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Abstract
Several studies suggest that prenatal stress is a possible risk factor in the development of autism
spectrum disorders. However, many children exposed to stress prenatally are born healthy and
develop typically, suggesting that other factors must contribute to autism. Genes that contribute to
stress reactivity may, therefore, exacerbate prenatal stress-mediated behavioral changes in the
adult offspring. One candidate gene linked to increased stress reactivity encodes the serotonin
transporter. Specifically, an insertion/deletion (long/short allele) polymorphism upstream of the
serotonin transporter gene correlates with differential expression and function of the serotonin
transporter and a heightened response to stressors. Heterozygous serotonin transporter knockout
mice show reductions in serotonin transporter expression similar to the human short
polymorphism. In this study, the role of prenatal stress and maternal serotonin transporter
genotype were assessed in mice to determine whether their combined effect produces reductions in
social behavior in the adult offspring. Pregnant serotonin transporter heterozygous knockout and
wild-type dams were placed in either a control condition or subjected to chronic variable stress.
The adult offspring were subsequently assessed for social interaction and anxiety using a 3-
chamber social approach task, ultrasonic vocalization detection, elevated-plus maze and an open
field task. Results indicated that prenatal stress and reduced serotonin transporter expression of the
dam may have the combined effect of producing changes in social interaction and social interest in
the offspring consistent with those observed in autism spectrum disorder. This data indicates a
possible combined effect of maternal serotonin transporter genotype and prenatal stress
contributing to the production of autistic-like behaviors in offspring.
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1. Introduction
Autism spectrum disorders (ASD) are a set of neurological disorder characterized by deficits
in social interaction, social communication, and the presence of restrictive and repetitive
behaviors (APA, 2000; DiCicco-Bloom et al., 2006; Prater and Zylstra, 2002; Singhania,
2005; Tuchman, 2003). Recent surveys indicate the prevalence of ASD as high as one child
in every 150 (Center for Disease Control, 2007), or possibly higher (Kogan et al., 2009).
Despite the increasing prevalence rates and media attention, the etiology of ASD is still
unknown (Fombonne, 2005).

The heritability rate for ASD has been estimated as high as 90% (Freitag, 2007), suggesting
that ASD is a predominantly genetic condition (Losh et al., 2008; Folstein and Rosen-
Sheidley, 2001; Freitag, 2007). Twin studies have discovered that monozygotic twins show
approximately a 70% concordance rate, whereas for dizygotic twin the concordance rate is
approximately 5% (Steffenburg et al., 1989; Folstein and Rutter, 1977; Bailey et al., 1995).
While genetics has a strong influence in ASD, other factors must also contribute.

One potential environmental risk factor in ASD is prenatal stress. Prenatal stress has been
shown to be implicated in a variety of behavioral problems that are displayed in ASD,
including attention, language, and learning (Mulder et al., 2002; Weinstock, 1997). It has
been found that mothers of children of autism have reported high family discord and
psychiatric problems during their pregnancies compared to mothers of nonautistic children,
suggesting prenatal stress as a potential risk factor of autism (Ward, 1990). In a 2005 study,
Beversdorf et al. surveyed mothers of ASD, Down syndrome, and control children on their
level of stress during pregnancy. They reported a significantly greater stress during weeks
21 – 32 of gestation in the mothers of children with ASD in comparison to control or Down
syndrome mothers, with a peak at 25 – 28 weeks. Similarly, Kinney et al. studied ASD birth
rates in the wake of hurricanes in Louisiana (2008). They found an increase in ASD
birthrates among mothers subjected to hurricanes during months 5 and 6 of gestation, which
covaried with storm intensity. More intense storms during critical development periods
resulted in a greater incidence of ASD births. In these studies, however, many other
pregnancies associated with stress resulted in children without autism. Therefore, prenatal
stress alone does not account for the development of autism.

One candidate gene that might interact with prenatal stress is the serotonin transporter (5-
HTT) gene, SLC6A4, which has an associated insertion/deletion polymorphism in the
promoter region that modulates expression and function (Lesch et al., 1996). In humans, the
short allele (S) has a 44-base pair deletion within the 5-HTT gene-linked polymorphic
region (5-HTTLPR), whereas the long allele (L) is full-length. While earlier evidence which
suggested a role of the S allele in the relationship between stress and depression (Caspi et
al., 2003) has not been corroborated (Risch et al., 2009), other evidence has suggested a role
of the S allele in suicidality (Bondy et al., 2006), alcoholism (Feinn et al., 2005; Sander et
al., 1997), and susceptibility to anxiety (Lesch et al., 1996). Thus, regardless of the actual
functional nature of the S allele, it likely marks a haplotype that has a significant role in
stress reactivity. Human imaging studies have found that carriers of the S allele display
greater amygdala activation in response to fearful stimuli (Harari et al., 2002) that is
dependent upon 5-HTT availability (Rhodes et al., 2007), also supporting a greater reactivity
to stress. In addition, 5-HTT functioning is altered, including reduced transcriptional
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efficiency and decreased expression and serotonin (5-HT) uptake (Lesch et al., 1996).
Similar to human short allele carriers, 5-HTT knockout (KO) mice display increased levels
of extracellular 5-HT, decreased intracellular concentrations of 5-HT, and reduced
transporter binding availability and uptake activity compared to that observed in wild-type
and heterozygous 5-HTT mice (Bengel et al., 1998; Kim et al., 2005; Montañez et al., 2003).
While the heterozygous 5-HTT KO mice have similar 5-HT levels as wild-type mice, their
uptake activity and transporter binding availability is reduced roughly 50% in comparison to
wild-type mice (Bengel et al., 1998; Montañez et al., 2003). This reduction is similar to that
seen in human studies investigating the short allele of the 5-HTT gene (Lesch et al., 1996).
Furthermore, the short allele polymorphism of the 5-HTT gene has been linked to ASD in
some but not all studies (Cook et al., 1997; Brune et al., 2006; Losh et al., 2008; Freitag,
2007; Zhong et al., 1999). Additionally, a second polymorphism, a variable number of
tandem repeats in intron 2 of the 5-HTT gene has specifically been linked to platelet
hyperserotonemia findings in autism (Coutinho et al., 2004). A single nucleotide
polymorphism, Gly56Ala, which causes 5-HTT function to become equivalent to that seen
in the S allele variant, has also been linked to autism (Prasad et al., 2005).

While numerous studies have investigated the independent effects of prenatal stress on the
etiology of autism and others have independently examined genes known to impact stress
response in autism, few have investigated the combined effect of these factors (Cheslack-
Postava et al., 2007). We hypothesized that a combined effect of prenatal stress and
dysfunctional maternal 5-HTT would produce autistic-like behaviors in the offspring. In this
study our focus is on the genotype of the dam and not that of the offspring, as Côté et al.
(2007) discovered that maternal peripheral 5-HT is crucial in the neuronal development of
mice. Additionally, we expected the 5-HTT +/− dams to be more reactive to stressor
exposure during gestation, having a greater adverse effect on the offspring. Thus, stress-
related changes in 5-HT levels in the dams may have the ability to significantly alter the
development of their offspring, manifesting itself in behavioral abnormalities.

2. Experimental Procedures
2.1 Animals

Four male homozygous 5-HTT KO mice with a C57BL/6 background (Bengel et al., 1998)
were obtained from Taconic Farms, Inc. (Hudson, NY), and mated with four homozygous
C57BL/6 wild-type (WT) females to obtain the 11 heterozygous (+/−) dams used for this
study. Animals were kept in rooms with a temperature of 25°C and a light:dark cycle of
14:10 with lights on at 10:00 PM. Males and females were housed separately in groups of 2–
5 in 30 × 16 × 13 cm3 hanging Plexiglas cages with corn cob bedding, which served as their
home cages. Food and water was available ad libitum.

2.2 Breeding
Single males were moved into the standard cages with single females for a 5 day period for
breeding, during which estrous samples were taken every morning. All of the male mice
were WT C57BL/6 mice; 11 dams were the previously described (+/−) females and 7 dams
were WT mice. A sample was obtained from a 10 microliter vaginal saline wash, and
examined microscopically for the presence of sperm in order to determine the day of
conception.

2.3 Chronic Variable Stress Paradigm
Five heterozygous and four WT dams that were randomly assigned to the stress paradigm
were subjected to chronic variable stress from gestational day 6 to parturition. Stressors
included: constant light exposure (38 hour duration), exposure to fox scent (1 hour) during
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the dark phase, overnight exposure to novel objects (marbles) in their home cage, restraint
(10 minutes) during the light phase, overnight exposure to novel noises (radio static),
multiple cage changes during light cycle, and overnight exposure to water-saturated
bedding. Each of the seven stressors was presented in succession over 7 days, and this
pattern was repeated 3 times. Stressors were chosen on the basis that they do not cause pain
and have minimal influence on food intake and weight gain (Mueller et al., 2006). Six
heterozygous and three WT dams proceeded from gestational day 6 to parturition without
stressors.

2.4 Postnatal procedures
Between postnatal days (PD) 0–2, full-litter cross-fostering was implemented to
counterbalance any lasting behaviors resulting from genotype- or stress-related changes on
early maternal care. Breeding was strategically timed as to allow cross fostering to occur
across all experimental groups. While every effort was made to adequately counterbalance
the cross-fostering, the small number of total litters resulted in conditions not being fully
counterbalanced. However, in some cases births did not occur within a time window that
allowed for cross-fostering (i.e. two separate dams giving birth within two days of one
another) (Table 1). On PD 7, all offspring were tattooed for later identification with an
Aramis Animal Microtattoo System (Brockville, Ontario, Canada). A hypodermic needle
penetrated a single toe of the mouse and deposited a small amount of tattoo paste, leaving an
easily identified mark. Pups were weaned on PD 28. Pups were housed with sex-matched
littermates and were housed with up to five mice per cage.

2.5 Ultrasonic Vocalizations
Behavioral testing began with an investigation of spontaneous ultrasonic vocalization
(USV), which can indicate a distress call during maternal isolation or separation in order to
attempt to assess communication known to be decreased in autism. On PD 7, immediately
prior to toe tattoo procedures, USVs emitted during maternal separation were recorded from
pups using a Med Associates USV Detector (St. Albans, VT). Each pup was individually
placed in a 1000 mL beaker with approximately 1–2 cm of corn cob bedding and an USV
detector mounted to the top. The beaker was then placed in a sound- and light-attenuated
behavior chamber. Following a 10 s attenuation period, USVs were constantly recorded over
a 60 s interval. The total number of USVs, emitted across two frequency ranges (20–40 kHz
and 40–100 kHz), were considered for analysis. Typically, maternal separation and social
isolation are associated with calls above 40 kHz, while lower frequencies are associated with
postpartum sounds, which are typically observed during maternal grooming of the pup
(Hahn and Lavooy, 2005). However, these pups were not with the dams at the time of
testing in our study. Bedding inside the beaker was replaced after each animal.

2.6 Neurological Exam Battery
On PD 35, all offspring were subject to a neurological exam battery in order to detect any
deficits in sensory functioning or gross developmental abnormalities (Crawley, 1999). This
was done to confirm that any autism-related behaviors were not due to more general
impairments in function. All mice were weighed individually at the beginning of the exam to
ensure normal developmental growth (Crawley, 1999). Mice weighing less than 1.5 standard
deviations from their sex’s average weight were considered outliers and were excluded from
the study. A small piece of food was randomly placed under bedding in a 72 × 40 × 28 cm3

chamber into one of nine visually (but not physically) divided quadrants. The latency to find
food was recorded, with a maximum of 5 minutes allowed, in order to test olfactory
functioning (Crawley, 1999). To test neuromuscular strength, mice were individually placed
on a wire lid above their home cage. The lid was then gently turned upside down 6 inches
above their home cage. Latency of the mouse to fall was recorded, with a maximum of 60
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seconds allowed (Crawley, 1999). Mice were then individually tested in a clean mouse cage
to test acoustic startle. The experimenter clapped their hands approximately 2 feet away
from the cage and observed whether the mouse startled to the noise, with mice failing to
respond excluded from further study (Crawley, 1999). Finally, mice were individually
lowered slowly towards a wire cage lid by holding on to their tail. Experimenters recorded
whether a mouse reached for the lid in order to test the mouse’s vision, with mice failing to
respond excluded from further study (Crawley, 1999). Mice that failed any of the above
criteria were excluded from further study.

2.7 Elevated-Plus Maze
Subsequent behavioral testing of the offspring began on PD 60 with the elevated-plus maze,
which measures anxiety-like behavior in order to determine whether any social effects
detected are due to general anxiety. The maze is constructed with black Plexiglas and is
raised off the floor 75 cm, with a stand fitted to the maze. The maze consisted of two open
arms (35 × 6.25 × 0.25 cm3) and two closed arms (35 × 6.25 × 21 cm3) that extend from a
common central platform (5 × 5 cm2). Opaque Plexiglas sections were fitted into the floor of
the maze and were easily removable for cleaning. Mice were individually recorded by
Logitech video recorders and later scored. Investigators placed each mouse in the center of
the four arms and exited the testing area. Mice were given a total of 5 minutes to explore the
maze under low light conditions (260 lux). The maze was wiped down with 30% ethanol
alcohol between each testing subject. The experimenter later recorded the amount of time a
mouse spent in the open arms as well as the closed arms (Lister, 1987). Open arm ratio (total
time spent on open arm / (time spent on open arm + time spent in closed arm)) was
calculated for each mouse.

2.8 Open Field
The open field is also a validated anxiety assessment in rodents, and measures the
willingness of the mouse to explore a novel environment (Treit and Fundytus, 1988).
Animals were tested individually on PD 61 in the open field task. The apparatus was
constructed out of clear Plexiglas and measured 45 × 45 × 22 cm3. The apparatus was
overlaid on an 8×8 grid. Mice were tested during the dark cycle under red lighting
conditions (15 lux) and were recorded individually for a 10 minute period using Logitech
video recorders and later scored by hand. No observers were present in the room during
testing. The field was wiped down with 30% ethanol alcohol between each testing subject.
Time spent in inner squares (4×4 central grid) and time spent in the outer perimeter were
recorded.

2.9 Social Approach
To test social novelty seeking, recognition of social cues and social interaction in mice,
animals were individually tested on PD 62 using the 3-chambered social approach task
originally described by Nadler et al. (2004). The apparatus was constructed from clear
Plexiglas and measured 54.5 × 41.5 × 22 cm 3 with 0.5 cm thick walls. The apparatus was
evenly divided into three chambers measuring 17.5 × 41.5 × 22 cm3. The two divider walls
contained an opening measuring 10.25 × 2.5 cm2 so that the mice could freely move
between the three chambers. Removable partitions were present to cover up the openings to
restrict the mouse to the central chamber when necessary. Non-experimental mice
(“strangers”) that were never exposed to the experimental mice were habituated to small
wire cages (Galaxy Cup, Spectrum Diversified Designs, Inc.) for 5 minutes per day for 5
days before the start of the task. Stranger mice were sex-matched and age-matched C57BL/6
mice. Prior to the task, experimental mice were habituated to the central chamber for 10
minutes. They were then allowed to explore the 3 empty chambers for 10 minutes to detect
the presence of a side bias. In the first trial, to assess preference to social approach, one
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stranger mouse was randomly assigned to a non-central chamber, while an empty, identical
small wire cage, which served as a novel object, was placed in the other non-central
chamber (Figure 1). The experimental mouse was allowed to freely explore the 3 chambers
for 10 minutes. Social interest and interaction in this trial can be interpreted as spending
significantly more time with the stranger mouse than with the novel object, as assessed by
time spent in their respective chambers. In the second trial, to assess preference to novel
social approach, an additional novel stranger mouse was placed under the previously empty
wire cage. The other, now familiar, stranger mouse remained in the other wire cage. The
experimental mouse was allowed to freely explore the chambers for another 10 minutes. In
this trial, social interest and social interaction can be interpreted as social novelty seeking
behavior, which is quantified as spending significantly more time in the chamber containing
the novel stranger than the chamber containing the familiar stranger mouse. All testing
occurred during the dark cycle under red lighting conditions (15 lux). The apparatus was
wiped down with 30% ethanol alcohol between each testing subject. The side-bias trial, the
stranger versus object trial, and the two stranger trial were all individually video recorded
for each mouse using the Logitech video recorders and were manually scored by hand for
time spent in each chamber.

2.10 Euthanasia
On PD 90, all animals were euthanized via CO2 asphyxiation.

2.11 Statistical analysis
All behavioral outcome measures were analyzed using a 2×2×2 ANOVA (maternal gene x
stress x offspring sex). Subsequent one-way and two-way ANOVAs and post-hoc tests,
including t-tests, were then conducted to specify the effects of significant interactions
revealed by the ANOVA. Furthermore, hypothesis-driven t-tests were performed comparing
the offspring of stressed 5-HTT +/− mice to offspring of wild type mice for social approach.
All statistical analyses were conducted using SPSS software.

3. Results
3.1 Neurological exam battery

One offspring was excluded from the remaining behavioral assays based on the exam battery
performance and low body weight. All other offspring displayed normal sensori-motor
function.

3.2 Ultrasonic Vocalization
USVs were measured for 31 total offspring (15 prenatally stressed offspring of 5-HTT +/−
dams, 9 control offspring of 5-HTT +/− dams, 9 prenatally stressed offspring of WT dams, 9
control offspring of WT dams; approximately equal numbers of male and female mice were
distributed across all conditions and a proportional number of cross-fostered and non-cross-
fostered mice were distributed across all conditions). We expected that prenatally stressed
offspring of 5-HTT +/− dams would have decreased vocalizations as compared to control
offspring of WT dams. The ANOVA revealed a maternal genotype x prenatal stress
interaction (F3,27 = 14.75, p < 0.001), with control offspring of WT dams vocalizing in the
20–40 kHz range significantly more than all other groups (Figure 2). Additionally, the
multivariate ANOVA revealed a main effect of offspring sex (F3,27 = 9.082, p = 0.005), with
male pups vocalizing less within the 20–40 kHz range than female pups. An interaction for
offspring sex x prenatal stress was also observed, with non-prenatally stressed females
vocalizing more across both frequency ranges than other groups (F3, 27 = 5.47, p = 0.025).
Findings that did not reach significance were observed towards main effects for both
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maternal genotype (F3, 27 = 3.407, p = 0.073) and prenatal stress (F3, 27 = 3.407, p = 0.073),
with offspring of 5-HTT +/− dams vocalizing less within the 20–40 kHz range than those of
WT dams, and prenatally stressed offspring vocalizing less than those not exposed to stress.
No other effects were observed for the 40–100 kHz vocalizations.

3.3 Elevated-Plus Maze
126 behavioral videos were scored and analyzed (43 prenatally stressed offspring of 5-HTT
+/− dams, 49 control offspring of 5-HTT +/− dams, 15 prenatally stressed offspring of WT
dams, 19 control offspring of WT dams; approximately equal numbers of male and female
mice were distributed across all conditions and a proportional number of cross-fostered and
non-cross-fostered mice were distributed across all conditions). The ANOVA showed a
significant main effect of prenatal stress (F3,122 = 9.316, p = 0.003), with prenatally stressed
mice spending significantly more time in the open arms (a higher open arm ratio) than
control mice (Figure 3). There was no significant main effect of maternal genotype (F3,122 =
0.915, p = 0.341) or of sex of offspring (F3,122 = 2.336, p = 0.129). There were no
significant interactions for maternal genotype x prenatal stress (F3,122 = 0.1, p = 0.752),
maternal genotype x offspring sex (F3,122 = 0.006, p = 0.939), prenatal stress x offspring sex
(F3,122 = 2.777, p = 0.098), or for maternal genotype x prenatal stress x offspring sex (F3,122
= 1.959, p = 0.164).

3.4 Open Field
116 behavioral videos were scored and analyzed for anxiety-like behavior (43 prenatally
stressed offspring of 5-HTT +/− dams, 48 control offspring of 5-HTT +/− dams, 15
prenatally stressed offspring of WT dams, 10 control offspring of WT dams; approximately
equal numbers of male and female mice were distributed across all conditions and a
proportional number of cross-fostered and non-cross-fostered mice were distributed across
all conditions). A multivariate ANOVA showed a significant main effect of prenatal stress
(F3,112 = 4.729, p = 0.032), with the prenatally stressed mice spending less time in the inner
region of the field (Figure 4). The multivariate ANOVA also showed a significant maternal
genotype x prenatal stress interaction (F3,112 = 5.415, p = 0.022). Subsequent post-hoc t-
tests revealed that prenatally stressed mice of WT dams spent significantly less time in the
inner region than all other conditions, indicating more anxiety (p < 0.05). The ANOVA
revealed no other significant main effects or interactions.

3.5 Social Approach
3.5a Side Bias—126 behavioral videos were scored and analyzed (same distribution
across groups as in the elevated-plus maze). A multivariate ANOVA showed no significant
main effects or interactions when comparing time spent across all three chambers (p > 0.50).

3.5b Novel Object vs. Novel Stranger—126 behavioral videos were scored and
analyzed to assess preference to social approach (same distribution across groups as in the
elevated-plus maze). A multivariate ANOVA (with dependent variables being time spent in
each of the three chambers) showed a significant main effect for maternal genotype (F3,122 =
4.314, p = 0.006), a significant main effect of stress (F3,122 = 3.131, p = 0.028), and a
significant maternal genotype x stress interaction (F3,122 = 3.123, p = 0.029). To address our
specific hypothesis that prenatally stressed offspring of 5-HTT +/− dams would have
decreased social interaction than control offspring of WT dams, t-testing was conducted.
This t-testing showed that these findings were driven by the fact that the WT control group
spent significantly more time with the novel stranger (vs. prenatally stressed offspring of 5-
HTT +/− dams p = 0.014, vs. control offspring of 5-HTT +/− dams p = 0.003, vs. prenatally
stressed offspring of WT dams p = 0.002) and significantly less time in the central chamber
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(vs. prenatally stressed offspring of 5-HTT +/− dams p < 0.001, vs. control offspring of 5-
HTT +/− dams p < 0.001, vs. prenatally stressed offspring of WT dams p = 0.006) than any
of the 3 other conditions. This data suggests that control offspring of WT dams display more
social-like behavior than all other conditions. Specifically, to address our hypothesis, t-tests
revealed that the prenatally stressed offspring of 5-HTT +/− dams spent significantly less
time with the novel mouse as compared to the control offspring of WT dams (p = 0.014),
suggesting decreased social interest in the stressed 5-HT +/− offspring (Figure 5). This
withstood correction for multiple comparisons, performed since we had multiple primary
outcome measures for social behavior. A maternal genotype x stress x offspring sex
interaction did not reach significance (F3,122 = 2.335, p = 0.077).

3.5c Novel Stranger vs. Familiar Stranger—125 behavioral videos were scored and
analyzed for the social behavior (43 prenatally stressed offspring of 5-HTT +/− dams, 49
control offspring of 5-HTT +/− dams, 15 prenatally stressed offspring of WT dams, 18
control offspring of WT dams; approximately equal numbers of male and female mice were
distributed across all conditions and a proportional number of cross-fostered and non-cross-
fostered mice were distributed across all conditions) to assess preference to novel social
approach. To address our specific hypothesis that prenatally stressed offspring of 5-HTT +/−
dams would have decreased social interaction than control offspring of WT dams, t-tests
were performed, revealing that prenatally stressed offspring of 5-HTT +/− dams spent
significantly less time with the novel stranger as compared to the control offspring of WT
dams (p = 0.049), and also spent more time in the center chamber (more time in the chamber
containing no mice) as compared to the control offspring of WT dams (p < 0.001), again
suggesting decreased social interest in the stressed 5-HT +/− offspring (Figure 6). Among
these primary outcome measures, the finding for the central chamber withstood correction
for multiple comparisons.

A significant main effect of stress (F3,121 = 3.284, p = 0.023) was observed, with prenatally
stressed mice showing decreased social interaction. Also, a significant main effect of
offspring sex was observed (F3,121 = 4.427, p = 0.006), with female offspring showing
decreased social interaction. A significant prenatal stress x offspring sex interaction was
observed (F3,121 = 3.433, p = 0.019), with prenatally stressed female mice displaying the
lowest degree of social interaction. A maternal genotype x offspring sex interaction did not
reach significance (F3,121 = 2.324, p = 0.079). The multivariate ANOVA showed a maternal
genotype x prenatal stress x offspring sex interaction that did not reach significance (F3,121 =
2.319, p = 0.079).

4. Discussion
The aim of this study was to investigate whether the effects of maternal serotonin transporter
expression and prenatal stress combine in such a manner to produce autistic-like behaviors
in offspring. Our specific hypothesis was that prenatally stressed offspring of 5-HTT +/−
dams would display decreased social interaction in comparison to control offspring of WT
dams. Our results seem to support our hypothesis. Prenatally stressed offspring of 5-HTT +/
− dams appeared to display social deficits despite having no observed increase in anxious
behavior. The neurological exam battery indicated no major developmental abnormalities
resulting from our experimental manipulations in the studied mice.

The behavioral battery revealed significant differences between prenatally stressed offspring
of 5-HTT +/− dams and control offspring of WT dams. Further study will be needed to fully
understand how prenatal stress and maternal genotype interact. During the 3-chamber social
approach task comparing interaction with a novel object and stranger mouse, the offspring
of prenatally stressed 5-HTT +/− dams spent significantly less time with the stranger mouse
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than the offspring of WT control dams, suggesting decreased preference for social
interaction. Offspring of WT control dams spent significantly more time with both the
stranger mouse and the object than prenatally stressed offspring of 5-HTT +/− dams, further
indicating that the prenatally stressed offspring of 5-HTT +/− dams have decreased social
interaction and social interest. The prenatally stressed offspring of 5-HTT +/− dams
appeared to display decreased levels of social novelty seeking compared to control offspring
of WT dams, as assessed in the trial comparing interaction with a novel stranger and a
familiar stranger, although this comparison did not withstand Bonferroni correction. The
prenatally stressed offspring of 5-HTT +/− dams also preferred to stay in the center
chamber, and not interact with either mouse, as compared to the other groups, further
suggesting a decreased preference for social novelty seeking. Decreased total time spent
with the novel stranger as compared to the familiar stranger can be interpreted as decreased
social novelty seeking as well as decreased recognition of social cues (Crawley, 2004), and
less time spent in the chamber with a novel mouse in comparison to a novel object is
indicative of decreased sociability (Moy et al., 2004). In our study, presence of either
prenatal stress or maternal 5-HTT +/−genotype alone was sufficient to result in an increase
in time spent in the central chamber in the novel stranger versus familiar stranger
experiment, since the non-stressed offspring of WT dams spent less time in the central
chamber than all other groups. In the novel stranger versus novel object experiment,
increased time in the central chamber suggests a decreased preference for novelty in general,
since it would result from the combined effects of less approach for both the object and the
mouse. Decreased novelty seeking is also part of the increased insistence on sameness that is
observed in autism clinically (APA, 2000). The initial trial in which mice explored all of the
empty chambers equally suggests that these findings are not due to the mice having a
general decrease in exploratory behavior.

It is important to note that in any task assessing levels of social interest, interaction or
exploration in the mouse, difficulties arise in attempting to interpret the from data in mice as
applicable in humans. In individuals with ASD, not only the amount of social interaction is
decreased, which is assessed in this task, the quality of interaction is also decreased. While
this task assesses the amount of social interaction between the experimental mouse and the
stranger mouse, it does not assess the quality or content of the interactions. Further,
interactions between two sex-matched mice can be very different than those of two sex-
matched humans. For example, one would expect mice to demonstrate more aggressive,
territorial behavior toward each other than would be expected in humans. Therefore, while
this task is useful in that it helps shed light on deficits in social interaction, we acknowledge
that further social testing is necessary to truly understand the nature of the interactions of
these proposed autistic-like mice.

Results from the ultrasonic vocalization measure show a decrease in communication of the
prenatally stressed offspring of 5-HTT +/− dams in early development in comparison to
control offspring of WT dams, as seen in an interaction of maternal genotype and prenatal
stress. Decreased communication is a cardinal sign of ASD. As main effects for prenatal
stress or maternal genotype did not reach significance alone, the significant interaction
between maternal genotype x prenatal stress further supports our hypothesis that a combined
effect between maternal genotype and prenatal stress produces behavioral differences in the
prenatally offspring of 5-HTT +/− dams. Overall, the USV results indicate a basic disruption
of communication, but further investigation is necessary to better characterize these
findings. It is important to note that the decrease in communication was in the range of 20 –
40 kHz, and not calls in the range of 40 – 100 kHz. These findings demonstrate a change in
the communicative phenotype, but the social role of these vocalizations is not yet fully
understood (Hahn and Lavooy, 2005). Furthermore, while it is generally well agreed upon
that social calls are in a frequency range above 40 kHz, the role of vocalizations at any
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frequency is still in need of further understanding. Therefore, more research is needed to
understand the social and communicative relevance of the USV effects detected in our
study. As a heating pad was not used as part of the USV procedure, it is possible that the
vocalizations observed could be due to a reaction to the cold environment. However, length
of time isolated from the nest and dam was minimized to lessen the effects of temperature,
and mice in all experimental groups were subjected to the same conditions.

By measuring anxiety-like behaviors, we demonstrated that decreases in social interactions
witnessed here are not likely to be an indirect result of greater anxiety. With the elevated-
plus maze, stressed mice had significantly higher open arm ratio than control mice,
indicating lower levels of anxiety. Thus, according to this task, the decrease in social
interaction described above is not likely due to an increase in anxiety. However, stressed
offspring spent less time in the inner region during the open field task, suggesting they were
more anxious than control offspring. For this task a significant interaction between genotype
and stress was observed, driven by reduced open field exploration by the prenatally stressed
WT-dam group. It is possible that this is reflected in the first part of the social interaction
task, in which male mice of WT dams subjected to prenatal stress show no preference for
social interaction versus an inanimate object. However, in both tasks which measure anxiety,
offspring of 5-HTT +/− dams that were prenatally stressed displayed low to normal levels of
anxiety-like behaviors. While these initial findings require further study to definitively
determine the role of maternal 5-HTT expression and prenatal stress on anxiety-like
behaviors in adult offspring, they support the notion that any detected social interaction
effects observed in the offspring of stressed 5-HTT +/− dams are not likely due to increased
overall anxiety.

As no significant differences were observed in maternal care behaviors or in offspring
behavior across groups that were cross-fostered, the counterbalancing issues between groups
are unlikely to confound our results. Additionally, the lack of any noticeable effect on
behavior for cross-fostered groups would also suggest against the possibility of introducing
confounding factors as a result of the cross-fostering procedure.

This study generally supports our hypothesis that a combined effect of maternal genotype
and prenatal stress produces autistic-like deficits in social interaction in prenatally stressed
offspring of 5-HTT +/− dams compared to control offspring of WT dams. These findings
may relate to some of the findings in the current literature on 5-HTT polymorphisms in
patients with ASD (Cook et al., 1997; Brune et al., 2006; Losh et al., 2008; Freitag, 2007).
While some studies have found effects of 5-HTT polymorphisms (Cook et al., 1997), others
have not (Maestrini et al., 1999). This may be due to the need for environmental factors to
be present in order to augment the effects of the gene. Many of the studies that did not show
a relationship between the S allele of the 5-HTT gene and autism predominantly examined
families with multiple affected family members (Maestrini et al., 1999), where an
environmental interaction would less likely be important. Studies that have revealed a
relationship between the S allele of the 5-HTT gene were not typically exclusive to families
with multiple affected family members (Cook et al., 1997). This implies that while they may
serve as risk factors individually, both 5-HTT polymorphisms and prenatal stress could
interact to increase ASD risk.

One limitation of this study is the small number of behavioral tasks used. Additional tasks
that measure social interaction need to be considered, such as social transmission of food
preference, to further support this hypothesis that global social functioning is present in
these animals (Wrenn et al., 2003). Additional communication tasks, anxiety, repetitive and
restrictive behaviors amongst others should also be included in future studies to expand
upon these initial findings (Moy et al., 2006). In the future, the time that experimental mice
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spend near the stranger mouse as well as the novel object will be assessed in order to obtain
a more accurate reading of social interaction. Larger numbers of animals assigned to each
condition can also help with matching the number of animals per group as well as with
further defining how the combined effects of genetics and prenatal stress interact. We did
not collect offspring genotype information in the present study. This is an important point
which will need to be further examined.

The neurobiological underpinnings of the combined effects of maternal stress and 5-HTT
genetics in offspring remains to be fully elucidated. Post-mortem analysis of receptor
binding and gross anatomical differences will help support the hypothesis that 5-HTT
maternal genotype and prenatal stress combine in effect to produce a phenotype in the
offspring related to ASD, while helping to delineate the anatomical basis of the observed
behaviors, by comparing brain structure and function to the known human ASD
abnormalities. For example, as previous structural observations of autism patients have
revealed a significant decrease in the number of Purkinje cells, these cells should be studied
in a mouse model of autism as well (Bauman and Kemper, 2005). Furthermore, abnormal
serotonin (5-HT) function is observed in autism (Pardo and Eberhart, 2007). As receptors for
serotonin (5-HT) are present on the Purkinje cells of neonatal rats (Maeshima et al., 2004),
further investigation of serotonergic ligand binding in Purkinje cells is needed to assess
whether the changes in this animal model resemble those in humans. Finally, deceased
glutamic acid decarboxylase (GAD) mRNA is observed in Purkinje cells in autism (Yip et
al., 2007), and decreased GABA receptor binding is also seen in the hippocampus in autism
(Blatt et al., 2001). Further investigation of the effects of GABA in the cerebellum by
performing in situ hybridization for GAD mRNA in the Purkinje cells is needed to further
assess whether the changes in this animal model resemble those in humans.

Abbreviations

ASD Autism spectrum disorder

+/− Heterozygous

KO Knockout

PD Postnatal day

5-HT Serotonin

5-HTT Serotonin transporter

5-HTTLPR Serotonin transporter gene-linked polymorphic region

S-allele Short allele

USV Ultrasonic vocalization

WT Wild-type
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Figure 1.
The 3-Chambered social approach task used to quantify social interaction in mice offspring.
Mice were first habituated to the central chamber for 10 minutes before they were allowed to
explore all 3 empty chambers for an additional 10 minutes. Mice were then relocated to the
central chamber for a third trial, in which a novel stranger was placed in one side chamber
while the remaining side chamber contained a novel object (shown). The task concluded
with a final trial, in which an additional stranger mouse is added to the previously empty
novel object.
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Figure 2.
A significant maternal genotype x prenatal stress interaction was observed in the 20 – 40 khz
range for ultrasonic vocalizations. WT control offspring emitted more vocalizations than all
other groups. *p < 0.05
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Figure 3.
A main effect of prenatal stress was observed in the elevated-plus maze. Overall, prenatally
stressed offspring had a higher open arm ratio than control offspring, indicating decreased
levels of anxiety-like behavior. *p = 0.001.
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Figure 4.
A main effect of prenatal stress was observed in the open field behavioral apparatus.
Overall, prenatally stressed offspring spent less time in the inner region of the field,
indicating increased levels of anxiety-like behavior. *p = 0.032.
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Figure 5.
A priori t-testing revealed that WT control offspring spent significantly more time with the
novel stranger than prenatally stressed offspring of 5-HTT +/− dams (* p = 0.014).
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Figure 6.
A priori t-testing revealed that prenatally stressed offspring of 5-HTT +/− dams spent
significantly less time with the novel stranger (*p = 0.049) and significantly more time in
the central chamber (#p < 0.0005) than WT control offspring.
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