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Abstract
Autism is a neurodevelopmental disorder characterized by aberrant reciprocal social interactions,
impaired communication, and repetitive behaviors. While the etiology remains unclear, strong
evidence exists for a genetic component, and several synaptic genes have been implicated. SHANK
genes encode a family of synaptic scaffolding proteins located postsynaptically on excitatory
synapses. Mutations in SHANK genes have been detected in several autistic individuals. To
understand the consequences of SHANK mutations relevant to the diagnostic and associated
symptoms of autism, comprehensive behavioral phenotyping on a line of Shank1 mutant mice was
conducted on multiple measures of social interactions, social olfaction, repetitive behaviors,
anxiety-related behaviors, motor functions, and a series of control measures for physical abilities.
Results from our comprehensive behavioral phenotyping battery indicated that adult Shank1 null
mutant mice were similar to their wildtype and heterozygous littermates on standardized measures
of general health, neurological reflexes and sensory skills. Motor functions were reduced in the
null mutants on open field activity, rotarod, and wire hang, replicating and extending previous
findings (Hung et al., 2008). A partial anxiety-like phenotype was detected in the null mutants in
some components of the light ↔ dark task, as previously reported (Hung et al., 2008) but not in
the elevated plus-maze. Juvenile reciprocal social interactions did not differ across genotypes.
Interpretation of adult social approach was confounded by a lack of normal sociability in wildtype
and heterozygous littermates. All genotypes were able to discriminate social odors on an olfactory
habituation/dishabituation task. All genotypes displayed relatively high levels of repetitive self-
grooming. Our findings support the interpretation that Shank1 null mice do not demonstrate
autism-relevant social deficits, but confirm and extend a role for Shank1 in motor functions.

1. Introduction
Shank1 is a member of the Shank family of scaffolding proteins which are localized in the
postsynaptic densities of neuronal excitatory synapses, and which bind to the complex of
synaptic proteins including PSD-95, Homer, GKAP and cortactin (Naisbitt et al., 1999,
Sheng and Kim, 2000, Sala et al., 2001, Bockers et al., 2004, Cheng et al., 2006, Hung et al.,
2010). Mice with a null mutation in Shank1 displayed smaller, thinner postsynaptic
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densities, an altered composition of postsynaptic density proteins, and reduced size of
dendritic spines in the hippocampus (Hung et al., 2008). Electrophysiological phenotypes of
Shank1 knockout mice included decreased synaptic strength with retained hippocampal
synaptic plasticity. Behavioral phenotypes of male Shank1 null mutants included reduced
open field activity, reduced latencies to fall from a rotarod, higher anxiety-like scores on the
light ↔ dark test, and altered performance on learning and memory tasks, as compared to
wildtype littermate controls. In addition, Shank1 levels were altered in the hippocampus and
cortex of Fmr1 mice, a model of Fragile X syndrome (Schutt et al., 2009). These findings
are consistent with a role for Shank1 in hippocampal mechanisms mediating cognitive
processes (Bourgeron, 2009).

The SHANK family of genes has been implicated in the etiology of autism (Bourgeron,
2009, Buxbaum, 2009). Mutations in SHANK3 were detected in a small subset of some
(Durand et al., 2007, Moessner et al., 2007, Abu-Elneel et al., 2008, Bourgeron, 2009,
Gauthier et al., 2009) but not all (Qin et al., 2009, Sykes et al., 2009) cohorts of individuals
with autism spectrum disorders. In addition, the human SHANK3 gene is located within a
region of chromosome 22q13 in which deletions are strongly associated with Phelan-
McDermid Syndrome, a developmental disorder characterized by learning disabilities,
language deficits, hypotonia, and social deficits analogous to those seen in autism (Goizet et
al., 2000, Prasad et al., 2000, Manning et al., 2004, Jeffries et al., 2005, Vorstman et al.,
2006, Phelan, 2008). Mutations in the SHANK2 genes were reported in a small number of
individuals with autism spectrum disorders and mental retardation (Berkel et al., 2010, Pinto
et al., 2010). While SHANK1 mutations have not yet been detected in individuals with
autism spectrum disorders, to our knowledge, the similarities in structure and localization
between Shank1 and Shank3 raise the possibility that alterations in Shank1 could have
consequences relevant to some of the symptoms of autism. Moreover, Shank1 is almost
exclusively expressed in brain, while other Shank proteins are also expressed in peripheral
organs including heart, kidney, liver, and spleen (Lim et al., 1999).

Shank1 knockout mice offer a model system to test the hypothesis that a mutation in Shank1
could result in behaviors relevant to the symptoms of autism. We developed multiple mouse
behavioral assays relevant to the three diagnostic symptoms of autism to evaluate
hypotheses about autism candidate genes. Social interaction deficits are evaluated in an
automated three-chambered social approach task and from videotapes of reciprocal social
interactions in freely moving pairs of mice. Communication deficits are evaluated as
alterations in olfactory habituation/dishabituation to social and non-social odors, scent
marking to social olfactory cues, and ultrasonic vocalization responses to social cues.
Stereotyped, repetitive behaviors with restricted interests are scored on measures of
spontaneous stereotypies, repetitive self-grooming, and resistance to change in spatial habits.
Developmental milestones, general health, sensory abilities, motor functions, anxiety-related
behaviors, and learning and memory tasks are assayed both as control measures and for
relevance to associated symptoms of autism. The present study employed many of these
behavioral assays to investigate possible autism-relevant phenotypes in Shank1 mutant mice.
The first publication of phenotypes in Shank1 knockout mice reported behaviors in males
only, and in wildtype versus null mutants only (Hung et al. 2008). To repeat the previous
behavioral assays and extend their scope, both males and females of all three genotypes
(Shank1 -/-, +/-, and +/+) were tested in the present experiments. Further behavioral analyses
conducted in the present study included open field activity, rotarod coordination and
balance, two anxiety-related tasks, juvenile and adult social behavior, olfactory habituation/
dishabituation for non-social and social odors, sensory tasks including acoustic startle
threshold, prepulse inhibition, hot plate and tail flick pain sensitivity and an overall battery
of general health parameters and neurological reflexes.
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2. Results
Measures of general health, empty cage behaviors, and neurological reflexes

Table 1 lists the scores for the measures of general health and neurological reflexes for all
genotypes of Shank1 mice, and for a separate breeding line of the hybrid C57B6/129Jae (B6/
Jae) used as the background strain in the present Shank1 line. Scores for the B6/Jae
background strain are provided for illustrative purposes, but not included in the statistical
comparison of genotypes unless explicitly stated. No genotype differences between the +/+,
+/-, and -/- were detected on body weight, appearance of the fur, whiskers, posture, limb
tone, and most measures of the neurobehavioral screen. No obvious physical abnormalities
were seen in any mice. Reflexes including eye blink, ear twitch, whisker twitch, righting
reflex, Preyer startle reflex as a measure of hearing, and forepaw reaching as a measure of
vision, were normal for all mice. Genotype differences were observed in body temperature
(F (2, 33) = 3.63, p < 0.05). A slightly higher body temperature was detected in -/- as
compared to +/- only (Bonferroni-Dunn p < 0.05). Reactivity to handling did not differ
across genotypes. No sex differences or sex by genotype interactions were detected on any
parameter except body weight, in which males were generally larger than females.
Observations of home cage behaviors in the vivarium indicated that Shank1 -/- mice were
similar to littermates and in a normal range on home cage activity, nest building, huddling,
and grooming, with few observations of fighting or sitting outside of the huddle.

Social behaviors in juvenile and adult Shank1 mice
Figure 1 illustrates bouts of reciprocal social interactions between juvenile Shank1 +/+, +/-,
and -/- mice paired with juvenile C57BL/6J (B6) mice of the same sex. No significant
differences were observed across genotypes for nose-to-nose sniff (Panel A, F (2, 24) = 0.89,
NS), anogenital sniff (Panel B, F (2, 24) = 2.41, NS), body sniff (Panel C, F (2, 24) = 1.96,
NS), push-crawl (Panel D, F (2, 24) = 0.43, NS), push-past (Panel E, F (2, 24) = 0.46, NS) or
follow events (Panel F, F (2, 24) = 1.23, NS).

Figure 2 illustrates the sociability scores from the automated three-chambered social
approach task for Shank1 mice genotypes +/+, +/-, -/- and the background B6/Jae hybrid.
Sociability, defined as spending more time in the chamber with the novel mouse than in the
chamber with the novel object, was not detected in any of the three genotypes, for unknown
reasons. Time spent in the chamber with the novel mouse was not significantly greater than
time spent in the chamber with the novel object for +/+ (F (1, 14) = 1.06, NS); +/- (F (1, 7) =
3.56, NS); -/- (F (1, 16) = 0.72, NS). B6/Jae, the genetic background on which the Shank1
mutation was bred, exhibited the expected sociability, spending significantly more time in
the chamber with the novel mouse versus time in the chamber with the novel object (F (1, 11)
= 12.03, p < 0.001), indicating that the background strain was not responsible for the lack of
sociability in the Shank1 genotypes. The more sensitive measure of direct sniffing
interaction with the novel mouse detected greater time spent sniffing the novel mouse than
the novel object for -/- (F (1, 16) = 8.9, p < 0.05), and the hybrid background B6/Jae (F (1, 11)
= 14.45, p < 0.005) but not +/+ (F (1, 14) = 0.33, NS) or +/- (F (1, 7) = 0.05, NS). Entries into
the left and right side chambers did not differ within genotypes for +/+ (F (1, 14) = 0.87, NS);
+/- (F (1, 7) = 4.77, NS); -/- (F (1, 16) = 3.74, NS). No innate side preference was observed
across genotypes during the 10-minute habituation session before the start of social testing
(Panel D; F (3, 48) = 2.00, NS).

Olfactory abilities in Shank1 mice
Figure 3 illustrates olfactory abilities for discriminating non-social and social odors.
Olfactory habituation to three identical odors and olfactory dishabituation to four novel
odors detected no genotype differences on habituation to repeated exposures to water
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(F (2, 44) = 0.77, NS), almond (F (2, 44) = 1.08, NS), social odor from unfamiliar cage 1
(F (2, 44) = 0.19, NS), and social odor from a different, unfamiliar cage 2 (F (2, 44) = 1.14,
NS). Significant habituation to each odor was observed, as seen in the decline in time spent
sniffing the three swabs within the set of 3 water odors (F (2, 44) = 66.66, p < 0.001), within
the set of 3 almond odors (F (2, 44) = 59.97, p < 0.001), within the set of 3 banana odors
(F (2, 44) = 89.96, p < 0.001), within the set of 3 odors from unfamiliar cage 1 (F (2, 44) =
148.01, p < 0.001), and within the set of 3 odors from unfamiliar cage 2 (F (2, 44) = 77.03, p
< 0.001). Genotype differences (F (2, 44) = 8.38, p < 0.001) and a genotype by trial number
interaction (F (4, 44) = 3.62, p < 0.01) were observed on habituation to banana odor. Student-
Newman-Keuls' posthoc analysis indicated a significant difference between Shank1 +/+ and
+/- (p = 0.002) and between the Shank1 +/+ and -/- (p = 0.005) during the first trial of
banana exposure only (+/+ vs. +/-, p < 0.001; +/+ vs. -/-, p < 0.001). All genotypes showed a
significant dishabituation when presented with a new odor, as seen in an increase in time
spent sniffing the first swab of water to almond (F (2, 44) = 50.32, p < 0.001); almond to
banana (F (2, 44) = 101.65, p < 0.001); banana to unfamiliar social odor from cage 1 (F (2, 44)
= 167.94, p < 0.001); and unfamiliar cage 1 to unfamiliar cage 2 (F (2, 44) = 86.92, p <
0.001).

Repetitive self-grooming in Shank1 mice
Figure 4 illustrates self-grooming scores for all three genotypes of Shank mice genotypes +/
+, +/-, -/- and the inbred strain, B6/Jae hybrid during a 10-minute testing session. No
significant differences in the cumulative time spent self-grooming were detected across
genotypes (F (2, 29) =0.80, NS). No sex differences were detected in the self-grooming assay.
Comparison to a previous experiment with standard B6 mice indicates that Shank wildtypes
and B6/Jae engaged in comparatively high levels of self-grooming.

Anxiety-like traits assessed in Shank1 mice
Figure 5 illustrates a mild anxiety-like phenotype in Shank1 -/- mice using the light ↔ dark
test for anxiety-like behavior. Total number of transitions between the light and dark
compartments was significantly different (Panel A, F (2, 40) = 9.18, p < 0.01). Bonferroni-
Dunn posthoc analysis confirmed fewer transitions in the Shank1 null mutant -/- mice as
compared to wildtype +/+ littermate controls (p < 0.05) and heterozygotes +/- (p < 0.05). No
differences between genotypes were observed on cumulative time spent in the dark chamber
(Panel B, F (2, 40) = 0.38, NS) or the latency to first entry into the dark chamber (Panel C,
F (2, 40) = 2.38, NS).

Figure 6 illustrates anxiety-like behavior assessed by the elevated plus-maze task in Shank1
mice and inbred B6/Jae. Percentage of time spent on the open arms did not differ
significantly across genotypes (Panel A, F (2, 39) = 0.42, NS). Entries into the open arm
segments did not differ across genotypes (Panel B, F (2, 39) = 0.14, NS). As an internal
control for locomotion, total entries into both the open and closed arms were summed. No
significant difference in total entries was detected across genotypes were detected (Panel C,
F (2, 39) = 0.43, NS). B6/Jae scores during the light ↔ dark and elevated plus-maze tasks are
presented for qualitative comparisons.

Locomotor abilities and motor learning in Shank1 mice
Figure 7 illustrates the four parameters assessed on open field exploratory locomotion for
Shank1 +/+, +/-, -/- and B6/Jae during a 30-minute test session. Activity levels in the inbred
hybrid B6/Jae group are presented on each locomotor parameter for qualitative comparisons.
The time course for total distance traversed in the novel open field over a 30 minute time
period was highly significant, as expected, representing habituation to the novel open field
(Panel A, F (5, 39) = 56.0, p < 0.0001). A significant effect of genotype on total distance
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traversed was detected (F (2, 39) = 4.66, p < 0.01). Student-Newman-Keuls' posthoc analysis
indicated a significant difference between -/- and +/+ (p = 0.050) and -/- and +/- (p = 0.004).
Time spent in the center of the test arena differed across time bins (Panel B, F (5, 39) = 4.19,
p < 0.01). A significant effect of genotype on time in the center of the arena was detected
(Panel B, F (2, 39) = 3.63, p < 0.05). Center time was lower in -/- compared to +/+ (p =
0.050). Horizontal activity over the 30 minute test period was reduced, as expected,
representing habituation to the novel open field (Panel C, F (5, 39) = 103.8, p < 0.001).
Horizontal activity did not differ across genotypes (F (3, 39) = 1.11, NS). Vertical activity in
the novel open field over a 30 minute time period was reduced (Panel D, F (5, 39) = 12.11, p
< 0.001). Vertical activity did not differ across genotypes (F (3, 39) = 2.57, NS).

Figure 8 illustrates performance on two tasks of motor coordination, balance and
neuromuscular strength, the accelerating rotarod and the inverted wire hang test. Latency to
fall over the 6 trials increased, as expected, representing a significant effect of training
(Panel A, F (5, 57) = 54.85, p < 0.001). Shank1 -/- displayed shorter latencies to fall as
compared to both +/+ (p < 0.05) and +/- (p < 0.05). Since no significant interaction was
detected between genotype and training (F (10, 57) = 1.27, NS), individual trials by genotype
were not analyzed. Neuromuscular strength, as measured by the latency to fall from the
inverted wire hang task, differed by genotype (Panel B, F (2, 33) = 5.46, p < 0.01). Shank1 -/-
fell off the wire faster than +/+ (Bonferroni-Dunn p = 0.008) or +/- (Bonferroni-Dunn p =
0.005).

Acoustic startle threshold and prepulse inhibition in Shank1 mice
Figure 9 illustrates acoustic startle at 5 decibel (dB) levels, and prepulse inhibition of
acoustic startle reactivity using a 110 dB startle stimulus and 5 prepulse levels, in Shank1
mice. Startle responses to sudden loud acoustic stimuli differed by trial using various dB
intensities (Panel A, F (2, 28) = 15.52, p < 0.001) but were similar across genotypes (F (2, 28)
= 1.20, NS) and no trial by genotype interaction was detected (F (10, 28) = 0.81, NS).
Reduced startle reactivity as prepulse intensity increased was observed, as expected (Panel
B, F (2, 28) = 2.61, p < 0.05). Prepulse inhibition of acoustic startle did not differ across
genotypes (F (2, 28) = 1.69, NS).

Pain sensitivity in Shank1 mice
Figure 10 illustrates responses to both centrally mediated hot plate and spinally mediated tail
flick thermal pain. No genotype differences were detected on latencies to first response on
the hot plate test (Panel A, F (2, 26) = 1.19, NS) or on the tail flick test (Panel B, F (2, 27) =
0.19, NS). Responses in B6/Jae are presented for illustrative purposes.

3. Discussion
The Shank family of proteins plays a role in the development of the postsynaptic scaffolding
matrix and the maturation of dendrites in neuronal synapses in mouse brain (Boeckers et al.,
1999, Naisbitt et al., 1999, Sala et al., 2001, Roussignol et al., 2005). The three Shank genes
identified to date contain high homology, e.g. approximately 87% homology between
Shank1 and Shank3 (Lim et al., 1999, Sheng and Kim, 2000). Expression analyses indicate
that Shank1 is the only Shank isoform expressed almost exclusively in brain (Lim et al.,
1999, Yao et al., 1999, Sheng and Kim, 2000). Mutations in human SHANK2 and SHANK3
genes, and in a SHANK3 binding partner, are implicated in neurodevelopmental disorders
including autism (Durand et al., 2007, Abu-Elneel et al., 2008, Buxbaum, 2009, Gauthier et
al., 2009, Berkel et al., 2010, Blundell et al., 2010, Pinto et al., 2010). The current study was
designed to test the hypothesis that lifelong absence of Shank1 results in deficits in
behavioral tasks relevant to the core symptom domains of autism.
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Reciprocal interactions were examined using six of the most frequent, representative
parameters to characterize active social interactions in male and female juvenile Shank1
mice (Terranova et al., 1993, Terranova and Laviola, 2005, Panksepp et al., 2007, Yang et
al., 2007a, Yang et al., 2007b, McFarlane et al., 2008, Yang et al., 2009). During
interactions with a naive B6 partner, Shank1 null mutants displayed social interaction scores
that did not differ from wildtype littermates on any parameter, including nose-to-nose
sniffing, anogenital sniffing, sniffing of other body regions, following each other, pushing
past, pushing under, and crawling over the other mouse. Scores for all genotypes were
similar to those reported in standard social strains of mice and in wildtype mice in other
knockout studies (Terranova et al., 1993, Terranova et al., 1998, File and Seth, 2003,
Bolivar et al., 2007, Moy et al., 2007, Yang et al., 2007a, Yang et al., 2007b, McFarlane et
al., 2008, Moy et al., 2008, Yang et al., 2009). This negative finding in Shank1 mice is in
contrast to significant reciprocal social interaction deficits reported in mice with null
mutations in other synaptic genes implicated in autism, including neuroligin1, neuroligin4,
and homer1a (Jaubert et al., 2007, Jamain et al., 2008, Blundell et al., 2010), but similar to
normal reciprocal interactions reported for neuroligin2 and neuroligin3 mutant mice
(Tabuchi et al., 2007, Chadman et al., 2008, Blundell et al., 2009, Radyushkin et al., 2009).

Adult sociability was assayed using a three-chambered task for sociability, in which mice
were given a choice between spending time in the side with an unfamiliar mouse or in the
side with a novel object. Impaired sociability in this task was reported for mouse lines with
mutations in autism candidate genes and gene regions including Slc6a4, Nlgn4, Gabrb3,
Pten, Fgf17and 15q11-13 (DeLorey et al., 2008, Jamain et al., 2008, Kwon et al., 2008,
Scearce-Levie et al., 2008, Moy et al., 2009a, Nakatani et al., 2009), and for the inbred
strains BTBR T+tf/J and BALB/c (Sankoorikal et al., 2006, Bolivar et al., 2007, Brodkin,
2007, Moy et al., 2007, Panksepp and Lahvis, 2007, Yang et al., 2007a, Yang et al., 2007b,
McFarlane et al., 2008, Yang et al., 2009). All of the Shank1 genotypes (+/+, +/-, -/-) failed
to demonstrate significant sociability, measured by the amount of time spent in the chamber
with the novel mouse versus time spent in the chamber containing the novel object. Further,
the +/+ and +/- failed to spend more time sniffing the novel mouse than sniffing the novel
object, although the -/- did display the expected social sniff preference.

We postulated that the mixed background strain, B6/Jae, was responsible for the aberrant
social phenotypes in the Shank1 +/+ and other genotypes. To investigate this possibility, a
separate cohort of B6/Jae mice, generated from breeding pairs of 129SvJae (Massachusetts
Institute of Technology, Cambridge, MA) and B6, was tested for sociability. The hybrid
background B6/Jae mice showed normal sociability. Therefore, the observed lack of
sociability in the Shank1 genotypes cannot be attributed directly to their background strain.
Lack of sociability in wildtype control mice is unusual but has been observed in a few other
mutant lines, including Nrcam and Avpr1b knockout mice (Yang et al., 2007a, Moy et al.,
2009b). One potential explanation for the absence of sociability in the Shank1 line may
reside in parental care. It is possible that altered behavior of the Shank1 +/- mother could
affect performance on behavioral tasks such as social approach via epigenetic modulation
(Champagne, 2010). Analyses of maternal behaviors, including quantitative scoring of
licking and grooming, pup retrieval latencies and qualitative nest building by the dams
(Francis et al., 1999, Lonstein and Fleming, 2002), could reveal maternal influences that
impacted negatively on subsequent social behaviors in the offspring. Another potential
explanation for the absence of sociability in the Shank1 line may be home cage interactions
among littermate pups, which may also affect later social performance (D'Andrea et al.,
2007, Branchi, 2009). Analyses of home cage interactions, including huddling, nesting,
allogrooming, fighting and sleeping patterns, could determine whether littermate interactions
may have impacted negatively on sociability scores in the Shank1 +/+ but not in the B6/Jae
hybrid. Because the background strain comes from a separate breeding line than the original

Silverman et al. Page 6

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Shank1 +/- breeding pairs, potential differences in maternal care, sibling interactions, and
other home cage differences may explain the observed difference in sociability scores
between the +/+ Shank1 and the B6/Jae hybrid, despite the fact that the genetic make-up of
the two groups should be identical. In addition, genetic drift across generations could have
introduced variations in the mixture of genes from the two original background strains
across individual subject mice. 129SvJae is known to exhibit relatively low levels of
maternal care, low object exploration and low exploratory activity (Kim et al., 2005,
Champagne et al., 2007, Silverman and Crawley, unpublished observations). It is possible
that the Shank1 +/- breeding pairs and their offspring incorporated a higher penetrance of
129SvJae phenotypes than the B6/Jae hybrid line.

A third measure of social interest conducted in the present study was a component of the
olfactory habituation/dishabituation task. The olfactory cues were designed to measure
familiar and unfamiliar odors, with and without social valence. In the olfactory habituation/
dishabituation test, Shank1 wildtypes, heterozygotes and null mutants all showed normal
levels of sniffing, habituation, and dishabituation, to the non-social odors, i.e. water,
almond, and banana, and to two social odors taken from two different cage bottoms
containing soiled litter from unfamiliar mice strains. These results indicate normal sensory
abilities in both the main and accessory olfactory systems in all genotypes. In addition, the
amount of time spent sniffing social odors, as measured by the height of the peaks, did not
differ between genotypes, and were similar to the peak heights obtained in previous
experiments with B6 mice and wildtypes from oxytocin, galanin and vasoactive intestinal
peptide mutant mouse lines (Crawley et al., 2007; Stack et al., 2008; Wrenn et al., 2003).
These results indicate normal interest in social odors. Thus, the Shank1 genotypes appear to
have both the normal olfactory abilities and the normal interest in social pheromones that are
considered essential for mouse social behavior (Cheal and Sprott, 1971; Dantzer and Bluthe,
1993; Pfeiffer and Johnston, 1994; Ryan et al., 2008; Wrenn et al., 2003). Related findings
from our laboratory suggest impairments in olfactory scent marking and ultrasonic
vocalizations, independent of olfactory ability, in Shank1 null mutants in two tasks relevant
to the second diagnostic symptom of autism, impaired communication skills (personal
communication, Wohr, Roullet, Laboratory of Behavioral Neuroscience, National Institute
of Mental Health).

The third diagnostic symptom of autism includes high levels of repetitive behaviors (Richler
et al., 2007, Happe and Ronald, 2008, Richler et al., 2010). All three Shank1 genotypes
exhibited high self-grooming scores in a 10-minute self-grooming assay. Scores were
approximately 2 fold higher than usually observed for B6 control mice in past experiments
in our laboratory. High levels of self-grooming have been reported in other genetic mouse
models of autism (Yang et al., 2007a, McFarlane et al., 2008, McNaughton et al., 2008,
Etherton et al., 2009, Yang et al., 2009, Blundell et al., 2010, Mines et al., 2010, Ryan et al.,
2010, Silverman et al., 2010). However, self-grooming scores in Shank1 wildtype littermates
and also in the B6/Jae hybrid background control group indicate that the present scores are
not related to genotype. Conditions present in the animal facility or during the behavioral
testing may have contributed to the higher grooming scores in the present experiment, as
compared to previous grooming scores from other batches of mice.

Anxiety is considered an associated symptom of autism, i.e. present in a subset of
individuals with autism spectrum disorders (American Psychiatric Association, 1994, de
Bruin et al., 2007, Simonoff et al., 2008, Hallett et al., 2009). Shank1 null mutant mice
displayed an anxiety-like phenotype, reduced transitions in the light ↔ dark task, replicating
earlier findings (Hung et al., 2008). Number of transitions is often considered to be the more
robust, sensitive component of this light ↔ dark conflict paradigm (Crawley and Goodwin,
1980, Blumstein and Crawley, 1983, Mathis et al., 1995, Holmes et al., 2003d). However,
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other parameters of the light ↔ dark task, and scores on the elevated plus-maze task for
anxiety-like behaviors, did not differ across genotypes. The present results indicate a mild
anxiety-like phenotype attributable to the Shank1 mutation, as previously reported (Hung et
al., 2008). However, the possibility exists that the lower transitions in the light ↔ dark
conflict task were the result of impaired motor abilities.

Motor functions were evaluated on multiple measures of activity, neuromuscular strength
and coordination and balance, as previously described (Chadman et al., 2008; Holmes et al.,
2001; Holmes et al., 2002; Holmes et al., 2003a; Holmes et al., 2003d; Karlsson et al., 2008;
McDonald et al., 2001; Silverman et al., 2010). On the novel open field test, Shank1 null
mutants had lower scores on the parameters of total distance traversed and center time,
replicating Hung et al. (2008). Additional lower total distance scores in Shank1 null mutants
were observed during the olfactory scent marking task developed by members of our
laboratory (personal communication, Wohr, Roullet, Laboratory of Behavioral
Neuroscience, National Institute of Mental Health). However, null mutants did not differ
from wildtype littermates on open field parameters of horizontal and vertical activity.
Shank1 null mutants displayed faster latencies to fall from the accelerating rotarod, as
compared to wildtype and heterozygote littermates, replicating previous findings (Hung et
al., 2008). The rotarod deficit in Shank1 null mutants was significant both during the initial
testing day and the second testing day. Null mutants fell off the rotarod in approximately 30
seconds on the first trial and improved to approximately 150 seconds latency by the sixth
training trial. In comparison, wildtype littermates fell off the rotarod in approximately 85
seconds on the first trial and improved to approximately 190 seconds by the sixth training
trial. Shank1 null mutants displayed motor deficits on a third task, inverted wire hang. In the
inverted wire hang task, neuromuscular strength was evaluated by the ability of the subject
mouse to hang upside down from a wire screen over a 60 second trial. An approximately
30% reduction was seen in the amount of time that Shank1 null mutants were able to hang
upside down as compared to their wildtype littermates.

Hyperreactivity and hyporeactivity to sensory stimuli, and reduced sensorimotor gating,
have been reported in children with autism (Rogers et al., 2003, Rogers and Ozonoff, 2005,
Kern et al., 2006, Perry et al., 2007, Orekhova et al., 2008, Jones et al., 2009). Shank1 null
mutant mice displayed scores that did not differ from wildtype littermates on acoustic
startle, including very loud tones, up to 120db. Sensorimotor gating, measured by prepulse
inhibition of acoustic startle, did not differ across Shank1 genotypes. Responses to painful
stimuli did not differ across Shank1 genotypes, as measured on two standard nociception
tasks, the centrally mediated hot plate test and the spinal reflex tail flick test. Thus, sensory
abilities appear to be unaffected by the Shank1 mutation.

The major phenotypic outcomes of the Shank1 deletion were impairments on three motor
tasks, open field, rotarod, and wire hang, along with indications of anxiety-like behavior on
the light ↔ dark task. These findings fully corroborate results reported in the original
description of this Shank1 mutant line (Hung et al., 2008). Individual motor task parameters
that replicated exactly were reduced distance traversed and less time spent in the center of a
novel open field, reduced latency to fall from an accelerating rotarod, and fewer transitions
between chambers in the light ↔ dark test of anxiety-related behaviors, as compared to
wildtype littermates. Shorter latencies for the Shank1 null mutants to fall on the hanging
wire test, as conducted in the present experiments only, provides a further corroboration of
motor deficits. It is important to note that Shank1 knockouts did not demonstrate an anxiety-
like phenotype on the elevated plus-maze, a task conducted in the present experiments but
not in the previous report. Hung et al. (2008) reported impairments in contextual fear
conditioning and improved retention of spatial memory in the radial arm maze in Shank1
knockouts, while learning and memory tasks were not conducted in the current phenotyping
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battery. Conversely, the current study analyzed social behaviors, which were not tested
previously. Three social tasks were employed herein: juvenile reciprocal social interactions,
adult social approach in an automated three-chambered apparatus, and olfactory habituation/
dishabituation to social odors. Results indicate no social deficits in Shank1 null mutants. The
adult social approach task yielded inconclusive data due to low sociability in the wildtype
and heterozygote littermate comparison groups. Other new findings reported herein were
normal general health and neurological reflexes, and no genotype differences on repetitive
behaviors, sensory abilities including acoustic startle, prepulse inhibition, hot plate, tail
flick, and olfactory discrimination of non-social and social odors. The present studies
therefore replicate the previously reported motor phenotypes, and provide a full
characterization of normal physical, sensory, and social phenotypes in Shank1 heterozygote
and null mutant mice, as compared to wildtype littermates.

Taken together, our comprehensive phenotyping results yield a profile of motor deficits and
a mild-anxiety-like phenotype in mice with null mutations in the Shank1 gene, as compared
to wildtype littermates. Lack of robust social deficits in Shank1 null mice support the
interpretation that the absence of Shank1 in mice does not directly affect sociability, but may
play a larger role in cognitive abilities, including motor learning on the rotarod, and on fear
conditioning and radial maze learning and memory as previously reported (Hung, et al.,
2008), consistent with the actions of Shank1 on the maturation of postsynaptic densities. Our
findings from Shank1 mutant mice on social tasks and measures of repetitive behavior
indicate the absence of phenotypic outcomes relevant to the first and third diagnostic
symptoms of autism.

4. Experimental Procedures
Mice

Shank1 mutant mice were generated as previously described (Hung et al., 2008). Briefly, a 2
kb BstXIHindIII fragment containing exons 14 and 15 encoding almost the entire PDZ
domain was replaced by the PGK-neo cassette in the same transcriptional orientation as
Shank1. Chimeric mice were produced by injecting targeted ES cell clones into C57BL/6
blastocysts. Heterozygous offspring were backcrossed into both C57BL/6 (B6) and
129SvJae (129Jae) strains. These two lines of mice, generated on two independent
background strains, were imported to the National Institute of Mental Health (NIMH) in
Bethesda, MD for subsequent breeding. High mortality of Shank1 mice was obtained in the
B6 background strain. Very low locomotion was obtained for Shank1 mice of all genotypes
in the 129Jae background strain. Therefore, the two lines were crossed, to produce a mixed
C57BL/6/129SvJae (B6/Jae) background for the Shank1 mutation, consistent with the
original studies of Shank1 mutants (Hung et al., 2008). The cross of heterozygous offspring
was inbred for at least three generations. Therefore, the Shank1 mice used for the present
experiments were on a 50-50% B6/Jae hybrid genetic background. To understand the
baseline behavioral phenotypes of the hybrid B6/Jae genetic background, breeding pairs of
the 129SvJae (129Jae) background strain were imported (gift from R. Jaenisch,
Massachusetts Institute of Technology, Cambridge, MA) and bred with B6 to generate a B6/
Jae hybrid background control line of mice.

Heterozygous Shank1 males and females were bred in a conventional mouse vivarium at the
NIMH in Bethesda, Maryland, using harem breeding trios. After two weeks with a male,
females were separated into individual cages. Pups were kept with the dam until weaning at
21 days of age. After weaning, juveniles were housed by sex in standard plastic cages in
groups not exceeding four per cage. All experiments were conducted with littermates of
each genotype. Mice were housed in a conventional animal facility on a 12h-12h light-dark
cycle (lights on from 0700 hr to 1900 hr). Cages were housed in ventilated racks in colony
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rooms maintained at ∼20°C temperature and ∼55% humidity. Standard rodent chow and tap
water were available ad libitum. In addition to standard bedding, a Nestlet square and a
cardboard tube were provided in each cage. All experiments were conducted and analyzed
by investigators who were uninformed of the genotype during the behavioral tasks. All
procedures were conducted in strict compliance with the National Institutes of Health
guidelines for the Care and Use of Laboratory Animals and approved by the NIMH Animal
Care and Use Committee.

Genotyping
Genotyping of mouse tail DNA was conducted using standard PCR methods. Briefly, 0.5 cm
tail snips were digested and DNA isolated using the REDExtract-N-Amp Tissue PCR kit
(Sigma Aldrich, St. Louis, MO). The PCR reaction utilized primers that recognize sequences
from the deleted segment in forward (WT-F; CAA ACC CCC ATC GAG GAA TTC) and
reverse (WT-R; CCA GGA CTG ACT GGG CTA GC), and Neo primers that were
generated against the Neo cassette introduced in the targeting vector reading forward (Neo-
F; GCT TGG GTG GAG AGG CTA TTC) and reverse (Neo-R; CAA GGT GAG ATG
ACA GGA GAT C). The PCR reaction was run on a 1.5% agarose gel.

Behavioral tests
Behavioral experiments were conducted in dedicated behavioral testing rooms during the
standard light phase, usually between 0900 and 1700 hr. Mice were brought to a holding
room in the hallway of the testing area at least one hour prior to the start of the behavioral
test. Order of testing was as follows (1) juvenile play at age 20-22 days, (2) elevated plus-
maze at age 5-6 weeks, (3) light ↔ dark exploration at age 6-7 weeks, (4) open field
locomotion and rotarod at age 7–9 weeks, (5) adult social approach at 8–10 weeks, (6)
general health, neurological reflexes and pain sensitivity at age 9–11 weeks, (7) self-
grooming at age 10-12 weeks, and (8) olfactory habituation/dishabituation at age 12–14
weeks. For each experiment, male and female mice were used in approximately equal
proportions. Data from males and females were subsequently compared for sex differences
in each behavioral task.

Juvenile reciprocal social interaction—Juvenile reciprocal social interactions were
tested in mice between postnatal days 20-22 in the Noldus PhenoTyper Observer 3000
chamber (Noldus Information Technology, Leesburg, VA), as previously described (Yang et
al., 2007b, Chadman et al., 2008, McFarlane et al., 2008, Yang et al., 2009). The floor of the
arena was covered with a 0.5-cm layer of clean bedding. Subjects were individually housed
in standard mouse cages for 1 hour prior to the play session. An individual Shank1 mouse
was then placed in the arena, with an age and sex matched juvenile B6 partner. Interactions
were recorded for 10 min, the period during which the majority of social interactions occur,
using a digital videocamera (Noldus Information Technology, Leesburg, VA). B6 mice were
chosen as the partners because this strain exhibits high sociability and is neither unusually
high nor unusually low on most behavioral traits (Moy et al., 2007, Moy et al., 2008).
Behaviors were subsequently scored from digital videotapes by a highly trained observer,
using Noldus Observer 8.0XT software (Noldus Information Technology, Leesburg, VA).
The observer was uninformed of the genotype during scoring. Parameters of juvenile mouse
social behaviors were chosen from the established literature and from our previous studies
(Laviola and Terranova, 1998, Bolivar et al., 2007, Yang et al., 2007a, Yang et al., 2007b,
Chadman et al., 2008, McFarlane et al., 2008, Yang et al., 2009). Investigative behaviors
included anogenital sniffing, nose-to-nose sniffing and body sniffing. Affiliative behaviors
include following a partner or being followed around the cage without any fast, sudden, or
running movements, pushing underneath the partner's anterior body area or crawling over
the back of a partner, and pushing past between the play partner and the cage wall.
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Sociability—Social approach was tested in an automated three-chambered apparatus using
methods previously described (Crawley, 2007, Yang et al., 2007a, Chadman et al., 2008,
Yang et al., 2009, Silverman et al., 2010). The apparatus was a rectangular, three-chambered
box made from clear polycarbonate. Retractable doorways within the two dividing walls
allowed access to the side chambers. Number of entries and time spent in the chambers were
automatically recorded from photocells embedded in the doorways (equipment and software
built by George Dold and co-workers, Research Services Branch, NIH, Bethesda, MD). A
top mounted CCTV camera (Security Cameras Direct, Luling, TX) was placed over the
boxes to record the session, for subsequent scoring of the videos for time spent sniffing the
novel mouse and novel object. The apparatus was cleaned with 70% ethanol and water
between subjects. At least five minutes elapsed between cleaning and the start of the next
test session to allow for ethanol evaporation and clearance of ethanol vapor odors. Mice
used as the novel stimulus target were 129S1/SvImJ, aged 12–20 weeks old, bred and
maintained in the NIMH vivarium from breeding pairs originally obtained from The Jackson
Laboratory, and matched to the subject mice by sex and age. Stimulus mice were habituated
to the apparatus and to the wire cup enclosure, several days before the start of experiments,
for 15 minutes during 3 habituation sessions per day for 2 days. The location (left or right)
of the novel object and novel mouse alternated across subjects. The subject mouse was
allowed to acclimate to the apparatus before the sociability test, with 10 minutes in the
central chamber with the doors closed, followed by 10 minutes in the entire empty arena
with the doors open. The subject was then briefly confined to the center chamber while a
novel object (inverted wire pencil cup, Galaxy Cup, Kitchen Plus,
http://www.kitchen-plus.com) was placed in one of the side chambers and a novel mouse
was placed inside an identical inverted wire cup in the other side chamber. Novel mice were
enclosed in a wire cup to ensure that all social approach was initiated by the subject, and to
avoid complications of fighting and sexual activity, while allowing visual, olfactory,
auditory, and partial tactile contact through the widely spaced wire bars. A plastic drinking
cup (Solo Cup Company, Highland Park, IL) containing a lead weight was placed on the top
of the inverted wire cups, to prevent climbing and sitting on top of the inverted wire cup
during the sociability phase test. Time spent in each chamber and number of entries into
each chamber were calculated by the automated software, based on the movements of the
subject mouse in sequentially breaking and unbreaking a series of photocell beams
embedded in the openings between chambers. Number of entries served as a within-task
control for levels of general exploratory locomotion. Lack of innate side preference was
confirmed during the initial 10 minutes of habituation to the entire arena. After both stimuli
were positioned, the doors were simultaneously re-opened and the subject was allowed
access to all three chambers for 10 minutes. An observer uninformed of the genotypes
scored the videos with a stopwatch for cumulative time in which the subject mouse sniffed
the target mouse. At the end of each testing day, test chambers were thoroughly cleaned with
Alconox (Alconox, White Plains, NY) detergent diluted with warm water, followed by
extensive rinsing with hot water and air drying.

Olfactory habituation/dishabituation—The ability to discriminate non-social and
social odors was measured using modifications of the olfactory habituation/dishabituation
task, as previously described (Wrenn et al., 2003, Crawley et al., 2007, Stack et al., 2008,
Yang and Crawley, 2009). Subjects were individually tested for time spent sniffing cotton
tipped swabs (6 in. length, Solon Manufacturing Company, Solon, Maine) suspended from
the cage lid. The olfactory cues were designed to measure familiar and unfamiliar odors,
with and without social valence. Sequences of three identical swabs assayed habituation to
the same odor. Switching to a different odor on the swab assayed dishabituation, i.e.
recognition that an odor is new. Swabs were dipped in (1) distilled water, (2) almond extract
(McCormick, Hunt Valley, MD; 1:100 dilution), (3) banana flavoring (McCormick, Hunt
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Valley, MD; 1:100 dilution), (4) wiped in a zig-zag pattern across the bottom surface of a
plastic cage that contained four unfamiliar mice of a different strain, 129S1/SvImJ, but the
same sex (social odor 1) (5) wiped in a zig-zag pattern across the bottom surface of a second
plastic cage of four unfamiliar mice of another different strain, FVBS/Ant, but the same sex
(social odor 2). The order of swab presentation was: water, water, water, almond, almond,
almond, banana, banana, banana, social odor 1, social odor 1, social odor 1, social odor 2,
social odor 2, and social odor 2. Time spent sniffing the swab was quantitated with a
stopwatch by an observer uninformed of genotypes of the subject mouse. Sniffing was
scored when the nose was within 2 cm of the cotton swab. Each swab was presented for a 2
min period, immediately following the last swab presentation, for a total session length of
approximately 30 min per mouse. Each test session was conducted in a clean mouse cage
containing fresh litter.

Self-grooming—Mice were scored for spontaneous grooming behaviors as previously
described (Yang et al., 2007b, McFarlane et al., 2008). Each mouse was placed individually
into a standard mouse cage, (46 cm length × 23.5 cm wide × 20 cm high), illuminated at ∼
40 lux. A thin (1 cm) layer of bedding reduced neophobia, while preventing digging, a
potentially competing behavior. A front mounted CCTV camera (Security Cameras Direct,
Luling, TX) was placed approximately 1 meter from the cages to record the sessions. After a
5-minute habituation period in the test cage, each mouse was scored with a stopwatch for 10
minutes for cumulative time spent grooming all body regions. A trained observer
uninformed of the genotypes scored the videos.

Open field locomotion—General exploratory locomotion in a novel open field
environment was assessed as previously described (Holmes et al., 2001, Holmes et al., 2002,
Holmes et al., 2003a, Holmes et al., 2003d, Bailey et al., 2007, Chadman et al., 2008,
Karlsson et al., 2008, Silverman et al., 2010). Individual mice were placed in a VersaMax
Animal Activity Monitoring System (AccuScan Instruments, Columbus, OH, USA) for a
30-minute test session. The testing room was illuminated with overhead lighting at ∼ 200
lux. The chambers consisted of clear Plexiglas sides and floor, approximately 40 × 40 × 30.5
cm. Mice were placed in the center of the open field at the initiation of the testing session.
Photocells at standard heights for recording activity were aligned 8 to a side, dividing the
chamber into 64 equal squares. Horizontal activity, total distance, vertical activity and center
time were automatically collected using the Versamax activity monitor and analyzer
software system. Test chambers were cleaned with 70% ethanol between test subjects. At
least five minutes between cleaning and the start of the next session was allowed for ethanol
evaporation and odor dissipation.

Accelerating rotarod—Motor coordination, balance, and motor learning were assessed
using an accelerating rotarod (Ugo Basile, Schwenksville, PA) as previously described
(Holmes et al., 2001, Paylor et al., 2006). Mice were placed on a cylinder which slowly
accelerated from 4 to 40 revolutions per minute over a 5 minute (300 second) test session.
The task requires the mice to walk forward in order to remain on top of the rotating cylinder
rod. Mice were given 3 trials per day with a 30–60 minute intertrial rest interval. Mice were
tested over two consecutive days for a total of 6 trials. Latency to fall was recorded with a
300 second maximum latency.

Inverted wire hang—The wire hang test, used to evaluate limb strength, was performed
as described previously (McDonald et al., 2001). The task was performed by placing the
mouse on the wire bars of a standard mouse cage lid, allowing the mouse to obtain its grip
and then swiftly inverting the lid over an empty mouse cage to avoid injury. Latency to fall
into the empty cage was measured with a stopwatch over a 60 second maximum test session.
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Mice that fell in less than 10 seconds were given a second trial. A clean wire lid was used
for each mouse. The trained experimenter was uninformed of genotypes.

Elevated plus-maze—The elevated plus-maze test was performed as previously
described (Holmes et al., 2001, Holmes et al., 2002, Holmes et al., 2003d, Bailey et al.,
2007, Karlsson et al., 2008). The apparatus (San Diego Instruments, San Diego, CA) was
comprised of two open arms (30 × 5 cm2) and two closed arms (30 × 5 × 15 cm3) that
extended from a common central platform (5 × 5 cm2). A small raised lip (0.25 cm) around
the edges of the open arms helped prevent mice from slipping off. The apparatus was
constructed from polypropylene and Plexiglas, with a white floor and clear walls, and
elevated to a height of 38 cm above floor level. One hour after bringing the mice to the
testing facility, each mouse was placed on the center square facing an open arm and allowed
to freely explore the apparatus under a light intensity of ∼ 30 lux for 5 minutes. The 5 min
session was recorded by a top mounted CCTV camera (Security Cameras Direct, Luling,
TX), placed approximately 1 meter from the maze. The maze was cleaned with 70% ethanol
and water between subjects, with at least five minutes between cleaning and the start of the
next test session, to allow for ethanol evaporation and clearance of ethanol vapor odors.
Each 5 minute session was scored by a trained observer using Noldus Observer 8.0 XT
software (Noldus Information Technology, Leesburg, VA). Behaviors scored were time
spent in the open arms, number of open arm entries, and number of open and closed arm
entries combined to give a total entries measure of general exploratory activity. An open or
closed arm entry was defined as all four paws into an arm. A center entry was defined as
both forepaws being placed into the center.

Light ↔ dark exploration test—The light ↔ dark exploration test was conducted as
previously described (Crawley and Goodwin, 1980, Mathis et al., 1995, Holmes et al., 2001,
Holmes et al., 2002, Holmes et al., 2003b, Holmes et al., 2003c, Holmes et al., 2003d,
Karlsson et al., 2008). The apparatus consisted of a polypropylene cage (44 × 21 × 21 cm3)
separated into two compartments by a partition, with a rectangular opening (12 × 5 cm2) at
floor level. The larger compartment (28 cm long) was open topped, transparent, and lit using
overhead fluorescent ceiling lights (∼400 lux). The smaller compartment (14 cm long) had
black painted sides and was covered at the top with black Plexiglas, creating a closed dark
space (∼ 5 lux). The subject mouse was individually placed in the light compartment, facing
away from the partition, and allowed to freely explore the apparatus for 10 min. The
apparatus was cleaned with 70% ethanol after each subject. The number of transitions, i.e.
entries between the two compartments, and the total time spent in the dark compartment
were detected by photocells located within the partition, across the opening between the two
chambers. Data from the beam breaks were automatically analyzed by dedicated software
(fabricated by Bruce Smith, George Dold, and co-workers, Research Services Branch, NIH,
Bethesda, MD). The latency to enter the dark side was scored by a trained observer using a
stopwatch.

Acoustic startle threshold—Acoustic startle was measured in separate experiments
using the SR-Lab System (San Diego Instruments, San Diego, CA) as previously described
(Paylor and Crawley, 1997, Chadman et al., 2008). Test sessions began by placing the
mouse in the Plexiglas holding cylinder for a 5-minute acclimation period. Over the next 8
minutes, mice were presented with each of six trial types across five discrete blocks of trials
for a total of 30 trials. The intertrial interval was 10-20 s. One trial type measured the
response to no stimulus (baseline movement). The other five trial types measured the
response to a startle stimulus alone, consisting of a 40 millisecond (ms) sound burst of 80,
90, 100, 110 or 120 dB. Startle amplitude was measured every 1 ms over a 65 ms period
beginning at the onset of the startle stimulus. The maximum startle amplitude over this
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sampling period was taken as the dependent variable. A background noise level of 70 dB
was maintained over the duration of the test session.

Prepulse inhibition of acoustic startle—Prepulse inhibition of acoustic startle was
conducted as previously described (Paylor and Crawley, 1997, Dulawa and Geyer, 2000,
Holmes et al., 2001, Chadman et al., 2008). Test sessions began by placing the mouse in the
Plexiglas holding cylinder for a 5-minute acclimation period. Over the next 10.5 minutes,
mice were presented with each of seven trial types across six discrete blocks of trials for a
total of 42 trials. The intertrial interval was 10-20 s. One trial type measured the response to
no stimulus (baseline movement) and another measured the response to the startle stimulus
alone (acoustic startle response) which was a 40 ms 110 dB sound burst. The other five trial
types were acoustic prepulse plus acoustic startle stimulus trials. Prepulse tones were 20 ms
at 74, 78, 82, 86, and 90 dB, presented 100 ms prior to the 110 dB startle stimulus. Startle
amplitude was measured every 1 ms over a 65 ms period beginning at the onset of the startle
stimulus. The maximum startle amplitude over this sampling period was taken as the
dependent variable. A background noise level of 70 dB was maintained over the duration of
the test session.

Hot plate pain sensitivity—Response to an acute thermal stimulus was measured using
the hot plate test as described previously (Blakeman et al., 2003, Wiesenfeld-Hallin et al.,
2005, Bailey et al., 2007, Chadman et al., 2008). The mouse was placed on a flat, black
metal surface (IITC Life Science, Inc., Woodland Hills, CA) maintained at 55 °C and
surrounded by a square transparent plexiglass barrier to prevent jumping off. The latency to
the first paw lick, jump or vocalization was measured by an observer using a foot pedal-
controlled timer. A maximum cut-off time of 30 s was used to prevent the risk of tissue
damage to the paws.

Tail flick pain assessment—Response to thermal stimulation of the tail was conducted
as previously described (Blakeman et al., 2003, Wiesenfeld-Hallin et al., 2005, Bailey et al.,
2007, Chadman et al., 2008). Mice were gently held in place with the tail lying along the
groove of the tail-flick monitor (Columbus Instruments, Columbus, OH). An intense
photobeam was directed at the tail. The latency for the mouse to move its tail out of the path
of the beam was timed automatically by the apparatus. To prevent any tissue damage there
was a maximum cutoff latency of 10 seconds.

General health and neurological reflexes—General health was evaluated using
measures described previously (Crawley and Paylor, 1997, Bailey et al., 2007, Crawley,
2007). General health assessment included assessing physical condition of fur and whiskers
as well as limb and body tone. Empty cage behaviors were scored by placing the mouse into
a clean, empty cage and noting incidents of wild running, stereotypies, and excessive
exploration levels. Neurological reflex tests included forepaw reaching, righting reflex,
trunk curl, whisker twitch, pinnae response, eyeblink response and auditory startle. The
reactivity level of the mice was assessed with tests measuring responsiveness to petting,
intensity of a dowel biting response and level of vocalization during handling. Home cage
observations involved scoring the activity of all mice in a home cage for approximately 15-
minute at three different daily time points (9:00 am, 3:00 pm, and 8:00 pm). The
experimenter scored incidence of excessive fighting, grooming, stereotypies, isolated mice,
lack of huddling and quality of nest building.

Statistical analysis
Genotype differences were analyzed with a one-way analysis of variance (ANOVA).
Significant ANOVA results were followed by Bonferroni-Dunn posthoc analysis for the
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light ↔ dark exploration task, elevated plus-maze, juvenile play, hot plate and tail flick pain
assessments, inverted wire hang and repetitive self-grooming. Acoustic startle threshold,
prepulse inhibition, accelerating rotarod, open field locomotion and olfactory habituation/
dishabituation were analyzed using a Repeated Measures ANOVA. Significant Repeated
Measures ANOVA results were followed by a Student-Newman-Keuls' analysis, where
applicable, via StatView statistical software (Citewise.com, Acton, MA) and SigmaPlot
version 11.0 (Systat Inc., San Jose, CA). Measures of general health and neurological
reflexes that utilized continuous variables, such as temperature and weight, were analyzed
with a one-way ANOVA followed by a Bonferroni-Dunn post-hoc, where applicable.
Measures of general health and neurological reflexes that utilized a rating of present or
absent were analyzed for genotype differences using a Chi-squared statistic. Reflexes or
physical parameters that were rated on a 3-point ranking scale were analyzed using a non-
parametric Kruskal- Wallis for ranks ANOVA. Social approach was analyzed using a within
groups Repeated Measures ANOVA, to compare time spent in the side chambers in the
sociability test. Since the times spent in each of the three chambers added to 10 minutes, and
therefore were not independent, the test condition factor compared time spent only in the
right versus left chambers. Center chamber times are shown in the graphs for illustrative
purposes. Time spent sniffing the novel object versus the novel mouse and entries into the
side chambers were similarly analyzed using within groups Repeated Measures ANOVA.
Since the inbred hybrid B6/Jae mice were not littermates of the Shank1 mice, data collected
from this group are shown for illustrative purposes but were not included in statistical
analyses, except in the case of social approach, as part of the within genotype comparisons.
All data were graphed using SigmaPlot version 11.0 (Systat Inc., San Jose, CA).
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Figure 1. Shank1 mice exhibit normal juvenile reciprocal social interaction behaviors
Juvenile social interaction between pairs consisting of a Shank 1 +/+, +/- or -/- mouse, age
19-22 days, with an unfamiliar sex and age-matched B6 control mouse. No significant
differences were detected between the genotypes on the number of bouts of A) nose-to-nose
sniff, B) anogenital sniff, C) body sniff, D) push and crawl, E) pushing past, and F) follow.
N=9 per genotype. Data are shown as mean + standard error of the mean throughout Figures
1-10.
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Figure 2. Sociability in Shank1 mice
Adult sociability, assayed in an automated photocell-equipped three-chambered arena,
revealed unpredicted confounds. A) None of the Shank1 genotypes displayed normal
sociability, defined as more time in the side chamber with the novel mouse than in the side
chamber with the novel object. In contrast, control mice from the hybrid background B6/Jae,
used to breed the Shank1 mutation, displayed normal sociability for time in the chamber
containing the novel mouse versus time in the chamber containing the novel object. * p <
0.05. B) Shank1 -/- and B6/Jae displayed significantly more time spent sniffing the novel
mouse than time spent sniffing the novel object. C) No genotype differences were seen in
the number of entries into the either the left or right side chambers. D) No innate chamber
side bias was present in any group during the 10 minute habituation phase before the start of
the sociability test. N=15 +/+; N =8 +/-; N=17 -/-; N=12 B6/Jae.
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Figure 3. No deficits in non-social and social olfactory capabilities in Shank1 mice
Olfactory habituation/dishabituation confirmed normal olfactory abilities in all three
genotypes of Shank1 mice for non-social and social odors. All genotypes displayed
significant habituation and dishabituation to non-social and social odors. The first
presentation of a water-soaked swab elicited moderate sniffing that declined across the
second and third exposure to water (habituation). The next presentation, a swab soaked in
almond extract, elicited significantly more sniffing (dishabituation), which declined across
the second and third presentation of the almond odor (habituation). Similarly, sniffing
resumed at a high level to the next new odor, a swab soaked in banana flavoring
(dishabituation), and declined across the three banana presentations (habituation). Shank1 +/
+ mice sniffed the banana odor for a greater length of time compared to +/- and -/-
littermates on the first trial. # p < 0.05. The next presentation, a swab soaked in almond
extract, elicited significantly more sniffing (dishabituation), which declined across the
second and third presentation of the almond odor (habituation). The next presentation, a
social odor swab wiped across the bottom surface of a plastic cage that contained four
unfamiliar mice of the same sex but a different strain, 129S1/SvImJ, elicited significantly
more sniffing (dishabituation), which declined across the second and third presentation of
this first social odor (habituation). The final presentation, a swab wiped across the bottom
surface of a plastic cage that contained a second set of four unfamiliar mice of the same sex
but a different strain, FVBS/Ant, elicited significantly more sniffing (dishabituation), which
declined across the second and third presentation of the second social odor (habituation).
N=15 +/+; N =18 +/-; N=14 -/-.
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Figure 4. Shank1 mice did not exhibit genotype differences in repetitive self-grooming
Cumulative time spent self-grooming was scored over a 10 minute session in a clean, empty
mouse cage. Shank1 +/+, +/- and -/- mice did not differ on the amount of time spent self-
grooming during a ten minute testing session. N=9 +/+; N =12 +/-; N=11 -/-; N=10 B6/Jae.
The background strain, B6/Jae, scores are provided for illustrative purposes.
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Figure 5. Mild anxiety-related behavior in Shank1 null mutant mice in the light ↔ dark test
Basal performance on an anxiety-related task, light ↔ dark exploration A) Shank1 null -/-
mutants displayed reduced transitions between the light and dark compartments of the test
apparatus compared to +/+ and +/- littermates. * p < 0.05. B) No significant differences were
detected across Shank1 genotypes on time spent in the dark chamber. C) No significant
differences were detected across Shank1 genotypes on latency to enter the dark portion of
the apparatus. N=13 +/+; N =15 +/-; N=14 -/-; N=14 B6/Jae. Scores for the background
strain, B6/Jae, are provided for illustrative purposes but were not included in the statistical
analysis.
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Figure 6. No genotype differences in anxiety-like behaviors on the elevated plus-maze
Elevated plus-maze data revealed no significant genotype differences in A) percentage of
time spent on the open segments, B) entries into the open arm segments, C) total entries.
N=13 +/+; N=15 +/-; N=14 -/-; N=14 B6/Jae. Score for the background strain, B6/Jae, are
provided for illustrative purposes.
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Figure 7. Shank1 null mutants display reduced exploratory locomotion in a novel open field
Total distance, center time, horizontal activity and vertical activity and were assayed in 5-
minute time bins across a 30 minute session in a novel open field arena, for the three Shank1
genotypes and hybrid background mice, B6/Jae. A) Shank1 null mutants -/- traversed less
total distance in a novel open field as compared to +/+ and +/- littermates. * p < 0.05. B)
Shank1 null mutants -/- spent less time in the center of the open field as compared to +/+
littermates. * p < 0.05. C) Horizontal activity did not differ across genotypes and D) vertical
activity did not differ across genotypes. N=14 +/+; N=14 +/-; N=14 -/-; N=10 B6/Jae.
Scores for the hybrid background mice, B6/Jae, are provided for illustrative purposes.
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Figure 8. Reduced motor coordination, balance and neuromuscular strength in Shank1 null
mutant mice
Motor coordination, balance, and neuromuscular strength were assayed. Latency to fall from
an accelerating rotarod was recorded with a 300 second maximum latency. Each subject was
given 6 total trials over two days, 3 trials per day, with a 30–60 minute intertrial interval.
Latency to fall from an inverted wire mouse cage lid was recorded with a 60 second
maximum hang time. A) Shank1 null mutants -/- fell from the accelerating rotarod faster
than +/+ and +/- littermates. * p < 0.05. N=16 +/+; N=23 +/-; N=21 -/-. B) Shank1 null
mutants -/- fell from the inverted wire mouse cage lid faster than +/+ and +/- littermates. * p
< 0.05. N=15 +/+; N=12 +/-; N=11 -/-; N=10 B6/Jae. Scores for the hybrid background
mice, B6/Jae, are provided for illustrative purposes.
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Figure 9. No genotype differences in acoustic startle or prepulse inhibition sensorimotor gating
A) No genotype differences were observed in the acoustic startle response at 6 dB levels. B)
No genotype differences were observed in prepulse inhibition of acoustic startle at any
prepulse level. N=9 +/+; N =9 +/-; N=13 -/-.
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Figure 10. Normal pain sensitivity in Shank1 mice
Responsiveness to painful stimuli was measured using the hot plate and tail flick tasks. No
genotype differences were observed for A) latency to jump, lick or vocalize in the hot plate
task. N=10 +/+; N=8 +/-; N=10 -/-; N=10 B6/Jae. No genotype differences were observed
for B) latency to flick the tail out of the path of an intense light beam. N=8 +/+; N=12 +/-;
N=10 -/-; N=10 B6/Jae. Scores for the genetic background mice, B6/Jae, are provided for
illustrative purposes.
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