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Introduction

Autism Spectrum Disorder (ASD) is a set of neurodevelopmental disorders characterized by 

a complex behavioral phenotype, encompassing deficits in both social and cognitive 

domains. The core symptoms are heterogeneous, and range from atypical social interactions 

and language impairments to repetitive behaviors (American Psychiatric Association, 2013). 

To date, causal mechanisms underlying ASD remain poorly understood, but likely include a 

complex combination of polygenic and environmental risk factors (Moreno-De-Luca, 2013).

There is a strong genetic influence in ASD, with heritability rates ranging from 70-90% 

(Bailey et al., 1995; Rosenberg et al., 2009; Steffenburg et al., 1989). However, much is still 

unknown about the genetic contribution. It is suggested that over a 1,000 genes are involved 

in ASD, reflecting a complex genetic architecture (DeRubeis et al., 2014). Notably, most of 

the genes identified have been shown to play a critical role in neurodevelopment, and in fact 

converge onto several core functional pathways. These can be roughly divided into two 

major categories: synaptic transmission and excitation/inhibition imbalance; and gene 

expression involved in transcription/translation (Bourgeron, 2015, for review; Ey, Leblond & 

Bourgeron, 2011). This is consistent with evidence that genetic mutations associated with 

ASD influence the structure and the turnover of synapses at different levels, including 

increasing or decreasing synaptic strength or numbers. Disruption of synapses and signal 

transmission that alters neuronal connectivity in the brain could in turn mediate functional 

changes associated with ASD (Auerbach, Osterweil & Bear, 2011; Hahamy, Behrmann, & 

Malach, 2015). Recent pathway network analyses, coupled with genome-wide association 

studies of autism, reveal the calcium signaling pathway to be the most affected, suggesting 

that it is highly involved in the molecular basis of ASD (Skafidas et al., 2014; Wen, 

Alshikho & Herbert, 2016; Wittkoski et al., 2014). Genes associated with calcium channels 

modulate neuronal function by mediating influx of calcium into neurons (and thus 
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neurotransmitter release), intracellular signaling, and gene transcription. Disruption to any of 

these can interfere with the neurodevelopmental trajectory.

Among identified ASD risk genes, calcium voltage-gated channel subunit alpha1 C 

(CACNA1C) has been associated with disorders such as bipolar disorder, schizophrenia, 

major depression, and more recently ASD (Bhat et al., 2012, for review; Li et al., 2015). A 

single de novo missense mutation to the 8A exon of CACNA1C gene (which codes for the 

voltage-gated L-type Ca2+ channel (Cav1.2)) results in a rare multisystem disorder known 

as Timothy syndrome (TS) (Splawski et al. 2004). This mutation sharply reduces calcium 

channel inactivation, which may lead to heightened Ca2+ influx (Barrett & Tsien, 2008; 

Splawski et al., 2004). TS is strongly associated with cardiac arrhythmias, ASD, and 

neurological dysfunctions that include language impairments, seizures and intellectual 

disability. All individuals with TS exhibit proarrhythmic prolongation of the cardiac action 

potential, which generally results in sudden cardiac death at a young age (Splawski et al. 

2004). Therefore, it has been challenging to study the basic mechanism of TS in humans, 

including how this mutation leads to a high co-morbidity with ASD. A genetically 

engineered knock-in mouse with a heterogeneous TS2 (G406R) mutation in the L-type 

calcium channel containing a neomycin resistance cassette was developed to study this 

condition (Bader et al., 2011). The resulting mouse model (TS2-neo knock-in) provides a 

platform to investigate the role of calcium channel inactivation and calcium signaling in 

atypical brain development, and in the expression of ASD-like behaviors. Previous 

behavioral studies on TS2-neo mice found that these animals' exhibit normal general health 

and anxiety levels, but display a strong autistic phenotype indicated by restricted and 

repetitive behaviors, altered social behavior, and decreased ultrasonic vocalizations (Bader et 

al., 2011; Bett et al., 2012).

Understanding the causes of ASD will allow for earlier detection and more refined 

intervention. However, efforts have been hindered by the heterogeneity and complicated 

genetic and environmental influences implicated. The study of transgenic mouse models 

allows us to assess the role of individual genes in modulating biological and behaviorally 

phenotypes relevant to ASD. Numerous mouse models targeting ASD risk genes have been 

used to behaviorally phenotype core symptoms of ASD, and particularly repetitive and 

abnormal social behaviors. One area that has not been well explored involves “splinter 

skills,” or enhanced discrimination of local details within perceptual information among 

individuals with ASD (Bertone et al. 2005; Plaisted et al. 2003). Superior performance in 

ASD individuals has been shown in low-level visual perceptual tasks such as visual search 

(O'Riordan, Plaisted, Driver, & Baron-Cohen, 2001; Plaisted, O'Riordan, & BaronCohen, 

1998) and discrimination tasks (Plaisted et al., 1998). Also seen are specific enhancements 

in pitch discrimination among those with ASD (Bonnel et al. 2010, 2003; Eigsti & Fein, 

2013; Heaton and Heaton 2003, 2005; Jones et al. 2009; O'Riordan & Plaisted 2001). A 

more recent study also found superior auditory performance on detecting perceptual features 

of pitch and timing in individuals with autistic traits (Stewart, Griffiths, Grube, 2015). These 

aberrant perceptual processing may relate to the core features of ASD, for example social 

and communication deficits. However, little animal research has focused on the low-level 

perceptual enhancements seen in ASD, even though they may impact higher-level cognition 

and behavior.
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The purpose of the current study was to behaviorally characterize TS2-neo mice by 

assessing their performance on a wide variety of behavioral paradigms, including replication 

of findings that support the TS2-neo as a valid platform for studying ASD-like behavior. In 

addition to examining core social and repetitive anomalies, we sought to focus on basic 

perceptual processing in the auditory domain. All subjects underwent various tasks 

evaluating their motor coordination, auditory processing, social behaviors, and learning and 

memory. Following behavioral assessment subjects underwent neuroanatomical analysis of 

white matter tracts, as well as the medial geniculate nucleus (MGN), since these structures 

are known to be critical to many behaviors that are affected in ASD.

Method

Subjects

Twelve male TS2-neo mice (B6.Cg-Cacna1ctm2Itl/J; stock number 019547) and 12 matched 

male wild type (WT) controls (C57BL/6J; stock number 000664) were obtained from The 

Jackson Laboratory (Bar Harbor, ME). The TS2-neo mouse model has the G406R mutation 

associated with severe Timothy Syndrome (TS2) and an inverted neomycin resistance 

cassette, all inserted at the end of exon 8 of the CaV1.2 L-type calcium channel locus 

(Cacna1c) (for more detail on the development of the TS2-neo mouse model see Bader et 

al., 2011; Bett et al., 2012). The TS2-neo mice do not display any gross behavioral 

abnormalities in vision, olfaction, or motor strength, thus replicating reports by Bett el al., 

(2012). Subjects were delivered to the University of Connecticut, Department of Psychology 

in two separate cohorts (Cohort 1: 6 TS2-neo, 6 WT mice; Cohort 2: 6 TS2-neo, 6 WT mice, 

all mice received at 7 weeks). All subjects were single-housed in standard mouse tubs (12 

h/12 h light/dark cycle), with food and water ad libitum. All behavioral testing occurred 

during the light cycle. At the start of testing, animals were between the ages of postnatal day 

(P) 55 – P57. Procedures were performed blind to Genotype, and in compliance with the 

National Institutes of Health and University of Connecticut's Institutional Animal Care and 

Use Committee (IACUC).

Procedure

Rotarod P57-P61

Subjects were assessed at age P57 for sensorimotor ability and motor learning using a 

rotarod task. All mice were habituated to the rotarod a day prior to testing, where they were 

placed on a rotating cylindrical drum that was held at a constant speed of 4 rotations per 

minute. Subjects underwent 4 trials that maxed out at 2 minutes. Testing began the following 

day with subjects placed on a rotating cylindrical drum that accelerated from 4 to 40 

rotations per minute across 2 minutes. Four trials were administered per day, across five 

consecutive days. Latency to fall from the rotating drum was averaged across the four trials 

for each day.

Auditory Processing P70 – P105

Subjects then advanced to auditory processing testing, which utilizes a modified pre-pulse 

inhibition paradigm (see Fitch et al., 2008 for review). Subjects were placed on individual 
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load-cell platforms (Med Associates, St. Albans, VT) and presented with auditory stimuli 

generated using RPvdsEx on a Dell Pentium D PC and RZ6 multifunction processor (Tucker 

Davis Technologies, Alachua, FL). Sounds were amplified using a Niles SI-1260 Integration 

Amplifier (Niles Audio Corp., Carlsbad, CA) and delivered through powered Yamaha YHT-

M100 speakers (Buena Park, CA). The acoustic startle reflex (ASR; a reflexive response 

elicited by an unexpected, intense stimulus) was recorded by an iMac 7.1 running 

Acknowledge 4.1, and obtained via the voltage output from each load cell platform through 

a linear amplifier (PHM-250U; Med Associates, St. Albans, VT) connected to a Biopac 

MP150 acquisition system (Biopac Systems, Goleta, CA). The modified pre-pulse inhibition 

paradigm measured differences in ASR to a loud startle-eliciting stimulus (SES; 105dB, 50 

ms, broadband white noise burst (1kHz-10kHz)) when presented with or without a preceding 

acoustic cue. The ASR difference on cued versus uncued trials provided a measure of cue 

detection and/or discrimination. If the auditory cue was detected, a reduction (attenuation) in 

the ASR was expected relative to the ASR elicited when the auditory cue was not present (or 

not detected). This phenomenon was quantified using an “attenuation score” (ATT) that 

compared the average amplitude of the ASR from the cued trial to the average ASR of the 

uncued trial ([average cued ASR/average uncued ASR]*100).

Normal Single Tone P70

Animals were initially tested on Normal Single Tone (NST) to measure baseline pre-pulse 

inhibition and auditory ability (P70). This auditory PPI control task was used to establish 

whether subjects exhibited hearing deficits and/or impaired gross motor reflexes that could 

confound other auditory PPI tests, and provided an index of baseline auditory pre-pulse 

inhibition ability across test groups. Testing sessions consisted of 104 pseudorandomly 

presented cued and uncued trials at inter-trial intervals (ITI) of varying duration (16–24 s). 

The task comprised a silent background and a simple single tone cue (50 ms, 75 dB, 8,000 

Hz tone) presented 50 ms prior to the 50 ms, 105 dB SES. All subjects were able to perform 

this task, and therefore were used for further auditory processing evaluation.

Embedded Tone P71-P83

The variable duration Embedded Tone (EBT) task (300 sequential pseudorandom trials) 

assessed ability to detect a change in tone frequency relative to a standard background tone 

(cue was a variable duration 5.6 kHz pure tone embedded in a 10.5 kHz background pure 

tone). On cued trials, the cue was presented 100 ms before the SES, while uncued trials used 

a “cue” of 0 ms. Two EBT tasks were used in this study – a long-duration EBT (0 ms to 100 

ms), and a short-duration EBT (0 ms to 10 ms). A range of cue durations were used to 

evaluate specific thresholds for performance differences between the genotypes, since 

groups might perform comparably on longer durations yet differ on shorter durations (which 

are more difficult to detect). Using a range of cue durations enables ascertainment of 

stimulus features that all animals can discriminate (ceiling), that no animals can discriminate 

(basement), as well as any group differences in the mid-range. Both EBT tasks were 

administered for five consecutive days (P71-P83).
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Silent Gap P86-P98

A Silent Gap (SG) task was used to assess ability to detect silent breaks in continuous white 

noise (P86 to P98). A session included 300 trials with a continuous 75 dB broadband white 

noise background, with pseudorandomized cued and uncued trials. On cued trials, a silent 

gap of variable duration (0-100 ms or 0-10 ms) was presented 100 ms before the SES, while 

a “0 ms” trial served as the uncued condition. Subjects were tested on the Silent Gap task for 

five consecutive days using both versions of the task.

Pitch Discrimination P101-P105

Pitch discrimination testing also took place across five consecutive days of testing (300 

trials/day). This task assessed ability to detect very small changes in pitch embedded in a 

background tone. A variable ITI (16–24s) was used, and the cue was a 300 ms, 75 dB tone 

of variable frequency embedded in a standard 75 dB, 10500 Hz background pure tone (2 ms 

up/down linear frequency ramp) prior to the SES. The experimental frequencies used for the 

pitch discrimination task deviated from the standard background frequency by as much as 75 

Hz, to as little as 5 Hz. Uncued trials did not include a frequency deviant prior to the SES.

Three-Chamber Social Interaction – P107-P110

The Three-Chamber test was used to assess general sociability as well as social recognition. 

This test derives from observations that healthy wild-type mice typically prefer to spend 

time with a conspecific (social stimulus) rather than an object (non-social stimulus). After a 

5 min habituation period, the subjects were allowed to freely explore three chambers, with 

one containing another “stranger” mouse, and another chamber on the opposite side 

containing a novel object. The subject was placed into the middle (empty) chamber and was 

able to freely explore all the chambers for 10 min. Next we placed an unfamiliar conspecific 

mouse (“stranger 2”) where the novel object was previously located, and subjects were given 

another 10 min to explore the chambers. The percent time spent interacting with the mouse 

during the social preference phase, and percent time spent interacting with the novel mouse 

during the social recognition phase, were recorded and analyzed.

Social Dominance – Tube Test P113-P116

The Tube Test was administered to evaluate social dominance/aggression. The tube used for 

this task was a clear plexiglas tube (length 30.5cm; outer diameter 4.5cm; inner diameter 

3.5cm). This narrow space is just sufficient for a mouse to walk through without being able 

to reverse direction. Mice were trained to walk through the tube before testing. A WT and a 

mutant mouse were randomly paired on different sides of the tube (balanced), and released 

at the same time into the tube. The mouse that forced the other mouse to back out of the tube 

was considered the “winner” of the trial (recorded for analysis). Each mouse underwent 4 

trials paired with a different randomly assigned subject and the percentage of wins was 

calculated and analyzed. Mice were not paired within Genotype since by definition this 

would yield a score of 50%.
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Marble Burying P115-P118

Subjects were placed in a standard polycarbonate cage (26 cm × 48 cm × 20 cm) filled with 

fresh mouse bedding (5cm deep) for the marble burying test. Standard glass toy marbles 

(assorted styles and colors, 15 mm diameter, 5.2 g in weight) were placed on the surface of 

the bedding in 3 rows of 7 marbles. A marble was considered buried if at the end of the 45 

minute session the marble was more than half-way covered by bedding. Subjects were given 

45 minutes to explore the area; number of marbles buried were reported and used for 

analysis.

Vocalizations during male-female interactions P122-P126

Adult male vocalizations were recorded during individual male-female pair social 

interactions. Male mice produce ultrasonic vocalizations when they are in the presence of a 

female (and particularly during estrus), or when they detect a female's urinary estrus 

pheromones. We measured the vocalization emission of all subjects when exposed to 

accumulated seven-day dirty bedding obtained from mature, age-matched C57 female. 

Bedding from seven-days was used to ensure inclusion of estrus phase (4 day cycle). That 

same female was free moving in the cage with the male subject during recording. On 

P122-126 male subjects were individually placed in a standard laboratory cage filled with 

bedding, dirty bedding and a freely moving female. Only WT females were used to avoid 

confounds. Vocalizations were recorded for 5 minutes using a 1/4 inch condenser 

microphone (Brüel & Kjær type 4136, Nærum, Denmark) suspended 10 cm above the test 

subject. The microphone signal was preamplified with a Brüel & Kjær type 2619 

preamplifier and then amplified using a Brüel & Kjær type 2636 amplifier (Brüel & Kjær, 

Nærum, Denmark). The signal was digitized at a sampling rate of 200 kHz using a Tucker 

Davis Technologies (Alachua, FL) multifunction processor (RZ6) and saved as a .wav file 

using a custom MATLAB program (MathWorks, Natick, MA) on a Dell Pentium IV PC. 

Recorded sound waveforms were visualized and assessed using Adobe Audition (Adobe, 

San Jose, CA). Total time spent vocalizing was calculated by extracting vocalization 

intervals (continuous vocalization epochs, 200 ms apart) from periods of silence (no 

vocalizations). Time spent vocalizing was binned into minute periods across the 5 minute 

male-female interaction. Since females vocalize little in the presence of males, all recorded 

vocalizations were presumed to reflect the male subject (D'Amato & Moles, 2001; Moles et 

al., 2007; Wang et al., 2008).

Water Maze Testing P127-150

Subjects were initially tested on a water escape to assess any underlying impairments that 

might confound further maze testing (i.e., deficits in motivation, swimming, or visual 

acuity). Subjects were placed in the far end of an oval tub (103 cm × 55.5 cm) filled with 

room temperature water, and given 45 seconds to swim to a visible escape platform (8.5 cm 

in diameter; 1 cm above water surface) at the opposite end of the tub. Latencies to reach the 

visible platform were recorded. None of the subjects displayed any impairment on this task, 

and thus all proceeded to Morris water maze testing.

The Morris water maze is a behavioral task commonly used to assess spatial learning and 

memory, and specifically the ability to locate the position of a submerged escape platform 
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using extra maze cues. Beginning on P129, subjects were tested on the Morris water maze 

over a span of five consecutive test days (sessions). During each test session, subjects were 

given four trials to locate the submerged platform. For each trial, the subject starting location 

was selected pseudorandomly at one of the four compass locations (i.e. north, south, east, 

and west), with each location used once per test session. Subjects were allowed 45 seconds 

to complete the trial and find the escape platform. If the platform was not located at 45-

seconds, subjects were gently guided to the goal before removal from the maze. The position 

of the hidden platform remained static throughout all five test sessions. Latency to the 

escape platform was measured and recorded using a Sony camera integrated with a SMART 

video-tracking program (Panlab, Barcelona, Spain).

Subjects then progressed to a water version of the 4/8 radial arm maze (adapted from Hyde, 

Hoplight & Denenberg, 1998). This task was used to assess spatial reference and working 

memory ability simultaneously, using a standard 8 arm radial maze with 4 arms baited (i.e., 

containing a submerged goal platform), and 4 arms open but never baited. Configuration of 

goal arms were counterbalanced between subjects but remained fixed per subject across all 

sessions. Additionally, high contrast extra-maze cues were present, and the locations of these 

remained static for the experiment.

The day prior to testing (Day 1), subjects were given a training session where all arms that 

would not contain a platform were blocked, forcing the animals to only enter arms 

containing a platform. Subjects were placed in the start arm and given 120 seconds to locate 

a platform. Every subject completed 4 training trials, and each time they found a platform, 

that platform was removed and the entrance to that arm was blocked. This ensured that the 

subject could no longer enter this arm for the remainder of the training session. If the subject 

failed to find a platform in this window, they were guided to the nearest available goal. Once 

on the platform, subjects remained for 20 seconds and then were removed from the maze to 

their home cage (30 second inter-trial interval; ITI).

Testing began on Day 2 and continued for an additional 14 consecutive days. Here, instead 

of blocking the goal arm of the most recently located platform, the platform was removed 

during the 30 second ITI. However, the arm remained open and unbaited for the remainder 

of the test session. Animals were required to locate all 4 platforms, and thus received 4 test 

trials per day. Test sessions were recorded using a Sony camera integrated with the SMART 

video-tracking program (Panlab, Barcelona, Spain). Total number of errors were recorded 

and used for analysis.

Perfusion and histology P191

At the completion of testing, all 24 subjects were weighed, anesthetized using ketamine 

(100mg/kg) and xylazine (15 mg/kg), and transcardially perfused using a .09% saline 

solution with formalin as the fixative. Brains were extracted and stored in formalin to postfix 

at 4°C. Sixteen tissue samples (8 TS2-neo, 8 WT) were stored long-term to await 

neuroanatomic assessment using a Nissl stain (with remaining tissue used in other 

immunohistochemical analyses).
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Formalin-fixed brains were serially sectioned in the coronal plane at 60 μm using a 

vibratome (Leica VT1000 S). Every second section was mounted on gelatin-subbed slides 

and stained for Nissl bodies using cresyl violet (coverslipped with DPX mounting medium).

Volumetric measures of white matter structures were assessed, including corpus callosum, 

cingulum, external and internal capsule, fornix, and anterior commissure. All prepared 

samples were analyzed using the Stereo Investigator System (MBF Biosciences, Williston, 

VT, USA) integrated with a Zeiss Axio Imager A2 microscope (Carl Zeiss, Thornwood, 

NY). For all structures, volumes were reconstructed from serial area scores using the 

Cavalieri Estimator probe in StereoInvesigator. Neuronal cell populations were estimated 

using the Optical Fractionator probe, with cross sectional neuronal cell area estimated 

concurrently using the Nucleator probe. Neurons were only counted for analysis if the 

nucleolus was in focus and within the appropriate boundaries of the active counting frame 

and dissector depth. A standard stereotaxic atlas was used to determine the borders of the 

MGN for quantification (Lein et al., 2007; Paxinos & Watson, 1986). An average of 8 to 10 

sections per brain was used for white matter tract analysis while an average of 6 sections per 

brain was used for MGN analysis. Volumetric measurements as well as contours of the 

MGN were drawn at 2.5× magnification. Cell size measurements and counts were assessed 

at 100X magnification. A sampling grid size of 200 μm × 200 μm and a 30 μm × 30 μm 

counting frame were used for stereological examination. Estimates for both neuronal cell 

population and neuronal cell area were obtained for left MGN, right MGN, and total (left + 

right) MGN for each subject. All measurements were performed blind to genotype.

Data Analyses

All subjects were used for analysis (WT, n = 12; TS2-neo, n = 12). Group differences on 

rotarod performance were analyzed using a 2 (Genotype; TS2-neo and WT) × 5 (Day) 

repeated measures analysis of variance (ANOVA). Normal Single Tone (baseline control) 

data was examined using a univariate ANOVA comparing TS2-neo and WT attenuation 

scores. Although, there were no significant differences in performance on NST, NST 

attenuation scores were used as a covariate in subsequent statistical analysis to control for 

individual variations in baseline auditory prepulse inhibition (PPI). Differences in 

attenuation (ATT) scores during all auditory tasks (embedded tone, silent gap and pitch 

discrimination) were examined using a 2 × 5 × 9 repeated measures ANOVA with Genotype 

(2 levels: TS2-neo and WT) as the between-subjects variable, and Day (5 levels) and cue (9 

levels) as the within-subjects variable. A univariate ANOVA was performed to analyze 

differences between Genotypes on the following tasks, social interaction, social dominance 

tube task, marble burying, vocalizations and water escape. A repeated measures ANOVA 

was performed to analyze latency to platform in the Morris water maze with Day (5 levels) 

being the within-subject variable and Genotype being the between subjects variable. Average 

total errors were examined for the 4/8 radial water maze, using a 2 × 14 repeated measures 

ANOVA, with Genotype (2 levels: TS2-neo and WT) as the between measure and Days (14 

levels) as the within measure. For neuroanatomical measures, subjects in the Nissl stained 

group (n=16, 8 TS2-neo/8 WT) were used for analysis. Group differences in regional 

volume and cellular measurements (mean cell count and size within defined boundaries) 

were assessed using a univariate ANOVAs. Examination of cell size distribution was 
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conducted using a cumulative percent distribution. To examine group differences in cell size 

distribution, non–parametric analyses with Kolmogorov Smirnov (K-S) tests were conducted 

on the cumulative percent distributions of each Genotype. A bivariate correlation was used 

to examine the relationship between number of neurons and auditory processing 

performance. All statistical analyses were conducted using SPSS 19 with an alpha criterion 

of 0.05, two-tailed.

Results

Rotarod

A repeated measures ANOVA examining average rotarod latency across 5 days of testing 

revealed a main effect of Genotype [F(1,22) = 14.037, p<.05], as well as a Genotype × Day 

interaction [F(4,88) = 8.251, p<.001]. TS2-neo mice showed impaired sensorimotor/motor 

ability, and the lack of improvement across days indicates they failed to show motor learning 

on this task (Fig. 2a).

Auditory Processing

All subjects were initially tested on a normal single tone (NST) task, to establish baseline 

hearing and PPI ability. None of the subjects showed impairments on NST, nor was there a 

main effect of Genotype [F(1,22) = .392, p>.05]. We did however controlled for individual 

variations in baseline auditory prepulse inhibition (PPI) performance using NST attenuation 

scores as a covariate. On the embedded tone (EBT) 0-100 ms task, we found no main effect 

of Genotype [F(1,21) =1.394, p>.05] (Fig 3a), and all subjects were able to discriminate the 

stimuli based on cued/uncued amplitude comparisons. On the more difficult embedded tone 

task (cue durations ranging from 0 to 10 ms, where 0 ms is the uncued condition) we found a 

main effect of Genotype [F(1,21) = 5.388, p<.05], with TS2-neo mice showing enhanced 
detection of the embedded tone cue compared to WTs (Fig. 3b). For silent gap detection we 

assessed performance on the 0-300 ms task, and again saw no main effect of Genotype 

[F(1,21) = .004, p>.05] (Fig. 3c). On the silent gap 0-100 ms task, we found overall worse 

performance (since the task was harder), and also a main effect of Genotype [F(1,21) = 

7.369, p<.05], with TS2-neo mice again demonstrating superior performance on gap 

detection (Fig. 3d). On the pitch discrimination task, we did not find a main effect of 

Genotype [F(1,21) = .731, p>.05].

Three-Chamber Social Interactions

On the three-chamber social interaction tasks we did not find a main effect of Genotype, 

either in the social preference phase [F(1,22) = 1.426, p>.05], nor the social recognition 

phase [F(1,22) = .001, p>.05]. On all tasks, WTs and TS2-neo mice spent a comparable 

percentage of time exploring the social stimuli (Fig. 1d).

Social Dominance

On the social dominance (tube task) the number of wins was calculated as a percentage of 

the 4 trials. We found a main effect of Genotype [F(1,22) = 12.138, p<.01], with TS2-neo 

mice showing more “wins” compared to WT controls. These findings indicate TS2-neo's 

were more aggressive (Fig. 1a).
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Marble Burying

A univariate ANOVA revealed a main effect of Genotype [F(1,220 = 10.662, p<.01] on the 

marble burying task with TS2-neo mice burying significantly more marbles compared to 

WTs. This indicates the mutants expressed more stereotyped and repetitive behaviors (Fig. 

1c).

Vocalizations

A univariate ANOVA was conducted to evaluate time spent vocalizing for each minute spent 

interacting with a female mouse. Analysis revealed that TS2-neo mice vocalized 

significantly less during male-female interactions after the initial two minutes, [Minute 1: 

F(1,22) = .187, p>.05; Minute 2: F(1,22) = .180, p>.05; Minute 3: F(1,22) = 4.803, p<.05; 

Minute 4: F(1,22) = 4.058, p<.10; Minute 5: F(1,22) = 6.498, p<.05] (Fig. 1b).

Water Maze Testing

Prior to spatial water maze testing, a visible platform control task was conducted to assess 

any underlying impairments that could confound subsequent water maze performance (e.g., 

impairments in swimming ability, visual acuity, or motivation). A univariate ANOVA on 

latencies found no main effect of Genotype [F(1,22) = .037, p>.05] indicating that 

genetically modified groups had no impairments on underlying aspects of the water task 

(e.g., swimming)

On the Morris Water Maze task we found no main effect of Genotype [F(1,22) = .013, p>.

05], but did find a main effect of Day [F(4,88) = 6.313, p<.01], with all subjects showing 

decreased latencies as testing progressed (indicating learning; Fig. 2b). This indicated 

learning for all subjects.

The 4/8 radial arm water maze was used to simultaneously measure spatial working and 

reference memory performance. A repeated-measures analysis of the average number of 

total errors (working memory, initial reference, and repeated reference memory errors) 

revealed no significant difference between WT and TS2-neo groups [F(1,22)=.016, p>.05] 

(Fig. 2c). A main effect of Day [F(13,286)=5.348, p<.01] was observed, confirming that 

both groups reduced errors across days (i.e., showed learning). We also examined group 

differences in error types including working memory, initial reference memory, and repeated 

reference memory. Again repeated measures ANOVA reveal no effect of Genotype on any 

error types (working memory [F(1,22)=.098, p=.757], initial reference memory [Genotype: 

F(1,22)=.00, p>.05] and repeated reference memory [Genotype: F(1,22)=.574 p>.05]).

White matter tract volumes

Initial analysis of white matter tract volumes (Nissl stained samples, n=16 (8 TS2-neo/8 

WT)), revealed a main effect of Genotype for volume of external capsule volume, with TS2-

neo mice showing significantly smaller external capsule volumes compared to 

WTs[F(1,16)=6.417, p<.05]. A subsequent examination of hemisphere-dependent effects 

showed that this decrease was localized to the right external capsule [F(1,16)=10.737 p<.01]. 

Analysis of total fornix volume also showed a trend towards reduced volume in the TS2-neo 
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group [F(1,16)=4.209, p<.1] (Figure 4). No Genotype differences were seen for other white 

matter structures assessed.

Medial Geniculate Nucleus

A univariate ANOVA comparing MGN volume revealed a marginal main effect of 

Genotype, with a smaller MGN volume in TS2-neo mice compared to WTs [F(1,14) = 

4.250, p=.058] (Fig. 5a). Examination of mean cell size in the MGN found no main effect of 

Genotype [F(1,14) = .384, p>.05]. However, comparisons of cumulative percent distributions 

between TS2-neo and WT controls using a Kolmogorov Smirnov test revealed a significant 

K-S statistic (p<.05; Fig. 5b). Analysis of cell size distribution in TS2-neo and WT brains 

revealed that TS2-neo brains contain more small and fewer large MGN cells than controls. A 

univariate ANOVA comparing MGN neuronal population revealed a main effect of 

Genotype, specifically for the right MGN, with TS2-neo mice exhibiting fewer neurons 

compared to WTs [total: F(1,14) = 2.489, p>.05; left: F(1,14) = .180, p>.05; right: F(1,14) 

= .045, p<.05] (Fig.5c). A bivariate correlation revealed a significant positive relationship 

between neuronal population in the MGN and average attenuation scores on EBT 0-10 in 

TS2-neo mice only (r = .792 n = 8, p<.05) (Fig. 5d). Specifically, an increase in the number 

of neurons in the MGN was correlated with an increase in attenuation score (worse 
performance) on the EBT 0-10 task. This relationship was not seen in the WTs (r = -.269, n= 

8, p>.05) or on any other auditory processing task.

Discussion

The purpose of this study was to behaviorally evaluate TS2-neo mice on motor learning, 

auditory processing, social and repetitive behaviors, as well as, on learning and memory 

tasks. Results showed that the loss of Ca.V1.2 inactivation in this mouse model significantly 

affected motor learning, auditory processing, and social and repetitive behaviors, but did not 

impact on spatial learning and memory. Additionally, structural anomalies were seen for 

mutant mice in some white matter tracts, and MGN.

TS2-neo serves as a model of ASD

The results presented here reaffirm that when TS mutant channels are expressed at reduced 

levels (but low enough to avoid fatality), effects include behaviors consistent with symptoms 

observed in the clinical ASD population. Specifically, we found that the TS2-neo mice 

displayed deviant social behaviors, as well as repetitive behaviors replicating what has 

previously been reported in TS2-neo mice (Bader et al., 2011). Effects were also seen on a 

social dominance task, with mutants winning significantly more trials compared to their WT 

controls (thus showing more aggressive behavior). However, we did not observe any 

differences in social preference or recognition on the three-chamber task. This is actually 

consistent with Bader et al., (2011), where no differences in sociability measures were seen 

between TS2-neo and WT mice during the first 10 min of the task. In fact, Bader et al., 

(2011) only found differences in social behavior by testing over an unusually extensive 

period (a few hours, which is non-standard for the 3-chamber task). Also, our subjects were 

given the option to explore a novel inanimate object, rather than an empty chamber (as used 

by Bader et al.). These discrepancies in protocols may explain why we did not observe 
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Genotype differences in social behavior on this task. However, we found that TS2-neo 

subjects spent significantly less time vocalizing to a female in a vocalization task. 

Importantly, Bader et al., (2011) previously observed reduced vocalizations in pups, but not 

adults. Our findings show that aberrant social and communicative behaviors persist into 

adulthood, and across different types of social interactions. Lastly, subjects underwent a 

marble burying task, which we showed that TS2-neo mice buried twice as many marbles 

compared to their controls. This excessive burying is further indicative of repetitive, 

restricted and perseverative behavior -- another core symptom of ASD. Overall, these 

findings replicate prior reports on the TS2-neo model (Bader at al., 2011), and affirm that 

this mouse model exhibits core ASD-like traits such as repetitive behaviors and altered 

social behavior and ultrasonic vocalizations.

Motor and Spatial Learning

In addition to phenotyping core behavioral symptoms of ASD, we evaluated the TS2-neo 

mice on both motor and spatial learning. Although not a core criterion, motor and procedural 

learning deficits have been noted in individuals with ASD and it is thought that deficits in 

procedural learning may contribute to the cognitive and behavioral phenotype of autism. 

Here, the TS2-neo mice showed deficits in motor coordination and motor learning, as 

indicated by a lack of improvement across days on the Rotarod task. There have been 

parallel reports of impairments in motor coordination in ASD populations across a wide 

range of behaviors (Fournier et al., 2010). Furthermore, it has also been reported that 

children with ASD demonstrate diffusely decreased connectivity across the motor execution 

network relative to control children (Mostosky et al., 2009). This cortico-cerebellar 

connectivity dysfunction is also considered a core characteristic of ASD, and is thought to 

contribute to anomalies in both sensory-motor control, and higher function such as social 

cognition and emotion (Crippa et al., 2016).

Finally, for spatial learning and memory in TS2-neo mice, we found no differences between 

Genotypes on either the Morris water maze or the 4/8 radial arm water maze. Similarly, 

Bader et al, (2011) evaluated TS2-neo mice on the Morris water maze and found no 

differences in learning. However, they did report that TS2-neo mice perseverated to the 

previous learned quadrant during a reversal task, suggesting that TS2-neo mice display 

comparable initial learning but are cognitively inflexible when given a reversal task. Our 

results here replicate initial findings as well as exemplify that TS2-neo mice can perform 

adequately on a complex spatial reference and working memory task as seen on the 4/8 

radial arm water maze.

Auditory Processing Enhancements

The current study revealed novel findings that TS2-neo mice displayed superior performance 

on both the embedded tone and silent gap task for short cue durations. Enhanced low-level 

perceptual discrimination has been reported in individuals with ASD for visual and auditory 

stimuli (Bertone et al., 2005; Mottron et al., 2006; Plaisted et al., 2003), and this is the 

second ASD-like mouse model our lab has reported to display enhanced performance on an 

auditory processing task. Specifically, we previously found that Cntnap2 KO mice displayed 

superior discrimination on an embedded tone and pitch discrimination task (Truong et al., 
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2015). Interestingly, this type of superiority in auditory processing is not seen in other 

mutant rodent models, for example knock-outs using candidate susceptibility dyslexia risk 

genes (Rendall et al., 2015; Truong et al., 2014; Szalkowksi et al., 2013; Szalkowksi et al., 

2012). Thus although low-level superiority in auditory processing may be related to 

language deficits seen in ASD (Eigsti & Fein, 2013), these same superiorities do not seem to 

occur in other language-specific developmental disorders (e.g., dyslexia and specific 

language impairment). As such, low-level auditory enhancements form a particularly 

interesting aspect of the ASD-like animal model profile. An additional new finding --that 

better performance on the EBT 0-10 task (on which we have reported a similar atypical 

superiority in another ASD mouse model, Cntnap2; Truong et al., 2015) is actually 

correlated to fewer neurons in the MGN (which has generally been associated with deficits 

including language anomalies; Galaburda, Menard, & Rosen, 1994) – may further support 

the notion that low-level sensory enhancements are directly related to auditory-based 

language impairments in at least a subset of individuals with ASD. Further research should 

investigate other well-established mouse models of ASD by focusing on auditory processing 

patterns, to see if this trend of superior auditory processing is ubiquitous across multiple 

ASD mouse models beyond the TS2-neo and Cntnap2 KO mice, and whether the 

relationship with anomalous MGN cellular morphology can be replicated.

Genetic, neurodevelopmental and behavioral exploration of these enhancements is important 

because low-level perceptual abilities are particularly important for the development of 

language, and differences in processing may be contributing to core features of autism such 

as language delay and aberrant social skills. In fact, atypical auditory processing in children 

with autism may be key to parsing different etiologies of autism, establishing interventions, 

and ameliorating overwhelming auditory sensory input to facilitate language development.

Enhanced perceptual functioning and cortico-cortical disconnection theories

The behavioral phenotype validated in the TS2-neo mouse model also aligns with the 

enhanced perceptual functioning theory of ASD put forth by Mottron et al. (2006). These 

authors contend that the paradoxical co-occurrence in ASD of enhanced sensory perceptual 

abilities and compromised global sensory integration (including social and language deficits) 

might be explained by a developmental re-orientation of cortical functional patterns. 

Specifically, locally oriented “low-level” processing mechanisms may be enhanced and 

favored over more complex, integrative strategies that engage global and long-range 

processing mechanisms. This may further relate neurocognitively to regional hyper-

connectivity and long-range hypo-connectivity (discussed further below).

Atypical white matter development in the TS2-neo

A growing body of neuroimaging studies identifies abnormal development of white matter 

tracts and organization of grey matter structures as markers of an ASD neurostructural 

phenotype, which we saw reflected in our own results. In the current study, we report 

reductions in volumes of the external capsule and fornix, two major white matter tracts. The 

external capsule contains cortico-cortical association fibers that form the basis of 

intercortical communication between the basal forebrain and other regions of the cerebral 

cortex, while the fornix is a bundle of commissural fibers connecting the hippocampus, 
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mammillary bodies, and thalamus between the two hemispheres of the brain. Our findings of 

reductions in the fornix parallel reported results from neuroanatomical studies of the BTBR 

and NL3 mouse models of ASD, which showed decreases in fornix volume and integrity 

(Ellegood et al., 2015). Collectively, these results contribute to the larger body of work 

assessing ASD as a disorder of hypo-connectivity and disconnection between fronto-cortical 

and cortico-cortical networks. These pathways are critical for the integration of information 

that promotes normative socio-communicative development and deficits in connection 

integrity and structure are correlated with ASD symptom severity (Alexander et al., 2007; 

Poustka et al., 2012). This pattern of aberrant white matter development in ASD has become 

so consistent that some suggest that with further research it could become a unifying neuro-

endophenotype for ASD.

TS2-neo mice display alterations within the MGN

Stereological analysis of the MGN revealed a reduction in MGN volume and number of 

neurons as well as neuronal size distribution shift toward more small neurons in TS2-neo 

mice relative to WTs. Furthermore, a significant correlation was observed between number 

of neurons and mean EBT10 performance in TS2-neo mice only. Co-occurrence of these 

findings suggests that aberrant MGN morphology is related to enhanced auditory processing 

phenotype, as observed in TS2-neo mice on EBT 0-10. These findings are consistent with in 
vivo neuroimaging studies showing fundamental differences in the thalamus of ASD 

individuals, including reduced volume (Tamura et al., 2010; Tsatsanis et al., 2003), altered 

neurochemical composition (Friedman et al., 2003), and abnormal thalamocortical 

connectivity (Chen et al., 2016; Cheon et al., 2011; Chugani et al., 1997; Mizuno, 

Villalobos, Davies, Dahl, & Muller, 2006; Muller et al., 1998; Nair et al., 2013). This 

collective evidence suggests that the thalamus may play a particular role in the etiology of 

ASD symptoms. TS2-neo neuroanatomical differences appear to be more robust within the 

right hemisphere, which corresponds to prior reports that TS2-neo brains are significantly 

more asymmetric than littermates (Bett et al., 2012). Further research is necessary to 

understand how alterations within the MGN may be contributing to the auditory 

enhancements observed, and in particular, why and how a reduction in the number of 

neurons and neuronal size could be advantageous to auditory processing but detrimental to 

language development.

Transgenic mouse models serve as a critical tool in evaluate the role of individual genes in 

the complex and polygenic cascade underlying neurodevelopment, and can further help to 

reveal how single-gene mutations can disrupt this process and result in neurodevelopment 

disorders (e.g., ASD). Among ASD genes identified, ∼ 200 have been used to create 

engineered mouse models, and associated phenotyping studies have revealed atypical social 

and perseverative/repetitive behaviors (3-chamber task, marble burying, alternating choice, 

task reversal) that can be linked to various disruptions in specific gene function (see 

Crawley, 2004 for review). Although major strides have been made in mapping the genetic 

etiology of ASD-like deficits in the social and repetitive domains, few studies have used 

transgenic mice to delineate some of the low-level enhancements associated with ASD. Yet 

these features may prove to be critical in unravelling neurogenetic influences on the higher-

order language and communication deficits associated with ASD. Indeed, while several 
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prominent research groups in the field have successfully associated ASD risk gene mutations 

with decreases in vocal calls and/or atypical call acoustics (Ey et al., 2013, Lai et al., 2014, 

Michetti, Ricceri & Scattoni, 2012; Penagarikano et al., 2011; Penagarikano & Geschwind, 

2012), little animal work has focused on core perceptual and sensory processing features 

that may contribute to higher order anomalies. Here we have demonstrated an association 

between enhancements in low-level acoustic processing and a TS2-neo mutation associated 

with an ASD profile, bolstering prior data showing similar features in a Cntnap2 KO mouse 

model of ASD. Ongoing research to examine perceptual processing, including such 

enhancements, in ASD models will continue to benefit our understanding of the 

neurogenetic etiology of this complex disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TS2-neo mice display “ASD-like” behavioral profiles
(a.) Social Dominance: TS2-neo mice won significantly more trials on a tube test. (b.) 

Ultrasonic vocalizations during male-female interactions: TS2-neo mice vocalized 

significantly less during the last 3 minutes of interaction (c.) Marble burying: TS2-neo mice 

buried significantly more marbles.

*p<.05
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Figure 2. TS2-neo mice show deficits in motor learning but not spatial learning
(a.) Rotarod: TS2-neo mice displayed a lack of motor learning. (b.) Morris Water Maze: 

TS2-neo mice and WTs performed comparably. (c.) 4/8 Radial Arm Water Maze: TS2-neo 

mice and WTs displayed similar learning curves on this complex spatial task.

*p<.05
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Figure 3. TS2-neo mice exhibit superior processing of short-duration acoustic stimuli
(a.) Embedded Tone 0-100 ms: TS2-neo mice and WTs showed comparable performance. 

(b.) Embedded Tone 0-10ms: TS2-neo mice had significantly lower (better) attenuation 

scores. (c.) Silent Gap 0-300 ms: TS2-neo mice and WTs had comparable performance. (d.) 

Silent Gap 0-100 ms: TS2-neo mice had significantly lower (better) attenuation scores.

*p<.05
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Figure 4. TS2-neo mice show significant decrease in white matter structures
(a.) TS2-neo mice displayed a significant decrease in volume of the external capsule, 

specifically right external capsule, and a marginal decrease in the fornix. (b.) Location and 

size of external capsule (outlined in red) for representative TS2-neo and WT samples. (c.) 

Location and size of fornix (outlined in red) for representative TS2-neo and WT samples.

* p<.05, # p=.059
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Figure 5. TS2-neo mice display anomalies in the medial geniculate nucleus
(a.) TS2-neo mice exhibit a marginally significant reduction in MGN volume. (b.) TS2-neo 

display a significant shift in cumulative MGN cell size distribution, with mutants showing 

more small and fewer large MGN cells compared to WTs. (c.) TS2-neo display reductions in 

number of MGN neurons, specifically within the right MGN. (d.) A significant positive 

correlation was revealed between EBT10 attenuation scores and number of neurons in 

MGN.

* p<.05, # p=.058
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