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Abstract
The pathogenesis of neurodevelopmental disorders such as autism is believed to be influenced by
interactions between genetic and environmental factors, and appropriate animal models are needed
to assess the influence of such factors on relevant neurodevelopmental phenotypes. A set of inbred
mouse strains (Atchley strains) including A12 (E+L0) and A22 (E-L0) were generated by age-
specific restricted index selection from a baseline random-bred ICR mouse population obtained
from Harlan Sprague-Dawley (Atchley et al., 1997; Indianapolis, IN). As compared with the A22
strain, A12 mice had significantly increased early (P0-P10) body weight gain with minimal
changes in late (P28 to P56) body weight gain. We found that these strains also differed in brain
weight, brain volume, cell proliferation, and FGF-2 levels in certain brain regions. Specifically,
brain weight and volume were significantly greater in A12 mice than that in A22 mice at P10 and
P28. Quantitative analysis of Bromodeoxyuridine (BrdU) labeling of proliferating cells showed
that the number of BrdU-positive cells in the A12 strain was significantly greater in the frontal
cortex and lesser in the dentate gyrus than that in the A22 strain at P28. Western blot revealed that
fibroblast growth factors-2 (FGF-2), but not brain-derived neurotrophic factor (BDNF), expression
was significantly increased in the frontal cortex of A12 strain at P28. Also, A12 mice exhibited
decreased intra-strain social interaction and increased repetitive stereotyped behaviors at P28. Our
study suggests that A12 mice may partially mimic the anatomic and behavioral traits of patients
with neurodevelopmental disorders such as autism spectrum disorders, and therefore may yield
insights into the developmental mechanisms involved in their pathogenesis.
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Early postnatal neurodevelopment lays the groundwork for critical behavioral capacities,
including memory-related behaviors, exploratory behaviors and social interaction. Many
severe mental disorders, such as autism, schizophrenia and bipolar disorder, are associated
with abnormal early neurodevelopment (Walsh et al., 2008; Crow, 2004; Gur et al., 1994).
Patients with such neurodevelopmental disorders display departures from the trajectory of
normative brain volume changes, especially in the first few years of life. For example,
individuals with autism demonstrate a normal brain weight at birth, elevated brain growth
rate during the first two years of life, and then a normal growth rate thereafter (Hardan et al.,
2001; Walsh et al., 2008; Stokstad, 2001). The critical symptoms accompanying the
anatomic abnormalities in autism patients are the behavioral deficits characterized by
aberrant reciprocal social interactions, impaired communication, and stereotyped repetitive
behaviors with narrow restricted interests (Geschwind, 2008; Lord et al., 2000; Palmen et
al., 2004; 2009). However, the mechanisms responsible for this anomalous growth and how
these anatomic changes are associated with the behavioral outcomes are not clear.

It is widely accepted that autism has multiple causes, including a strong genetic contribution
(Giza et al., 2010; Janusonis et al., 2006; Tabuchi et al., 2007; Yochum et al., 2010; Gregg
et al., 2008; Ronald et al., 2006). Therefore, rodent models of autism based on genetic
selection may have significant value in exploring pathogenic mechanisms (Yochum et al.,
2010; Martin et al., 2010; Frye and Llaneza, 2010). Furthermore, rodent models may have
translational value through identifying preclinical biomarkers to aid diagnosis and
discovering new targets for psychopharmacological treatments. Currently, mouse models for
autism research are limited, although several have been proposed as potential candidates
(Bolivar et al., 2007; Brodkin, 2007; Cheh et al., 2006; DeLorey, 2005; Frye and Llaneza,
2010; Tabuchi et al., 2007). One approach is to mutate target genes that code for
neurotransmitters and developmental processes that may regulate social behavior. An
example of this method involves oxytocin, a hypothalamic neuropeptide that contributes to
pair-bonding and social affiliation behaviors in some species. Oxytocin knockout mice
display deficits in social recognition and social memory (Young, 2001). A second approach
is to generate deficits in neurotransmitters or brain regions that are analogous to the
neurochemical or anatomical abnormalities seen in the brains of humans with autism. For
example, Goldowitz et al. used heterozygous Lurcher (Lcl/+) mutant mice to study the
cerebellar abnormalities associated with autism (Chen and Toth, 2001). A third approach is
to study human diseases known to have a high comorbidity with autism. Several mouse lines
have been generated with targeted gene mutations relevant to Angelman syndrome
(Sinkkonen et al., 2003), Fragile X syndrome (Chen and Toth, 2001), and many other
conditions associated with autism. Although most of these models have manipulated loci
that mediate single-gene linked autistic symptoms, or involve mutations in pathways thought
to be altered in autism, and display either neuroanatomical or behavioral traits (Moy et al.,
2006), at this moment there is no ideal animal model that mimics the early trajectory of
developmental abnormalities. The development of such animal models for autism is
therefore greatly needed.

The Atchley mouse strains are serial age-specific restricted index selection mice which were
created in the laboratory of geneticist William R. Atchley at North Carolina State University
(Atchley et al., 1997). These mouse lines were originally created to explore the cellular and
genetic responses to selection for unique patterns of early and late age-specific growth. A
restricted index selection experiment was carried out for 35 generations from a base
population of randomly bred ICR mice by selecting for both increased (E+) and decreased
(E-) early body weight gain (postnatal 0~10 days of age) while holding late growth
(postnatal 28~56 days of age) constant, and increased (L+) and decreased (L-) late body
weight gain holding early growth constant. Each condition was applied to three replicate
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populations. This generated 12 distinct mouse lines in four groups that display varying
combinations of early and late growth acceleration and deceleration. After 35 generations of
selection the two best performing replicates from each condition were inbred by brother-
sister mating for 8 generations. The mice were then transferred to James M. Cheverud at
Washington University where they have been maintained for 20 generations of brother-sister
mating. These strains should now be fully inbred (F > 0.986).

An appealing characteristic of these mice for the study of autism is that the early selection
generated significant changes in the number of cells in the brain (Atchley et al., 2000). One
set of these strains, A12, was selected for increased early body weight gain and constant late
body weight gain while its reciprocal treatment, A22, was selected for decreased early body
weight gain and constant late body weight grain. In addition, among the aforementioned four
selection treatments, the A12 strain, which was selected for rapid early body weight gain
and constant late gain, was also found to undergo rapid early overgrowth in the brain by
total DNA measurement (Atchley et al., 2000). This pattern may mimic findings in human
subjects with autism who display unusual early brain overgrowth (Courchesne et al., 2003;
Sparks et al., 2002; Courchesne et al., 2001). In light of the similarity between the early
brain development of A12 Atchley mice and humans with autism, we hypothesized that A12
Atchley mice would demonstrate other phenotypes consistent with those found in autism
spectrum disorders. It is important to determine if altered neurodevelopmental trajectory of
the A12 strain results in behavioral changes resembling those observed in other models of
autism. In this study, we first replicated the early body weight growth trajectories in A12
and A22 strains, then characterized their neuroanatomical features as the result of early
growth disparity by measuring brain weight, region specific brain volume and cell
proliferation. Additionally, we studied the brain-derived neurotrophic factor (BDNF) and
fibroblast growth factors (FGF-2) expression, specifically in the cortex and hippocampus, as
these two pivotal neurochemicals are play a key role in plasticity of early brain development
and neurodevelopmental disorders. Finally, we evaluated the aberrant reciprocal social
behavior by testing intra-strain social interaction, and stereotyped repetitive behavior with
restricted interest was measured by observing their repetitive self-grooming behavior, which
reflects core symptoms of autism.

EXPERIMENTAL PROCEDURES
Animals

Two Atchley mouse strains: A12 and A22 were selected for this study (Atchley et al., 1997).
Breeding pairs were obtained from Cheverud’s laboratory at Washington University. The
animals were maintained in an environmentally controlled facility at 60% relative humidity.
Food and water were available ad libitum. Procedures involving animals were conducted in
accordance with institutional guidelines and are in compliance with national standards and
policies (1985), with approval from the Institutional Animal Care and Use Committee at
Northwestern University. Male offspring were collected at postnatal day 3 (P3), day 10
(P10), day 28 (28) and day 56 (P56) from each strain. Each group contained 6 animals for
the morphological study and 12 animals for behavioral tests. In this study, only male
offspring were selected for evaluation because males are more susceptible to developing
autism, with male-female ratio 4:1 (Tanguay, 2010).

5-Bromodeoxyuridine injections
5-Bromodeoxyuridine (BrdU) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9%
NaCl and sterile filtered. To evaluate the cell proliferation in the cortex and hippocampus at
P28, mice received an intraperitoneal injection of 5-bromo-2’-deoxyuridine (BrdU) 24h
before sacrifice (50 mg/kg body weight at a concentration of 15 mg/ml) (Dong et al., 2003).
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Tissue preparation
For P3 and P10 old pups, the brain tissue was directly immersed in 4% paraformaldehyde.
Whole brains were rapidly dissected and immersed in 4% paraformaldehyde fixative
solution. Brains were post-fixed for 10 days, and then transferred into 30% sucrose/PBS
buffer for 2 days. For P28 and P56 old mice, animals were deeply anesthetized with sodium
pentobarbital (60 mg/kg, i.p.) and then transcardially perfused with heparinized saline flush,
followed by a solution of 4% paraformaldehyde in PBS, pH 7.4, for 15 min. After perfusion,
brains were removed and post-fixed in the same solution for 10 days, then transferred to
30% sucrose for 2 days. Body weight was measured just prior to euthanasia on P3, P10, P28,
or P56. Brain weights (excluding olfactory bulbs and pons) were measured before
embedding tissue for sectioning. Six sets of serial sections (50 μm in thickness) were cut
using a freezing microtome. All sections were stored in PBS until needed for analysis.

Nissl staining and brain volume measurement
One set of serial sections was mounted on gelatin-coated slides and allowed to air-dry. The
slides were then rehydrated in double distilled water, submerged in 0.3% cresyl violet
(Sigma-Aldrich) for 45 to 60 s until the desired depth of staining was achieved, and then
gradually dehydrated for 5 min in successive baths of ethanol (i.e. 50%, 75%, 90%, 95% and
100%). Each slide was then given three 5 min baths in 100% xylene and coverslipped for
hippocampal and cortical volume measurement under a light microscope.

Digital images of cresyl violet-stained (Nissl staining) coronal sections of mouse brains
were taken with a Nikon camera attached to the light microscope in JPEG format. The final
resolution of the images was one pixel=0.000685 mm2 and the images were imported into
Analyze 9.0 (ANALYZEDIRECT, Overland Park, KS, USA) for assessment. Using the
Analyze 9.0 stereology module, a grid was randomly placed over each section. The area of
the hippocampus and cortical gray matter was measured in each coronal section using
Cavalieri’s principle. The contours of the cortical gray matter and hippocampus were
identified using landmarks derived from a mouse brain atlas. The points on the grid were
spaced 8 pixels apart on the X and Y axes. Thus, the total number of grid points over the
target area was multiplied by 64 to obtain the total pixels encompassing the hippocampus or
cortical gray matter in each brain. This number was then multiplied by 0.000685 mm2 and
0.2 mm to obtain the volumes (mm3) (Dong et al., 2007).

BrdU labeling
Tissue sections were first denatured in 2N HCl for 60 min at 37°C and then neutralized in
0.1 M borate buffer, pH 8.5, for 10 min. After washing in PBS, the sections were incubated
for 1 hour in 5% normal horse serum and 0.2% TritonX-100, then with anti-mouse BrdU
(1:800; Roche Diagnostics, Basel, Schweiz) for 48 hours at 4°C, and then with a secondary
antibody (biotinylated horse anti-mouse) (Vector Laboratories, Burlingame, CA, USA) for 2
hours, followed by amplification with an avidin-biotin complex (Vector Laboratories).
BrdU-positive cells were visualized with DAB (Vector Laboratories) (Dong et al., 2004;
Dong et al., 2003).

Western blotting
Western blot was used to measure levels of BDNF and FGF-2 in the hippocampus and
frontal cortex of A12 and A22 mice. Mice were sacrificed on P28, the frontal cortex and
hippocampus were quickly dissected on ice, snap-frozen, and stored at -80°C until
biochemical analyses were conducted. The frozen brains were homogenized in 5 volumes of
ice-cold homogenization buffer (0.2% NP-40 buffer and protease inhibitor in PBS buffer).
Homogenates were centrifuged at 15,000g for 20 minutes at 4°C, and the supernatant was
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used to measure BDNF and FGF-2 protein levels in the brain. The concentration of the
original protein was calculated from the light absorption (BCA method) (Thermo Fisher
Scientific, Waltham, MA, USA) of the samples. 25μg of sample was further diluted in
sample buffer (Bio-Rad, Hercules, CA, USA) and 15% polyacrylamide gels were used for
SDS-PAGE. Proteins were transferred to PVDF membranes probed with primary antibodies
against BDNF (1:500 dilution), FGF-2 (1:250 dilution) and β-actin (1:1000 dilution) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA)(Kim et al., 2010), followed by horseradish
peroxidase (HRP)-conjugated secondary antibody (1:20,000) (BD Diagnostic Systems,
Sparks, MD, USA). Immunoreactive proteins were visualized using the enhanced
chemiluminescence Western blot detection system (Thermo Fisher Scientific). The light-
emitting bands were detected with X-ray film (Thermo Fisher Scientific). Quantization of
the blot was performed using Image J software (NIH Image 1.62, Bethesda, MD, USA), by
plotting density. The relative concentration of BDNF and FGF-2 of each sample was
measured by comparing the BDNF or FGF-2 binding density to the β-actin binding density
on the same well.

Social interaction and self-grooming behavior
After weaning, same gender pups were housed in groups of 2-5 animals per cage. All testing
took place in the light cycle and between 9am and 4pm. To elicit social interactions, a pair
of male mice of the same strain (A12 or A22) were placed in the test chamber and allowed
to explore freely for 10 minutes. Mice were naive to their same strain partners and the test
chamber before starting the test. A new test chamber was used for each animal pair. The test
chamber was identical to the standard housing cages, which was a clear polypropylene cage
(27.5cm ×15.5cm × 12.0cm) with a thin layer of bedding (1 cm) covering the bottom
(Silverman et al., 2010b). All behavior was videotaped with a JVC camcorder. The amount
of time during which the mice engaged in social interactions was scored by an observer
blind to the strain of each mouse (Bolivar et al., 2007). Social interaction behaviors we
evaluated included: sniffing (also referred to as social sniffing, which includes sniffing of
the head, trunk and anogenital areas of a novel partner), allogrooming (mutual grooming,
which includes grooming of the head, trunk and anogenital areas of a novel partner), biting,
close following, chasing, mounting and wrestling (Kalueff et al., 2007; Bolivar et al., 2007).
These selected behaviors have been routinely used to evaluate social behavior in rodents and
were coded according to established definitions (Kalueff et al., 2007).

In the 10min session of intra-strain social behavior testing, the amount of time involved in
self-grooming (that is, spontaneous grooming behaviors, referring to grooming all body
regions with the two front paws) was also scored by a trained observer blind to the strains of
the mice. Because the thin layer of bedding in the testing chamber largely reduced digging
behavior, self-grooming was used for evaluating the stereotyped behavior in our two strains
(Yu et al., 2010; Silverman et al., 2010a; Cook, 2010; Fraser and Waddell, 1974; Kalueff et
al., 2007).

Data analysis
Two-sample comparisons were carried out using unpaired Student’s t-test, while multiple
parameters comparisons in two strains were made using multiple t-test with Bonferroni
correction. All data were presented as mean ± S.E.M., and the limit for statistical
significance was maintained at P value <0.05.
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RESULTS
Body weight and brain weight

We first confirmed that the body weight developmental trajectories in the A12 and A22
strains were consistent with the previously reports (Fig.1A) (Atchley et al. 1997, 2000).
Then we measured the brain weight of both strains at different early developmental stages.
We found no significant differences between the brain weight of A12 and A22 strains at P3
(A12: 0.12 ± 0.0022g vs. A22: 0.12 ± 0.0020g; P>0.05). However, the average brain weight
of A12 mice (0.26±0.008g) was significantly greater than that of A22 mice (0.2± 0.013g;
P<0.01) at P10. This significant difference was apparent at P28 (A12: 0.47±0.006 g vs A22:
0.39±0.01g; P<0.01). The net brain weight gain (brain weight increases) in A12 from P3 to
P28 was significantly greater than that in A22 (A12: 0.35 ± 0.007g vs. A22: 0.27 ± 0.014g;
P<0.01). Brain weight gains slowed between P28 and P56, reflecting that both strains held
their late growth constant. At this time period, although the discrepancy in brain weight
accumulated through early development was maintained in both strains, the net brain weight
gain during this period was not significantly different between A12 and A22 mice (A12:
0.035 ± 0.006g vs. A22: 0.033± 0.007g; P>0.05) (Fig.1B).

Brain volume
To explore whether the A12 strain, with its excessive early brain weight gain, also showed
corresponding enlargement of brain volume, we measured brain volumes in A12 and A22
strains using stereological methods described previously (Dong et al., 2007). We found a
strain effect on brain volume at both P10 and P28. As shown in figure 2, brain volume of
A12 at both P10 (381 ± 17.44 mm3) and P28 (679 ± 23.4mm3) was significantly larger than
brain volume of A22 at P10 (266±37.32mm3) and P28 (536±21.4mm3) (* P< 0.05; **
P<0.01), respectively (Fig.2).

Cell proliferation
To determine whether the early brain overgrowth of A12 is due to increased cell
proliferation in the brain, we characterized cell proliferation in both A12 and A22 strains in
frontal cortex and hippocampus. As expected, with quantitative analysis of BrdU labeling,
we found that BrdU positive cells were significantly increased in the frontal cortex of A12
as compared to A22 at P28 (16.6 ± 1.2 vs 8.5 ± 1.1/section; P<0.01) (Fig. 3 A, B and E).
However, despite the early rapid brain overgrowth, A12 mice had significantly less BrdU-
positive cells in the dentate gyrus (DG) as compared to that of A22 mice at P28 (14.6 ± 1.8
vs 26.1 ± 1.6/section; P< 0.01) (Fig. 3 C, D and F).

BDNF and FGF-2 expression
To investigate whether growth factors play a role in brain overgrowth during the postnatal
period, we assessed levels of brain-derived neurotrophic factor (BDNF) and fibroblast
growth factor-2 (FGF-2) in the frontal cortex and hippocampus in A12 and A22 strains at
P28 (Fig. 4A and D). We did not find a significant difference in BDNF expression between
strains, although a trend towards increased BDNF was observed in the cortex of the A12
strain (P=0.06) (Fig. 4B). FGF-2 expression was significantly increased in the cortex
(P=0.03) (Fig. 4C) but not in the hippocampus of A12 as compared to A22 (Fig. 4F).

Intra-strain social interaction and repetitive self-grooming
Intra-strain social behavioral assays were performed to investigate social interaction in A12
and A22 strains at P28. Table 1 indicates that the specific social behaviors we selected for
this study and the strain differences such as sniffing others and following were observed.
From the results indicated in the table, it was clear that some behaviors were more common
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than others and were seen in both strains tested. For example, sniffing the other mouse and
following appeared in all animals of both strains during the test but A12 spent significantly
less time than A22 (Sniffing, A12: 122.1±10.86 vs A22: 164.2±23.65, P<0.05; Following,
A12: 7.3±1.0 vs 10.8± 0.5, P<0.05); whereas wrestling and allogrooming were only seen in
1 different pair of A22 mice. Statistic analysis did not show strain differences. Interestingly,
huddling and mounting behavior were not observed in either pair of these two strains during
the test sessions. Further statistical analysis on total time spent in the 10 minute test session
amid social interaction indicated that A12 mice spent significantly less time during the
session interacting with the novel, same strain partner when compared to the A22 strain
(129.4± 10.6 vs 175.0 ± 23.5 respectively; P=0.03; Fig. 5).

In addition, we scored and analyzed the repetitive self-grooming behavior in the A12 and
A22 strains and found that A12 mice spent about one-fourth of the time during the testing
session (160.5± 17.1 sec) on repetitive self-grooming; this was about seven folds the time
A22 mice spent engaged in the same behavior (21.3 ± 5.6 sec). This difference was
statistically significant (P<0.01) (Fig. 5).

DISCUSION
In this study, we found that brain weight and volume growth trajectories paralleled their
body weight growth trajectories in A12 mice. The brains of A12 mice underwent rapid early
overgrowth between P3 to P28, which then slowed down over time between P28 and P56.
Consistent with our findings on gross measures of brain growth, increased cell proliferation
was observed in the frontal cortex. However, decreased cell proliferation was detected in the
dentate gyrus of the hippocampus in the A12 strain at P28. Also in parallel with brain
overgrowth, increased FGF-2 expression was found in the cortex of A12 mice at P28.

The pattern of an early surge in brain growth followed by brain growth deceleration in A12
strain mice at least partly mimics the findings in the brains of humans with autism. Recent
studies have revealed that although infants who eventually develop autism are born with
normal to slightly smaller than normal brains, soon thereafter birth their brains grow at an
excessive rate, resulting in enlarged brains in autistic toddlers (Courchesne et al., 2003;
Sparks et al., 2002). This rate of brain growth, however, is not maintained and is followed
by slowed or arrested growth (Courchesne et al., 2001). Whether the irregular enlargement
of brain volume in autistic toddlers is due to increased cell number or size is not clear. In our
study, A12 mice showed increased cell proliferation in the frontal cortex but decreased cell
proliferation in the dentate gyrus of the hippocampus at P28. Increased cell proliferation in
the frontal cortex may associate with overgrowth of brain. However, the disparate cell
proliferation in the cortex and hippocampus at this age suggests that there may be variable
genetic influences on region-specific cell proliferation. Normally, the cortex develops
rapidly during the embryonic period, while the dentate gyrus continues its development after
birth and even into adulthood; i.e., it preserves the ability for neurogenesis (Scherf et al.,
2008). Our results suggest that hyperplasia in A12 strain is not proportionally distributed
across the brain. Instead, early stage brain overgrowth in A12 was most prominent in the
frontal cortex. This finding is also analogous to the observation of the disproportionately
large frontal lobe in the brains of individuals with autism as reported with in vivo
neuroimaging studies (Carper et al., 2002; Carper and Courchesne, 2005). Frontal lobe gray
and white matter are both disproportionately deviant in size in relation to other cortical areas
in autism (Carper et al., 2002; Carper and Courchesne, 2005).

In the central nervous system, growth factors such as brain-derived neurotrophic factor
(BDNF) and fibroblast growth factors (FGF-2) play key roles in brain plasticity and
development (Kim et al., 2010; Zhou et al., 1996). Alteration of these factors may also
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associate with neurodevelopmental disorders, such as autism. Studies indicated that FGF,
which regulates cortical size and connectivity, might be responsible for these developmental
alterations. Studies in animal models suggest that mutations in FGF genes lead to altered
cortical volume, differences in the number of excitatory cortical neurons, hyperactivity and
social deficits (Vaccarino et al., 2009). In our study, we found significantly increased FGF-2
protein expression in the frontal cortex of A12 mice, which were bred to gain weight more
rapidly from P0 to P28. This result supports the hypothesis that dysregulation in amount or
timing of FGF gene expression may be responsible for aberrantly regulated brain growth in
autistic children, ultimately resulting in altered cortical modularity and connectivity
(Vaccarino et al., 2009), consequently resulting in abnormal behavioral outcomes. In this
study, we found the BDNF expression in the cortex of the A12 mice showed a treads of
increasing, however, further confirmation of the BDNF function during the anomalous brain
growth is still necessary in future.

Inappropriate social interaction is one of the core symptoms of autism (Bolivar et al., 2007;
Crawley, 2007). Using an intra-strain social interaction test on P28, we found that A12 mice
spent significantly less time interacting with a novel partner of the same strain than A22
mice. We evaluated several types of social behaviors including sniffing, mounting, huddling
and allogrooming, as well as wrestling and biting. Certain behaviors such as huddling and
mounting were never observed in either strain during this test, which might have occurred if
the pairs were allowed to stay longer together. Wrestling and allogrooming were observed in
only one different pair from A22 strain during the test, while sniffing and following were
engaged by all the pairs of both strains during the social interaction test. The decreased
social interaction behavior displayed by the A12 strain may be associated with their
abnormal early stage frontal lobe overgrowth and the consequent altered neurochemical
environment.

Another important behavioral finding that further supports A12 strain’s analogy to autism is
their excessive repetitive self-grooming, which has been considered as a restricted and
repetitive behavior in mice, and may have potential relevance to autism spectrum disorders
(Pobbe et al., 2010; Blundell et al., 2010; Nicot et al., 2004; Silverman et al., 2010a;
Klejbor et al., 2009). Several types of individual behavior, such as self-body sniffing,
sniffing around, rearing, and locomotion, were observed in A12 and A22 mice, with no
inter-strain differences. About half of the A12 and A22 mice also showed digging behaviors.
No difference was found between the two strains (data not shown). Although self-grooming
was observed in all tested mice in both strains, A12 mice spent significant longer time on
this behavior resulting in a sevenfold increase as compared to A22 mice. This excessive self-
grooming displayed by A12 could indicate as an increased repetitive stereotypic behavior,
another key diagnostic symptom of autism in humans.

A12 mice showed both neuroanatomical and behavioral phenotypes that are analogous to
those observed in humans with autism during the early developmental period, making this
strain a promising animal model for autism. Current available animal models for the autism
spectrum disorders mostly have been based on manipulations of loci that mediate single-
gene human disorders characterized by autistic symptoms, or which have been identified
through association or linkage studies in human genetics. Other mouse models involve
mutations in pathways thought to be altered in autism, displaying either neuroanatomical or
behaviorally significant traits (Moy et al., 2006). The animal models that mimic both
neuroanatomical and behavioral phenotypes are limited. Until now, there was no one animal
more naturally modeling the early trajectory of developmental abnormalities as autism.
However, future studies are still needed to further confirm these phenotypes shown in A12
and to address whether these morphological and behavioral traits are preserved with age. We
also need to continue the evaluation of the additional phenotypes of the A12 mice pertinent
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to animal models of autism. We are hoping to target genetic, biochemical and behavioral
processes that share common characteristics with symptoms seen in autism. Since a rodent
model cannot replicate a human psychiatric disorder, fundamental symptoms can be
approximated for the purposes of testing theories about the biochemical, genetic, and
environmental causes of the human condition. The A12 strain of Atchley mice could serve
as a model to study critical processes or pathways associated with autism, such as the failure
of apoptosis or neuronal pruning during development, leading to overgrowth or excessive
retention of cells in the frontal lobe. Furthermore, the phenotypes of A12 mice related to
autistic traits could be used to identify related genetic loci because of their phenotypic and
genetic contrast with the A22 mice. These components may not be disorder-specific (i.e.,
there may not be a perfect mouse model for disorders such as autism); however, specific
genetic findings could be used to search for candidate loci for human disorders, to help
determine specific genotype-phenotype relationships, and to identify new targets for
therapeutic intervention.
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Research Highlights
Our data suggest that A12 mice partially mimic anatomic and behavioral traits of patients
with neurodevelopmental disorders, such as autism, and therefore may yield insights into
the developmental mechanisms involved in their pathogenesis.

1. In A12 mice, brain weight and volume were significantly greater than that in
A22 mice at P10 and P28.

2. BrdU-positive cells in the A12 strain were significantly greater in the FC and
lesser in the DG.

3. The expression of FGF-2, but not BDNF, was significantly increased in the A12
strain.

4. A12 mice exhibited decreased intra-strain social interaction and increased
repetitive stereotyped behaviors at P28.
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Fig. 1.
(A) Body weight and brain weight (B) growth curve of A12 and A22 strains at different
postnatal time points. The significant brain weight gain increase in A12 is from P3 to P28 as
compared to A22. Brain weight gains slowed down from P28 to P56, although the
discrepancy in brain weight accumulated through early development was maintained in both
strains at this time point.
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Fig. 2.
Brain volumes of A12 and A22 strains at P10 and P28 indicated that A12 mice have a
significantly larger brain volume than A22 mice at both P10 and P28 (* denotes P value <
0.05; ** P value < 0.01; data were presented as mean ± S.E.M.).
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Fig. 3.
Cell counting for BrdU-labeling in the frontal cortex and dentate gyrus of A12 and A22
mice at P28. Panels A and C represent the frontal cortex and dentate gyrus of A12 mice;
Panels B and D represent the cortex and dentate gyrus of A22 mice. Panel E: semi-
quantitative analysis of the positive cell numbers in the cortex; Panel F: semi-quantitative
analysis of the positive cell numbers in the dentate gyrus (DG) (**means P value < 0.01;
Data were presented as mean ± S.E.M.)
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Fig. 4.
Analysis of BDNF and FGF-2 protein levels in the frontal cortex and hippocampus of A12
and A22 mice at P28 detected by western blot. Panels A and D represent western blot of the
membrane fractions in the frontal cortex and hippocampus; Panels B and C represent semi-
quantitative analysis for BDNF and FGF-2 expression in the frontal cortex of A12 and A22
mice; Panels E and F represent semi-quantitative analysis for BDNF and FGF-2 expression
in the hippocampus of A12 and A22 mice (* P value < 0.05; data were presented as mean ±
S.E.M).
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Fig. 5.
Social interaction and self-grooming behaviors in A12 and A22 mice at P28. Panel A: The
total time spent engaged in social interaction with the novel same strain partners; Panel B:
The total time spent engaged in self-grooming (* P value < 0.05, ** P value < 0.01; Data
were presented as mean ± S.E.M.)
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