology Re-
source Center, Inc., Chester, MD). Unbiased counting frames were applied under software 
control. Cells were counted at high magnification (40x) using an optical dissector method 
and normalized to volume using the Cavalieri point grid method. The results were analyzed 
by two-way ANOVA (Table 4 and Table 5) and Tukey post hoc tests. Significant (P ≤ 0.05) 
inter-group differences for each soy dose are displayed in the panels. (C-F) Representative 
histological images of cerebellar cortex from the (C) Control + 0% soy, (D) Ethanol + 0% 
soy, (E) Control + 100% soy, and (F) Ethanol + 100% soy groups. H&E-stained slides were 
photographed at 200x. Insets show images of Granule cells (GC) photographed at 600x. PC 
= Purkinje cells. Note smaller area (volume) of the GC zone and loss of PC in Panel D versus 
Panel C. Ethanol-reduced GC density is highlighted by the relatively sparse populations of 
small dark nuclei shown in the inset in D versus C. Dietary soy had minimal effect on the 
PC and GC populations in control cerebella (compare E to C), but it conspicuously increased 
the abundance of PC and GC in the ethanol +100% soy (F) compared with ethanol + 0% soy 
(D). 100-µm scale bars are shown in each panel for size/magnification reference. 
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modest dietary soy-related increases in Purkinje cell densities abolished their in-
ter-group statistical differences. A similar phenomenon occurred with respect to 
the granule cells, except at the 100% soy dose, which was associated with a signif-
icantly lower density in the ethanol group (Figure 4(B)).  

Representative photographs of H&E-stained cerebellar cortex sections demon-
strate the effects of ethanol and dietary soy on the Purkinje and Granule cell pop-
ulations (Figures 4(C)-(F)). Control cerebella from the offspring of dams fed with 
liquid diets that contained no alcohol and had 0% Soy/100% casein as the protein 
source, exhibited abundant populations of Purkinje and granule cells (Figure 
4(C)). In contrast, gestational ethanol exposure coupled with diets containing 0% 
soy/100% casein resulted in reduced cerebellar volumes with loss of both Purkinje 
and granule cells (Figure 4(D)). Large gaps in the Purkinje cell layer reflect neu-
ronal loss. The reduced density of dark round nuclei in the granule cell layer re-
flects combined effects of cell loss and impaired proliferation. Control cerebella 
from offspring of dams fed with diets that contained 100% soy/0% casein as the 
protein source (Figure 4(E)) were similar to controls in the 0% soy/100% casein 
group. In contrast, in ethanol-exposed offspring, 100% dietary soy increased the 
population of Purkinje cells, resulting in fewer gaps, and increased the density of 
cells in the granule cell layer (Figure 4(F)). The histological features of cerebella 
from the ethanol-exposed, 100% Soy/0% Casein group were similar to those of the 
corresponding control group (Figure 4(E)), corresponding with the results ob-
tained by image analysis. 

3.5. Multiplex Immunoassays of Insulin Receptor/IGF-1 
Receptor/IRS-1 Pathway 

Previous studies showed that chronic ethanol exposures impair insulin and IGF-
1 signaling through IRS and Akt pathways in the brain, and correlated those ef-
fects with alcohol-related neurobehavioral dysfunctions [12] [14] [15] [41]-[43]. 
To examine the extent to which dietary soy’s effects on cerebellar structure were 
mediated by restoration of these signaling networks, the samples were analyzed 
with multiplex total and phosphoprotein ELISAs (Table A2). In addition, the cal-
culated relative levels of protein phosphorylation (p/T) were assessed. Two-way 
ANOVA detected significant soy dose effects on all signaling, phosphorylated sig-
naling, and calculated relative levels of protein phosphorylation (Table 6). In ad-
dition, significant ethanol effects were detected for IRS1 and pYpY1135/1136-IGF-1R, 
and significant soy dose x ethanol interactive effects were observed for pYpY1135/1136-
IGF-1R, pS636-IRS-1, pS473-Akt, and the relative levels of IGF-1R and Akt phosphor-
ylation.  
 

Table 6. Two-way ANOVA table for insulin, IGF, Akt pathway molecules. 

 Soy Dose Factor- Ethanol Factor Soy Dose x Ethanol 

Biomarker F-Ratio P-Value F-Ratio P-Value F-Ratio P-Value 

Insulin-R 86.28 <0.0001 0.0329 N.S. 0.074 N.S. 
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Continued 

IGF-1R 20.48 <0.0001 0.055 N.S. 0.069 N.S. 

IRS1 169.2 <0.0001 10.02 0.0026 0.76 N.S. 

Akt 11.21 <0.0001 1.235 N.S. 1.304 N.S. 

GSK-3β 9.908 <0.0001 0.598 N.S. 0.289 N.S. 

pY-Insulin-R 15.13 <0.0001 2.064 N.S. 1.039 N.S. 

pY-IGF-1R 15.99 <0.0001 4.226 0.045 11.21 <0.0001 

pS-IRS-1 16.27 <0.0001 0.391 N.S. 3.319 0.017 

pS-Akt 11.12 <0.0001 2.914 0.094 4.339 0.0043 

pS-GSK-3β 5.80 0.0006 0.418 N.S. 0.810 N.S. 

pY/T-Insulin R 39.87 <0.0001 0.338 N.S. 1.125 N.S. 

pY/T-IGF-1R 27.95 <0.0001 0.003 N.S. 2.529 0.05 

pS/T-IRS-1 145.9 <0.0001 1.049 N.S. 0.696 N.S. 

pS/T-Akt 35.27 <0.0001 2.136 N.S. 9.707 <0.0001 

pS/T-GSK-3β 4.304 0.0045 0.072 N.S. 1.029 N.S. 

Immunoreactivity was measured in 100 µg cerebellar protein using commercial Total Akt and Phospho-Akt Magnetic Bead-Based 
ELISA panels and a MAGPIX instrument. The calculated levels of relative protein phosphorylation (p/T) were also compared. Inter-
group comparisons were made using mixed-model ANOVA and post-hoc Tukey tests with correction for multiple comparisons. F-
Ratios correspond to measured soy dose, ethanol, and soy dose x ethanol interactive effects. Significant differences (bold font) have 
P-values < 0.05. Statistical trend effects (0.05 < P < 0.10) are italicized. NS = not significant. R = receptor; IGF-1 = insulin like growth 
factor type 1; IRS-1 = insulin receptor substrate, type 1; GSK-3β = glycogen synthase kinase 3β; pY = phosphotyrosine; pS = phos-
phoserine. See Table A2 for details of protein phosphorylation sites. 

 
Box and whisker plots display the effects of ethanol and dietary soy on insu-

lin/IGF-1/IRS-1-Akt pathway proteins, phosphoproteins, and the relative levels of 
protein phosphorylation (Figure 5). The main overall effects observed were that, 
with few exceptions, the levels of immunoreactivity at each soy dose were similar 
for the control and ethanol samples, and the most prominent shifts in immuno-
reactivity were associated with the 50% and 100% soy protein diets. To simplify 
the graphic presentation, the significant Tukey comparisons displayed were fo-
cused on effects relative to the 0% soy diet groups. Insulin R (Figure 5(A)) and 
IGF-1R (Figure 5(B)) were similarly expressed at relatively low levels in cerebellar 
tissue from control and ethanol-exposed rats in the 0% to 50% soy groups, and 
both were significantly elevated with the 100% soy diet (compared with all other 
groups. In contrast, IRS1 (Figure 5(C)), Akt (Figure 5(D)), and GSK-3β (Figure 
5(E)) immunoreactivities exhibited downward trends from 0% to 50% soy, fol-
lowed by a further significant decline in IRS-1, and moderate increases in Akt and 
GSK-3β in the 100% soy diet groups. 

The levels of pYpY1162/1163-Insulin R (Figure 5(F)), pYpY1135/1136-IGF-1R (Figure 
5(G)), pS636-IRS-1 (Figure 5(H)), and pS473-Akt (Figure 5(I)) trended upward from 
the 0% to 30% or 50% soy diets, then declined to levels below those in the 0% soy 
groups. In addition, for each of these phosphoproteins, significant ethanol-inhib-
itory effects were observed in the 50% soy groups. The pS9-GSK3β levels were rel-
atively uniform over the full soy dose range except for a significant reduction in  
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Figure 5. Insulin/IGF Signaling Network. Prenatal ethanol and dietary soy dose effects on (A)-(E) pro-
tein, (F-J) phosphoprotein, and (K)-(O) the relative levels of signaling protein phosphorylation in cere-
bellar tissue homogenates from the offspring of dams fed with isocaloric liquid diets containing 0% or 
26% caloric ethanol and 0%, 10%, 30%, 50%, or 100% soy as the protein source, with casein added to 
meet 100% of the dietary protein requirement. Commercial multiplex bead-based immunoassay kits 
(Table A2) were used to measure immunoreactivity to signaling proteins (A) insulin receptor (Insulin-
R), (B) IGF-1R, (C) IRS-1, (D) Akt, (E) GSK-3β, phorphorylated (pY or pS) signaling molecules (F) 
pYpY1162/1163-Insulin-R, (G) pYpY1135/1136-IGF-1R, (H) pS312-IRS-1, (I) pS473-Akt, and (J) pS9-
GSK-3β, and the calculated relative levels (pY/T or pS/T) of signaling protein phosphorylation (K) 
pY/T-Insulin R, (L) pY/T-IGF-1R, (M) pS/T-IRS-1, (N) pS/T-Akt, and (O) pS/T-GSK-3β. The data were 
analyzed by two-way ANOVA (Table 6) and the Tukey post hoc test. Significant (P ≤ 0.05) results are 
displayed within the panels. 
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the 30% soy control group and a significant increase in the 100% soy ethanol 
group relative to corresponding 0% soy samples (Figure 5(J)). The profiles ob-
served for soy dose-related shifts in the relative phosphorylation levels of Insulin 
R (Figure 5(K)), IGF-1R (Figure 5(L)), Akt (Figure 5(N)), and GSK-3β (Figure 
5(O)) were nearly identical to those observed for the corresponding tyrosine- or 
serine-phosphorylation. In contrast, the calculated relative levels of pS-IRS1 phos-
phorylation were uniformly low in the 0% to 50% soy groups but significantly 
elevated in the 100% soy compared with all other groups (Figure 5(M)).  

3.6. Neuroglial Studies 

Neuronal and glial protein expression was measured by duplex ELISA with re-
sults normalized to acidic ribonuclear protein (RPLPO). Two-way ANOVA de-
tected significant soy dose effects on Tau, pTau, ubiquitin, and choline acetyl-
transferase (ChAT) (Table 7) and significant ethanol effects on Tau, ChAT, and 
glial fibrillary acidic protein (GFAP). Significant soy dose x ethanol interactive 
effects were observed for Tau, ubiquitin, ChAT, and GFAP. Box and whisker 
plots were configured to clearly display soy dose effects in control and ethanol-
exposed cerebella (Figures 6(A)-(E)) or the comparative effects of ethanol rela-
tive to control at each dietary soy dose (Figure 6(F)-(J)), with the significant post 
hoc Tukey results.  
 

Table 7. Two-way ANOVA table for neuroglial proteins. 

 Soy Dose Effect Ethanol Effect Soy Dose x Ethanol Interactive Effect 

Biomarker F-Ratio P-Value F-Ratio P-Value F-Ratio P-Value 

Tau 3.118 0.0179 12.54 0.0006 2.638 0.0377 

pTau 38.89 <0.0001 0.147 N.S. 1.539 N.S. 

Ubiquitin 62.04 <0.0001 1.69 N.S. 4.604 0.0018 

ChAT 17.5 <0.0001 12.92 0.0005 6.868 <0.0001 

GFAP 0.763 N.S. 28.16 <0.0001 5.922 0.0002 

Immunoreactivity was measured by direct-binding ELISA in 50 ng samples of cerebellar protein homogenates. Immunoreactivity 
was measured with primary antibodies targeting Tau, phospho-Tau (pTau), ubiquitin, choline acetyltransferase (ChAT), or glial 
fibrillary acidic protein (GFAP), horseradish peroxidase-conjugated secondary antibody, and Amplex UltraRed soluble fluorophore. 
Fluorescence intensity (Ex 560 nm/Em 590 nm) was measured in a SpectraMax M5. Results were normalized to the internal control 
ribosomal protein, RPLPO. The data was analyzed using mixed-model ANOVA and post-hoc Tukey tests (See Figure 6). P ≤ 0.05 
was considered statistically significant (bold font). NS = not significant. 

 
Tau immunoreactivity was significantly elevated in the 100% soy relative to 

most lower soy doses, while in the ethanol group, Tau was increased in the 10% 
soy diet relative to most other doses (Figure 6(A)). pTau (Figure 6(B)) and ubiq-
uitin (Figure 6(C)) immunoreactivities were lowest in the 0% soy control and 
ethanol groups and significantly increased across the full range of dietary soy ex-
posure. However, the peak levels were not correlated with the maximum soy dose. 
ChAT immunoreactivity was significantly reduced from 0% to 10% soy in control 
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samples, but significantly reduced by 10%, 30% or 50% dietary soy in the ethanol 
group (Figure 6(D)). The levels of GFAP immunoreactivity were relatively con-
sistent across the dietary soy dose range in both control and ethanol samples, alt-
hough significant differences were detected due to an isolated increase in the 30% 
soy control group, and inhibitory effects of 10% and 30% soy in the ethanol group 
(Figure 6(E)). 
 

 
Figure 6. Dietary Soy Dose and Ethanol Effects on Cerebellar Neuroglial Protein Expression. Cerebellar tissue from the offspring of 
dams fed with isocaloric liquid diets containing 0% or 26% caloric ethanol and 0%, 10%, 30%, 50%, or 100% soy as the protein 
source, with casein added to meet 100% of the dietary protein requirement was used to measure immunoreactivity to (A, F) Tau 
(BDNF), (B, G) pS396-Tau (pTau), (C, H) ubiquitin, (D, I) choline acetyltransferase (ChAT), and (E, J) glial fibrillary acidic protein 
(GFAP) by duplex ELISA. Results were normalized to acidic ribosomal phosphoprotein PO (RPLPO) housekeeping molecule. 
Graphs (A)-(E) show within-group (control or ethanol) effects of soy dose on immunoreactivity levels, and (F)-(J) show the be-
tween-group differences in responses to increasing soy dose. Data were analyzed by two-way ANOVA (Table 7) and the Tukey post 
hoc test. Significant differences (P < 0.05) are shown within the panels. 

 
The graphs designed to compare the effects of ethanol revealed significantly 

reduced Tau (Figure 6(F)) and increased GFAP (Figure 6(J)) at 0%, 100% and 
either the 30% or 50% soy dose. ChAT immunoreactivity was also significantly 
elevated at 0% and 100% soy doses in the ethanol group (Figure 6(I)). Ubiquitin 
was significantly increased by ethanol only in the 50% dietary soy group (Figure 
6(H)). No significant inter-group differences were observed for pTau across the 
soy dose range (Figure 6(G)). 

3.7. Neurotrophin Studies 

Neurotrophin protein expression was measured by duplex ELISA with results 
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normalized to acidic ribonuclear protein (RPLPO). Two-way ANOVA detected 
significant soy dose effects on brain-derived neurotrophic factor (BDNF), nerve 
growth factor beta (NGFβ), glial-derived neurotrophic factor (GDNF), Neurotro-
phin 3 (NT3), and NT4, but significant ethanol effect restricted to GDNF, and 
significant soy dose x ethanol interactive effects for BDNF (Table 8). Box-and-
whisker plots were configured to display soy dose effects in control and ethanol-
exposed cerebella (Figures 7(A)-(E)) or to compare ethanol relative to control at 
each dietary soy dose (Figures 7(F)-(J)), with the significant post hoc Tukey re-
sults shown.  
 

Table 8. Two-way ANOVA table for neurotrophins. 

 Soy Dose Factor Ethanol Factor Soy x Ethanol 

Biomarker F-Ratio P-Value F-Ratio P-Value F-Ratio P-Value 

BDNF 3.536 0.0094 1.891 N.S. 2.747 0.0319 

NGFβ 17.57 <0.0001 0.940 N.S. 1.228 N.S. 

GDNF 47.93 <0.0001 7.773 0.0062 1.406 N.S. 

NT3 40.28 <0.0001 0.5873 N.S. 1.328 N.S. 

NT4 22.58 <0.0001 0.524 N.S. 0.830 N.S. 

Immunoreactivity was measured by direct-binding ELISA in 50 ng samples of cerebellar protein homogenates. Immunoreactivity 
was measured with primary antibodies targeting brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), glial-de-
rived neurotrophic factor (GDNF), Neurotrophin 3 (NT3), or Neurotrophin 4 (NT4), horseradish peroxidase-conjugated secondary 
antibody, and Amplex UltraRed soluble fluorophore. Fluorescence intensity (Ex 560 nm/Em 590 nm) was measured in a SpectraMax 
M5. Results were normalized to the internal control ribosomal protein, RPLPO. The data was analyzed using mixed-model ANOVA 
and post-hoc Tukey tests (See Figure 7). P < 0.05 was considered statistically significant (bold font). NS = not significant. 

 
In contrast to the neuroglial proteins, the neurotrophins were concordantly 

modulated with dietary soy dose in control and ethanol samples (Figures 7(A)-
(E)). For BDNF, the levels of immunoreactivity were relatively consistent across 
the dietary soy dose range in both control and ethanol samples, except for the 
significantly reduced level observed in the 50% soy + ethanol group (Figure 7(A)). 
For NGFβ, cerebellar immunoreactivity was similar from 0% to 50% soy but sig-
nificantly increased in both control and ethanol groups exposed to 100% soy (Fig-
ure 7(B)). In addition, a modest dose-dependent downward trend in NGFβ was 
detected in ethanol samples from the 10%, 30%, and 50% soy models. The profiles 
observed for GDNF (Figure 7(C)), NT3 (Figure 7(D)), and NT4 (Figure 7(E)) 
were similarly arched, with generally dose-related increases in immunoreactivity 
from 0% to 30% or 50% soy, followed by a tapered response to 100% dietary soy. 
Graphs comparing dietary soy dose effects in ethanol versus control samples (Fig-
ures 7(F)-(J)) showed relatively few significant differences. Those differences 
were restricted to ethanol-associated significant reductions in BDNF in samples 
from the 10% soy model (Figure 7(F)), and GDNF from the 10% and 100% soy 
models (Figure 7(H)). 
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Figure 7. Dietary Soy Dose and Ethanol Effects on Cerebellar Neurotrophin Expression. Cerebellar tissue from the offspring of 
dams fed with isocaloric liquid diets containing 0% or 26% caloric ethanol and 0%, 10%, 30%, 50%, or 100% soy as the protein 
source, with casein added to meet 100% of the dietary protein requirement was used to measure immunoreactivity to (A, F) brain-
derived neurotrophic factor (BDNF), (B, G) Nerve growth factor beta (NGF-β), (C, H) glial-derived neurotrophic factor (GDNF), 
(D, I) Neurotrophin 3 (NT3), and (E, J) Neurotrophin 4 (NT4) by duplex ELISA. Results were normalized to acidic ribosomal 
phosphoprotein PO (RPLPO) housekeeping molecule. Graphs (A)-(E) show within-group (control or ethanol) effects of soy dose 
on immunoreactivity levels, and (F)-(J) show the between-group differences in responses to increasing soy dose. Data were analyzed 
by two-way ANOVA (Table 8) and the Tukey post hoc test. Significant differences (P < 0.05) are shown within the panels. 

4. Discussion 

This manuscript reports the effects of graded gestational dietary soy doses on 
postnatal cerebellar function, structure, and expression of neuroglial and neuro-
trophin molecules in an experimental model of FASD. In previous reports using 
related models, we demonstrated phenotypic craniofacial features of FASD in the 
late fetal period [9], ethanol dose-dependent increases in severity of cerebellar hy-
potrophy and hypocellularity [12] [33], and sustained cognitive and motor im-
pairments in early adolescence [15] [17] [43] [44]. Remarkably, the co-admin-
istration of gestational dietary soy comprising 100% of the required protein in the 
dam’s diet significantly attenuated FASD features in the offspring, including neu-
rodevelopmental abnormalities [9]. In addition, we demonstrated that 100% ges-
tational dietary soy was protective through adolescence, resulting in normaliza-
tion of brain weight and performance on spatial learning and memory tasks [16] 
[18]. Known benefits of dietary soy include its insulin-sensitizing and antioxi-
dant/anti-inflammatory effects [19] [21]-[27] [45]. The rationale for testing the 
preventive or therapeutic effects of soy in FASD models is that several critical neu-
rodevelopmental abnormalities caused by prenatal alcohol exposure are mediated 
by impairments in signaling through insulin and insulin-like growth factor (IGF) 
pathways, increased neuroinflammation, and oxidative injury [13] [17] [33] [46] 
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[47]. However, since complete replacement of dietary protein with soy would be 
unrealistic and therefore have limited translational application for most pregnant 
women, our next goal was to determine if lower dietary soy doses were also neu-
roprotective, and to characterize mechanistic effects in relation to insulin and IGF 
networks and the expression of neuroglial and neurotrophin molecules utilized 
for developmental brain maturation and plasticity. This study focused on the cer-
ebellum because of its prominent vulnerability to heavy ethanol exposure across 
the lifespan. Ethanol and dietary soy interventions were implemented prenatally, 
during rodents’ rudimentary cerebellar development, and when Purkinje cells are 
mainly formed [35]. The experimental design enabled analysis of postnatal cere-
bellar development, beyond the window of gestational ethanol and soy exposures, 
mimicking aspects of the human condition associated with maternal alcohol con-
sumption in pregnancy.   

In rodents, cerebellar development is robust from birth through P12, i.e., the 
third-trimester equivalent of human fetal development [48], coinciding with rapid 
granule cell proliferation [49]. Prenatal alcohol exposures, including those leading 
to FASD, damage both Purkinje and granule cells [31] [32] [50], which are the 
major cerebellar cortical neuron populations mediating output and regulation of 
motor functions [51]. Correspondingly, in the present study, we detected signifi-
cant impairments in cerebellar motor function associated with prenatal alcohol 
exposure using rotarod testing. Image analysis of cerebellar cortical tissue revealed 
proportionally greater ethanol-associated reductions in granule cells compared 
with Purkinje cells. Additional studies showed that prenatal ethanol exposure did 
not impair body growth, indicating no evidence of failure to thrive. Instead, the 
significantly reduced brain weight reinforced the concept that prenatal ethanol 
exposures cause sustained and relatively selective neurodevelopmental impair-
ments.  

The protective effects of dietary soy were evident at the lowest dose (10%). One 
interesting effect was the significant increase in body weight observed in the eth-
anol group exposed to 10% or 30% dietary soy, illustrating positive effects on 
growth. However, even more striking was that, at all soy doses, brain weight in the 
ethanol group was significantly increased relative to 0% soy; the effects were 
largely dose-dependent, and at most soy doses, brain weight was normalized rel-
ative to control. Concerning the cerebellar cortex, the lowest soy dose (10%) ef-
fectively increased and normalized the densities of Purkinje and granule cells in 
the ethanol group. However, unlike the whole brain, the supportive effects were 
not dose-dependent, and they varied across the soy dose range. Nonetheless, the 
findings show that dietary soy has significant protective effects on brain growth 
and cerebellar cortical neuron populations in a moderately severe prenatal ethanol 
exposure model of FASD.  

Rotarod testing of cerebellar function was more informative concerning the ef-
fects of ethanol and the interventional benefits of dietary soy. Ethanol-impaired 
performance was documented, consistent with previous reports [13] [15] [44]. 
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Dietary soy, particularly at doses of 30% or higher, enhanced the performance of 
both control and ethanol-exposed rats. However, deficits in the ethanol group 
persisted and worsened as the task challenges increased, despite cerebellar neuron 
densities being normalized or nearly normalized. In contrast, among controls, 
performance was significantly improved with the 50% or 100% soy protein diets 
compared with lower doses, even at the most challenging rotarod rotation speed. 
Therefore, discrepancies between neuronal structural and functional integrities 
existed and required further analysis. Potential mediators include ethanol’s ad-
verse effects on neuronal functions related to energy metabolism and plasticity. 
We extended our investigations along these lines using molecular and biochemi-
cal studies to measure cerebellar total and phosphoproteins that mediate insulin 
and IGF signaling, neuronal-glial structural proteins, and neurotrophins. 

Previous studies showed that ethanol impairs insulin/IGF/Akt pathway signal-
ing in developing, including adolescent brains [12] [13] [16] [52] [53]. Insu-
lin/IGF-Akt signaling supports a broad range of brain functions, including neu-
ronal growth, survival, development, energy metabolism, migration, and synaptic 
plasticity [10] [53] [54]. Previous studies have shown that in FASD models, etha-
nol impairs signaling through the insulin and IGF-1 receptors, IRS, and Akt via 
alterations in protein expression or protein phosphorylation [15] [33] [43]. How-
ever, the severity or extent of these abnormalities is greater with higher levels of 
ongoing ethanol exposure compared with delayed effects associated with several 
weeks of ethanol withdrawal in the postnatal period [16] [33] [43]. In the present 
study, the FASD models were generated using liquid diets containing a moderate 
(26%) rather than high (37%) caloric ethanol level, and the brains were harvested 
for study on P35, 5 weeks after ethanol withdrawal. Therefore, the abnormalities 
detected reflect sustained pathologies resulting from earlier exposures and not re-
versed by the cessation of ethanol feeding. In the present study, there were no 
ethanol-specific effects on the expression of signaling proteins, phosphoprotein 
expression, or the relative levels of signaling protein phosphorylation. In essence, 
the inhibitory effects of prenatal alcohol exposure on upstream (insulin receptor, 
IGF-1 receptor) and intermediate (IRS1, Akt, GSK-3β) signaling molecules ap-
peared to have been abrogated by the ethanol withdrawal. Since dietary soy, for 
the most part, similarly modulated the expression of signaling proteins and phos-
phoproteins in the control and ethanol groups, it is unlikely that the interventional 
effects on cerebellar structure and function were mediated via these mechanisms. 
However, further downstream signaling molecules such as mTOR [55]-[57] and 
other interconnected pathways, such as Notch [44] [58] and Wnt [13] [18], that 
were not evaluated, may not have been normalized by ethanol withdrawal or die-
tary soy, and thereby contributed to the ethanol-related sustained deficits in cer-
ebellar motor function.  

The effects of ethanol and soy on the expression of neuronal and glial molecules 
have not been extensively studied. The developing cerebellum utilizes neuronal 
and glial structural proteins to support growth, maturation, neuronal plasticity, 
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myelination, and blood-brain barrier functions. The findings in this study are dis-
cussed in relation to the interactive effects of insulin/IGF signaling and oxidative 
stress since dietary soy targets their related pathologies [27] [45] [59]. Tau, which 
is abundantly expressed in cerebellar neurons, is bidirectionally regulated with 
insulin signaling such that insulin signaling regulates the Tau gene [60], and tau 
regulates insulin signaling [61]. For example, deletion of tau impairs hippocampal 
response to insulin via the insulin receptor and PTEN [62]. In the present study, 
ethanol exposure, with or without dietary soy, had significant sustained inhibitory 
effects on Tau protein expression. Therefore, this long-term effect of prenatal al-
cohol exposure in the cerebellum was not ameliorated by the insulin-sensitizing 
effects of dietary soy. Potential consequences include disruption of the neuronal 
cytoskeletal architecture needed to establish and maintain intercellular connectiv-
ity. In contrast, pTau similarly increased with soy dose in both control and etha-
nol-exposed cerebella. Since the responses were similar in both the control and 
disease states, the effects of soy were most likely physiological rather than patho-
logical and were mediated by the actions of one or more kinases activated in in-
sulin/IGF signaling networks. Insulin signaling promotes Tau phosphorylation, 
which is critical to neuronal cytoskeletal assembly and stability [63]. Although tau 
hyperphosphorylation by GSK-3β can be a feature of brain insulin resistance in 
various disease states [64] including chronic ethanol exposure [65] [66], the model 
utilized in these studies had alcohol-off, and the multiplex Akt Pathway ELISA 
failed to detect aberrantly increased GSK-3 activity. Therefore, the results likely 
reflect physiological responses to dietary soy enhancement of insulin signaling.  

Choline acetyltransferase is utilized to generate acetylcholine, one of the most 
abundant cerebellar neurotransmitters mediating motor functions. ChAT activity 
was previously shown to be stimulated by insulin/IGF networks [67] [68] and in-
hibited by acute or subacute ethanol exposure [12] [69]. However, in this study, 
the ethanol and dietary soy exposures were limited to the prenatal period. There 
were no significant residual effects of either ethanol or soy, except at the 100% soy 
dose, which significantly increased ChAT in the ethanol group. This effect may 
reflect a supra-normal insulin-sensitizing effect of soy, but further studies are 
needed to account for that result.  

The ubiquitin proteasome system (UPS) targets proteins for proteasomal deg-
radation, including regulatory factors involved in insulin signaling [70]. Mecha-
nistically, the UPS works through inducible ubiquitylation pathways that regulate 
internalization of insulin/IGF1 receptors and downstream signaling targets. Con-
sequently, ubiquitin has critical roles in regulating insulin secretion and influenc-
ing insulin/IGF1 pathways that regulate cell growth, tissue development, and me-
tabolism. On the other hand, insulin sensitizers, including peroxisome-prolifera-
tor activated receptor (PPAR) agonists are known to up-regulate the UPS and fa-
cilitate intracellular trash removal and minimize protein aggregation [71]. No spe-
cific links between soy-mediated increases in ubiquitin immunoreactivity and 
other molecular or biochemical cerebellar pathologies were identified. 
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GFAP, a marker of mature, activated astrocytes, was significantly increased by 
ethanol exposure, corresponding with previous reports [29] [72]. GFAP is stimu-
lated by ciliary neurotrophic factor via the JAK-STAT pathway [73]. Astrocyte 
activation causes cellular and tissue injury via the elaboration and secretion of 
proinflammatory cytokines and reactive oxygen species [74]. The persistently el-
evated GFAP expression in the cerebellum beyond the ethanol exposure period 
suggests that chronic astrocyte activation contributed to the sustained cerebellar 
dysfunction, as evidenced by impaired rotarod performance. The failure of dietary 
soy to consistently suppress ethanol-induced GFAP suggests that GFAP is not re-
sponsive to insulin/IGF stimulation.  

The developing cerebellum expresses neurotrophins and their receptors. BDNF 
and NGF interact with tropomyosin receptor kinase (Trk). The binding of BDNF 
to its TrkB receptor activates signaling important for synaptogenesis in that it 
stimulates cerebellar neuron axonal and dendritic arborization [75] and survival 
of differentiated granule cells [76]. BDNF/TrkB signals through PI3K/Akt and 
MAPK to promote neuronal functions and survival [75], paralleling the effects of 
insulin/IGF stimulation. NGF functions by binding to TrkA and p75NTR, inducing 
neuronal-type differentiation. In addition, NGF augments glucose-dependent in-
sulin secretion in pancreatic beta cells and islets [77], and glucose stimulates NGF 
expression. Except for isolated incidences, neither BDNF nor NGF was signifi-
cantly modulated by dietary soy or ethanol, indicating that long-term adverse ef-
fects of prenatal ethanol exposure on cerebellar motor dysfunction are not medi-
ated by impaired expression of these neurotrophins. Further studies are needed to 
determine whether TrkA or TrkB receptor expression and function were adversely 
impacted, contributing to the sustained impairments in cerebellar structure and 
function. 

NT3 supports the survival of neurons and neuroblast/neuroprogenitor cells and 
is upregulated by neuroregulin, PDGF, and CNTF but not IGF1 or NGF [78]. 
NT4/5 produces structural changes in cortical neurons [79], and like BDNF, it 
stimulates cerebellar neuron neurite extension and survival of differentiated gran-
ule cells [76]. GDNF, a member of transforming growth factor-beta superfamily, 
cooperates with insulin to enhance cellular proliferation [80], and works through 
PI3k-Akt. During development, GDNF promotes neural progenitor cell prolifer-
ation, migration, differentiation, and survival, and it contributes to synaptic plas-
ticity. Besides neuronal expression during development, GDNF can be upregu-
lated in astrocytes and microglia by injury and inflammation [81]. All three neu-
rotrophins were expressed at the lowest levels in the absence of dietary soy, irre-
spective of ethanol exposure. Dietary soy caused dose-dependent increases in 
NT3, NT4/5, and GDNF expression with minimal inhibitory effects of ethanol. 
These findings highlight the positive effects of soy’s insulin-sensitizing, anti-in-
flammatory, anti-oxidant effects on neurotrophins that have key roles in neuro-
plasticity, neuronal survival, and neuronal maturation, and suggest that these re-
sponses contribute to enhanced neurobehavioral functions, such as performance 
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on the Morris water maze [16] [18] [82]. Mechanistically, the crosstalk between 
neurotrophins and insulin/IGF networks likely mediated the stimulatory effects 
of dietary soy. Altogether, these findings suggest that dietary soy supports cogni-
tive-behavioral-motor functions during development by enhancing neurotrophin 
expression and function, even after prenatal ethanol exposures that can cause 
FASD. 

5. Conclusions  

• This study examined the effects of maternal dietary soy on postnatal cerebellar 
development in an FASD Long Evans rat model. Alcohol exposure and soy 
administration were limited to the period of gestation. 

• Dietary soy prevented alcohol-related reductions in brain weight and signifi-
cantly increased cerebellar granule neuron density in ethanol-exposed off-
spring. 

• Despite improvements in cerebellar structure, motor performance was equally 
impaired in the ethanol-exposed offspring, irrespective of dietary protein dose.  

• Postnatal cessation of alcohol exposure abolished many of the abnormalities 
in insulin/IGF-1/IRS1 pathway signaling that were previously associated with 
acute or subacute ethanol exposures. The 100% dietary soy diet similarly in-
creased cerebellar expression of insulin and IGF-1 receptors in both the con-
trol and ethanol groups, thereby enhancing growth and metabolic signaling, 
irrespective of ethanol exposure.  

• Therapeutic effects of dietary soy on brain structure and function are broad 
and mediated through enhanced neurotrophin expression. NGF, GDNF, NT3 
and NT4 were increased by dietary soy at various dietary concentrations, sug-
gesting their importance as a widely available means of bolstering cognitive 
and motor performance during development, including in FASD. 

• Although Tau and pTau increased with various dietary soy doses irrespective 
of ethanol exposure, prenatal ethanol exposure significantly muted these ef-
fects with respect to Tau, thereby contributing to the long-term inhibitory ef-
fects on neuronal architectural integrity. On the other hand, the increased 
ChAT expression in the ethanol+ 100% dietary soy cerebella marks rescue of 
cholinergic neurotransmission utilized for motor function. The persistently el-
evated level GFAP likely reflects sustained astrocytic activation and neuroin-
flammation as a contributing factor mediating chronic cerebellar hypocellu-
larity and motor dysfunction in FASD. 
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Appendix 

Table A1. Critical reagents. 

Material/Reagent/Equipment Source Company Location 

Materials and Instruments 

Spectra-Max M5 Multimode Plate Reader  Molecular Devices Sunnyvale, CA, USA 

MaxiSorp 96-well plates Thermo-Fisher Scientific Bedford, MA, USA 

Luminex MAGPIX Instrument Diasorin Austin, TX, USA 

TissueLyser II Instrument Qiagen  Germantown, MD, USA 

Cellular and Immunoassay Reagents 

Bicinchoninic Acid Assay Reagents  Thermo-Fisher Scientific Bedford, MA, USA 

Superblock TBS Thermo-Fisher Scientific Bedford, MA, USA 
Horseradish peroxidase-conjugated secondary 

antibodies 
Thermo-Fisher Scientific Bedford, MA, USA 

Amplex UltraRed Soluble Fluorophore Life Technologies Carlsbad, CA, USA 

Commercial Kits and Reagents for Multiplex Assays 

Total Akt Multiplex ELISA MilliporeSigma Burlington, MA, USA 

Phospho-Akt Multiplex ELISA MilliporeSigma Burlington, MA, USA 

 
Table A2. Multiplex Akt pathway (proteins and phosphoproteins). 

Akt/Pathway Molecules Protein Abbreviation Phospho-protein 

Insulin Receptor Insulin-R pYpY1162/1163-Insulin R 

Insulin-Like Growth Factor Receptor Type 1 IGF-1R pYpY1135/1136-IGF-1R 

Insulin Receptor Substrate, Type 1 IRS1 pS636-IRS-1 

Akt (Protein Kinase B) Akt pS473-Akt 

Glycogen Synthase Kinase 3β GSK-3β pS9-GSK3β 

 
Table A3. Antibodies used in duplex and cellular ELISAs. 

Antibody Targets* 
Antibody 

Type 

Final 
Concentration 

(µg/mL) 

Commercial 
Source 

Company Location Catalogue# RRID 

Tau (Tubulin-associated 
unit) 

Rabbit 3.1 
Agilent/Dako, 
Santa Clara, 

CA 

Santa Clara, CA, 
USA 

REF A0024; 
Lot# 

00033544 
AB_10013724 

pTau (PHF; S396) 
(Phosphorylated 

Tubulin associated unit) 
Mouse 0.40 Cell Signaling Danvers, MA, USA #9632 AB_2266237 

Ubiquitin Rabbit  0.5 Abcam Boston, MA, USA ab7780 AB_306069 

ChAT (choline 
acetyltransferase) 

Rabbit  1:3000 Abcam Boston, MA, USA ab6168 AB_2244866 

GFAP (glial fibrillary 
acidic protein) 

Goat  0.5 Abcam Boston, MA, USA ab53554 AB_880202 
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Continued 

BDNF (brain-derived 
neurotrophic factor) 

Sheep 1.0 
CHEMICON 
International 

Temecula, CA, 
USA 

AB1513P AB_2064329 

NGF β (nerve growth 
factor beta) 

Sheep 1.0 
CHEMICON 
International 

Temecula, CA, 
USA 

AB1528SP AB_2893049 

GDNF (glial-derived 
neurotrophic factor) 

Chicken 1.0 Abcam Boston, MA, USA ab28956 AB_732566 

NT3 (neurotrophin 3) Sheep 1.0 
CHEMICON 
International 

Temecula, CA, 
USA 

AB1517P AB_2064366 

NT4 (neurotrophin 4) Sheep 1.0 
CHEMICON 
International 

Temecula, CA, 
USA 

AB1519P AB_2064371 

RPLPO (acidic 
ribosomal 

phosphoprotein PO) 
Rabbit 0.1 

Prointech 
Group, Inc. 

Chicago, IL, USA sc-293260 
RPL23 

16086-1-AP 

RRID = Research Resource Identifier. 
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