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Abstract

Fetal alcohol spectrum disorders (FASD) are associated with social interaction behavior and
gastrointestinal (GI) abnormalities. These abnormal behaviors and GI abnormalities overlap with
autism spectrum disorder (ASD). We investigated the effect of fetal alcohol exposure (FAE) on
social interaction deficits (hallmark of autism). Evidence indicates that exogenous
lipopolysaccharide (LPS) administration during gestation induces autism-like behavior in the
litters. LPS regulates the expression of genes underlying differentiation, immune function,
myelination and synaptogenesis in fetal brain by the LPS receptor, TLR-4-dependent mechanism.
In this study, we evaluated the role of TLR-4 in FAE-induced social behavior deficit. WT and
TLR4™~ pregnant mice were fed Lieber-DeCarli liquid diet with or without EtOH. Control group
was pair-fed with isocaloric diet. Social behavior was tested in the adult litters at postnatal day 60.
Frontal cortex mRNA expression of autistic candidate genes (Ube3a, Gabrb3, Mecp2) and
inflammatory cytokine genes (/L-18, IL-6, TNF-a) were measured by RT-qPCR. Adult male
litters of EtOH-fed WT dams showed low birth weight compared to litters of pair-fed WT dams.
However, their body weights at adulthood were greater compared to the body weights of litters of
pair-fed WT dams. There were no body weight differences in litters of TLR4~/~ dams. Social
interaction deficit was observed only in male litters of EtOH-fed WT dams, but it was not
observed in both male and female litters of EtOH-fed TLR4~/~ dams. Expressions of autism
candidate genes, Gabrb3and Ube3a were elevated, while that of MecpZ2 gene was suppressed in
the frontal cortex of male, but not female litters of EtOH-fed WT mice. The expressions of
inflammatory cytokine genes, /L-14, /L-6and TNF-a were also significantly increased in the
frontal cortex of male, but not female, litters of EtOH-fed dams. The changes in the expression of
autistic and cytokine genes were unaffected in the litters of EtOH-fed TLR4~/~ dams. These data
also indicate that TLR4 mediates FAE-induced changes in social interactions and gene expression
in brain, suggesting that EtOH-induced LPS absorption from the maternal gut may be involved in
gene expression changes in the fetal brain.
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Introduction

Methods

Alcohol consumption during pregnancy causes a number of neurobehavioral abnormalities
in children, collectively known as fetal alcohol spectrum disorder (FASD)(Coriale et al
2013). Social interaction deficits and reduced social memory, particularly in male have been
shown in animal model of FASD. FASD affects as many as 2%-5% of school-aged children
in the United States (May et al 2009). Study showed that 4.7% of North American women,
who are pregnant, have alcoholism (McHugh et al 2014). According to Centers for Disease
Control and Prevention, the prevalence of FAE in the US between 2006 and 2010 was 8%. It
suggests that FAE is a leading cause of neurobehavioral abnormalities in growing children
(Mizejewski 2010).

The worldwide population prevalence of autism is about 1% (Lai et al 2014). Number of
FAE-induced neurobehavioral abnormalities overlap with autism spectrum disorder, which
manifests social behavior deficits, developmental delay and mental retardation. Previously,
we have shown that FAE affects social behavior and brain autistic candidate gene expression
in male offspring’s (Tunc-Ozcan et al 2013).

Evidences suggest that lipopolysaccharide (LPS) from gram-negative bacteria can stimulate
TLR-4 receptor and acts as a sensor for LPS (Poltorak et al 1998). Alcohol consumption
increases the permeability of LPS from gastrointestinal tract to blood (Mathurin et al 2000).
Evidence indicates that exogenous LPS administration during gestation induces autism-like
behavior in the offspring’s (Kirsten et al 2015) and also serum levels of LPS were
significantly higher in autistic patients (Emanuele et al 2010). LPS regulates the expression
of genes underlying differentiation, immune function, myelination, and synaptogenesis in
brain by TLR-4 dependent mechanism (Alfonso-Loeches et al 2010, Bilbo & Schwarz 2012,
Pascual et al 2017). However, the role of LPS in FAE children is not known yet. In this
study, we examined the FAE-induced social interaction deficits, inflammatory and autistic
candidate gene expression in male and female offspring’s and determined the role of TLR-4
in these effects of FAE.

Fetal alcohol exposure

C57BL/6, WT and TLR4~~ male and female mice were purchased from Jackson
Laboratories. These mice were bred and the progeny genotyped to obtain wild-type and
TLR4™~ mice. All animal experiments were performed according to the protocol approved
by the University of Tennessee Health Science Center (UTHSC) Institutional Animal Care
and Use Committee. Mice were housed in groups of 2-5 per cage, segregated by sex, in a
room on a 123h/123h light/dark cycle (lights on at 6:00 AM, off at 6:00 PM) maintained at
22 + 23°C. Pregnant WT and TLR4~/~ mice were fed with or without EtOH (0% 2d, 1% 2d,
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2% 2d, 4% 1 week and 5% 1 week) in Lieber-DeCarli liquid diet. Control group was pair-
fed with isocaloric diet. The behavioral test and mRNA expression analysis were performed
at postnatal day 60 of their age.

WT and TLR4™~ mice were fed with or without EtOH for 4 days (0% 1d, 1% 1d, 2% 1d
and 5% 1d) in Lieber-DeCarli liquid diet and alcohol levels were measured in WT and
TLR4~"~ mice. Furthermore, in separate set of mice we administered a single dose of EtOH
(5 g kg™1) and measured plasma alcohol levels in WT and TLR4™/~ mice, 2 hr. after EtOH
administration. We prepared Et-OH gavage solution by mixing 6.6 ml of 95% ethanol with
13.4 ml of water. The gavage volume (ul) of 31.5% (vol/vol) ethanol solution for each
mouse = mouse body weight in grams x 20. This solution prepared just before
administration to avoid changes in concentration resulting from evaporation (Bertola et al
2013).

Social Interaction Test

For social interaction test, each mouse was left alone in its home cage for 15 min. An
unfamiliar C57BL/6J mouse of the same sex was then introduced. The behavior of the test
mouse was video-recorded for 10 min and scored for active interaction (that is sniffing,
allogrooming, mounting and following) and rearing behavior (Sato et al 2013).

RNA Isolation and Quantitative RT-PCR

Total RNA from frontal cortex (1.5 pug) was used for generation of cDNASs using the
ThermoScript RT-PCR system for first strand synthesis (Invitrogen). Quantitative PCR
(gPCR) reactions were performed using cDNA mix (cDNA corresponding to 35 ng RNA)
with 300 nmoles of primers in a final volume of 25 pl of 2x concentrated RT2 Real-Time
SYBR Green master mix (Qiagen) in an Applied Biosystems QuantStudio 6 Flex Real-Time
PCR instrument (Norwalk, CT, USA). The cycle parameters were: 50 °C for 2 min, one
denaturation step at 95 °C for 10 min and 40 cycles of denaturation at 95 °C for 10s
followed by annealing and elongation at 60 °C. Relative gene expression of each transcript
was normalized to GAPDH using the AACt method. Sequences of primers used for g°PCR
are provided in Table 2 (Shukla et al 2016).

Cytokine measurement by ELISA

Blood samples were centrifuged for 10 minutes at 3000 g and the supernatant was frozen at
—70°C for quantification. Interleukin-1f (/L-1p), tumor necrosis factor a ( 7A/F-a) and
interleukin-6 (/L-6) levels were estimated using commercially available immunoassay
ELISA kits for mice (R&D System, Minneapolis, MN, USA), according to the
manufacturer’s instructions. The results are expressed as picograms of cytokine per milliliter
of plasma.

Plasma EtOH Concentration Analysis

Plasma samples were analyzed using the Colorimetric Alcohol Assay Kit (STA-620; Cell
Biolabs, Inc, San Diego, CA, USA) according to vendor’s instructions. Briefly, the stock of
EtOH (200mM) was diluted in a 1X assay buffer to produce standards in the concentration
range of 0-200 uM. Next, all samples were diluted in 1X assay buffer (1:80). Following this,
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10 pl of the diluted EtOH standards or samples were added to a 96-well microtiter plate. The
reaction mixture (90ul) containing assay buffer, enzyme mixture and colorimetric probe was
added to each well in a microtiter plate. The plate was incubated at 37 °C for 30 minutes and
read at 570 nm. EtOH concentration of samples was calculated.

Statistical analysis

Results

1-2 animal(s)/sex/litter were used for social behavior testing. Frontal cortex and plasma
were collected from same mice after social behavior testing for mRNA expression and
cytokine analysis. All data are expressed as Mean+SEM. The differences among multiple
groups were first analyzed by one-way ANOVA (Prism 6.0). When a statistical significance
was detected, Tukey’s t test was used to determine the statistical significance between
multiple testing groups and the corresponding control. Statistical significance was
established at 95%. Genotype and treatment effect was determined by a two-way ANOVA.

There were no visible morphological changes in the newborns in different groups. Liquid
diet intake was similar for the WT and TLR4™~ mice. The litter size and the birth weights of
litters from EtOH-fed WT mothers were significantly low compared to those in litters from
pair-fed WT mothers (Table 1). But, no differences in litter size or birth weights were
recorded in litters of pair-fed and EtOH-fed TLR4™/~ mice. The litters were allowed to grow
for up to 60 days and were examined for social interactions. Male litters of EtOH-fed WT
mice restored their body weights and were significantly greater than the body weights of
corresponding litters of pair-fed WT mice on postnatal days 21 and 60 (Fig. 1A), but such a
difference in the body weights was absent in female litters (Fig. 1B). In TLR4~/~ mice,
EtOH feeding during prenatal period had no effect on the body weights of litters. The
maternal weight gain during gestation period was similar in the WT and TLR4~/~ mice both
with and without EtOH feeding (Fig. 1C).

We observed a comparable increased plasma alcohol level in WT (73.4+ 10.3, mg/dl) and
TLR4™~ mice (81.9+ 5.4) after 4 days of EtOH feeding. Single gavage of EtOH (5 g kg-1)
also showed comparable increase in plasma EtOH levels in WT (93.4+ 9.53, mg/dl) and
TLR4~/~ 87.9+ 15.9) mice.

Social interaction behavioral tests were performed at the postnatal day 60. Social interaction
scores were significantly low in male litters of EtOH-fed WT mice compared to those in
male litters of pair-fed WT mice (Fig. 2A). Such a social interaction deficit was not recorded
in female litters of EtOH-fed WT mice (Fig. 2B). Social interaction deficits were not
recorded in male or female litters of EtOH-fed TLR4~/~ mice, sex [F(1-24)=3.30, p<0.05];
sex x diet: [F(3-24)=6.18, p<0.05].

It is known that FAE affects some of the autistic genes in rat hippocampus (Tunc-Ozcan et al
2013). We evaluated the expression of Ube3a, Mecp2and Gabrb3in the frontal cortex of
different litters groups. The levels of mMRNA for Ube3a (Fig. 3A) [F(1-8)=27.03, p<0.05];
and Gabrb3 (Fig. 3C) [F(1-8)=7.84, p<0.05]; genes were significantly increased, whereas
the MRNA level for Mecp2 gene (Fig. 3B) [F(1-8)=3.8, p<0.05]; was decreased in male
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litters of EtOH-fed WT dams compared to those in male litters of pair-fed WT dams. We
observed a significant gender difference in WT litters. Ube3a, [F(1-12)=31.8, p<0.05],
Gabrb3 [F(1-12)=7.8, p<0.05] and Mecp2 [F(1-12)=5.73, p<0.05]. There were no EtOH-
induced differences in mMRNA levels for these autism candidate genes in the frontal cortex of
female litters of WT mice and male or female litters from TLR4~/~ mice (Fig. 3A, 3B and
30).

Expression of candidate pro-inflammatory cytokine genes were analyzed by measuring the
specific MRNA levels in the frontal cortex. Levels of mRNA for /L-15 (Fig. 4A) [F(1-
8)=13.44, p<0.05]; /L-6 (Fig. 4B) [F(1-8)=14.80, p<0.05]; and 7NF-a (Fig. 4C) [F(1-
8)=26.93, p<0.05]; were significantly increased in male litters of EtOH-fed WT dams
compared to those in male litters of pair-fed WT dams. We observed a significant gender
difference in WT litters. /L-183[F(1-12)=15.7, p<0.05], /L-6[F(1-12)=12.2, p<0.05] and
TNF-a [F(1-12)=17.8, p<0.05]. There were no significant differences in transcript levels for
these pro-inflammatory candidate genes in the frontal cortex of female litters of WT mice
and male or female litters of TLR4~/~ mice (Fig. 4A, 4B and 4C). We did not observe gender
difference in TLR4~/~ mice.

Plasma level of /L-18 (Fig. 5A) [F(1-6)=25.6, p<0.05], /L-6 (Fig. 5B), [F(1-6)=27.4,
p<0.05] and 7NF-a (Fig. 5C) [F(1-6)=20.4, p<0.05] were also significantly increased in the
male litters of EtOH-fed WT dams compared to those in male litters of pair-fed WT dams.
There were no significant differences in the plasma levels for these pro-inflammatory
cytokines in the female litters of WT mice and male or female litters of TLR4~/~ mice (Fig.
5A, 5B and 5C). We did not observe gender differences in the plasma level of cytokines in
WT and TLR4™~ mice.

Discussion

FASD is a serious concern at the neonatal clinic and the mechanisms associated with the
pathogenesis of this disorder is poorly understood. Alcohol is known to directly influence
the fetus, but it is not clear if other injurious factors from the maternal circulation play a role
in the development of FASD. Our study investigated the potential role of the LPS receptor,
TLR4, in FAE-induced changes in gene expression in the frontal cortex of litters. The results
indicate that EtOH feeding in mice during gestation induces inflammatory responses and
autistic gene expression changes in the frontal cortex of litters, which is associated with the
changes in social interaction by a gender-dependent and TLR4-dependent mechanism. A
previous study showed that FAE reduced the litter size and lowered birth weights in rats
(Tunc-Ozcan et al 2013). This previous study also showed that FAE causes impaired social
interaction in adult male litters, but not in female litters. Our current study in mice confirms
these findings on litter size and birth weights as well as social interactions in male litters, but
not female litters. Although, maternal body weight gain during gestation period was similar
in the WT and TLR4~/~ mice both with and without Et-OH treatment. Interestingly, our
present study demonstrates that FAE-induced reduction in litter size and birth weights and
impaired social interactions were attenuated in TLR4~/~ mice, indicating that TLR4 is
involved in FAE-induced fetal growth defects and the social interactions of adult litters. In
this study we did not evaluated maternal care but it has already been reported in one of FAE

Alcohol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla et al.

Page 6

study with TLR4™/~ and WT mice. That research group have assessed maternal behavior by
evaluating maternal care by monitoring the time spent in the nest and grooming time. They
have shown no difference between the groups in the percentage of time spent in the nest and
the percent time grooming and care toward pups (Pascual et al 2017). LPS regulates the
expression of genes underlying differentiation, immune function, myelination, and
synaptogenesis in fetal brain by TLR4-dependent mechanism (Luan et al 2015, Pascual et al
2017, Salminen et al 2008, Shen et al 2016). Evidence indicates that exogenous LPS
administration during gestation induces autism-like behavior in the litters (Kirsten et al
2012).

Chronic EtOH feeding has been shown to cause disruption of the colonic epithelial tight
junctions, barrier dysfunction and endotoxemia in mice and rats (Chaudhry et al 2015, Rao
2009). The primary source of plasma LPS is the gut microflora. Disruption of colonic
epithelial barrier function is expected to increase LPS absorption from the colon in pregnant
animals. The maternal LPS is most likely the source of LPS in the fetal circulation. It is
however, unclear at this point whether TLR4 in the maternal tissues or fetal tissues is
responsible for the observed changes in the litters.

The gender differences in the present study is consistent with the high incidence of ASD
such as autism in males compared to females (Lai et al 2014). There are no sex difference
explicitly known in the social behavior of children and adolescents with FASD but males
were significantly more with attention-deficit/hyperactivity disorder (ADHD) than FASD
females (Herman et al 2008). Such a gender difference in FASD has not been reported in
human subjects. The observed gender difference in the present mouse study may be species-
dependent difference or in humans, secondary factors may precipitate FAE effects in
females.

The FAE-induced alteration in social interaction suggested potential changes in expression
autistic candidate genes. Our results demonstrate that FAE does increase the expression of
Ube3aand Gabr3b in the frontal cortex of litters in a gender-dependent mechanism. These
gene expression changes overlap with the FAE-induced social behavior changes, supporting
the hypothesis that there is a common molecular mechanism between autism and EtOH-
induced social interaction deficits. Mecp2was significantly decreased in the frontal cortex of
litters of EtOH-fed pregnant mice, which is consistent with the previous study in rat
hippocampus (Samaco et al 2005).

The mechanism of FAE-induced changes in candidate autistic genes is unclear. Neuro-
inflammation has been shown to be associated with autism (Bjorklund et al 2016), and LPS
is likely to induce inflammatory responses in the fetus. Therefore, we examined the
expression of candidate pro-inflammatory cytokines in the frontal cortex of fetal alcohol
exposed litters. FAE litters showed significantly higher expression of /L-1Band /L-6and
TIVF-a genes in the frontal cortex compared to that in litters of pair-fed mothers.
Interestingly, FAE-induced /L-18and /L-6expressions were abrogated in TLR4 ™/~ litters.
FAE-induced 7/VF-a expression was significantly lesser in TLR4™/~ litters compared to that
in wild-type litters. Plasma cytokine levels were also comparable in these mice. Moderate
prenatal alcohol exposure during gestation in rats showed a gender difference in the
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expression of proinflammatory cytokines in maternal serum, placenta and fetal brain
(Terasaki & Schwarz 2016). A human study also demonstrated that /L-18, /L-6and TNF-a
levels were higher in both neonatal and maternal blood in mothers who consumed alcohol
compared to those did not (Ahluwalia et al 2000). This study explicitly indicated that
maternal alcohol consumption increases cytokine exposure to the fetus. Microglial activation
is one of the major indicators of neuroinflammation in ASD. One of the postmortem brain
studies also suggested that these inflammatory cytokines were elevated in the individuals
diagnosed with ASD (Vargas et al 2005).

In summary, this study shows that EtOH feeding during gestation induces social interaction
deficits only in male mice by a TLR4-dependent mechanism. We speculate that these effects
of FAE on social interactions may involve altered expression of candidate autistic genes, and
that pro-inflammatory cytokines such as /L-1p, IL-6and TNF-a may be involved in FAE-
induced autistic gene expression and social interaction changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Fetal alcohol exposure (FAE)-induced reduction in birth weight and social
interaction deficit are restricted to male litters.

FAE alters autistic candidate genes in the brain frontal cortex.

Expression of inflammatory cytokine genes in brain frontal cortex was elevated by
FAE.

FAE-induced altered expression of autistic and cytokine genes was observed in
male, but not in female litters.

TLR4 mediates FAE-induced changes in social interactions and gene expression in
frontal cortex.
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Fig. 1. TLR4™- mitigates FAE induced body weight decrease
At P30 and P60 WT male litters of EtOH consuming mothers shows a significant increase in

body weight compared to PF group. On other hand EtOH fed TLR4~/~ dam’s weight were
unaffected (A). WT and TLR4™/~ female FAE pups body weight was unaffected both with
and without EtOH treatment (B). The maternal weight gain during gestation period was
similar in the WT and TLR4™~ mice both with and without EtOH treatment (C). Values are
mean + SEM (n = 7-10 litters). Asterisk indicates the value that is significantly (p <0.05)
different from corresponding control value.
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Fig. 2. TLR4™/~ attenuates FAE induced social interaction deficit
WT adult male litters of EtOH consuming mothers show social interaction deficits (A).

These social interaction deficits were attenuated in TLR4~/~ litters of EtOH consuming
mothers (B). Values are mean + SEM (n = 7-10 litters). Asterisk indicates the value that is
significantly (p <0.05) different from corresponding control value.
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Fig. 3. WT male FAE litters showed autistic gene expression changes in the frontal cortex
Relative quantification measured by real time RT-PCR indicates an increase in Ube3a (A),

Gabrb3 (C) and decrease in Mecp2 (B) transcript levels in the frontal cortex of WT adult
male litters of EtOH consuming mother. Ube3a (A), Gabrb3 (C) and MecpZ (B) transcript
levels were unaffected in TLR4 ™/~ litters of EtOH consuming mothers. Values are mean +
SEM (n =4 litters). Asterisk indicates the value that is significantly (p <0.05) different from
corresponding control value. WT and TLR4™/~ female FAE litters showed no effect on
autistic gene expression in the frontal cortex. Relative quantification measured by real time
RT-PCR indicates no effect on the mRNA expression levels of Ube3a, MecpZand Gabrb3in
the frontal cortex of WT and TLR4™/~ adult female litters of EtOH consuming mother.
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Fig. 4. WT male FAE litters showed increased proinflammatory cytokine gene expression in the
frontal cortex

Relative quantification measured by real time RT-PCR indicates an increase in /L-18 (A),
/L-6 (B) and TNF-a (C) transcript levels in the frontal cortex of WT adult male litters of
EtOH consuming mother. /L-18 (A), /IL-6 (B) and TNF-a (C) transcript levels were
unaffected in TLR4~/ litters of EtOH consuming mothers. Values are mean + SEM (n = 4
litters). Asterisk indicates the value that is significantly (p <0.05) different from
corresponding control value. WT and TLR4™/~ female FAE litters showed no effect on
inflammatory cytokine gene expression in the frontal cortex. /L-18, /L-6and TNF-a
transcript levels were unaffected in WT and TLR4™/~ litters of EtOH consuming mothers.
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WT male FAE litters showed increased proinflammatory cytokine levels in the plasma.
ELISA results indicate an increase in /L-18 (A), TNF-a (B) and /L-6 (C) levels in the
plasma of WT adult male litters of EtOH consuming mother. /L-18 (A), TNF-a (B) and /L-6
(C) cytokine levels were unaffected in TLR4™/~ litters of EtOH consuming mothers. Values
are mean + SEM (n = 4 litters). Asterisk indicates the value that is significantly (p <0.05)

different from corresponding control value.
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