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Potocki–Lupski syndrome (PTLS; MIM #610883), characterized by neurobehavioral abnormalities, intellectual
disability and congenital anomalies, is caused by a 3.7-Mb duplication in 17p11.2. Neurobehavioral studies
determined that ∼70–90% of PTLS subjects tested positive for autism or autism spectrum disorder (ASD).
We previously chromosomally engineered a mouse model for PTLS (Dp(11)17/1) with a duplication of a
2-Mb genomic interval syntenic to the PTLS region and identified consistent behavioral abnormalities in
this mouse model. We now report extensive phenotyping with behavioral assays established to evaluate
core and associated autistic-like traits, including tests for social abnormalities, ultrasonic vocalizations, per-
severative and stereotypic behaviors, anxiety, learning and memory deficits and motor defects. Alterations
were identified in both core and associated ASD-like traits. Rearing this animal model in an enriched envir-
onment mitigated some, and even rescued selected, neurobehavioral abnormalities, suggesting a role for
gene-environment interactions in the determination of copy number variation-mediated autism severity.

INTRODUCTION

Autism and other syndromes encompassing an endophenotype
within the autism spectrum disorders (ASDs) are characterized
by three categories of behavioral abnormalities: (i) impair-
ments in social interaction, (ii) qualitative impairments in
social communication, and (iii) restricted and/or repetitive
interests, behaviors or activities (1–3). Secondary behavioral
anomalies associated with autism include motor deficits,
aggressive behavior, abnormal sleep patterns, gastrointestinal
symptoms, seizures and mental retardation (3–5).

Autistic-like behaviors in the mouse have been identified and
objectively quantified by behavioral assays allowing systematic
investigations that may provide insights into autism (6–9). To
date, the majority of mouse models of autistic-like behaviors
have focused on monogenic aberrations, such as loss-of-func-
tion mutation in Fmr1, Mecp2, or Ube3a (10), which account
for �5% of autism cases. In contrast, specific autism-associated
rare copy number variants (CNVs) have been estimated to cause
�10–20% of autism cases (10–12). Limited mouse models for
CNV-induced autistic-like behavior in mice include 15q11-13
and 16p11.2 duplications and deletion mice (13,14), underscor-
ing the need for additional well-characterized chromosome-

engineered mouse models of CNV-induced complex autistic-
like behavior. These models represent mechanistically similar
genetic alterations analogous to the autism-associated CNVs
observed in human patients (targeted duplication/deletion syn-
tenic to human critical interval), they are polygenic, they
equate with common clinically described features and they
may be utilized to study the complex effects of environmental
factors and to assess interventional therapies (15).

We previously used chromosome engineering to generate
mouse models for Smith–Magenis syndrome (SMS)
Potocki–Lupski syndrome (PTLS) (16). PTLS (MIM
610883) results from an interstitial duplication of 17p11.2,
and the reciprocal 17p11.2 deletion is associated with SMS
(MIM 182290). PTLS is characterized by a non-specific devel-
opmental delay, intellectual disability (ID), infantile hypotonia
and failure to thrive, dysmorphic features, congenital heart
disease, sleep-disordered breathing, electro-encephalographic
abnormalities, behavioral disturbances and autism or ASD,
though not all features are present in every patient (17–20).
Although ASD is not an absolute feature of PTLS, it has
been shown that children with PTLS do experience difficulties
with atypicality, withdrawal, hyperactivity, inattention and
anxiety (18). Furthermore, six of seven PTLS patients
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studied by objective psychological testing (ADOS/ADIR) had
findings that were compatible with an autism diagnosis.

Autism (or ASD) is known to be highly variable and is
hypothesized to be dependent on both genetic and environ-
mental factors, the latter including pre-term birth, age of
parents, diet, infection, xenobiotics and pesticide exposure
(21–23). Environmental exposures are amenable to systematic
studies using mouse models. A recent study of a mouse model
of Rett syndrome demonstrated that early environmental en-
richment was able to reverse the cortical long-term potenti-
ation deficit, ameliorate motor coordination, memory defects
and anxiety-like behaviors, indicating gene × environment
involvement in the phenotypic manifestation (24). Previous
studies of the PTLS mouse identified altered behavioral phe-
notypes, including abnormalities of motor coordination, activ-
ity levels, social interactions, learning and memory and
anxiety (25–28). We now perform an extensive analysis of
the core and associated autistic-like phenotypes of these
mice. Furthermore, we examine the plasticity of these pheno-
types by investigating the effects of environmental enrich-
ment. Our findings suggest the potential mitigation of
selected CNV-associated neurobehavioral traits by rearing in
an enriched environment.

RESULTS

Neurobehavioral abnormalities in Dp(11)17/1 mice

Previous studies of the behavioral phenotypes of Dp(11)17/+
mice on both mixed (129S5/C57BL/6J) (27,28) and congenic
(N . 10 C57BL/6J) (25) backgrounds demonstrated abnor-
malities in the following assays: open field analysis (OFA),
elevated-plus maze (EPM), conditioned fear (CF), rotarod
and tube test. These assays represent surrogate measures for
the human traits of activity, anxiety, learning and memory,
motor coordination and social function. The identification of
autistic-like behaviors, including hyperactivity, anxiety-like
behaviors, learning and memory defects, impairment in
motor coordination and social abnormalities, together with
the known autistic features of PTLS patients, suggest that
this chromosome-engineered mouse model is a potential
model for neurobehavioral traits associated with ASD. We
first confirmed abnormal behaviors for Dp(11)17/+ mice com-
pared with their wild-type (WT) littermates on a congenic
background (N . 10 C57BL/6J), documenting that the behav-
ioral phenotypes are robust, present in multiple laboratory set-
tings, and occur in both mixed and congenic backgrounds. We
then sought to investigate the more comprehensive range of
potential autistic-like behaviors utilizing additional rodent be-
havioral tests.

Environmental enrichment mitigates the autistic-like
abnormal behavioral phenotypes

Gene × environment interactions are hypothesized to be
important in trait manifestation for autism and ASD, as well
as many other complex disorders (22,29). To determine the
extent of a potential environmental contribution to autistic-like
phenotypes, we also concurrently investigated the effect of
environmental home-cage enrichment on the objectively

characterized behaviors identified in Dp(11)17/+ mice. For
all experiments, environmental enrichment was initiated at
the time of weaning and maintained until the implementation
of the behavioral assay on adult animals.

Social abnormalities and repetitive stereotypic behavior
in the PTLS mouse model

We evaluated social behaviors in Dp(11)17/+ mice to further
explore phenotypes important in the diagnosis of autism. We
confirmed previous studies that demonstrated social domin-
ance in the tube test (Fig. 1A; P ¼ 0.001) (25,26). When the
tube test was performed on mice under enriched housing con-
ditions, the level of dominance was slightly, although not sig-
nificantly, reduced for both Dp(11)17/+ (80 win compared
with 91.7%; P ¼ 0.1986, Fisher’s exact test) and WT (46.1
compared with 58.8%; P ¼ 0.2881) mice compared with
similar mice under the standard housing condition. Dominance
was still observed in Dp(11)17/+ mice (P ¼ 0.0024), indicat-
ing that there was no significant effect of environmental
enrichment on social dominance.

The three-chamber test for social preference found no
difference between Dp(11)17/+ and WT mice (data not
shown), confirming normal levels of social interest in these
mice (25). To further investigate social phenotypes, we per-
formed the partition and olfactory habituation/dishabituation
tests, which are used to assess social interest and recognition
in mice in the absence of direct physical contact, as well as
a direct social interaction test (30). We observed a significant
effect of the behavioral test number on the amount of time
spent in contact with the partition for Dp(11)17/+ mice and
their WT littermates in the partition test; both Dp(11)17/+
mice and their WT littermates from the standard housing
showed an increased interest to the new unfamiliar mouse
(test 2) relative to the familiar partner (test 1), indicating a
similar interest in social novelty (Fig. 1B; P , 0.001).
However, Dp(11)17/+ mice did not appear to demonstrate
the recognition of the returning familiar partner, as evidenced
by their elevated interest and time spent at the partition com-
pared with baseline levels, which did not reach overall statis-
tical significance by analysis of variance (ANOVA) with
repeated measures. This potentially indicates a reduced
ability to recognize/discriminate a familiar partner from an un-
familiar mouse, which may be due to an underlying learning
and memory defect. It may also be an effect of elevated ag-
gression or over-stimulation in these mice; however, in these
cases, we would expect an increased interest in the initial base-
line test. There was no difference between the genotypes for
first and second tests, indicating that Dp(11)17/+ mice have
normal levels of social interest and independently confirming
the result from the three-chamber test. In the same test,
Dp(11)17/+ mice from enriched housing and their WT litter-
mates are able to recognize the familiar partner and their inter-
est dropped to near baseline levels (Fig. 1B), suggesting that
the abnormal social discrimination response in Dp(11)17/+
mice can be altered by environmental influences.

To further assess abnormal social behaviors in Dp(11)17/+
mice, direct social interactions were evaluated. We observed
and scored direct social interactions without a partition in
mice that had been housed across a partition from a control
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Figure 1. Dp(11)17/+ mice display abnormal social behaviors. (A) Dp(11)17/+ mice (green bar, Dup) demonstrate increased social dominance in the tube test
compared with WT littermates (black bar) in either standard (n ¼ 11 for Dup, n ¼ 13 for WT, P ¼ 0.0012) or enriched [n ¼ 11 for WTEE (red bar, wild-type in
enriched environment), n ¼ 12 for DupEE (blue bar, Dup from enriched environment), P ¼ 0.0024] housing conditions. (B) WT (black squares, n ¼ 10) and
Dp(11)17/+ (Dup, green triangle, n ¼ 13) mice from standard housing and enriched housing (WTEE, red squares, n ¼ 15; DupEE, blue circle, n ¼ 12) dem-
onstrate an increased interest in a novel partner during test 2 compared with baseline levels in test 1 of the partition test (P , 0.001). Their interest in the familiar
partner returns to baseline for test 3, with the exception of Dp(11)17/+ mice from standard housing, which maintain an elevated interest. All values are shown
+standard error of the mean (SEM). (C and D) Dp(11)17/+ mice (n ¼ 12) showed increased contact (P ¼ 0.001) and non-contact aggression (P ¼ 0.002) in the
social interaction test compared with WT littermates (n ¼ 11). Contact and non-contact aggression is reduced following enrichment (n ¼ 10 for DupEE, n ¼ 13
for WTEE; gene x environment interaction (GXE), P ¼ 0.001 and 0.032, respectively). (E) No difference between genotypes for interest in non-social (NS)
odors (three presentations each of two different non-social odors) or water control (H2O). (F) Decreased interest in social odors (first presentation of S1, but
not second or third presentation or second social odor) are observed in Dp(11)17/+ mice in standard and enriched housing.
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mouse for two consecutive overnights. Increased aggression
was found in Dp(11)17/+ mice in the direct social interaction
test compared with WT littermates when we analyzed the
levels of either direct contact aggression (i.e. biting, aggres-
sion, grooming, wrestling, boxing, mounting; genotype,
P , 0.001; Fig. 1C) or non-contact aggression (aggressive
circling, unrest, tail-rattling; P ¼ 0.002; Fig. 1D). Other
social behaviors were not able to be scored for Dp(11)17/+
mice from standard cages, as the aggression was so severe
that these behaviors dominated the entire social interaction
(see Supplementary Material, Fig. S1 for a sample video
recording of the behavior). These results suggest that the
social dominance seen in the tube test may be linked to under-
lying aggressive social cues.

Aggression has been widely identified as an associated trait
in autistic patients and patients with ID (4,5,31), as well as in
mouse models of autism (7,32). Interestingly, in our test for a
direct social interaction, the level of direct contact aggression
was remarkably decreased in Dp(11)17/+ mice from enriched
housing conditions compared with those in standard
cages [Fig. 1C; gene x environment interaction (GXE), P ¼
0.001; see Supplementary Material, Fig. S2 for sample video
recording]. However, the level of non-contact aggression
was increased for both Dp(11)17/+ and WT mice in enriched
housing (Fig. 1D; GXE, P ¼ 0.032). These results suggest that
enrichment may enable these mice to control their reaction to
intruder mice (reduced contact aggression), despite the persist-
ent tendency toward aggressive or dominant behavior, as evi-
denced by increased non-contact aggression and social
dominance in the tube test.

The olfactory habituation/dishabituation task was used to
assess olfaction, as well as interest in and recognition of
social odors, which are both important components of rodent
social interaction. For the non-social odor test, no difference

was observed between genotypes in their interest in odors
(Fig. 1E). Both Dp(11)17/+ and WT mice demonstrated dish-
abituation to non-social odors (P , 0.05) with the exception
of wild-type in enriched environment (WTEE) mice for the
first non-social odor (P ¼ 0.079) and WT mice for the
second non-social odor (P ¼ 0.253). For the social odor test,
both genotypes were able to detect the first novel odor (P ,
0.001 for all; Fig. 1F). However, dishabituation was not
observed in WTEE mice (P ¼ 0.068) and Dup mice (P ¼
0.306) for the first presentation of the second social odor.
WT mice, but not Dp(11)17/+ mice, showed an increased
interest upon the first presentation of a social odor, but not
for the first presentation of the second novel social odor.
These observations indicate intact olfaction in Dp(11)17/+
mice and support the notion that Dp(11)17/+ mice have
decreased interest in social stimulus odors compared with
WT mice. Furthermore, WT, but not Dp(11)17/+, mice
from enriched housing demonstrated an increased interest
upon the first presentation of a social odor, showing similar
results to those for mice from standard housing (Fig. 1D).
Overall, these results underscore the specificity of environ-
mental influences on social behavior in mice, as enrichment
was able to alter the phenotype seen in the partition and
direct social interaction tests, but not in the tube test or the ol-
factory habituation/dishabituation test.

Next, we utilized the automated nose-poke/holeboard (HB)
assay as a measure of restrictive, repetitive and stereotypic
behaviors in Dp(11)17/+ mice. We did not see a significant
increase in the total number of nose-pokes in a 5-min
session in Dp(11)17/+ mice compared with WT littermates
(P ¼ 0.342, Fig. 2A). However, when we analyzed the per-
centage of repeats (i.e. the percentage of the time the same
hole was poked in succession), we found that Dp(11)17/+
mice had an increased percentage of repetitive nose-pokes

Figure 2. Stereotypic, repetitive behavior in PTLS mice. (A) Enrichment causes an increase in the total number of nose-pokes in Dp(11)17/+ (DupEE, red bars,
n ¼ 18) and WT (WTEE, blue bars, n ¼ 12) compared with their counterparts in standard housing (Dup, green bar, n ¼ 13; WT, black bar, n ¼ 11; P ¼ 0.004)
during a 5-min session of the HB test. (B) Dp(11)17/+ mice also demonstrate an increased percentage of repeated nose pokes compared with WT littermates in
standard and enriched housing conditions (P ¼ 0.001). Values are shown +SEM.
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Figure 3. Abnormal autism-associated behaviors, including learning and memory deficits, hyperactivity, anxiety, motor defects and aggression. Error bars for all
figures represent the SEM. (A) Contextual and (B) cued stimulus portions of the conditioned fear (CF) test. (C) Activity and (D) anxiety measures of the open
field analysis (OFA). (E) Elevated plus maze (EPM). (F) Dowel walking test. (G) Wire hang test. (A) Dp(11)17/+ mice (Dup, green bars, n ¼ 12) show reduced
freezing (P ¼ 0.003) compared with WT littermates (WT, black bars, n ¼ 12) in standard housing in the CF test. Dp(11)17/+ mice (DupEE, red bars, n ¼ 15) in
enriched housing are raised to similar levels as WT littermates (WTEE, blue bars, n ¼ 9; P ¼ 0.001 for environment). (B) No differences are seen in the cued test
between any of the groups (P . 0.05). (C) Open field activity levels in Dp(11)17/+ mice (Dup, n ¼ 12) are increased compared with WT littermates (WT, n ¼
12, P , 0.001). Enrichment has a significant effect on activity levels in Dp(11)17/+ (DupEE, n ¼ 15) and WT littermates (WTEE, n ¼ 9, environment, P ¼
0.012) in the open field test. (D) Dp(11)17/+ mice have reduced center:total distance traveled ratio (genotype, P , 0.001) and enrichment decreases anxiety
(environment, P , 0.001). (E) In the EPM, Dp(11)17/+ mice (Dup, n ¼ 9) also have fewer entries into the open arm compared with WT littermates (WT,
n ¼ 15; genotype, P ¼ 0.014). Enrichment rescues this anxiety phenotype in Dp(11)17/+ mice (DupEE, n ¼ 10) and WT (WTEE, n ¼ 12, GXE P ¼ 0.038)
from enriched cages. (F) Dp(11)17/+ mice (Dup, n ¼ 9) show reduced latency to fall off a raised 9-mm dowel compared with WT littermates (WT, n ¼ 16,
P , 0.001). Enrichment improved performance in Dp(11)17/+ mice (DupEE, n ¼ 15) and WT (WTEE, n ¼ 9) mice. (G) Enrichment also improves perform-
ance in the wire hang test (environment, P ¼ 0.012).
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compared with WT mice (genotype, P ¼ 0.001, Fig. 2B), sug-
gesting the presence of repetitive or compulsive behavior in
Dp(11)17/+ mice. In the same assay, there was a significant
effect of enrichment, resulting in increased nose-pokes com-
pared with those mice in standard housing (Fig. 2A; environ-
ment, P ¼ 0.004), possibly due to the increased activity and
reduced anxiety (Fig. 3D and E). Enriched Dp(11)17/+
mice also had an increased percentage of repetitive nose-pokes
compared with WT mice, similar to those in standard housing.
This effect was slightly exaggerated in mice from enriched
housing, and although there was no significant main inter-
action of GXE (Fig. 2B), these results suggest that environ-
mental enrichment may exacerbate the pervasiveness of this
stereotypic behavior.

Evidence of autism-associated abnormal neurobehavioral
traits in Dp(11)17/1 mice

Learning and memory deficits are commonly associated with
autism and ASD in humans (3). The conditioned fear test assesses
learning and memory in rodents and previously identified abnor-
malities in Dp(11)17/+ mice on both mixed (27,28) and congenic
genetic backgrounds (25). We confirmed decreased contextual
fear (decreased percent time freezing; genotype, P ¼ 0.003,
Fig. 3A), indicating a robust defect in learning and memory.
There were no significant differences in the cued test between
any of the groups (Fig. 3B). We extended the contextual fear
study to include animals in enriched housing conditions and
found that this learning deficit was improved by housing in an
enriched environment (environment, P ¼ 0.001); Dp(11)17/+
mice from enriched housing displayed a similar freezing behavior
to WT mice in standard housing conditions (Fig. 3A).

We confirmed increased activity and anxiety-like behaviors
in Dp(11)17/+ mice using the OFA and EPM. The OFA mea-
sures both activity and anxiety-like behaviors in mice. We
observed increased activity (total distance traveled, P ,
0.0001, Fig. 3C) and increased anxiety (decreased center dis-
tance/total distance, P ¼ 0.001, Fig. 3D) in Dp(11)17/+ mice
compared with their WT littermates, confirming previous
results on a mixed (129S5/C57BL/6J) background (28). The
activity level in Dp(11)17/+ mice and their WT littermates
from enriched cages was increased compared with those
from standard housing; however, the increase was not signifi-
cant in Dp(11)17/+ mice, possibly due to a ceiling effect, as
the upper limit for total activity in 30 min for these mice
may have been reached (Fig. 3C). The anxiety level (center/
total distance) in Dp(11)17/+ was reduced back to
non-enriched WT levels (Fig. 3D); however, Dp(11)17/+
mice still showed increased levels of anxiety-like behavior
when compared with their enriched WT littermates (environ-
ment, P ¼ 0.001), as WT animals also demonstrated reduced
anxiety compared with their counterparts in standard housing
conditions (GXE, P ¼ 0.361).

We performed the EPM experiment as a secondary measure
of anxiety-like behavior and found that Dp(11)17/+ mice had
a decreased number of entries into the open arms compared
with their WT littermates (genotype, P ¼ 0.014; Fig. 3E),
further confirming the previously established ‘anxiety-like’
phenotype in these mice (25). These anxiety-like phenotypes
were also rescued by environmental enrichment, as

Dp(11)17/+ mice in enriched housing demonstrated a
similar number of entries into the open arms as WT mice in
standard or enriched housing (GXE, P ¼ 0.038; Fig. 3E).

To evaluate motor ability, we challenged our PTLS mouse
model with the dowel-walking and wire-hang tests. We analyzed
our data from the dowel walking and wire hang tests using the
non-parametric Kruskal–Wallis test, as the majority of the
mice from enrichment cages were able to master the task, result-
ing in a variance nearing zero. Dp(11)17/+ mice have a
decreased latency to fall off a 9-mm dowel compared with WT
littermates; however, this effect was not significant as determined
by the Kruskal–Wallis test (P . 0.7; Fig. 3F). Similarly, there
was not a significant difference in the wire hang test (P . 0.5;
Fig. 3G). Comparing the motor ability of animals from enriched
housing to those in standard cages, we found that both
Dp(11)17/+ and WT mice showed improvement following en-
vironmental enrichment, although it was not significant. A
more challenging test would likely be more informative, as
many animals were able to master the test and remain on the
dowel or wire for the entirety of the test period (120 s for the
dowel test and 60 s for the wire hang; Fig. 3F and G).

Previously published reports identified abnormal perform-
ance in the rotarod, but not the dowel walking or wire hang
tests for Dp(11)17/+ mice (25). Our results are distinct from
previous reports, as we did not find any significant difference
in the rotarod (data not shown). However, these differences
may be due to differing statistical analysis protocols (t-test
for each trial analyzed separately as opposed to an ANOVA
with repeated measures). Nevertheless, both studies suggest
a trend toward a specific motor deficit in Dp(11)17/+ mice.
Overall, these results indicate a benefit of environmental
enrichment for motor coordination.

Further support for Dp(11)17/1 as a mouse model
of autism

We studied separation-induced ultrasonic vocalizations
(USVs) in Dp(11)17/+ pups and their WT littermates as a
measure of developmentally-regulated vocalization. Both
groups of mice showed a normal progression of USVs until
post-natal day (PND) 6, at which point the Dp(11)17/+
mice displayed an altered communication pattern (Fig. 4A).
Dp(11)17/+ mice had peak USVs at PNDs 6–7, whereas
WT animals peaked at PND 7–8. Furthermore, Dp(11)17/+
mice had decreased peak USVs and continued to emit fewer
vocalizations until PND 13 (P ¼ 0.0001–0.015). Decreased
levels of USVs have been anticipated for mouse models of
autism; however, the opposite phenotype has also been
observed (7,8). In aggregate with a reduced interest in social
odors, the altered communication pattern and decreased peak
USVs strongly indicate a deficit in communication in
Dp(11)17/+ mice.

The circadian rhythms of adult female Dp(11)17/+ mice
entrained to a 12 h light/12 h dark cycle were evaluated as
an indicator of potential sleep abnormalities. Female mice
were used for this study in order to reduce the total number
of animals used, as male mice were already being utilized
for other behavioral analyses. When these mice were
challenged with a 12 h dark/12 h dark cycle, they had a signifi-
cantly decreased period length (Fig. 4B; period ¼ 23.46+
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Figure 4. Further evidence for Dp(11)17/+ mice as a mouse model of autism. (A) Dp(11)17/+ mice (Dup, n ¼ 34, in green) have reduced peak USVs (P ¼
0.0001, PND 8) and continue to have fewer USVs from PND 10–12 (P ¼ 0.002, PND 10; P ¼ 0.015, PND 11; P ¼ 0.004, PND 12) compared with WT litter-
mates (n ¼ 38). All error bars represent +SEM. (B) The free running period length (12/12 h dark/dark cycle) of female Dp(11)17/+ mice is shortened (23.46+
0.043, N ¼ 29) compared with WT mice (23.662+0.040, N ¼ 22; P ¼ 0.010). Representative actigrams for WT (C and E) and Dp(11)17/+ (D and F) mice are
double-plotted (above and below). Dark bars above the figure represent dark cycle (active period) and light bars indicate the light cycle. D/D, dark/dark; L/D,
light/dark. Red bar demarcating the slope of the line represents the period length or tau for animals housed in 12/12 h dark/dark cycle demarcated by the blue
horizontal line.
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0.043, N ¼ 29) compared with WT littermates (23.662+
0.040, N ¼ 22; P ¼ 0.01). Two representative actigrams for
WT (Fig. 4C and 4E) and Dp(11)17/+ (Fig. 4D and 4F)
mice are shown in Figure 4. A previous report did not identify
any significant circadian abnormalities in Dp(11)17/+ mice,
but did find differences in the mouse model harboring the re-
ciprocal deletion CNV (Df(11)17/+) (27). However, that
study examined male mice on a mixed (129S5/C57BL/6J)
background. We believe that this type of short change in
period length can be quite significant; studies of the circadian
phenotypes of casein kinase 1 (Ck1]) null mutants also
showed only small (but significant) changes in period length
(24 versus 23.6 h), whereas tau mutants demonstrate much
more dramatic phenotypes (22 versus 24 h) (33). Our results
further implicate one or more genes in this genomic interval
in the control of circadian clock regulation.

Altered neurotransmitter levels in Dp(11)17/1 mice

We analyzed the levels of serotonin, dopamine (DA) and their
metabolites by high-performance liquid chromatography
(HPLC) in the region of the frontal lobe containing the
primary somatosensory cortex (Fig. 5A), the hippocampus
(Fig. 5B), the hypothalamus (not shown) and the cerebellum
(Fig. 5C) from Dp(11)17/+ and WT mice. The levels of sero-
tonin (or 5-hydroxytryptamine, 5-HT) were increased in the
primary somatosensory cortex of Dp(11)17/+ mice (GXE,
P ¼ 0.039; Fig. 5A). There was no significant difference in
the level of the metabolite of serotonin, 5-hydroxyindoleacetic
acid (5-HIAA), suggesting intact serotonin metabolism, which
is also supported by an unaltered 5-HT/HIAA ratio. The levels
of DA and its metabolite (dihydroxyphenlanine, DOPAC)
were not significantly altered. Monoamine oxidase catalyzes
the degradation of DOPAC to homovanillic acid (HVA), the
levels of which were also unaltered in the primary somatosen-
sory cortex. The levels of all neurotransmitters analyzed in the
hypothalamus were not significantly altered (P . 0.05 for all;
data not shown). In the hippocampus, the level of DA was sig-
nificantly reduced in Dp(11)17/+ mice (genotype, P ¼ 0.036;
Fig. 5B). Similar to the hypothalamus, there was no significant
difference between Dp(11)17/+ and WT mice in the cerebel-
lum (Fig. 5C). However, there was an enrichment-specific
neurotransmitter signature specific to the cerebellum; for all
of the neurotransmitters analyzed, there was a significant de-
crease in neurotransmitters from enriched animals compared
with their standard-housed counterparts (P ¼ 0.0003–0.02;
Fig. 5C), potentially suggesting an important role for the
cerebellum in the underlying source of the altered behaviors
identified in enriched animals.

Environmental enrichment was able to correct the altered
serotonin levels identified in the primary somatosensory
cortex of Dp(11)17/+ mice from standard housing
(Fig. 5A). However, WT animals from enriched housing did
have elevated serotonin compared with WT mice from stand-
ard housing, indicating that serotonin levels alone cannot
explain the behavioral changes seen between mice from stand-
ard versus enriched cages. Enrichment had a significant effect
on the levels of HVA (environment, P ¼ 0.019) and 5-HIAA
(P ¼ 0.001; Fig. 5B) in the hippocampus, but not the
decreased DA levels. Taken together, these results suggest a

potential link between the benefits of environmental
enrichment and the underlying changes in the serotonergic
and dopaminergic pathways. Furthermore, they underscore
the differential effects of this duplication CNV and of environ-
mental enrichment on different regions of the brain.

DISCUSSION

The chromosome-engineered Dp(11)17/+ mice harbor a
duplication CNV syntenic to the genomic interval that when
duplicated in the human genome causes PTLS and associated
autistic features. We show that our animal model displays all
of the core autistic behaviors typically utilized to diagnose
autism and ASD in humans, including abnormal social interac-
tions, impaired communication and the presence of restrictive
or repetitive behavior. Specifically, these mice show abnormal
social interactions in the form of defects in social recognition,
social dominance and reduced interest in social odors, all
highly important in rodent social interaction. They also have
alterations in developmentally regulated communication and
display compulsive repetitive behaviors. In addition, these
mice manifest several autism-associated features that are sec-
ondary to the diagnosis, but often found in patients with
autism, including increased anxiety, defects in learning and
memory, defects in motor coordination, aggression and sleep
abnormalities (summarized in Table 1). Further, this model
also replicates one of the few well-established physiological
markers for autism, namely alteration in the levels of serotonin.

Hyperserotonemia has been consistently identified in the
serum of a proportion of patients with autism and some of
their first-degree relatives, although the underlying cause of
the increase in 5-HT and whether serum levels of serotonin
are representative of levels in the brain are not understood
(34–39). The efficacy of selective serotonin reuptake inhibi-
tors (SSRIs), such as fluoxetine, in the treatment of some fea-
tures of autism, including aggression, anxiety and obsessive/
compulsive behaviors, provides further evidence for a poten-
tial role of serotonin disturbances in the pathogenesis of
autism (31,38). A link between serotonin, social hierarchy for-
mation and aggressive behavior has been demonstrated in
several species (40–45), indicating that the complex role for
5-HT in a large number of physiological processes is highly
conserved throughout evolution. Indeed, 5-HT signaling is
an important component in the regulation of early brain devel-
opment, acting as a growth factor in the immature brain; it also
plays a role in adult neuroplasticity, including cell prolifer-
ation, migration, differentiation and synaptogenesis (42). As
a result, 5-HT is involved in the regulation of emotion,
mood, cognition, circadian rhythms, motor function, endo-
crinological function, food intake, thermoregulation and per-
ception of pain throughout the lifespan (46).

The cerebellum has long been known to be important in
balance and motor coordination, but it has recently been
shown to also play a role in ‘cerebellar neurocognition’,
which may be highly relevant to autism and ASD (47).
Indeed, several structural and cellular changes have been
identified in the brains of patients with ASD (48). The
cerebellum-specific neurotransmitter signature identified
here suggests the need for further studies, investigating a
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potential link between environmental enrichment and the
cerebellum. Our results suggest the possibility that DA is
partly responsible for the genetic effects, with the largest

effect of genotype in the hippocampus, whereas serotonin
is more affected by environmental factors. Furthermore,
this mouse model may provide an experimental system to

Figure 5. Neurochemical alterations in the brain are affected by housing in enriched environments. (A) Analysis of the primary somatosensory cortex indicates
that Dp(11)17/+ mice (Dup, green bars, n ¼ 7) are hyperserotonemic (5-HT) compared with WT littermates (WT, black bars, n ¼ 7), which can be rescued by
enrichment (GXE, P ¼ 0.039; DupEE, red bars, n ¼ 8; WT, blue bars, n ¼ 6, P ¼ 0.407). There were no differences between Dp(11)17/+ and their littermates
for levels of 5-HIAA or the ratio of 5-HT/5-HIAA, however, enrichment led to a significant decrease in 5-HIAA in Dup animals (P ¼ 0.05) compared with their
counterparts from enriched housing. (B) Analysis of the hippocampus indicates decreased DA in Dp(11)17/+ mice (genotype, P ¼ 0.036). There was also an
effect of enrichment on the level of 5-HIAA (environment, P ¼ 0.001) and HVA (P ¼ 0.019). (C) An enrichment-specific decrease in neurotransmitter levels
was identified in the cerebellum (environment, P , 0.001 for all neurotransmitters listed). Error bars represent the SEM for all figures.
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further investigate hyperserotonemia and manipulation of the
serotonergic neurotransmitter pathway in autism and other
developmental disorders.

Our results document gene-environment interactions in
the etiology of the behavioral phenotypes caused by
Dp(11)17/+; selected behavioral abnormalities were either
mitigated or even completely rescued by implementing
rearing in an enriched environment. Specifically, enrichment
was able to ameliorate motor defects, improve learning and
memory defects, reduce aggressive behavior and relieve
anxiety in Dp(11)17/+ mice. Similar benefits have been
seen in rodent models for other disorders, including those
for Rett syndrome, Alzheimer disease and drug addiction
(24,49,50). Some of these phenotypic changes are also accom-
panied by alterations in the underlying endophenotypes,
including structural changes within the brain, improvement
in synaptic deficits and neurochemical changes (49,51–57).
The specificity of the effects of environmental enrichment sug-
gests that certain phenotypes (and their underlying pathome-
chanisms) may be pliable and influenced by environmental
factors, while others are influenced more by genetic determi-
nants and constant regardless of environmental context, such
as social dominance, and interest in social odors. Alternative-
ly, the environmental factors that might influence such genet-
ically determined behavioral traits remain to be elucidated,
and the possibility remains that standard rearing conditions
may be harmful to neurodevelopment, resulting in an exacer-
bation of the phenotype in enriched housing.

Interestingly, enrichment exacerbated stereotypic, repetitive
behavior in both Dp(11)17/+ and WT mice. These observa-
tions suggest that this phenotype is sensitive to over-
stimulation, as in the case of enriched housing. Although
this type of enrichment is beneficial in the treatment of
many behavioral abnormalities, it may not be optimal for
every type of behavior, suggesting a need for individualized
behavioral enrichment for specific types of behavioral abnor-
malities. Additionally, future work will focus on dissecting
out the particular types of enrichment to systematically deter-
mine which environmental elements are responsible for specif-
ic behavioral effects. Future studies could assay additional
environmental conditions, including treatment with drugs
that target or alter the serotonergic pathway (e.g. SSRIs, sero-
tonin agonists) or antianxiolytics. This mouse model will not
only serve as a tool for the development of therapeutics and
behavioral interventions relevant to the treatment of the symp-
toms and underlying physiological causes of CNV-related
autism, but it will also enhance further studies of forward
genetics of developmental brain disorders.

MATERIALS AND METHODS

Behavioral analyses

Heterozygous Dp(11)17/+ mice were maintained on a pure
C57BL/6Tyrc-Brd background (.N10). Mice were housed in
a 12 h light:12 h dark cycle and provided standard mouse
chow and water ad libitum. All research and animal care pro-
cedures were approved by the Baylor College of Medicine In-
stitutional Animal Care and Use Committee. Behavior tests
were performed on male mice from 8 to 12 weeks of age forT
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each genotype with the exception of the isolation-induced pup
USV determination, which used newborn pups of both
genders, and circadian rhythm studies, that used female
mice. Behavioral tests were performed in four batteries with
four separate groups of mice. Only one test was performed
per day, except where indicated. The first battery was OFA–
light dark analysis–dowel/wire test–CF testing. The second
battery was EPM–tube test–partition test–social interaction.
The third battery was HB–olfactory habituation/dishabitua-
tion. The fourth group underwent only USV analysis.

Tube test of social dominance

Social dominance was evaluated by the tube test (30). Briefly,
one test mouse (Dp(11)17/+ or WT littermate) was placed the
head first at the opposite end of a clear plastic tube (3.7 cm
inner diameter and 30.5 cm length) to a standard control (un-
related, WT C57BL/6Tyrc-Brd) mouse and released simultan-
eously. The test ended when one mouse completely retreated
from the tube; this mouse was determined to be the loser,
and the dominant mouse that did not back out was the
winner. Each mouse (test and control) underwent exactly
three matches with three different partners. Results were ana-
lyzed by a Fisher exact test.

Three-chamber test

The three-chamber test was performed as described with some
modification (58). Briefly, the test mouse was allowed to
freely explore a three-chambered box divided by small door-
ways. After habituation, the mouse was enclosed in the
center chamber and an unfamiliar mouse (129S5 male) was
placed in one of the chambers in a wire cage. An inanimate
object was placed in the opposite cage. The test mouse was
allowed to explore the entire chamber freely for 10 min in
order to test for sociability, and the time spent in each
chamber was recorded by the automated ANY-maze system.

Partition test

The partition test was implemented as described (30). On the
day before the partition test, Dp(11)17/+ and WT littermates
were housed in the same cage on the opposite side of a parti-
tion from a weight-matched control male 129S5 mouse. We
utilized three phases for this test, and testing commenced
24 h after initiation of partitioned housing. First, social inter-
action across the partition as measured by the number of
approaches to the partition and time spent at the partition by
the experimental mouse in a 5-min trial were measured with
the original overnight partner using a hand-held Psion com-
puter in conjunction with Noldus Observer software. Second,
the behavior of the experimental animal was scored with a
new, unrelated, control partner in a similar manner to the
first test, again for 5 min. Third, the behavior of the experi-
mental animal was scored with the original partner as in the
first trial.

Social interaction test

After two overnights in partitioned housing, and as a follow-up
to the partition test, mice were given a direct social interaction
test (59). This test occurred 24 h after the partition test (after a
total of 48 h in partitioned housing with the same control
partner throughout the experiment). Social interaction
between the mice was videotaped following the removal of
the partition for 10 min, and behavioral responses were
scored from the videotapes by an observer using a Psion hand-
held computer and Noldus Observer software. Behavioral data
were analyzed by a two-way ANOVA (gene × environment)
for each parameter (number of events, duration and mean
time per event) for both active (boxing, mounting, wrestling
and aggressive contact/grooming) and non-active (unrest, tail-
rattling) aggressive behaviors, as well as for non-aggressive
behaviors.

Olfactory detection and discrimination

Olfactory discrimination for non-social and social odors was
investigated using a slightly modified habituation/dishabitua-
tion protocol (8). Adult mice were separated into individual
cages and acclimated to holding cages and a non-odored
cotton tip for 30 min. Next, in order to assess habituation,
they were given three 2-min presentations of each: water,
first non-social (NS1) odor and second non-social odor
(NS2). Non-social odors were imitation banana and almond
extracts (1:1000 dilution). On the following day of testing,
non-social odors were replaced by social odors (swabbed
dirty cage bedding from two unfamiliar mouse home-cages,
S1 and S2). Olfactory odors were alternated within each test.
Time spent sniffing was measured and used to quantify the
initial investigation of novel odors, the habituation to the pre-
viously presented odor (during consecutive presentations of an
odor) and the dishabituation of response (time spent sniffing)
upon presentation of a novel odor compared with the immedi-
ately preceding familiar odor. Time spent sniffing was ana-
lyzed using a three-way ANOVA (genotype × odor ×
presentation) with repeated measures.

Pup separation-induced vocalization measure

Separation-induced USVs were evaluated on PND 3–14 (8).
Each litter was removed from its home cage with nesting ma-
terial and placed in a holding container. Single pups were iso-
lated and placed in a pseudo-randomized order into a
sound-attenuating chamber for 2 min, while isolation-induced
USVs in the 70-kHz range were recorded (Noldus Ultravox
Bat detector mini-3). Pups were identified by markings
placed on the plantar surface of the foot following USV
reading. Markings were replaced daily as needed. Body
masses were recorded daily immediately following the USV
measurement. Data were analyzed using a one-way ANOVA
with repeated measures. Follow-up analysis was used to
examine PND × genotype interactions for a number of calls
on each PND.

Human Molecular Genetics, 2012, Vol. 21, No. 14 3093



Automated holeboard exploration test

A modified HB exploration test was performed to assess
stereotypic, repetitive and restricted behaviors (60). Nose-
poke responses were measured during a 5-min trial in the
open field chamber. A floorboard with 16 equidistant holes
was placed on the bottom of the chamber, and the number,
time, location and sequence of nose pokes were determined
by automated detection by the Pokemon system (Accuscan
Instruments).

Pavlovian conditioned fear

A modified CF protocol was utilized to evaluate learning and
memory in Dp(11)17/+ mice (27). Briefly, the mice were
placed in a test chamber and allowed to acclimate for 2 min
before presentation with an auditory stimulus (conditioned
stimulus; CS) followed by a mild foot shock (unconditioned
stimulus; US). Two minutes later another CS–US pairing
was presented. Freezing behavior was recorded and measured
by an automated Med Associates/Actimetrics system. Twenty-
four hours later, the mouse was placed back into the test
chamber for 5 min and freezing behavior was recorded as
above. One to two hours later, environmental and contextual
cues were altered and the mouse was again tested for freezing
behavior upon presentation with the CS after 3 min of accli-
mation to the new context.

Open field activity

The OFA was used to test mice for anxiety-like responses and
exploratory activity according to a standard protocol (59).
Briefly, mice were placed into a clear Plexiglass (40 cm ×
40 cm × 30 cm) open field arena and allowed to freely
explore for 30 min. Data were collected by a computer-
operated Digiscan optical animal activity system (Accuscan
Electronics). General activity levels were determined by the
total distance traveled during the 30 min test, and the level
of anxiety was determined by dividing the center distance
by the total distance to determine the center:total distance
ratio.

Elevated-plus maze for anxiety-like behaviors

A modified version of the EPM was performed to determine
anxiety-like behaviors (58). The maze had two closed arms
and two open arms, and it was elevated 50 cm from the
floor. Animals were placed in the center section and allowed
to freely explore the maze for a 10-min trial. ANY-maze soft-
ware was used to track the position of the mouse, time spent in
the open arms and the number of transitions into the open
arms. The number of transitions into the light arms was used
as a measure of anxiety-related behaviors.

Analysis of free-running circadian rhythm

We used the Mini Mitter circadian rhythm wheel-running
system (Respironics) along with VitalView and ActiView soft-
ware to analyze free-running period lengths in adult female
Dp(11)17/+ mice. Mice were housed individually in cages

with running wheels under the standard light/dark (12/12 h)
cycle for 2 weeks in order to acclimatize the mice to the cir-
cadian cages and to evaluate their circadian rhythms with ex-
ternal (light) cues. Food and water were given ad libitum. We
then changed the light cycle to a dark/dark (12/12 h) cycle for
an additional 2 weeks to analyze the free-running period
length. Tau (period length) values were calculated from
graphs generated from activity data (number of wheel turns)
throughout the day. Data were analyzed using Student’s t-test.

Wire hang and dowel-walking test for motor ability

Wire hanging and dowel walking abilities were assessed on
the same day to determine motor ability; at least 30 min
elapsed between tests. First, the test mouse was placed on a
raised wire to hang by its front limbs. The latency to fall
onto a soft surface was recorded with a maximum hang time
of 60 s. For the dowel-walking test, the mouse was placed
on a raised 9 mm wooden dowel and allowed to walk along
the dowel. Latency to fall was recorded for each mouse,
with a maximum trial time of 2 min.

Environmental enrichment

Mice were weaned at 3 weeks of age from the standard mating
cages into enriched cages. Enriched cages were larger
(19.7 cm × 16.5 cm × 30.5 cm compared with 27.3 cm ×
22.6 cm × 48.9 cm, width × height × length) and contained
enrichment items that were replaced and moved within the
cage weekly. One of each of the following enrichment items
were added to enhance activity (running wheels), climbing
(hanging hook and tube), nesting (nestlet, Enrich-o-cob
bedding), chewing (chew toy) and social behavior (increased
number of mice/cage—4–5 mice in standard cages compared
with 7–8 mice in enriched cages and huts for group housing).

Analysis of neurotransmitter levels

Dp(11)17/+ mice and their WT littermates were euthanized
by cervical dislocation. Immediately following euthanasia,
the brain was extracted and the region of the frontal cortex
containing the primary somatosensory complex was isolated
using a stereotactic adult rodent brain matrix (Ted Pella,
Inc.). The tissues were immediately frozen in liquid nitrogen
and stored at 2808C until being shipped for the neurotrans-
mitter assay. Neurotransmitters levels [5-HT (or serotonin)
and its metabolite 5-HIAA, adrenaline, noradrenaline, DA,
HVA and DOPAC] were analyzed using HPLC by an experi-
menter blinded to the genotypes in the Neurochemistry Core
Lab, Vanderbilt University School of Medicine, Nashville,
TN.

Statistical analyses

For the CF, OFA, EPM, partition, wire hang and social
interaction tests, data were analyzed by a two-way ANOVA
(gene × environment), and significant interactions were fol-
lowed up with the simple effect test. The three-chamber test
and circadian rhythm tau values were analyzed using Student’s
t-test. USV data were analyzed using a one-way ANOVA with
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repeated measures using the Greenhouse–Geisser correction
for sphericity and follow-up for PND × genotype interaction
for the number of calls on each PND. Olfactory habituation/
dishabituation data were analyzed using a three-way
ANOVA (genotype × odor × presentation) with repeated
measures, also utilizing the Greenhouse–Geisser correction
for sphericity and follow-up test for odor × genotype inter-
action. The tube test was analyzed using the Fisher’ exact
test comparing between genotypes and environments. The
dowel test was analyzed using the Kruskal–Wallis test for
non-parametric one-way ANOVA comparing between geno-
types and environments. For all experiments, results were con-
sidered significant when P , 0.05. P-values for behavioral
data are summarized in Table 1.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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