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Abstract of Dissertation

The Cognitive Endophenotype of Neuropsychiatric Disorders:
Evidence from Mouse Models

Autism spectrum disorder is a neuropsychiatric condition characterized by
abnormal interactions, communicative deficits, and perseverative thoughts and behaviors.
In addition to these core symptoms, autism is associated with a cognitive endophenotype
of spared and impaired executive abilities. People with other neuropsychiatric disorders
like schizophrenia also show executive dysfunction. Intact executive function requires
prefrontal cortex and its connections to other cortical areas. Measures of executive
control in adults with neuropsychiatric disorders are predictive of adaptive functioning,
so research should seek methods for minimizing these impairments. A helpful tool in this
search is the laboratory mouse. Mice possess homologous prefrontal cortex and assays
exist for quantifying rodent cognition. The core domains of autistic behavior can be
evaluated in mice as well. Mouse models can therefore be used to investigate
neuropsychiatric symptoms. BTBR, LgDel, and Cntnap2 mice are valid models of
neuropsychiatric disorder. Using visual discrimination tasks presented in an automated
operant touchscreen apparatus, three separate studies on these models were performed to
determine the cognitive profiles of these mice. BTBR mice and C57 mice were assessed
on a series of tasks. BTBR did not differ from C57 on the acquisition or reversal of the
visual discrimination. They did, however, show deficits on a novel task that required
contextual inhibition of a prepotent response. LgDel mice and wildtype littermates were
tested on the visual discrimination acquisition and reversal. LgDel mice were impaired on

one measure of the acquisition and several measures of reversal, including learning errors
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which is thought to depend on medial prefrontal cortical circuitry. Additionally,
frequency of layer 2/3 projection neurons in this region significantly correlated with
cognitive performance. Lastly, Cntnap2 null mice were compared on touchscreen tasks to
wildtype and heterozygous littermates. Like LgDel, Cntnap2 null mice were impaired on
a measure of acquisition and some reversal measures including learning errors.
Separately, these studies contribute validation to the behavioral phenotypes of the three
mouse models of neuropsychiatric and neurodevelopmental disorder. Together, they also
provide evidence of the utility of computer-automated touchscreen systems for revealing

subtle cognitive deficits that correlate with prefrontal cortical structures.
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Chapter 1: Introduction

Autism spectrum disorder (ASD) is a lifelong developmental condition defined by
the presence of repetitive behaviors and abnormal social interactions (American
Psychiatric Association, 2013). Along with these diagnostic criteria, individuals with
ASD can also present with cognitive issues including intellectual disability and
impairments in measures of executive function (EF) abilities (Hill, 2004; Matson &
Shoemaker, 2009). EF is a neuropsychological construct referring to the top-down
control involved in working memory, inhibition, and cognitive flexibility (Diamond,
2013). Some aspects of EF seem to be spared in autism, but deficits in the domain of
cognitive flexibility are evident throughout the lifespan (Hill, 2004). Typically, EF
improves through adolescence into early adulthood as the synapses in the prefrontal
cortex (PFC) that are the hub of this construct develop into full maturity (Insel, 2010;
Miller & Cohen, 2001). While young adults with ASD also improve their EF abilities as
they continue to develop, their gains in improvement are not as large as the gains of the
neurodevelopmentally-typical (NT) control which results in a between-group difference
in performance that becomes more pronounced with age (O’Hearn, Asato, Ordaz, &
Luna, 2008; Rosenthal et al., 2013). Luckily, the decades-long development of human EF
provides years of opportunity for applying interventions that target executive deficits.

Further investigations of behavioral and pharmacological interventions are crucial
as EF has daily functional implications for people with ASD that extend far beyond the
tasks of a neuropsychological laboratory. A longitudinal study found that measures of
adaptive behaviors correlated with positive outcomes such as self-sufficiency and

employment (Farley et al., 2009). Additional research in children showed that adaptive
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behaviors (categorized as socialization, communication, or daily skills) could be
reasonably predicted by 1Q when controlling for age (Kanne et al., 2011). Still, there was
a gap between predicted and actual adaptive behavior scores that could not be accounted
for by symptom severity. This gap increased with 1Q: The adaptive behavior scores of
children with ASD classified as high 1Q deviated more than predicted compared to
children classified as low 1Q. Other researchers studying a cross-section of individuals
with ASD reported that including measures of EF in the predictive model lessened this
gap (Pugliese et al., 2015). EF abilities are an important predictor of adaptive skills,
which are in turn necessary for a positive real-life outcome for those with autism.

EF deficits in individuals with ASD may be due an inability of the prefrontal
cortex (PFC) to integrate the neuronal communication across cortical areas (O’Hearn et
al., 2008). One proposed model that could explain abnormal PFC functioning suggests an
increased ratio of excitation to inhibition is characteristic of the autistic brain (Rubenstein
& Merzenich, 2003). This could result from a variety of cellular or molecular alterations
in key cortical regions. An imbalance of excitation and inhibition could be a common
underlying neural mechanism of ASD. However, autism is not one, homogeneous entity
caused by a single factor but is a heterogeneous collection of conditions with many
etiologies (Happé, Ronald, & Plomin, 2006). Though all involve errant
neurodevelopment, there are numerous “autisms” and thus many potential risk genes and
paths to disorder (Geschwind & Levitt, 2007).

While most cases of ASD are idiopathic with unknown genetic origins,
researchers can now locate the causal variant within a single gene in approximately 20%

of patients (Jeste & Geschwind, 2014). Some of these individuals are considered to have



syndromic autism—when ASD is diagnosed in the presence of a recognized syndrome
such as fragile X (Pefiagarikano & Geschwind, 2012). As more potential genotypes are
implicated in ASD and other neuropsychiatric conditions, targeted molecular techniques
combined with some basic mouse husbandry can create a model that replicates one of the
many genetic variations seen in the patient population (Crawley, 2007b). This method is
especially useful for studying syndromic forms of autism but is also used to untangle
contributions of susceptibility loci involved in idiopathic forms. LgDel and Cntnap2 mice
are examples of animal models designed to replicate causal factors of syndromes
associated with ASD (Maynard, Haskell, Lieberman, & LaMantia, 2002; Pefiagarikano &
Geschwind, 2012). These models are useful for research studies due to the built-in
control subjects: In addition to the mutant mice, the breeding schemes produce wildtype
(WT) littermates. Of course, the etiology of ASD is unknown in most instances, so any
one model cannot have construct validity for a majority of individuals on the spectrum.
Since autism is defined by behavior, mouse models with high face validity to symptoms
of autism may prove most promising (Chadman, Yang, & Crawley, 2009). The BTBR
inbred strain is one of these models; it has repeatedly demonstrated evidence of social
atypicalities and repetitive behavior when compared to other laboratory strains
(McFarlane et al., 2008; Moy et al., 2007).

Standard assays exist for measuring mouse equivalents of the social and
communicative impairments and perseveration that define autism in the human, and
multiple laboratories are continuing to assemble comprehensive behavioral profiles of
promising models of neurodevelopmental disorder (Crawley, 2012). Less research has

focused on the cognitive phenotypes of many of these models. An automated operant
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touchscreen system allows assessment of mice on visual discrimination tasks similar to
those used in neuropsychological research on rats and nonhuman primates (Bussey,
Saksida, & Rothblat, 2001). Using this method, | have collaborated in establishing
cognitive characterizations of three mouse models of neurodevelopmental disorder
(NDD). The following pages contain my contribution to the field of cognitive
neuroscience. This dissertation is submitted in a bundle format. It includes a review of the
relevant literature (chapters 2 through 5) followed by separate papers investigating BTBR
(chapter 6), LgDel (chapter 7), and Cntnap2 (chapter 8) mice. Because these papers were
written to stand alone, some material is covered both in the literature review and the
papers. Finally, chapter 9 is a general discussion that attempts to synthesize the results of

the three studies.



Chapter 2: Phenotypes of ASD

Autism is a neurodevelopmental disorder defined by abnormal social interaction
and perseverative behavior such as stereotypies and restricted interests. Developmental
delay is often evident before age three, but nearly eighty percent of early childhood
diagnoses occur after this age since the affected domains must be mature enough to be
measured (Maenner et al., 2013). Initially, researchers codified autism as the behavioral
triad of impaired social interaction, impaired communication, and restricted/repetitive
behaviors and thoughts (Wing & Gould, 1979). The Diagnostic and Statistical Manual of
Mental Disorders (5" ed., DSM-5) consolidated the social interaction and social
communication deficits into one diagnostic category (American Psychiatric Association,
2013). In the previous DSM (DSM-1V, TR), Asperger’s disorder was considered a
separate condition from autistic disorder and characterized by deficits in social and
perseverative domains along with intact language abilities (American Psychiatric
Association, 2000). The newer edition, however, combines them into one diagnosis and
refers to the autism spectrum. An individual’s position on the spectrum depends on
symptom severity, and the spectrum varies widely: while one person with ASD may be
non-vocal and fully dependent on caregivers, another may learn compensatory strategies
and successfully integrate into society.

Besides the core phenotype of social deficits and repetitive behaviors, people with
ASD can often present with particular endophenotypes. Endophenotype is a term
originating from the late 1960s used to describe measurable cognitive and biological
markers associated with schizophrenia (Gottesman & Gould, 2003). In schizophrenia,

environmental effects throughout development interact with an individual’s genotype.



Intermediary traits—endophenotypes—can emerge years before the onset of the
schizophrenic phenotype characterized by hallucinations and delusional thinking (Insel,
2010). In ASD, an endophenotype is a trait that often exists alongside the social and
repetitive behaviors such as gastrointestinal issues, epilepsy, and anxiety (Mazurek et al.,
2013). Cognitive endophenotypes include sensory processing abnormalities, intellectual
disability (ID), and deficits in EF (Hill & Frith, 2003; Matson & Shoemaker, 2009).

Also known as cognitive control, EF is a broad neuropsychological construct
encompassing the mental processes necessary to successfully maintain a goal in working
memory, inhibit inappropriate responses, and adapt behavior to changing conditions
(Davidson, Amso, Anderson, & Diamond, 2006; O’Hearn et al., 2008). As EF is a global
concept encompassing many (debated) subparts, many different neuropsychological tasks
are used to provide a measure of this construct. Autism is associated with a pattern of
intact and impaired executive abilities including normal performance on simple attention
and inhibition paradigms and decreased functioning when tasks require cognitive
flexibility or combine multiple EF aspects (Hill, 2004; Minshew, Sweeney, & Luna,
2002).

Executive dysfunction’s association with autism is not a new idea, as research on
this topic was published over thirty years ago in a report of EF deficits on the Wisconsin
Card Sorting Test (WCST) in men with autism and average intellectual abilities
(Rumsey, 1985). In the WCST, participants are shown a stimulus card composed of a
number of identical colored shapes and required to sort the card by different categories
(color, shape, or number of objects) without being informed of the relevant category.

Through feedback given after each trial as to whether or not the sort was correct, the



participant must determine the relevant sorting category. After a number of correct sorts,
the salient dimension abruptly changes and the participant needs to learn the new sorting
strategy. He or she must switch attentional sets to another stimulus dimension to avoid
additional incorrect sorts. In this study, the men with autism averaged a lower number of
sorting categories completed and higher number of perseverative responses than the
control group. Perseverative responses occur when the participant continues to use the
previously-rewarded sorting strategy despite feedback that it is incorrect. These results
were perhaps the first evidence of a deficit in the EF component of set shifting in adults
with autism.

Difficulty with switching attentional sets was later found in children with ASD on
a computerized paradigm testing a simplified version of the WCST. Researchers used the
intradimensional/extradimensional (ID/ED) shift task from the “Cambridge
Neuropsychological Test Automated Battery” (CANTAB) to measure cognitive
flexibility in children who were developing typically, were diagnosed with autism, or had
moderate learning disabilities (Hughes, Russell, & Robbins, 1994). In this task,
participants are presented with two different stimuli on a touchscreen computer monitor
and are instructed to select (by touching) which is correct. They are given feedback after
each trial and through this feedback learn which feature is rewarded. The stimuli in the
beginning stage are different shapes identical in color. Once this visual discrimination is
correctly made 8 times in a row, the participants are tested on the reversal task in which
the previously incorrect shape is now rewarded. Next, participants are presented with
compound visual stimuli consisting of white lines superimposed over the previously-used

pink shapes and rewarded when the correct shape is selected, irrespective of the



accompanying line. After reaching criterion, contingencies are reversed and the other
shape is rewarded. Following this is the ID shift stage. In this stage, stimuli of new sets of
shapes and lines are introduced and again shape is the relevant rewarded dimension. For
the ID reversal, the previously incorrect shape becomes the correct response. In the ED
shift, the previously irrelevant dimension (the white lines) becomes the salient dimension
and the rewarded feature is one of the line patterns. Following correct performance on
this, the participant completes the task with the ED reversal. In this stage, the other line
pattern is rewarded.

In the study, a lower proportion of both the ASD and moderate learning
disabilities groups was able to reach criterion on the compound discrimination/reversal
and ID shift/reversal stages when compared to NT controls (Hughes et al., 1994). In these
stages, there were no differences between the clinical groups. In fact, over 70% of both
groups completed these stages, implying that most children of these two populations have
intact set maintenance. Significant differences between all three groups emerged on the
ED shift and reversal stages; the ASD group had the lowest proportion reaching criterion
on these stages and made a larger number of errors. Since the ED task requires the
participant to flexibly shift between sets, the results demonstrated further evidence for
impaired set shifting as characteristic of autism.

This same study exhibited deficits in the EF component of planning. Researchers
used the “Stockings of Cambridge” subtest from CANTAB that is a simplified version of
the Tower of Hanoi planning task (Hughes et al., 1994). The computer monitor displays a
goal configuration of colored balls hanging in multiple stockings and a different starting

configuration; participants must use the minimum number of moves to match the goal



configuration. Unlike the Tower of Hanoi, this simpler task does not have different-sized
objects, thus removing the restriction of a disc being able to be moved on top of another
disc only if the bottom disc is larger in diameter. The ASD group was characterized by a
higher mean number of moves to solve each problem compared to the control and
learning disabilities groups. This suggests autism is associated with deficits in planning
efficiency.

It seems that not all components of EF are impaired in people with autism.
Multiple reports suggest that there is no difficulty in performing tasks requiring simple
inhibition. One study compared typically-developing children and children with autism
without intellectual disability on the Stop Signal and Negative Priming tasks (Ozonoff &
Strayer, 1997). The Stop Signal task required children to categorize words presented as
animal or non-animal (e.g. horse, house) by pressing one of two buttons. The children
were instructed to not respond on trials when “forbidden” words were presented. These
taboo words were real words that are impolite to use in conversation (e.g. fart, sex).
Children with ASD were successfully able to inhibit pressing the button as well as the
control children on these forbidden words, suggesting intact inhibition of a motor
response. On the Negative Priming task, participants were presented with an array of 5
letters. The letters in the second and fourth positions were the target letters, and the task
was to choose if the target letters were the same or different. These target letters were
flanked by distractor letters (i.e. flankers) in the first, third, and fifth positions. Trials
were classified as neutral or ignored repetition. For neutral trials, the target letters and
flanker letters were novel and had not been presented previously in the block of trials. For

ignored repetition trials, at least one of the target letters had been a flanker on the



previous trial. The researchers defined the negative priming score as the difference
between reaction time (or error rate) on neutral and ignored repetition trials. There were
no significant differences between the NT and ASD groups on reaction time or error rate
for any of the types of trials (same, different, neutral, ignored repetition). Both groups
showed an increased response time and error rate on ignored repetition trials, which
demonstrates intact negative priming. These results suggest that children with autism
filter out irrelevant information similarly to typically-developing children.

Another study showed intact inhibition in children with autism on the Stroop task.
Typically-developing children and children with ASD, attention-deficit hyperactivity
disorder (ADHD), or Tourette syndrome were compared on a variety of
neuropsychological tasks (Ozonoff & Jensen, 1999). Like previous research showing
deficits in planning and set shifting, the children with autism showed a deficit compared
to all other groups on the Tower of Hanoi and WCST. Children with autism were not
impaired on the Stroop task which requires participants to name the color of ink of
various words. On trials when the word is the name of a color different from the ink
color, the correct answer requires inhibiting the prepotent response to read the word and
instead identify the color. The ADHD group was significantly worse on incompatible
trials compared to the control group, but the ASD group did not demonstrate this
inhibitory impairment.

The above research suggests that autism is not associated with inhibitory control
issues. It is, however, important to note that the Stroop, Stop Signal, and Negative
Priming tasks all involve relatively simple inhibition of a prepotent response isolated

from other components of cognitive control. People with ASD do exhibit inhibitory
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deficits on tasks that require inhibition when this is combined with additional aspects of
EF. The “Preparing to Overcome Prepotency” (POP) task tests working memory and
context-dependent inhibition (Solomon, Ozonoff, Cummings, & Carter, 2008).
Participants are briefly shown a cue that signals whether the following trial will be
compatible or incompatible. After a delay, an arrow pointing to the left or right is
presented. On compatible trials (70% of trials), participants must press the button on the
side indicated by the arrow; on incompatible trials, they must press the contralateral
button. While reaction times did not differ between the ASD and control groups, error
rates on incompatible trials showed a significant group by trial interaction: people with
ASD had higher error rates than those without. Since EF improves throughout childhood,
these researchers were also interested on the development of cognitive control in autism
and analyzed age as a variable in the POP task. In the control group, older children had
lower error rates on incompatible trials than younger children. Interestingly, the ASD
group showed the opposite relationship. This suggests that the development of EF may
occur differently in autism than it does typically.

Another study focusing on the developmental trajectory of EF deficits in autism
found impairments on paradigms involving working memory and response inhibition
(Luna, Doll, Hegedus, Minshew, & Sweeney, 2007). Tasks required participants to make
voluntary eye movements toward (saccades) or away (anti-saccades) from a visual cue.
There were no differences between the ASD and NT groups on the visually-guided
saccade task, but the ASD group showed increased latency and reduced accuracy when a
delay ranging from 1 to 8 seconds was introduced between the cue and oculomotor

response. The ASD group displayed this same pattern of increased latency and reduced
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accuracy on the anti-saccade task which required response inhibition. Performance of the
NT group increased across development, characterized by improvements in speed and
accuracy from children to adolescents and from adolescents to adults. While the ASD
group also showed developmental progress in accuracy, response latency did not decrease
with increasing age.

In summary, the cognitive endophenotype of ASD is an eclectic EF pattern
consisting of some intact aspects of inhibition and set maintenance along with impaired
planning, set shifting, and context-dependent inhibition (see Table 1). These deficits are
especially apparent on tasks requiring multiple aspects of executive control. Additionally,

there is alteration in the developmental pattern of cognitive control in autism.
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Table 1.

Summary of Studies Assessing EF in Individuals with ASD

EF ASD Measures of ASD
Component Reference Task Age Interest Impaired?
Cognitive Rumsey WCST 18-39  No. of Yes
Flexibility (1985) categories
completed
No. of Yes
perseverative
errors
Cognitive Ozonoff & WCST 6-18 No. of Yes
Flexibility Jensen perseverative
(1999) responses
Cognitive Hughes, ID/ED shift  7-18 No. of errors No
Flexibility Russell, & task on ID shift
Robbins No. of errors Yes
(1994) on ED shift
Planning Hughesetal.  Stockings 8-19 No. of extra Yes
(1994) of moves
Cambridge
Planning Ozonoff & Tower of 6-18 No. of extra Yes
Jensen Hanoi moves
(1999)
Inhibition Ozonoff & Stop-Signal  9-16 Probability of No
Stayer (1997) responding
Inhibition Ozonoff & Negative 9-16 Reaction time No
Stayer (1997)  Priming Error rate No
Inhibition Ozonoff & Stroop task 6-18 Reaction time No
Jensen
(1999)
Inhibition Solomon, POP task 8-18 Error rate on Yes
& Working Ozonoff, incompatible
Memory Cummings, trials
& Carter
(2008)

13



Chapter 3: Neural Bases of EF and ASD

Traditionally, EF has been located to the prefrontal cortex (PFC). The PFC can be
divided into lateral (including ventrolateral and dorsolateral PFC—VIPFC and dIPFC,
respectively), orbitofrontal, and medial divisions reciprocally connected to motor,
sensory, and other association areas of cortex (Miller & Cohen, 2001; Ridderinkhof, van
den Wildenberg, Segalowitz, & Carter, 2004). Over fifty years ago, a study obtained pre-
and post-operative WCST scores in patients treated for focal epilepsy through surgical
removal of the problematic cortical tissue (Milner, 1963). Dividing patients by location of
excision (dorsolateral frontal, temporal, parietal, parietotemporo-occipital, and
orbitofrontal/temporal), the only group to perform significantly worse post-operatively
was the dorsolateral frontal group. These patients committed a higher number of total
errors and completed fewer category sorts, thus suggesting dorsolateral frontal regions
are necessary for cognitive control. Another study on neurosurgical patients compared the
effects of frontal and temporal lobectomies on tasks requiring oculomotor control
(Guitton, Buchtel, & Douglas, 1985). Both groups of patients performed the pro-saccade
task requiring a voluntary eye movement toward a cue similarly to the control group.
Differences were apparent on the anti-saccade task, however. While temporal patients
performed as well as controls, frontal patients with dorsolateral regions excised were
impaired at inhibiting reflexive glances toward the visual cue.

Research on nonhuman primates has continued to dissociate more specific
components of EF. Marmosets were trained to make compound visual discriminations of
stimuli consisting of lines and shapes before given excitotoxic lesions to lateral frontal or

orbitofrontal regions (Dias, Robbins, & Roberts, 1996). After surgery, the animals were
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tested on retention of the compound visual discrimination, along with an ID shift, ED
shift, and reversal. Both lesion groups performed the ID shift as well as sham-lesioned
controls. Animals with lateral PFC lesions required more trials to reach criterion on the
ED shift, while animals with lesions of the orbitofrontal cortex (OFC) required more
trials on the reversal. This double dissociation suggests lateral PFC is necessary for
attentional set shifting while OFC is necessary for adapting to changing stimulus-reward
associations and inhibiting the previously-correct response.

EF is not a product of PFC in isolation, of course, and thus the temporal element
of neural firing must also be considered. Gamma oscillations—when cortical pyramidal
neurons fire in synchronous rhythm at a frequency of 30-80 Hz—are the primary
electrophysiological candidate for cognitive control (Gonzalez-Burgos, Fish, & Lewis,
2011). Evidence for this comes from a subdural electroencephalogram (EEG) study on
two patients with epilepsy who performed behavioral tests while undergoing medically-
necessary invasive monitoring (Howard et al., 2003). In both the child and the adult,
gamma oscillations increased linearly with working memory load during the retention
interval of the Sternberg working memory task. Additional evidence correlating gamma
oscillations and cognitive control comes from research using scalp EEG: Individuals with
schizophrenia were reported to have abnormal patterns of gamma activity and worse
performance on EF tasks compared to NT controls (Gonzalez-Burgos et al., 2011).

The gamma oscillations necessary for cognitive control require a balance of
excitation and inhibition: In order for pyramidal neurons to fire their long-range
excitatory action potentials synchronously, they require phasic inhibition from

GABAergic interneurons (Gonzalez-Burgos & Lewis, 2008). These interneurons can
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provide inhibition only when they are excited, which occurs through glutamate receptors.
Thus, there are multiple types of synapses (and multiple opportunities for potential
disruption) involved in the initiation and maintenance of synchronous oscillations.

One prominent theory of the neural basis of autism proposes an imbalance
between cortical excitatory and inhibitory processes (Rubenstein & Merzenich, 2003).
This could be a result of increased excitation, decreased inhibition, or both. The authors
suggest as evidence for this theory the common co-occurrences of ASD with epilepsy and
with abnormal EEG “sharp spikes” during sleep—both of which suggest unstable and
noisy cortex. Additional evidence comes from post-mortem studies of patients’ cortical
minicolumns. Minicolumns are vertically-arranged, inter-connected groups of neurons
that provide a basic unit of anatomical and physiological organization (Buxhoeveden &
Casanova, 2002). With a diameter ranging from 20-60 um, depending on cortical region,
they represent a measurement between a single neuron and a neural network. The 80-100
neurons that comprise a minicolumn are a variety of cell types (including spiny stellate
neurons, pyramidal projection neurons, and GABAergic interneurons) with similar
receptive fields. In the post-mortem research, the minicolumns of the ASD were smaller
in diameter than the NT group in all cortical areas tested (Casanova et al., 2006). Though
the reasons for this are not yet known, it may be that the minicolumns appear narrower in
autism due to incomplete vertical connections between neurons in different layers
(Courchesne & Pierce, 2005). Under-developed circuitry within minicolumns could
impair the lateral inhibition between minicolumns thought to be necessary for
functionally discrete boundaries. Less functional differentiation of the cortex means

neurons would respond less selectively. The resulting noise could impair the ability of the
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coordination of synchronous activity between distant regions. Electrophysiological
research on the valproic acid exposure rat model of ASD has provided support for hyper-
excitability and hyper-reactivity in local cortical circuits (Markram & Markram, 2010).

An alternative, yet not incompatible, theory for the neurobiological basis of
autism suggests long-range cortical underconnectivity, particularly between frontal and
posterior regions. Nancy Minshew and her colleagues provided evidence of this with
magnetic resonance imaging (MRI) and functional MRI (fMRI) studies (Hardan,
Minshew, & Keshavan, 2000; Just, Cherkassky, Keller, Kana, & Minshew, 2007; Just,
Cherkassky, Keller, & Minshew, 2004). MRI scans of ASD and NT individuals allowed
researchers to compare volumes of the corpus callosum (Hardan et al., 2000; Just et al.,
2007). Overall volumes of corpus callosum were smaller in the ASD group; this was
especially noticeable in the genu segment. Since this most anterior region contains fibers
from the PFC, a smaller genu suggests dysfunction in long-range frontal circuits.

The same researchers reported abnormal functional connectivity in ASD during a
sentence comprehension task performed during fMRI (Just et al., 2004). Functional
connectivity was determined by correlating activation levels of different cortical regions.
Compared to the NT control group, the ASD group showed decreased functional
connectivity throughout language areas. Additionally, increased activation of Wernicke’s
area in the patients could be indicative of excessive short-range processing. The apparent
autistic deficit in integrative processing is not limited to the communicative domain: In a
later paper, the researchers reported altered synchronization in autism when a task
required executive control (Just et al., 2007). While ASD participants did not differ in

error rate or response time on the Tower of London task, the patients showed decreased
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functional connectivity between frontal and parietal areas compared to NT participants.
This suggests that the PFC is unable to exert the proper control of other cortical areas
during tasks that require integrative processing. Though the participants were able to use
compensatory mechanisms and perform normally for this task, impairments in the PFC’s
ability to synchronize activity could explain the usual ASD phenotype—deficits in social
and cognitive behaviors that depend on the coordinated interaction of the PFC with other
neural networks.

The imbalanced excitation/inhibition and underconnectivity theories can be
synthesized into the view of ASD as a group of developmental dysconnection syndromes
(Geschwind & Levitt, 2007). Though there are many potential etiologies that could lead
to ASD, the authors hypothesize that all involve aberrant development resulting in short-
range overconnectivity and long-range underconnectivity. This could result from quite
different scenarios: Hyper-excitable minicolumns could be too autonomous to be
properly integrated into circuits between cortical regions (Markram & Markram, 2010).
Alternatively, local circuits may become over-autonomous to compensate for decreased
long-range communication due to deficits in white matter integrity (Kana, Libero, &
Moore, 2011). Developmental dysconnectivity is an especially appealing theory because
of its ability to provide a convincing explanation for the pattern of symptoms in autism
(O’Hearn et al., 2008). One can imagine how weakened long-range connections would
lead to difficulties integrating information (as is required for social interaction,
communication, and EF) while local over-connectivity would result in hyper-sensitivity

to stimuli, enhanced perceptual abilities, and preserved rule-based learning.
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Chapter 4: Genetic Contributions to ASD

If developmental dysconnectivity can explain autism, what can explain this
developmental dysconnectivity? A recent study examining concordance rates in twins
showed monozygotic pairs were .58 to .77 concordant for ASD while dizygotic pairs
were .21 to .50 concordant (Hallmayer et al., 2011). Since the concordance rate is higher
for monozygotic twins who share a genotype than for dizygotic twins who do not,
genetics must play a role in the etiology of autism. Because monozygotic twins are not
100 percent concordant, there may be environmental contributors as well. An alternative
theory suggests lack of complete concordance is due to the probabilistic nature of
developmental processes (Mitchell, 2011). Rather than providing an absolute blueprint
for an individual, a genotype gives only a rough sketch because random differences in
gene expression and other epigenetic influences also contribute to the final phenotype
(Mitchell, 2007).

Though highly heritable, the specific genetic etiology is not known in most cases
of ASD. Researchers have identified many susceptibility loci, but how these alleles
convey risk is still being debated. Autism may be polygenic (Muhle, Trentacoste, &
Rapin, 2004). According to this hypothesis, multiple genes are involved—relatively
common risk alleles may combine or interact to produce the abnormal phenotype.
Another hypothesis suggests ASD is a genetically heterogeneous group of rare de novo
mutations such as deletions or copy number variations (Mitchell, 2011). Researchers
have modeled how de novo mutations could account for sporadic autism and be
transmitted through resistant offspring to create high-risk families (Zhao et al., 2007).

Interestingly, genome-wide association and family studies have shown that implicated
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risk genes are not unique to ASD. Many of the same susceptibility loci are also associated
with other neuropsychiatric conditions including ADHD, schizophrenia, and bipolar
disorder (Cross-Disorder Group of the Psychiatric Genomics Consortium et al., 2013).
Isolating the numerous variables contributing to the spectrum of abnormal human
behavior is tricky, and the laboratory mouse provides a more manageable model by
allowing researchers to generate strains to isolate the effects of candidate genes (Crawley,
2007b).

Most cases of autism are considered idiopathic, but the genetic etiology can be
determined in a minority of diagnoses. Approximately ten percent of people on the
spectrum have syndromic autism, when autistic behaviors are present in an individual
with a neurodevelopmental syndrome of known genetic origin such as fragile X or 22Q11
deletion syndrome (Hagerman, Hoem, & Hagerman, 2010; Niklasson, Rasmussen,
Oskarsdottir, & Gillberg, 2009; Pefiagarikano & Geschwind, 2012). Autism does not
occur in everyone with these conditions, but the significant overlap suggests mechanisms
of pathology may be similar. Mouse models of these syndromes have been helpful in
understanding the link between altered cortical synapses and abnormal behavior (Zoghbi

& Bear, 2012).
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Chapter 5: Assessing Neuropsychiatric Symptoms in Rodent Models

Rodents are used in medical research because of the many biochemical and
genetic similarities among mammals. Neuropsychiatric conditions like ASD or
schizophrenia may at first seem too uniquely human to model in rodents, but that is a
false premise. Autism is defined by a pattern of symptoms affecting core behavioral
domains, and it is possible to assess mouse analogues of these domains. Researchers
evaluating a rodent model of autism should therefore use tasks designed to measure
social interaction, communication, and repetitive behavior (Crawley, 2007a).

Mice are naturally social animals, and social interaction can be quantified by
observing groups of mice for an amount of time and tallying acts such as nose-to-nose
sniffing, mounting, crawling under, pushing past, and chasing (Silverman, Yang, Lord, &
Crawley, 2010). Another method for measuring social behavior is the social approach
paradigm, an automated apparatus that measures sociability and preference for social
novelty (Nadler et al., 2004). This three-chambered box has openings in the partitions
from the center chamber to each of the side compartments with infrared beams that detect
when a mouse passes from one chamber to another. To assess sociability, an inverted
metal wire cup is placed in each of the side chambers: one of which is empty, the other
containing a stranger mouse. The mouse being tested is placed in the center chamber at
the beginning of the ten-minute sessions but is allowed to pass through the openings to
the side chambers. The system records number of entries and time spent in the side
chambers. Mice ranking higher in sociability spend more time in the chamber with the
stranger mouse than in the chamber with the empty cup. Preference for social novelty is

assessed by placing another stranger mouse in the empty cup and comparing time spent in
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the chamber with the novel stranger to time spent in the chamber with the original
stranger.

Along with social interaction, social communication can be measured and
compared in mice. Adult male and infant rodents produce ultrasonic vocalizations. Pups
vocalize when isolated or removed from their nests; in response, the maternal mouse
retrieves and licks her pup (Scattoni, Gandhy, Ricceri, & Crawley, 2008). Adult male
mice emit ultrasonic vocalizations during play, aggressive bouts, and mating behaviors
(Wohr, Roullet, & Crawley, 2011). Though too high of a frequency for humans to detect,
vocalizations can be recorded and transformed into analyzable patterns with computer
software.

Mice can also demonstrate behaviors analogous to the final core domain of the
ASD phenotype. Observation of self-grooming and persistent biting at cage wires can
provide measures of repetitive behaviors (Pearson et al., 2011). Additionally, researchers
have designed an automated hole-board test that assays restricted interests and resistance
to change (Moy, Nadler, Poe, et al., 2008). A mouse is placed in a chamber on a floor-
board with sixteen drilled holes. The first task measures exploratory behavior by
recording the pattern of nose-pokes into the holes. Mice that have a preference for nose-
poking the holes located in the corners are defined as displaying restricted interests. In
the second hole-board task, different olfactory stimuli are inserted into the holes. On first
presentation, all mice nose-poke more holes containing familiar clean cage bedding than
those with novel cage bedding or a novel appetitive stimulus (e.g. a chocolate chip).
Following two days of familiarization in the home-cage with a chocolate chip, most mice

will show a shift in preference to this appetitive stimulus on second presentation. Mice
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resistant to change continue to nose-poke the holes with familiar cage bedding after
familiarization with the appetitive stimulus.

There are also laboratory protocols to measure mouse behavior equivalent to other
traits associated with ASD. Anxiety is assessed with the elevated plus maze, and acoustic
startle paradigms can measure sensory processing abnormalities (Crawley, 2012). In
addition, mice can model the key endophenotype of executive dysfunction. In humans,
the locus of EF is the PFC, and this appears to be the case with rodents as well. While
many researchers agree that primates other than humans have functionally distinguishable
PFC used in tasks requiring cognitive control, the notion that rodents have homologous
regions is more controversial (Chudasama, 2011). However, it shouldn’t be. We accept
inter-order phylogenetic comparisons for biomedical research on organs such as the heart
and liver, and the brain should not be treated differently. The basic plan of the cortex
seems to have been maintained throughout mammalian evolution as cortical cells in
rodents and primates are organized into horizontal layers and vertical columns (Krubitzer,
1995). For specific areas of cortex to be considered homologous between species, they
should demonstrate similar connections, functional properties, distribution of
neurotransmitter receptors, development, and cytoarchitecture (Uylings, Groenewegen, &
Kolb, 2003). Based on these criteria, homologous regions of primate PFC have been
identified in rodents. More specifically, rodent medial PFC (mPFC) is functionally
equivalent to primate dIPFC; and rodent OFC is functionally equivalent to primate
orbitofrontal regions (Birrell & Brown, 2000; Brigman & Rothblat, 2008; Bussey, Muir,

Everitt, & Robbins, 1997; Chudasama & Robbins, 2003; Vogt & Paxinos, 2014).
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Finding evidence for behavioral functions of rodent-equivalent PFC requires the
ability to assess complex cognition. One method of doing so is an ID/ED paradigm using
stimuli able to vary in multiple sensory modalities (Birrell & Brown, 2000). In this study,
mPFC- and sham-lesioned rats were presented with two ceramic bowls, one of which was
baited with a buried piece of cereal. Stimuli could vary in three dimensions: texture of
outside surface of bowl, digging medium, or odor. The first task was a simple
discrimination. The rats were presented with two bowls that varied on one of the
dimensions (e.g. thyme or paprika odor). After successfully learning which stimulus was
baited (e.g. thyme), rats were tested on a compound discrimination. This added an
irrelevant dimension to the stimuli (e.g. digging medium). The thyme-scented bowl was
still baited, regardless of being filled with ground tea or loose tea. Next, the animals were
tested on the first reversal, in which the paprika-scented bowl was baited, regardless of
paired digging material. On the 1D shift and reversal, the two bowls contained new odors
and digging materials, but odor remained the relevant dimension. On the ED shift and
reversal, stimuli again contained new odors and digging materials, but now the digging
material was relevant for identifying the baited bowl. Rats with mPFC lesions performed
similarly to the sham-operated controls on most of the tasks but required more trials to
reach criterion on the ED shift. This suggests that rodent mPFC is implicated in cognitive
flexibility and attentional set shifting.

Rodent cognition can also be investigated using visual stimuli and automated
touchscreen testing chambers. These systems were originally designed for the rat but
have been adapted for use in the mouse (Bussey et al., 2001). After being weighed, the

food-restricted rodents are placed in the chamber to begin the day’s testing session. At
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one end of the chamber, a touchscreen computer monitor displays a black screen. The
wall across from this contains a food pellet receptacle and initiate lever. Pressing the
initiate lever begins each trial, which results in the appearance of the visual stimuli (i.e.
computer graphics) on the monitor. On the visual discrimination acquisition, two stimuli
(e.g. stimulus A and B) are presented in randomized left/right order. Through trial and
error, the animal learns that stimulus A is rewarded. When stimulus A is nose-poked, the
display turns black and a dispenser releases a treat into the pellet receptacle. The animal
can then press the initiate lever to start the next trial. If, however, stimulus B is nose-
poked, the display turns black, no treat is released, and the initiate lever remains inactive
for a timeout period. When a correction procedure is used, the same configuration of
stimuli (the correction trial) will be presented once the rodent can activate the initiate
lever. Correction trials are repeated until stimulus A is nose-poked, when the next non-
correction trial can commence.

As previously mentioned, research on non-human primates has implicated OFC as
a necessary region for successful performance on a reversal problem (Dias et al., 1996).
Scientists hypothesized that the homologous area in rats was located in a similar region
and analyzed the effects of OFC lesions on a touchscreen reversal paradigm (Chudasama
& Robbins, 2003). This task begins with the visual discrimination acquisition. After
criterion is reached on the acquisition (85% accuracy on non-correction trials over two
sessions), rats begin the reversal on the next session. Stimulus A and stimulus B are again
presented, but the reward contingencies are switched. Now, nose-poking stimulus B
elicits a pellet and nose-poking stimulus A leads to a timeout. While OFC-lesioned rats

did not differ from sham-lesioned controls on the acquisition, they committed more

25



correction and non-correction errors on the reversal. Errors were further classified as
perseverative errors if they occurred when performance on non-correction trials was
below chance or learning errors when performance on non-correction trials was at least at
chance. Perseverative errors often occur during early sessions of the reversal and reflect a
failure to inhibit the previously rewarded response. Rats with OFC lesions had an
increased number of perseverative errors compared to controls. This suggests that OFC in
rodents, like in primates, is involved in adapting behavior to changing stimulus-reward
associations.

Touchscreen paradigms have also been used to assess mPFC lesions in rodents.
Rats with lesions to mPFC were not impaired on the acquisition of a visual discrimination
but committed more errors on the reversal when stimuli were similar in size and
luminance and thus difficult to discriminate (Bussey, Muir, et al., 1997). The mPFC-
lesioned rats made similar numbers of perseverative errors as sham-lesioned controls but
made significantly more learning errors. To better understand the reason for the increased
learning errors, the researchers conducted an additional experiment testing mPFC-
lesioned rats on an easier reversal using maximally discriminable stimuli. The two stimuli
differed in multiple perceptual dimensions (size, color, preponderance of horizontal or
vertical lines, jagged or smooth edge shape), and the rodents needed to attend to just one
of these features to successfully discriminate. Rats with mPFC lesions were not impaired
on this task. Both reversals required working memory, but mPFC-lesioned rats were only
impaired when directed attention to relevant features of the stimuli was necessitated in
addition to the working memory component. This pattern of results implicates mPFC

circuitry in tasks with increased cognitive demands.
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Research on mice has provided additional support for the role of mPFC in rodent
attentional control. C57BL/6J (C57) mice with lesions of mPFC were compared to
normal C57 controls on a series of touchscreen tasks (Brigman & Rothblat, 2008). On a
visual discrimination task when stimuli were distinguished by brightness (i.e. a black
square and a white square), no group differences were evident on acquisition or reversal.
When stimuli consisted of a horizontal line or an X-pattern, acquisition performance was
similar between groups. On the reversal, mPFC-lesioned mice did not require more
sessions than controls but did commit more total errors and non-correction errors before
reaching the criterion. Further analysis of the data revealed that this was due to an
increase in learning errors, not perseverative errors. Thus, the group differences were not
due to an impairment of lesioned animals to inhibit previously relevant stimulus-reward
associations but instead occurred during the later stages of the problem. This was not
seen in the brightness paradigm, because those stimuli could be discriminated with
minimal direction of visual attention. Like in rats, mice with PFC lesions appear impaired
on reversal only when the task requires increased attentional control. Importantly,
touchscreen systems are sensitive enough to detect the difference: They are a crucial tool

in determining the cognitive phenotypes of mouse models.
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Abstract (for Study 1)
BTBR T+tf/J (BTBR) inbred mice are frequently used as a model of autism spectrum
disorders (ASD) as they display social deficits and repetitive behaviors that resemble the
symptoms of the human syndrome. Since deficits on tasks that measure cognitive
(executive) control are also reliable phenotypes in ASD, we wanted to determine whether
executive abilities were compromised in the mouse model. BTBR mice were trained on
two visual discrimination paradigms requiring differing degrees of cognitive control.
BTBR mice performed normally on a visual discrimination reversal where rule switching
was relatively automatic, but were severely impaired on a task-switch paradigm that
required the active use of contextual information to switch between rules in a flexible
manner. The present findings further characterize the behavior of BTBR mice as a model
of ASD. Moreover, the demonstration of both intact and impaired executive functions in
BTBR mice illustrates the importance of developing new cognitive assays for

comprehensive behavioral assessment of mouse models of human brain disorders.
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Intact and Impaired Executive Abilities in the BTBR Mouse Model of Autism

The BTBR T+tf/J (BTBR) inbred mouse is becoming one of the most thoroughly
characterized animal models for autism spectrum disorders (ASD). BTBR mice display
cortical underconnectivity (lacking a corpus callosum and having a reduced hippocampal
commissure (Wahlsten, 2003)), carry a deletion of the DISC1 gene (Clapcote & Roder,
2006), and exhibit alterations in serotonin transmission (Gould et al., 2011). More
recently it has been shown that Ras/Raf/ERK1/2 signaling is significantly up-regulated in
the frontal cortex of BTBR mice (K. Yang et al., 2011) as it is in the brains of individuals
with ASD (Zou et al., 2011). The behavioral phenotype of BTBR mice also reflects the
autistic syndrome. BTBR mice exhibit minimal social interaction and impaired play
(Bolivar, Walters, & Phoenix, 2008; McFarlane et al., 2008; Moy et al., 2007), unusual
patterns of vocalizations (Scattoni et al., 2008; Wahr et al., 2011), and enhanced
repetitive and stereotyped behaviors (McFarlane et al., 2008; Moy et al., 2007; Moy,
Nadler, Young, et al., 2008; Pearson et al., 2011).

In addition to the primary diagnostic criteria (social, communication, repetitive)
(American Psychiatric Association, 2000), ASD is characterized by a constellation of
cognitive impairments that are particularly evident on tasks that require some degree of
cognitive (executive) control (Pennington & Ozonoff, 1996). Cognitive control refers to
the ability to switch between tasks that use different rules and requires some degree of
working memory and response inhibition for behavioral flexibility. In mice, such
cognitive functions have been modeled by using discrimination learning paradigms, such
as discrimination reversal learning tasks where subjects must first learn to respond to one

of two cues, then switch to the previously unrewarded cue. As in human studies,
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performance is generally believed to measure behavioral flexibility, reflecting an ability
(or inability) to inhibit prepotent responses. Despite the fact BTBR mice display a
number of autism-like behaviors, previous reports suggest their cognitive abilities may be
intact. BTBR mice perform well on visual discrimination tasks (Brown, 2007) and,
reportedly, are not impaired on reversal learning (Moy et al., 2007).

Although cognitive control deficits are typical in ASD, they are not apparent on
all tests (Hill, 2004). Tasks requiring simple inhibition (e.g. Stroop, Go/No-Go, Stop-
Signal, and negative priming) are learned normally (Ozonoff & Jensen, 1999; Ozonoff &
Strayer, 1997). The most consistent evidence for cognitive control dysfunction in ASD
comes from task-switching studies requiring the ability to flexibly shift from one set of
rules to another in a context specific manner. Switching is particularly difficult when one
of the rules involves inhibiting a prepotent response. Two tasks that have been used
successfully in children are the “Preparing to Overcome Prepotency (POP)” task
(Solomon et al., 2009, 2008) and the “Dots” task (Davidson et al., 2006; Diamond,
Briand, Fossella, & Gehlbach, 2004). For successful performance on these tasks, subjects
must learn two sets of stimulus-response (S-R) mappings and switch between the two in
the appropriate situation. On S-R compatible trials, the subject must respond to the side
where the target is presented. On S-R incompatible trials, the subject must suppress the
prepotent tendency to respond to the target and instead learn to respond to the opposite
side. Compared with simple discrimination reversal where cognitive control is more
automatic, these task-switching paradigms require the active use of contextual

information to flexibly adjust responses.
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We have previously shown that when tested in a computer-automated touchscreen
apparatus (Brigman, Bussey, Saksida, & Rothblat, 2005; Bussey et al., 2001), mice can
be trained on a variety of visual discrimination tasks including discrimination reversal
(Brigman & Rothblat, 2008) and perceptual set-shifting (Brigman et al., 2005) that are
analogous to those used with humans. Since contextual processing tasks used with
autistic children employ visual discrimination paradigms, we were able to develop a rule
switching paradigm for mice that incorporates similar cognitive demands. The purpose of
the present experiment was to see if BTBR mice would be impaired when rule switching
involves the active use of contextual information, but perform normally on a
discrimination reversal task where rule switching is relatively static.

Materials and Methods
Animals

Male C57BL/6J (n=10) and BTBR (n=10) mice aged 12 weeks at the beginning
of the experiment were obtained from Jackson Laboratories (Bar Harbor, ME). Animals
were separated, weighed and housed individually in plastic cages on a 12 hour light-dark
cycle with unlimited access to water for the duration of the experiment. The mice were
allowed 7 days of free feeding during which they were weighed once per day and
accustomed to handling. The animals were then put on a restricted diet until they were
reduced to 85% of their free feeding weight. Between 12 and 16 weeks of age, food
allotment was gradually increased approximately 10% to adjust for growth. All
experimental procedures were conducted within the guidelines of the Institutional Care

and Use Committee of The George Washington University.
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Apparatus

The apparatus and training methods were similar to those previously described by
Brigman and Rothblat (2008). Mice were initially trained to bar press in a modified
Skinner box. They were then transferred to the touchscreen apparatus, a Plexiglas
chamber measuring 22 x 24 x 19 cm. An external pellet dispenser (Model ENV 203-20,
MED Associates, St. Albans, VT) was connected to a food well on the rear wall of the
chamber. An initiate lever was located above the food well. A computer monitor (15
inch) on which the stimuli were presented was placed on the other end of the chamber.
An infra-red touchscreen (Model 3457, CarrollTouch International, Tokyo, Japan) was
attached to the front of the touchscreen. The testing chamber was placed in a dimly lit
room (approximately 3 lux).
Discrimination Acquisition and Reversal

Animals were pretrained to initiate a trial by bar press and respond to a visual
stimulus by nose poking for food reward (Noyes, 20 mg). Initiation of the next trial could
then occur 5 seconds after the response. This pre-training allowed the mice to acclimate
to the testing chamber and was continued into the mouse could respond to 20 visual
stimuli in 20 minutes or less, two days in a row. Following pretraining, the mice learned a
two-choice pattern discrimination. Animals were again required to initiate each trial by
depressing the bar. However, now each press resulted in the presentation of two stimuli,
each appearing pseudorandomly on the left or right side. Stimuli were composed of black
lines on a grey background with a horizontal line rewarded (S+) and an X unrewarded (S-
). A nose touch of S+ resulted in a tone, reward of one food pellet, and an advance to the

next trial. A nose touch of S- resulted in no reward and a 20 second delay before the
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animal could reinitiate. Subjects were tested for 20 trials per session (referred to as first-
presentation trials); each mouse completed one testing session per day. A correction
procedure was used so that following an incorrect response on a trial, that screen was
repeated until the animal responded correctly (repeated trials). Criterion for the
discrimination and reversal problems was set at 80% correct first-presentation trials on 2
consecutive sessions. After completing the pattern discrimination problem, animals were
moved to the reversal problem on the next testing session. All procedures were similar to
the previous problem, except now the reinforcement contingencies were reversed such
that the previous S- (horizontal line) was now rewarded and the previous S+ (X) was
unrewarded.
Contextual Rule Switching (CRS) Task

Following criterion performance on the discrimination reversal, the mice were
trained on a new contextual rule switching (CRS) task for 15 consecutive days. Testing
began with a block of 10 S-R compatible trials (cued by a black circle) where the mouse
was rewarded for responding to the side where the target was presented (Figure 1, left).
After this block of 10 trials, the mouse was returned to the home cage for 5 minutes.
Testing then resumed with a block of 10 S-R incompatible trials (cued by a white circle).
For these trials, the mouse must inhibit a prepotent response and utilize a different rule,
i.e. press the side opposite the white circle (Figure 1, right). A correction procedure was
also used for the CRS task whereby incorrect trials were repeated until the mouse made a

correct response.
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S-R Compatible S-R Incompatible

Figure 1. Contextual rule switching (CRS) task. For 15 consecutive days mice were presented
with both S-R compatible and S-R incompatible trials. On S-R compatible trials (e.g. cued by a
black circle), the mouse was rewarded for responding to the side where the target was presented.
On S-R incompatible trials, the mouse was rewarded for pressing the side opposite to the white
circle. The correct response (+) in each condition is indicated.

Behavioral Measures and Statistical Analysis

For discrimination acquisition and reversal learning, analysis of variance
(ANOVA) was used to analyze differences between strains on sessions to criterion, total
errors on first-presentation trials, total errors on repeated trials, and total incorrect
responses (first presentation and repeated). Additionally, reversal performance was
analyzed by categorizing the repetitive error scores of individual mice as “stimulus
perseverative errors” if they occurred on sessions where performance was <39% correct
or “learning errors” if they occurred on sessions where performance was >39% (Brigman,
Padukiewicz, Sutherland, & Rothblat, 2006; Brigman & Rothblat, 2008; Chudasama &

Robbins, 2003). “Stimulus perseveration errors” tend to occur at the beginning of the
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reversal problem while “learning errors” tend to occur during the later stages of learning.
For the CRS task, a repeated measures ANOVA was used to analyze first presentation
and repeated errors for both S-R compatible and incompatible trials over the 15 days of
testing. Further comparisons were made after adjusting for multiple measures with the
Bonferroni correction.
Results

Discrimination Acquisition

BTBR mice required a mean of 6.8 + 1.2 sessions to reach criterion on the visual
discrimination task; C57BL/6J mice required a mean of 5.3 + 0.7 sessions. No significant
differences were found as measured by sessions (F(1,18) = 1.25, p = 0.278). Comparison
of first presentation errors made by the BTBR (39.6 + 7.5) and C57BL/6J (26.1 + 4.0)
also revealed no significant differences (F(1,18) = 2.49, p = 0.132). Similarly, BTBR
(68.2 = 13.8) and C57BL/6J (39.3 £ 5.6) did not significantly differ on total incorrect
responses (F(1,18) = 3.77, p = 0.068).
Discrimination Reversal

The BTBR (10.9 £ .9) mice did not require significantly more (F(1,18) = .95, p =
.342) sessions than C57BL/6J animals (9.6 £ .9) to reach criterion on the discrimination
reversal task. ANOVA revealed the groups did not significantly differ on first
presentation errors (BTBR =88.2 £ 9.5; C57BL/6J = 77.3 £ 8.3; F(1,18) = 0.74,
p=0.400), repeated errors (BTBR = 145.3 + 10.9; C57BL/6J = 160.4 £ 25.5; F(1,18) =
0.30, p=0.592), or total incorrect responses (BTBR = 233.5 £ 18.2; C57BL/6J = 237.7 +
26.3; F(1,18) =.02, p=0.897) (Figure 2). The groups did not differ significantly in

number of stimulus perseveration (BTBR =91.3 + 15.5; C57BL/6J = 132.7 + 31.7;
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F(1,18) = 1.38, p = 0.256) or learning (BTBR =142.2 £ 13.0; C57BL/6J = 105.0 £+ 13.3;
F(1,18) =4.01, p = 0.601) errors.

300
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200 -
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mC57BL/6J
100

50 {
0

Acquisition Reversal

Total Errors to Criterion

Figure 2. Performance of BTBR (n=10) and C57BL/6J (n=10) mice did not differ significantly on
acquisition and reversal of a visual discrimination. A graph of mean (+SEM) total errors to
criterion for BTBR (white) and C57BL/6J (shaded) mice.

CRS Task

On the S-R incompatible component of the CRS task, BTBR (86.5 + 2.1) made
significantly more first presentation errors than C57BL/6J mice (68.4 + 2.2; F(1,18) =
35.66, p < 0.0001). To determine how performance changed throughout the course of
testing, the proportion of errors on first presentation trials was analyzed in in 3 five
session blocks (Figure 3). A repeated measures ANOVA revealed a significant Block
effect, i.e., performance of both strains improved with training (F(2,36) = 81.51, p <
0.0001) and a significant Block X Strain interaction (F(2,36) = 7.80, p = 0.0015).
Whereas the performance of the two strains did not differ significantly during the initial
block of testing on first presentation errors (BTBR = F(1,18) = 0.33, p =0.571), BTBR
mice made significantly more errors on sessions 6 through 10 (F(1,18) = 56.16, p <
0.0001) and on the final block, sessions 11 through 15 (F(1,18) = 18.53, p = 0.0004).

Analysis of repetitive errors on S-R incompatible trials showed a similar pattern. BTBR
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made more repetitive errors over the 15 test sessions (BTBR = 186.4 + 15.6, C57BL/6J =
120.6 £ 16.5; F(1,18) = 8.39, p = 0.0096). The strain difference in repetitive errors was
not seen in the first five sessions of testing (F(1,18) = 0.43, p = 0.52), but BTBR made
more repetitive errors on the middle (F(1,18) = 45.26, p < 0.0001) and final (F(1,18) =

14, p = 0.0014) blocks of testing.
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Figure 3. Impaired performance of BTBR (n=10) compared to C57BL/6J (n=10) mice on S-R
incompatible trials of the CRS task. Mean proportion (+SEM) of incorrect responses on S-R
incompatible trials (first presentation) over 15 testing sessions. Whereas, the performance of the
two strains did not differ during the initial block of testing, BTBR mice made significantly more

errors thereafter. *p <.001.

First presentation and repetitive errors were also analyzed for the S-R compatible
condition. On the first 10 S-R compatible trials (session 1), which occurred prior to
testing on the S-R incompatible condition, there were only occasional errors made by
mice in either group (BTBR 1.0 £ 0.3; C57BL/6J = 1.0 = 0.3). As training continued,
however, the superior learning of the S-R incompatible rule impacted C57BL/6J
performance on S-R compatible trials. Over the final 14 S-R compatible sessions,
C57BL/6J made significantly more errors on first presentation trials (BTBR = 17.5 + 2.3,
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C57BL/6J = 29.4 = 1.5; F(1,18) = 18.5, p = 0.0004), however, there was no differences in
the number of repetitive errors (BTBR = 6.9 £ 2.2, C57BL/6J = 7.8 £ 1.6; F(1,18) = 0.11,
p = 0.7436).

Discussion

It is now well documented that BTBR mice exhibit behavioral traits that are
similar to the diagnostic symptoms of ASD, including minimal social interactions,
abnormal patterns of vocalizations, and repetitive behaviors (American Psychiatric
Association, 2000). Children and adults with ASD also display a specific cognitive
phenotype. While executive function deficits are among the most frequently reported
symptoms of ASD, not all executive abilities are compromised. The present results
demonstrate that BTBR display a similar pattern of cognitive impairments. BTBR mice
learned to discriminate line stimuli as readily as C57BL/6J controls. Moreover, no
differences between BTBR and control mice were evident on discrimination reversal
either in early perseverative or later attention-type errors.

While their ability to inhibit prepotent responding on the discrimination reversal
was not impaired, BTBR mice made significantly more errors on the S-R incompatible
component of CRS, a task that required inhibiting contextually inappropriate responses.
On S-R incompatible trials, BTBR continuously made more first-choice, as well as
repeated, errors throughout the 15 days of testing. Thus, similar to individuals with ASD,
BTBR mice exhibit deficits in cognitive control on rule switching tasks that require
active use of contextual information but perform normally on tasks where rule switching
is more automatic. Perhaps not surprisingly, BTBR made fewer errors on S-R compatible

trials than C57BL/6J mice. Whereas the S-R compatible performance of C57BL/6J mice
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was slightly compromised as they learned a second, opposing S-R mapping, BTBR mice
continued to respond automatically on compatible trials throughout CRS testing.
Hikosaka and Isoda have recently distinguished between two modes of behavioral
switching, retrospective and prospective (2010). Switching that occurs such as on
discrimination reversal is based solely on error feedback, whereas prospective switching,
needed for successful performance on the CRS task, requires the use of contextual cues.
The present results indicate that BTBR mice are able to switch a behavioral routine
retrospectively, but are severely impaired when prospective switching is essential.
Amodeo et al. also found that task demands are critical in determining whether BTBR
mice exhibit intact or impaired executive functions (Amodeo, Jones, Sweeney, &
Ragozzino, 2012). Here, mice of the BTBR strain learned a spatial discrimination and
spatial reversal as readily as C57BL/6J when tested with 100% reinforcement, but were
impaired when task demands were increased by shifting reward to an 80%/20% schedule.
While it is now evident that BTBR mice display both cognitive and social
phenotypes that resemble ASD, the neural mechanisms responsible for the abnormalities
remain unknown. BTBR mice display a number of neuroanatomical and neurochemical
alterations that could contribute to these behavioral differences. Previous findings
indicate that the ability to inhibit perseverative responding and attend to critical aspects
of stimuli during reversal learning require different cognitive processes and depend on
different subregions of the prefrontal cortex (Brigman & Rothblat, 2008; Chudasama &
Robbins, 2003). The fact that BTBR mice were not impaired on any stage of the reversal
task suggests the neural disruption in these animals is not specific to prefrontal circuits.

Other studies have focused on abnormalities in neural connectivity that characterized the
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strain, e.g., lack of a corpus callosum, to explain the behavioral characteristics of BTBR
mice (low sociability, high levels of repetitive behavior) that resemble ASD. However,
LP/J mice, an inbred strain genetically close to BTBR, but with an intact callosum,
display similar ASD-like traits (M. Yang, Clarke, & Crawley, 2009). Moreover, these
investigators found that early postnatal lesions of the corpus callosum in C57BL/6J mice
had no effect on these behaviors. Although BTBR mice were not impaired on the reversal
problem, they displayed a striking deficit on CRS, a task designed as a mouse analogue
of cognitive control paradigms (e.g. Dots, Preparing to Overcome Prepotency Task) used
to show executive deficits in ASD (Diamond et al., 2004; Solomon et al., 2008). Imaging
studies have shown that the impairments evident in individuals with ASD may be related
to functional underconnectivity between frontal and parietal regions (Solomon et al.,
2009). Thus, while the callosal abnormality may in itself be an insufficient explanation
for the behavioral phenotype of BTBR mice, it may reflect a more general disruption of
white matter pathways. Interestingly, the BTBR and LP/J strains carry a deletion of the
DISC1 (Disrupted In Schizophrenia 1) gene (Clapcote & Roder, 2006). DISC1 is a major
risk factor for a variety of neurodevelopmental disorders including ASD (Kilpinen,
Ylisaukko-Oja, & Hennah, 2006; Sawamura & Sawa, 2006). Animal studies of the
DISC1 protein have established several roles for DISC1 in neuronal development
including proliferation, migration, and differentiation (Lee et al., 2011). Osbun et al. have
recently found that DISC1 is highly expressed in the embryonic corpus callosum and is
likely critical for neurite outgrowth throughout the cerebral cortex (2011).

The present findings add to the expanding literature showing resemblances in

behavioral symptoms between BTBR mice and individuals with ASD. As the
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mechanisms underlying ASD remain poorly understood, a relevant animal model will be
invaluable in helping unravel underlying circuit dysfunctions and aid in the investigation
of potential therapeutic avenues. The demonstration of both intact and impaired executive
functions in BTBR mice illustrates the importance of developing new cognitive assays,
such as the CRS task, for accurate assessment of cognitive abilities in animal models of

ASD and other human brain disorders.
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Abstract (for Study 2)

We established a relationship between cognitive deficits and cortical circuits in
the LgDel model of 22q11 Deletion Syndrome (22911DS)—a genetic syndrome with one
of the most significant risks for schizophrenia and autism. In the LgDel mouse, optimal
acquisition, execution and reversal of a visually guided discrimination task, comparable
to executive function tasks in primates including humans, is compromised; however,
there is significant individual variation in degree of impairment. The task relies critically
on the integrity of circuits in medial anterior frontal cortical regions. Accordingly, we
analyzed neuronal changes that reflect previously defined 22q11DS-related alterations of
cortical development in the medial anterior frontal cortex of the behaviorally
characterized LgDel mice. Interneuron placement, synapse distribution, and projection
neuron frequency are altered in this region. The magnitude of one of these changes, layer
2/3 projection neuron frequency, is a robust predictor of behavioral performance: It is
substantially and selectively lower in animals with the most significant behavioral
deficits. These results parallel correlations of volume reduction and altered connectivity
in comparable cortical regions with diminished executive function in 22q11DS patients.
Apparently, 22q11 deletion alters behaviorally relevant circuits in a distinct cortical

region that are essential for cognitive function.
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Cognitive Ability is Associated with Altered Medial Frontal Cortical Circuits in the
LgDel Mouse Model of 22q11.2DS

22011 Deletion Syndrome (22911DS) is one of the most significant genetic risks
for autism, schizophrenia and other cortical circuit disorders thought to arise during
development (Geschwind & Levitt, 2007; Meechan, Maynard, Tucker, & LaMantia,
2011; Niklasson et al., 2009). Cognitive disabilities are common in 22q11DS; however,
not all domains are affected equally: Executive functions including working memory and
attention are more frequently compromised (Campbell et al., 2010; Gerdes et al., 1999;
Swillen et al., 1999; Woodin et al., 2001). Prefrontal and anterior cingulate regions
essential for these functions are altered in 22q11DS patients (Bearden et al., 2009; Schaer
et al., 2006; Shashi et al., 2010). Nevertheless, it remains unknown if circuits within these
regions are disrupted, how disruptions arise, and whether they are related to behavioral
deficits. Thus, we asked whether circuit elements are specifically compromised,
reflecting altered development, in a distinct cortical region crucial for an executive
function-related task in the LgDel mouse (Merscher et al., 2001), a genomically accurate
model of 22911DS.

Current behavioral paradigms assess a variety of cognitive capacities in mice (van
der Staay & Steckler, 2001), and some tasks apparently depend upon the integrity of
distinct cortical regions. Touchscreen mediated visual discrimination/reversal tasks have
emerged as a relevant assay for murine executive functions, and these tasks can be
associated with distinct areas of the frontal cortex (Brigman, Graybeal, & Holmes, 2010;
Brigman, Powell, Mittleman, & Young, 2012; Bussey et al., 2001). Recent behavioral

analyses in 22q11DS patients indicate that distinct aspects of executive function, some of
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which may engage behavioral mechanisms and frontal cortical areas similar to those used
for reversal tasks in mice, are selectively compromised (Shapiro, Wong, & Simon, 2013;
Shashi et al., 2010). Indeed, the full range of capacities that comprise executive function,
including working memory and attention are altered in 22q11DS (Karayiorgou, Simon, &
Gogos, 2010). Thus, in the LgDel 22911DS mouse model, we focused on visual
discrimination/reversal performance as an indication of cognitive capacity relevant to
executive functions that rely upon frontal cortical circuits.

There is little evidence that genetic lesions associated with cortical circuit
disorders alter cognition in register with developmental changes in relevant cortical
regions. We therefore focused on changes that reflect two developmental anomalies in
the LgDel frontal cortex. First, disrupted migration leads to aberrant laminar position of
parvalbumin-labeled GABAergic interneurons. Second, altered proliferation of basal
progenitors—subventricular zone precursors that produce projection neurons for all
layers (Kowalczyk et al., 2009)—reduces layer 2/3 projection neuron frequency
(Meechan, Tucker, Maynard, & LaMantia, 2012, 2009). Previously we found pronounced
changes in area 6 (Caviness, 1975), lateral frontal motor/association cortex, IAFC. In
22q11DS patients, prefrontal and anterior cingulate cortices are altered in parallel with
executive function (Bearden et al., 2009; Shashi et al., 2010). In mice, aspects of the
discrimination/reversal task depends upon the medial frontal/anterior cingulate cortex,
MAFC, (areas 24/25 (Brigman & Rothblat, 2008; Bussey, Everitt, & Robbins, 1997;
Caviness, 1975)) often compared to human prefrontal cortex. Thus, using the LgDel
mouse, we asked whether developmental anomalies that alter frontal cortical circuits are

related to cognitive capacities that rely upon integrity of those circuits.
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We found that LgDel mice, as a group, are cognitively impaired, similar to
22q11DS patient populations. As with variable deficits in individual 22q11DS patients,
some LgDel mice are more impaired than others. Cognitive impairment in LgDel mice is
paralleled by changes in mMAFC GABAergic interneurons and layer 2/3 projection
neurons—mature manifestations of developmental disruptions we reported previously
(Meechan et al., 2012, 2009). When behavioral performance and these cortical circuit
phenotypes are compared, a robust and specific relationship between diminished
cognitive capacity and mAFC projection neuron frequency is seen. Apparently, the
degree of disrupted circuit construction in a cortical region critical for executive
functions, similar to those altered in 22q1DS patients, predicts cognitive impairment in
the mouse model of 22q11DS.

Materials and Methods
Mice

The George Washington University Institutional Animal Care and Use Committee
(IACUC) reviewed and approved all animal procedures. The LgDel line (Merscher et al.,
2001) has been maintained on a C57/BI6N background in our colony since 2003 (>25
generations). We insure the consistency of the background by routine backcrosses to
C57BI6N stock from the vendor (Charles River Laboratories, Wilmington MA). Eleven
LgDel and 11 wild-type (WT) males, generated from 6 litters in which the LgDel was
transmitted paternally, were analyzed. These males were group housed as littermates for
approximately 10 weeks when the food deprivation schedule for behavioral testing was
begun. Each animal was then housed individually on a 12 h light—dark cycle with

unlimited access to water. Each individually housed mouse was put on a restricted diet
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and weighed daily until it reached 85% of its free feeding weight. Behavioral testing was
begun immediately thereafter.
Behavioral Testing

The 11 LgDel and 11 WT male mice were trained using an infra-red LCD
touchscreen apparatus (Rutz & Rothblat, 2012). Initially, mice were rewarded (at a pellet
food dispenser in a central location distal to the screen) for nose-poking the correct visual
stimulus, independent of left/right position. Animals are given 20 “first-choice” trials per
session (e.g. each trial requires correctly choosing vertical instead of horizontal bars;
Figure 4A, left) with the correct stimulus equally distributed on the left or right over the
session. Animals successfully reach criterion when they make the correct discrimination
between vertical and horizontal bars 80% of the time in a session (16 out of 20 first-
choice trials). When an incorrect choice is made during first-choice trials, the same
stimulus in the same location is presented until the correct choice is made. For the
acquisition phase, we report total number of sessions to criterion, total number of errors
made while acquiring the task, and the time spent performing the task per session when

criterion is reached.
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Figure 4. Behavioral assessment and cortical localization of cognitive functions in LgDel and WT
mice. (A) The touchscreen visual discrimination/reversal task assesses murine executive
functions. At left: The mouse initially learns to discriminate which touch-sensitive pattern—
vertical versus horizontal lines— presented on the LCD screen is associated with food reward,
irrespective of screen position. At right: During reversal learning, the pattern associated with food
reward is switched. (B) During the initial acquisition phase of the behavioral task, LgDel animals
take modestly longer to learn the rule associated with food reward, *p<0.05. (C) LgDel animals
require more reversal sessions to learn that the pattern associated with food reward has been
reversed, **p<0.01. (D) The number of learning sessions required by LgDel animals during the
reversal phase was significantly increased, **p<0.01. (E) The number of learning errors made by
LgDel animals during the reversal phase was also greater, *p<0.01. (F) The medial anterior
frontal cortex (MAFC) from behaviorally tested animals was assessed histologically (red counting
box). This region overlaps with the lesioned regions (hatched area, based upon Brigman and
Rothblat 2008) shown to be important for reversal learning. (G), parvalbumin-labeled
GABAergic interneuron distribution, perisomatic parvalbumin labeled puncta (presumed to be
synaptic endings, not visible in this low power image), and NeuN cell frequency (including
presumed projection neurons in layer 2/3) were assessed within the counting box.
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Upon successful initial acquisition, the reinforcement contingency was reversed:
the mouse must nose-poke the other stimulus (e.g., horizontal lines; Figure 4A, right) to
receive a reward. For this “reversal learning” phase, criterion was reached upon 80%
correct first-choice trials. Accordingly, for this phase we report the number of total
sessions required (each session: 20 first-choice trials). We also record the initial number
of correct trials for the first reversal session as a baseline indicator of performance. In
addition, we report the number of total perseverative as well as learning sessions for each
animal, which records sessions required to reach criterion before (perseverative) and after
(learning) a 39% performance level has been reached on first choice trials during the
reversal phase (Rutz & Rothblat, 2012). We also assessed the total number of errors made
throughout the reversal phase. We categorized these errors as perseverative if they
occurred on sessions when performance was <39% and learning if they occurred when
performance was >39%.

Tissue Collection and Histology

All behaviorally tested animals were perfusion fixed, and brains were collected
and processed as described previously (Meechan et al. 2009). Ten of 11 LgDel and 6 of
11 WT behaviorally tested animals were analyzed for parvalbumin neuron distribution
and projection neuron frequency blind to genotype. We examined a smaller subset of
behaviorally tested LgDel (n=5) and WT (n=3) animals that fell within the full range of
behavioral performance to quantify perisomatic parvalbumin labeled synaptic terminals.
Histological material from this subset of animals had sufficiently distinct punctate
staining to permit reliable quantification of presumed perisomatic synapses. The

following primary antibodies were used: rabbit anti-parvalbumin (1:2000; Swant, Marly,
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Switzerland) and mouse anti-NeuN (1:500 dilution; Millipore, Billerica, MA, USA).
Species appropriate Alex Fluor 488, 546 nm and 647nm secondary antibodies (Life
Technologies Corporation, Carlsbad, CA, USA) were used for fluorescent detection.
Cell Counting

Medial prefrontal cortical areas (i.e. the mAFC) have been implicated in the
reversal task (Brigman & Rothblat, 2008; Bussey, Everitt, et al., 1997; Chudasama &
Robbins, 2003) and are thought to approximate prefrontal and cingulate areas that are
compromised in human 22q11 patients with cognitive deficits (Bearden et al., 2009;
Shashi et al., 2010). Thus, we focused our cellular analysis on the mAFC. We sampled
the mAFC at an anterior-posterior position defined by the anterior commissure crossing
the midline ventrally, equivalent to coronal section 209 (Sidman, Angevine, & Pierce,
1971) or Bregma 0.25mm. This section includes areas 24 and 25 (Caviness, 1975).
Sections at this level also include lateral frontal motor association cortex (IAFC; area 6;
Caviness, 1975), which we analyzed as a positive control based upon our previous data
(Meechan et al., 2012, 2009). Three adjacent tissue sections were counted from this
location. In each section, immunolabeled cells were counted within a box comprised of 5
bins of equivalent areas (Figure 4G) spanning the mAFC or the IAFC. To accommodate
mAFC geometry, bin 1 was aligned to the edge of cortical layer 2 and bin 5 to the
boundary adjacent to the white matter of the cingulum (Figure 4F). The percentage of
parvalbumin cells per bin as a fraction of total parvalbumin cells in the probe was
calculated. The average number of parvalbumin labeled terminals contacting the soma of

NeuN-labeled neurons in each bin was determined. A cell density value per bin was
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calculated for NeuN-labeled cells. All values were then plotted as a function of bin
position to assess differences in distribution between LgDel and WT circuit elements.
Imaging and Analysis

Tiled montages were collected using a Zeiss 710 confocal microscope with
automated stage. Parvalbumin-labeled interneurons and NeuN-labeled neurons were
identified as described previously (Meechan et al., 2012, 2009). For perisomatic
synapses, single optical section montages of 0.8um depth were captured with a 63x oil
immersion objective. Parvalbumin labeled puncta touching cell soma of NeuN-labeled
neurons were counted.
Statistical Analyses

Behavioral differences (sessions and errors to criterion) were assessed using
analysis of variance (ANOVA). Differences in distribution of GABAergic cell bodies and
NeuN-labeled neuronal nuclei were analyzed as described previously (Meechan et al.,
2012, 2009), and perisomatic parvalbumin puncta were assessed similarly. When we
compared means between more than 2 groups, a one-way ANOVA followed by Tukey’s
test was used; otherwise, the Student’s t-test was used. The degree of correlation between
behavioral measures and neuronal or synaptic puncta frequency and distribution was
assessed by the Pearson product-moment correlation coefficient (r) and Spearman Rank
Order Correlation (rs) tests for which two-tailed probability values (P) were assigned.

Results

Cognitive Capacity in LgDel Mice

Most available data indicates that cognitive capacity, including that for tasks

requiring optimal executive function (encompassing working memory and attention), is
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impaired in 22q11DS patients. In LgDel and other 22q11DS mouse models, there has
been little evaluation of cognitive capacity beyond assessments of spatial memory or
conditioned fear responses (Long et al., 2006; Sigurdsson, Stark, Karayiorgou, Gogos, &
Gordon, 2010; Stark et al., 2008). In addition, basic sensory/motor function has been
reported to be indistinguishable from WT, even though pre-pulse inhibition, a measure of
sensory gating, is altered (Long et al., 2006; Paylor et al., 2001, 2006). Thus, to evaluate
cognitive capacity in the LgDel mouse model of 22q11DS, we used the visual
discrimination/reversal task (Figure 4A).

LgDel mice have a modest, but statistically significant impairment in initial
learning of this task: 8.09+0.54 (SEM) sessions for LgDel versus 6.45+0.60 for WT,
F(1,20)=4.49, p=0.047 (Figure 4B). Nevertheless, the two genotypes did not differ
significantly in total number of errors committed when acquiring the initial
discrimination task: LgDel, 116.91 + 10.05 errors versus WT 105.45 + 10.11 errors,
p=0.6 Moreover, during the session in which criterion is met, LgDel and WT mice spend
approximately the same amount of time performing the task: 12.64+3.98 minutes for
LgDel versus 11.71+2.39 minutes for WT, p=0.515. Thus, while LgDel mice have a
modest initial delay, other aspects of acquisition and performance are similar to WT
mice.

At the outset of the reversal phase, LgDel and WT mice perform similarly: during
the first reversal learning session, LgDel mice make 3.91+0.59 correct responses/20
trials, while WT mice make 3.73£0.60/20 trials, p=0.82. Similarly, the number of
perseverative sessions—which occur at earlier stages of reversal learning—does not

differ between the two genotypes: 1.91+0.28 for LgDel versus 2.09+0.28 for WT. Finally,
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the total number of errors is statistically indistinguishable. LgDel mice make 213.00+8.43
errors, while WT mice make 194.82+7.51 prior to reaching criterion, p=0.60. This
number of errors, for both genotypes, is nearly twice the number committed during initial
acquisition of the task. Together, these data indicate that the initial phase of the reversal
task places equivalent demands on both LgDel and WT mice to which they respond
similarly.

The most substantial differences between LgDel and WT mice emerge during the
learning phase of the reversal task. LgDel mice complete the reversal task to criterion
substantially more slowly than their WT littermate counterparts. They require
10.45+1.39, while WT mice require 6.36+0.49 total sessions, F(1,20)=8.40, p=0.009
(Figure 4C). Most of this difficulty reflects a significant increase in learning sessions.
LgDel mice need 8.54+1.14 learning sessions, while WT mice need only 4.36+0.4 to
reach criterion (Figure 4D). Although the total number of reversal errors is similar
between the two genotypes, the types of errors differ significantly. There is a modest but
significant decrease in the number of perseverative errors made by LgDel mice:
94.4+11.51 for LgDel versus 149.7+24.63 for WT, F(1,20)=4.54, p=0.045. In contrast,
LgDel mice make substantially more learning errors: 118.6+24.66 versus 45.1+7.46 for
WT, F(1,20)=8.97, p=0.007 (Figure 4E). Apparently, cognitive capacities that underlie
distinct phases of the reversal task are differentially altered in LgDel mice, and many
changes are seen during the learning phase.

We also recognized substantial differences in variability in individual
performance between genotypes. This variability was more pronounced for the total

number of reversal sessions (F=0.006) as well as the number of learning sessions
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(F=0.004) and learning errors (F=0.0007) for LgDel versus WT mice. In contrast,
perseverative performance varied less. There was no detectable variability for the number
of perseverative sessions (F=1.0), and only modest variability for the number of
perseverative errors (F=0.024). Accordingly, we defined a “more profoundly impaired”
group as those LgDel mice that had a number of reversal sessions 3 standard deviations
or greater relative to the average number of WT reversal sessions. This LgDel group (5 of
11) was distributed across 5 of the 6 the litters used in this study. These five LgDel mice
also required more learning sessions to reach criterion than either the remaining LgDel or
WT control mice. Finally, 4 of 5 of these LgDel animals also have the worst learning
error scores during reversal. Thus, the degree of cognitive impairment, particularly for
aspects related to reversal learning, varies substantially between individual LgDel mice.
Interneuron Distribution and Behavioral Performance in LgDel Mice

The visual reversal task on which LgDel mice are impaired likely depends on the
integrity of the mAFC (Figure 4F,G; Bussey, Muir, et al., 1997; Chudasama & Robbins,
2003) therefore, it seemed possible that mMAFC circuit elements might be altered in the
LgDel. In the mAFC, parvalbumin interneurons—apparent pathological targets in
schizophrenia and other cortical circuit disorders (Lewis, Hashimoto, & Volk, 2005;
Lewis, Volk, & Hashimoto, 2004; Volk & Lewis, 2005) and disrupted developmentally
in LgDel mice (Meechan et al., 2012, 2009)—are particularly abundant (Van De Werd,
Rajkowska, Evers, & Uylings, 2010). Their laminar distribution in the mAFC is distinct:
they are more abundant in deeper layers (layers 3/4/5) rather than concentrated in layers
2/3 as in IAFC. Thus, in the mAFC from behaviorally tested LgDel and WT animals

(Figure 5A), we asked whether there were changes in parvalbumin interneurons that
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reflect altered development (Figure 5B-D), and their correlation with behavioral
performance. The distribution of these cells in the LgDel mAFC is significantly altered.
Their frequency in deeper layers (bin 4) is significantly increased compared to WT
(Figure 5E). There is a compensatory reduced frequency in superficial layers indicating
the same overall stability of parvalbumin cell numbers we have reported previously;
however, changes in the upper layers do not reach statistical significance. The altered
laminar distribution of parvalbumin interneurons was comparable in the “less” as well as
“substantially” impaired LgDel behavioral groups versus WT (p=0.01 for normal LgDel,
and p=0.018 for poorly performing LgDel; Figure 5E). We also asked whether there was
any relationship between the altered distribution of parvalbumin cells in bin 4 of each
LgDel or WT animal with divergent measures of behavioral performance; there were no

significant correlations (Figure 5F and data not shown).
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Figure 5. Relationship between variable behavior and mAFC interneuron distribution in the
LgDel mouse. (A) Circled data points on the reversal-learning sessions performance graph
represent behaviorally tested animals that were analyzed histologically (10/11 behaviorally tested

LgDel, 6/11 behaviorally tested WT). LgDel animals were split into better performing (darker red
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points, LgDel) and poor performing (lighter red points, LgDel*) groups for further analysis. (B)
Images of parvalbumin interneuron distribution in the mAFC of WT, (C) LgDel, and (D) LgDel*
animals. A counting box comprised of 5 bins traversed the mAFC (see Figure 4 and Materials and
Methods). (E) The number of parvalbumin labeled interneurons is significantly increased in bin4
(layer 5) in LgDel and LgDel* animals, *p<0.05. (F) There was no significant correlation

between the number of parvalbumin labeled cells in bin 4 and reversal learning sessions.

Next, we asked whether the distribution of perisomatic parvalbumin labeled
synaptic terminals, usually made onto projection neuron soma (Figure 6A) was altered in
register with redistributed parvalbumin-labeled cell bodies, and whether changes might
be related to variable cognitive capacities in LgDel mice. For this analysis, we examined
a smaller subset of behaviorally tested LgDel and WT animals based upon the quality of
the immunolabeling of synaptic puncta (see Materials and Methods). We recorded the
average number of distinct labeled terminals adjacent to NeuN-labeled neurons within
each counting box bin. There is a consistent reduction in perisomatic puncta frequency in
the lower cortical layers of LgDel animals (p=0.05 between WT and LgDel in bin 5;
Figure 6B-D). These values for each WT or LgDel animal, however, did not correlate
with behavioral performance (Figure 6E). Together, these results indicate that the LgDel
mMAFC is a site of distinctly altered position and synaptic distribution for the parvalbumin
subset of cortical GABAergic interneurons. These changes may contribute generally to
altered behavior; however, in the mAFC they are not correlated with any measure of

cognitive impairment in LgDel mice.
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Figure 6. The distribution of perisomatic inhibitory synaptic endings is altered in the LgDel
mAFC. (A) Low-magnification image of parvalbumin labeled interneurons and NeuN labeled
neurons in the mAFC. A counting box traversed the mAFC as described above, and average
numbers of perisomatic parvalbumin terminals per cell per bin were determined. (B) Images of
perisomatic parvalbumin labeled synapses in bin 5 of WT and (C) LgDel animals. Insets show
individual parvalbumin-labeled puncta (red), and their relationship to NeuN labeled cell bodies
(green). (D) The average number of parvalbumin labeled perisomatic terminals in bin 5 (layer 6)
is significantly reduced in LgDel versus WT animals, *p<0.05. (E) There was no significant
correlation between the number of these terminals in bin 5, where group differences are found,

and reversal learning sessions.

Projection Neuron Frequency and Behavioral Performance in LgDel Mice

We next asked whether diminished projection neuron frequency, previously
detected in the LgDel IAFC and associated with aberrant basal progenitor proliferation
(Meechan et al., 2009), could be detected in the mAFC, which has been associated with

efficient learning of the reversal task (Brigman & Rothblat, 2008; Bussey, Muir, et al.,
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1997). Most mAFC layer 2/3 neurons are projection neurons (Van De Werd et al., 2010);
however, specific layer 2/3 projection neuron markers are expressed primarily in fetal
and early postnatal cortex (Molyneaux, Arlotta, Menezes, & Macklis, 2007). Thus, in the
mature cortex, we counted NeuN-labeled cells (neurons) in the mAFC (Figure 7A-D)
since changes must primarily reflect altered projection neuron frequencies (see above &

Figure 5).
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Figure 7. Projection neuron density in mAFC layer 2/3 predicts reversal-learning performance in
the LgDel mouse. (A) NeuN labeled neurons in the mAFC. The counting box was placed over the
MAFC as described above. (B) WT, (C) LgDel and (D) LgDel* animals. Insets show
representative differences in cell frequency in bin 1 (layer 2/3) for each group. (E) Poorly
performing LgDel animals displayed reduced superficial layer neuronal density (bin 1) relative to
normally performing LgDel (**p<0.01) and WT animals (**p=<0.01). (F) A significant negative
correlation between superficial layer (bin 1) neuronal density and reversal learning was seen
within the entire behaviorally tested cohort (WT and LgDel combined) and within the LgDel
group alone. (G) A correlation between superficial layer (bin 1) neuronal density and reversal
sessions in IAFC was not seen within the entire behaviorally tested cohort (WT and LgDel

combined) or within the LgDel group alone.
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Neuron frequency is significantly reduced in superficial layers of the LgDel
mAFC (bin 1 of the counting box, corresponding to layers 2/3). Thus, projection neurons
in layer 2/3 are altered in the LgDel mAFC. NeuN neuron frequency is most reduced in
the poorly performing LgDel animals (Figure 7D,E). Thus, we assessed the correlation
between neuron frequencies in bin 1 from each animal with significantly divergent
measures of behavioral performance (Figure 7F and data not shown). There were no
significant correlations between layer 2/3 projection neuron frequency and any aspect of
acquisition (Spearman and Pearson product tests). In contrast, there is a significant
relationship between impaired reversal performance and mAFC layer 2/3 projection
neuron frequency (Figure 7F). mAFC layer 2/3 projection neuron frequency is correlated
with total number of reversal sessions in the LgDel cohort (Spearman rs=-0.68, p=0.04;
Pearson product r=-0.71, p=0.02) and for LgDel and WT mice combined (Spearman rs=-
0.6, p=0.02; Pearson product r=-0.73 p=0.001). Moreover, there is a relationship between
a measure of reversal learning and mAFC layer 2/3 projection neuron frequency. The
number of learning sessions is significantly correlated in LgDel mice (Spearman rs=-0.72,
p=0.03; Pearson product r=-0.66 p=0.03) as well as LgDel and WT mice combined
(Spearman rs=-0.59, p=0.02; Pearson product r=-0.71 p=0.002).

To assess whether reversal learning was associated selectively with projection
neuron changes in the mAFC or more generally with superficial projection neuron
frequency in frontal association cortical regions, we determined IAFC projection neuron
frequency in the behaviorally tested animals. IAFC superficial projection neuron
frequency (bin 1) was significantly reduced in LgDel animals, in agreement with our

earlier observations (Meechan et al., 2009). Nevertheless, we found no significant
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correlation between this reduction of layer 2/3 projection neurons in IAFC and any
measure of performance for acquisition or reversal of the visual discrimination task
(Figure 7G).

Discussion

We have shown that diminished 22q11 gene dosage in the LgDel mouse model of
22q11DS compromises cognitive function as well as cortical circuit elements—
interneurons, synaptic terminals, and projection neurons—in the mAFC, a distinct
cortical region critical for cognition. The degree of cognitive impairment in LgDel but not
WT animals varies substantially, and is correlated with variable frequency of one of the
circuit elements we analyzed: mAFC projection neuron frequency. Apparently, layer 2/3
projection neuron frequencies in the mAFC contribute to distinct aspects of behavioral
impairment in a visual reversal task that assesses murine cognition. These data, together
with our previous observations on regional variability of cortical developmental
anomalies in the LgDel mouse (Meechan et al., 2012, 2009) suggest that diminished
22011 dosage selectively compromises frontal cortical regions and circuits crucial for
cognitive capacities. Similar mechanisms may account for individual variability in
cognitive impairment as well as regional selectivity in altered cortical structure in
22q11DS patients.

We analyzed the murine equivalent of executive function, distinct from spatial
memory and sensory gating known to be impaired in LgDel and other 229q11DS mouse
models (Long et al., 2006; Powell, Zhou, & Geyer, 2009; Stark et al., 2008) using a task
that is independent of spatial or chemosensory cues (Bussey et al., 2001). The modest

delay in initial acquisition in the LgDel is congruent with observations of variable general
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intellectual impairment in 22q11DS (Gerdes et al., 1999; Swillen et al., 1999; Woodin et
al., 2001). Stratified performance deficits during reversal learning are consistent with
individually variable impairment of attention, working memory, and other executive
functions in 22q11DS patients (Campbell et al., 2010; Gerdes et al., 1999; Swillen et al.,
1999; Woodin et al., 2001). In humans, these capacities depend upon the integrity of
frontal and anterior cingulate cortical areas. In mice, parallel capacities engage the mAFC
(Jones, 2002; Kellendonk, Simpson, & Kandel, 2009; Matzel & Kolata, 2010). Reversal
learning sessions and errors are significantly increased in LgDel mice. These measures,
associated with working memory and visual attention, depend upon mAFC circuits
(Brigman & Rothblat, 2008; Bussey, Muir, et al., 1997; Gléascher et al., 2012). In
contrast, perseverative sessions and errors are unchanged or modestly improved in LgDel
mice. These measures reflect suppression of the previously rewarded stimulus-response
at the beginning of the reversal phase, and are associated with orbitofrontal cortex
(Chudasama & Robbins, 2003). The more pronounced and variable deficits in learning
sessions and errors suggest a critical relationship between disrupted executive function
and mAFC circuits in LgDel mice.

Based upon this data, we focused cellular analysis of the behaviorally
characterized mice on interneuron and projection neuron integrity in the LgDel mAFC. It
is likely that the changes we found in interneuron distribution and projection neuron
frequency in the mAFC reflect altered development, particularly mechanisms of
interneuron migration and cortical projection neurogenesis from basal progenitors. We
complemented our analysis of interneuron position with a novel assessment of changes in

the distribution of perisomatic parvalbumin synaptic terminals because this aspect of
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inhibitory circuitry has also been implicated in disease pathology and behavioral change
(Gonzalez-Burgos et al., 2011). Our results suggest that local inhibitory synaptic
organization is generally altered in the LgDel mAFC; reinforcing the conclusion that
disrupted parvalbumin interneuron-dependent inhibitory circuitry (Lewis, Curley,
Glausier, & Volk, 2012; Woo & Lu, 2006), is a key feature of cortical connectivity
disorders that arise during development, including 22q11DS.

The variable impairment in LgDel mice allowed us to determine whether specific
circuit phenotypes are selectively related to specific aspects of behavioral change. We
found a robust correlation between two behavioral deficits and a single aspect of circuit
disruption in the mAFC: frequency of layer 2/3 projection neurons. Whether this
relationship reflects a continuous distribution of individuals or stratification of two
populations remains to be determined. Nevertheless, there are few examples in the
current literature of behavioral variability related quantitatively to variable circuit
organization or function (Kao, Doupe, & Brainard, 2005; Wang et al., 2011), and none
have been reported for mouse models of human disorders of cortical circuitry. The
specific correlation of some learning measures with layer 2/3 projection neuron
frequency in mAFC in LgDel and WT animals suggests that cortico-cortical or other long
distance connections made from the mAFC to other forebrain regions may be key for
aspects of learning the reversal task. Additional aspects of reversal performance are
thought to depend on additional anterior cortical areas. In WT animals, orbitofrontal
cortex lesions result in increased perseverative errors. The distinctions between
perseverative errors in LgDel and WT mice indicate further circuit changes that result in

behavioral differences; however, these issues remain to be addressed.
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Our data provide a foundation for exploring mechanisms of regional and
individual variability in cortical structure and function in 22q11DS. Regional volumes
and presumed axon density of local fiber tracts are reduced in frontal and anterior
cingulate cortex in 22q11DS patient in children and in adults (Campbell et al., 2006;
Ottet et al., 2013; Simon et al., 2005). These differences are correlated with deficits in
sustained attention and working memory—Xkey features of the “schizophrenia cognitive
phenotype” (Abraham, Windmann, McKenna, & Gunttrkin, 2007; Oram, Geffen,
Geffen, Kavanagh, & McGrath, 2005)—in 22q11DS subjects (Dufour et al., 2008; Shashi
et al., 2010). Changes in LgDel mAFC projection neurons provide a new model to
understand the pathogenesis of region-selective, cognitively disruptive changes in
22q11DS patients. Diminished 22q11 dosage may differentially compromise basal
progenitors that generate upper-layer projection neurons due to altered capacity to
respond to locally available signals (Fukuchi-Shimogori & Grove, 2001; Haskell &
Lamantia, 2005; Siegenthaler et al., 2009), or anterior-posterior, dorso-ventral, and
medio-lateral molecular identities established for cortical precursors by additional
molecular patterning mechanisms (Hamasaki, Leingértner, Ringstedt, & O’Leary, 2004).
Such discontinuities in basal progenitor proliferative or neurogenic capacity could modify
cortical parcellation, size and folding (Elsen et al., 2013; Nonaka-Kinoshita et al., 2013).
Characterization of region-specific changes in cortical development, circuit organization
and behavior in 22q11DS mouse models provides an opportunity to determine how
disrupted cortical development leads to cellular and behavioral pathology associated with

cortical circuit disorders including schizophrenia, ADHD and autism.
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Abstract (for Study 3)

The CNTNAP2 gene encodes a protein which plays a role in synaptic development.
Studies of cases in which homozygous alterations in the gene entirely disrupt the function
of CNTNAP2 (or CASPR2) report a neurodevelopmental syndrome characterized by
epilepsy, neuronal migration abnormalities, intellectual disability, and autism spectrum
disorder (ASD). More common single nucleotide variants in CNTNAP2 have been
identified as risk alleles for ASD and language impairment. The Cntnap2 null mouse
model replicates many of the features of the human syndrome including abnormal
neuronal migration, reduced cortical synchronicity, and epileptic seizures. In addition, the
null mouse displays behavioral traits similar to ASD symptoms including repetitive
behaviors, decreased social interactions, and delayed learning. To further assess the
cognitive abilities of the mice, we tested 3-month old Cntnap2 null, wildtype, and
heterozygous littermates on a series of tasks using computer automated touchscreen
procedures. Heterozygous performed similarly to wildtype mice, while null mice
exhibited significant deficits learning and reversing a visual discrimination. These results
support previous findings of impaired learning while also providing evidence of

additional deficits in attentional control.
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Cognitive Deficits in Cntnap2 Mouse Model of Neurodevelopmental Disorder

The contactin-associated protein-like 2 (CNTNAP2) gene, spanning 2.3
megabase pairs at chromosome 7g35, is one of the largest human genes (Nakabayashi &
Scherer, 2001). It encodes the protein CNTNAP2 (also known as CAPSR2). CNTNAP2
is related to the neurexin family of transmembrane receptor proteins and functions as a
presynaptic cell adhesion molecule to maintain the structure of a synapse during typical
development (Pefiagarikano & Geschwind, 2012; Poot, 2015).

The neurodevelopmental importance of CNTNAP2 became clearly evident from
research conducted on an Old Order Amish family with multiple members displaying a
syndrome characterized by early-onset epilepsy, intellectual disability, abnormal neuronal
migration patterns, and macrocephaly (Strauss et al., 2006). The syndrome—deemed
cortical dysplasia-focal epilepsy (CDFE)—often included a psychiatric component as
most of the individuals were also diagnosed with attention deficit hyperactivity-disorder
(ADHD) or autism spectrum disorder (ASD). Genetic sequencing of the family members
identified a recessively transmitted homozygous single base-pair deletion in exon 22 of
CNTNAP?2 in all affected individuals. This deletion translates a nonfunctional CNTNAP2
protein which disrupts neurodevelopment and results in the severe symptoms of CDFE. A
study on a family in Brazil reported that a homozygous deletion in CNTNAP2 thought to
produce a nonfunctional protein was associated with epilepsy, intellectual disability, and
language impairments (Rodenas-Cuadrado et al., 2016). Case studies have described that
neurodevelopmental symptoms are also associated with inherited heterozygous
alterations of regions of CNTNAP2 including schizophrenia, epilepsy, intellectual

disability, and Tourette syndrome (Friedman et al., 2008; Verkerk et al., 2003). Research
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on samples of larger populations (European American and Han Chinese) has identified
common single nucleotide polymorphisms (SNPs) in CNTNAP2 associated with ASD,
depression, and schizophrenia (Arking et al., 2008; Ji et al., 2013; Li et al., 2010; Stein et
al., 2011) though other studies have failed to find an association between the SNPs and
ASD (Murdoch et al., 2015; Werling et al., 2016). These differing reports provide even
more evidence that the pathways from genetic makeup to behavioral phenotype are
complicated and far from understood.

Studying mice engineered to model human genetic conditions is one way
scientists use to investigate these pathways. The Cntnap2 model null mouse has allowed
researchers to determine how mice lacking functional CNTNAP2 differ from WT
littermates on histological, physiological, and behavioral assays (Pefiagarikano et al.,
2011). On the cellular level, null mice displayed neuronal migration abnormalities in
somatosensory cortex including shifted laminar distribution of projection neurons and a
decreased number of GABAergic interneurons in all layers compared. Physiologically,
Cntnap2 null mice demonstrated reduced neuronal synchronization in layer 2/3 pyramidal
cells in the same cortical region. Furthermore, null mice over the age of 6 months were
observed to develop seizures spontaneously and in response to routine handling.

In addition to these physical differences, the behavior of Cntnap2 null mice
indicates abnormal neurodevelopment. These mice displayed behaviors analogous to the
social impairments, communicative deficits, and stereotypies that define human ASD
(Pefagarikano & Geschwind, 2012). Compared to WT littermates, null mice showed
decreased social preference on a social approach task (Pefiagarikano et al., 2011). Also,

null mice emitted fewer ultrasonic vocalizations as infant pups and engaged in less
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interactive play as juveniles. Reported repetitive behaviors of Cntnap2 null mice include
increased grooming and fewer alterations on the spontaneous alteration T maze. These
mice have shown abnormal conditional learning and a higher prepulse inhibition of startle
effect (Brunner et al., 2015; Kloth et al., 2015). Additionally, Cntnap2 null mice were
impaired in spatial memory and reference memory on radial arm maze water tasks
(Rendall, Truong, & Fitch, 2016). The null mice eventually did learn the tasks but
committed more errors than WT.

The Cntnap2 null mouse is used as a model for ASD because it replicates the
defining features and other phenotypes often associated with the disorder, such as
learning delays. Many individuals with ASD—both with and without intellectual
disability—show cognitive deficits evidenced by impairments on measures of executive
function (EF) abilities (Hill, 2004; Matson & Shoemaker, 2009). EF is a
neuropsychological construct referring to the top-down control involved in working
memory, inhibition, and cognitive flexibility. Many distributed neural systems are
involved in carrying out these processes, but EF as a coordinator has been localized to the
prefrontal cortex (PFC)—particularly dorsolateral (dIPFC) regions in humans and other
primates (Miller & Cohen, 2001; Ridderinkhof et al., 2004). Rodents also possess analogs
to PFC, and intact medial PFC (mPFC) is required for executive control of attention in
visual discrimination tasks (Brigman & Rothblat, 2008; Bussey, Muir, et al., 1997).
Research on the Cntnap2 model has uncovered abnormal electrophysiological function in
this region in the null mouse (Lazaro, Pefiagarikano, Dong, Geschwind, & Golshani,
2012). Compared to WT, Cntnap2 null mice displayed an increased ratio of spontaneous

synaptic inhibitory charge to excitatory charge in layers 2/3 of mPFC recorded with
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voltage clamp methods. Other researchers have recently provided additional evidence of
aberrant circuitry in this region in the null mouse. Using resting-state functional magnetic
resonance imaging (rsfMRI), they observed significantly reduced long-range and local
functional connectivity in Cntnap2 null prefrontal cortex (Liska et al., 2017). Due to
these multiple indications of dysconnectivity in the mPFC region of Cntnap2 null mice
and the association of lesions in this area and decreased performance on reversal tasks,
we hypothesized that Cntnap2 null mice would be impaired on the reversal of a visual
pattern discrimination compared to WT and heterozygous (het) littermates.
Materials and Methods

Mice

Heterozygous Cntnap2™F®® breeding pairs (Jackson Laboratories) were mated
and male Cntnap2 null (n = 13), WT (n = 13), and heterozygous (het = 11) offspring were
used as subjects. Mice were separated and housed individually in plastic cages at the age
of 11 weeks. After 7 days of free-feeding, animals were put on a food-restricted diet.
Throughout pre-training and testing, mice were weighed daily and food was controlled to
maintain 85% of free-feeding body weight. Mice were kept on a 12-hour light-dark cycle
with free access to water. All experimental procedures were conducted within the
guidelines of the Institutional Care and Use Committee of the George Washington
University.

Once reaching the target weight, mice began pre-training. Pre-training occurred in
a modified Skinner box with operant conditioning: The mouse was positively reinforced

with a food reward pellet each time a lever was pressed.
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Apparatus and Training Procedures

The automated chamber and shaping procedures used were similar to those
previously described (Rutz & Rothblat, 2012). The infrared LCD touchscreen monitor
(ELO Touchsystems) abutted a 3-walled Plexiglas box (20 x 27 x 20 cm) with Plexiglas
floor. Opposite the touchscreen, an initiate lever was positioned above a reservoir
attached to an external feeder (Med Associates) filled with reward pellets (14 mg,
BioServ). Mice were required to press the lever to begin each trial and, when the correct
stimulus was nose-poked, were rewarded with a pellet and “click” sound (controlled by
custom-programmed software). Water was accessible throughout training and testing
sessions.
Visual Discrimination Acquisition and Reversal Tasks

For the visual discrimination task, two stimuli appeared on the touchscreen once
the trial was initiated. The rewarded stimulus (S+) consisted of 3 vertical black lines
distributed evenly on a 4 x 4 cm gray background; the unrewarded stimulus (S-) consisted
of 3 horizontal black lines distributed evenly on a 4 x 4 cm gray background (Figure 8).
S+ and S- appeared randomly (and equally as often) in the left and right positions on the
touchscreen. A nose-poke of S+ resulted in a reward, and the mouse could advance to the
next trial after pressing the initiate lever. A nose-poke of S- resulted in a black screen, no
rewarding sounds or treats, and a timeout period (i.e. the initiate lever remained
ineffective for 10 s). After the timeout, the mouse could press the initiate lever and the
same (previously missed) stimuli configuration appeared on the touchscreen. This
repeated stimuli configuration was referred to as a correction trial. Correction trials

continued until the mouse chose S+. Mice were presented with 20 non-correction trials
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per testing session and tested one session per day. Criterion was an average of at least
80% correct performance on non-correction trials over two consecutive sessions,

provided that neither score was below 75%.

A B

Figure 8. Diagram of visual discrimination task. Mouse is shown responding correctly to S+

(pattern irrespective of location) for (A) acquisition and (B) reversal.

After reaching criterion on the visual discrimination acquisition, mice were
presented with the visual discrimination reversal problem on the next testing session. The
procedures were identical to the visual discrimination acquisition except the reward
contingencies were switched. The previously incorrect stimulus (the horizontal lines) was
now the rewarded stimulus (S+), while the previously rewarded vertical lines now
produced no reward and a timeout period (S-). As in the acquisition, mice were given 20
non-correction trials per session and tested one session per day. Criterion was again an
average of at least 80% correct on first-presentation trials over two consecutive sessions
without a score below 75%. Mice were given a maximum of 20 sessions to attempt to
attain reversal criterion.

Behavioral Measures and Statistical Analyses

Errors on non-correction trials and total errors (i.e. including those made on

correction trials) were recorded for each session. If a mouse did not reach criterion in 20

sessions, the number of sessions required was recorded as 20. Analysis of variance
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(ANOVA) was used to determine if there were genotype differences in any of the
following for acquisition and reversal tasks: number of sessions required to reach
criterion, total incorrect responses, and errors on non-correction trials. The alpha level
was adjusted using Bonferroni’s correction for multiple comparisons, and the criterion for
statistical significance was p <0.0167. For those variables with genotype effects that met
the significance criterion, post-hoc t-tests (2-tailed) were performed to determine the
pattern of differences. In these post-hoc tests, the criterion for statistical significance was
p<0.05.

Additionally, daily reversal sessions for each mouse were characterized based on
performance rate for non-correction trials (Brigman & Rothblat, 2008; Meechan et al.,
2015; Rutz & Rothblat, 2012). If the mouse was correct on less than 39% of these trials,
the session was classified as perseverative; sessions in which the mouse responded
correctly on at least 40% of non-correction trials were classified as learning sessions.
Depending on the classification of individual sessions, all errors committed in the session
were classified as perseverative or learning errors. Analysis of variance (ANOVA) was
used to determine if differences existed between genotypes on total perseverative errors
or total learning errors in the reversal task.

Results
Visual Discrimination Acquisition

All mice reached criterion on the acquisition of the visual discrimination. There
were significant genotype differences on number of sessions required to reach criterion
(F(2,34)=5.14, p=0.011). The mean number of sessions (+ standard error of the mean,

SEM) required by null mice (11.0£1.5) was significantly higher than that required by het
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(6.3£0.6; p <0.01) or WT (7.4£0.8; p=0.022; Figure 9A). Genotype differences were
evident on non-correction errors (F(2,34)=5.47, p<0.01), with the null group averaging
significantly more errors on these non-correction trials than the het (null: 82.4+11.0, het:
46.015.7; p<0.01) and WT (53.5+6.1; p=0.015) groups (Figure 9B). The effect of
genotype on total incorrect responses on the acquisition task did not reach the criterion

for significance (F(2,34)=1.89, p = 0.166).
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Figure 9. Group performance is illustrated with a graph for the acquisition of visual
discrimination task. (A)There are significant genotype differences for mean number of sessions
required to reach criterion (**p< 0.01, ***p<0.001). (B) Genotype differences do not reach

significance for mean total number of errors on acquisition.

Visual Discrimination Reversal

While all WT and het mice successfully completed the reversal task, four mice
from the null group (30.8%) did not reach criterion. There was a significant genotype
effect on number of sessions required to reach criterion on the reversal task
(F(2,34)=9.25; p<0.001). The null group averaged 15.4+1.2 sessions, which was greater
than both the het (9.3£0.6; p<0.001) and WT (11.5%1.0; p<0.01) groups (Figure
10A).There were significant genotype effects on total errors committed (F(2,34)=8.04,

p<0.01) and number of errors made on non-correction trials (F(2,34)=9.36, p<0.001). The
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mean number of total incorrect responses on the reversal task was 346.3+37.2 for the null
group, which was significantly more than the 203.2+14.7 total errors committed by the
het group (p<0.001) and the 233.0+19.6 committed by the WT group (p<0.01; Figure
10B). Null mice averaged 135.5+13.7 non-correction errors, which was significantly
more than het (75.845.1; p<0.001) and WT (92.5£8.1; p< 0.01) mice. It is also interesting
to note that while the average Cntnap2 null mouse was impaired on the reversal task, the
individual null mouse showed extreme variability: some made similar numbers of errors
on the reversal task as the WT and het mice, while others made many more errors and

were still unable to reach the 80% criteria in the allotted number of sessions.
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Figure 10. Null mice exhibit impairments on the reversal of the visual discrimination. Significant
genotype differences are evident in mean (£SEM) (A) sessions to criterion and (B) total errors
committed (**p< 0.01, ***p<0.001).

When reversal errors were further categorized into perseverative and learning
stages, there was not a significant genotype effect on number of perseverative sessions
(F(2,34)=3.14, p=0.056) or total perseverative errors (F(2,34)=1.93, p=0.161). There
were, however, genotype effects on number of learning sessions (F(2,34)=7.29 p<0.01)

and total learning errors (F(2,34)=7.16, p<0.01). The null mice averaged 12.7+1 learning
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sessions which was significantly more than het mice (7.2+0.7, p<0.001; Figure 11A). At
9.9+1.1, the mean number of learning sessions required for WT mice was also lower
than that of null mice, and the p-value of the difference trended toward the border of
significance (p=0.053). Differences in total learning errors committed showed a similar
pattern (Figure 11B): Null mice made 205.7+28.3 learning errors which was significantly
more than the mean number of learning errors for het mice (84.5+11.4; p<0.001).
Although null mice also committed more learning errors than WT (146.4+21.0), the
difference was not statistically significant at the 0.05-level (p=0.062). We were interested
in further examining genotype performance throughout the course of the reversal task and
thus constructed a forward learning curve. We plotted mean proportion correct on daily
sessions of 20 non-correction trials for the 3 genotypes (Figure 12). The lengths of the
three curves were determined by the number of sessions required by the median mouse to
reach criterion in each group. Genotype differences are not evident in the first few
sessions of reversal when performance rapidly approaches chance (i.e. when errors would
be classified as perseverative). The effect of genotype on the learning stage of reversal
can be seen in the group learning curves. Null mice are significantly impaired during later

sessions of the reversal problem, as performance rises from chance to criterion.
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Figure 11. Mean (+SEM) performance by genotype differs on stages of reversal task. There is not
a significant effect of genotype on (A) number of perseverative sessions or (B) total perseverative
errors committed, but there is a significant genotype effect on (A) number of learning sessions
and (B) total learning errors committed (***p <0.001).
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Figure 12. Forward learning curve for reversal of visual discrimination task is shown. Mean
proportion correct (SEM) per session of 20 first-presentation trials is plotted for each genotype;
the length of each curve is determined by the median number of sessions required by the group to

complete the problem.

Other Behavior
Unlike previous researchers (Pefiagarikano et al., 2011), we did not observe

seizures in any Cntnap2 null mice, even in those that were kept until 12 months of age.
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Discussion

Individuals with autism often display cognitive deficits that can interfere with
daily living. In the current study, we examined the cognitive phenotype of the Cntnap?2
mouse model of ASD by assessing genotype effects on executive control. Null mice were
impaired on acquisition and reversal components. Mice in all groups reached criterion on
the acquisition task, but the null mice required more sessions to attain criterion and
committed more errors on non-correction trials than het and WT mice. Impairments are
also evident on the reversal task which requires working memory and cognitive flexibility
(Brigman et al., 2010). On average, null mice required more sessions, made a larger
number of total incorrect responses, and committed more non-correction errors on the
reversal than het or WT littermates. Additionally, performance of the null mice varied
greatly: while some scored similarly to het and WT means, others were unable to
successfully reach criterion. When reversal errors were categorized into perseverative or
learning stages, analysis revealed that there were no significant genotype effects on
perseverative sessions or errors. There were, however, genotype effects on learning
sessions and errors. The Cntnap2 null mice required significantly more learning sessions
and committed significantly more learning errors than het on the reversal task. The
difference between null and WT mice scores on learning errors and learning sessions
trended toward but did not reach significance. Learning curves illustrated the genotypes’
similar pattern of performance on the initial, perseverative portion of the reversal
problem. After attaining chance accuracy, however, the curves diverged because the WT

and het mice approached the criterion level in fewer sessions than the null mice. Finally,

78



not all null mice were impaired on the tasks: some had comparable scores to the het and
WT groups.

Number of sessions to criterion and errors committed can be used as a measure of
general discrimination ability. The increased scores on these measures for Cntnap2 null
mice suggest a cognitive impairment associated with the genotype. There were not
genotype effects on perseverative stages of the reversal problem. Performance on
perseverative sessions, when accuracy is below chance as the mouse is still responding to
the previously correct S+, is impaired with lesions to orbitofrontal cortex in the rat
(Chudasama & Robbins, 2003). Since Cntnap2 null mice did not differ from littermates
on number of perseverative errors committed, it appears that their reversal deficit was not
due to an inability to inhibit prepotent responding to the original S+. There were,
however, significant genotype differences on learning stages of the reversal. Learning
errors (which occur later in the reversal problem) involve an inability to properly attend
to the relevant discriminatory dimension of the stimuli and are increased with lesions to
mouse medial frontal cortex (Brigman & Rothblat, 2008). The higher number of learning
errors in the Cntnap2 null group thus indicates an impairment on tasks requiring directed
attention alongside working memory.

In summary, the Cntnap2 null mice demonstrated impairments on acquisition and
reversal components of a touchscreen discrimination paradigm that indicate executive
control deficits. Previous studies have already established the validity of the Cntnap2 null
as a model for ASD and neurodevelopmental disorder by reporting social interaction
abnormalities, altered communication, increased repetitive behaviors, hyperactivity,

sensory integration defects, and delays in spatial and reference learning (Brunner et al.,

79



2015; Kloth et al., 2015; Pefagarikano et al., 2011; Rendall et al., 2016). Our work
provides more evidence of general cognitive impairment and adds attentional EF deficits
to the growing list of phenotypes of the Cntnap2 null mouse.

The cognitive dysfunction we found is important, but not completely surprising
given past studies that have revealed evidence of abnormal functional connectivity and
neuronal synchronization in Cntnap2 null mice (Lazaro et al., 2012; Liska et al., 2017). A
study of the LgDel mouse model of 22Q11 deletion syndrome (22Q11DS) reported
similar deficits on the reversal task that significantly correlated with altered circuitry in
this cortical region (Meechan et al., 2015). As with the heterogeneity seen in the current
study, LgDel mice differed greatly in their abilities on the reversal task in addition to
showing average scores lower than WT littermates. In fact, there was a significant
correlation between decreased frequency of layer 2/3 projection neurons in mPFC and
errors on reversal learning sessions in the LgDel mice. It is interesting that both of these
models of neurodevelopmental disorder show impaired executive processing and altered
circuitry in mPFC because alterations in this region are also associated with abnormal
response on mouse social tasks (Bicks, Koike, Akbarian, & Morishita, 2015). In humans,
mPFC is active in social cognition and this domain is often affected in people with ASD
and schizophrenia (Dodell-Feder, Tully, Lincoln, & Hooker, 2014; Murdaugh, Nadendla,
& Kana, 2014) . Similarly, cognitive deficits such as executive dysfunction dependent on
dIPFC are common to both disorders (Harvey, Green, Keefe, & Velligan, 2004; Hill,
2004; Miller & Cohen, 2001). This has given rise to the theory of prefrontal circuitry as a
common hub of abnormality in psychiatric syndromes of neurodevelopmental disorder

like autism and schizophrenia (Insel, 2010). With this theory comes appreciation for
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understanding the accompanying cognitive impairments that can have a profound effect
on an individual’s daily life. For example, research on individuals with ASD reported that
daily functional outcome was heavily influenced by overall cognitive ability and EF skills
(Pugliese et al., 2015). The relationship between intelligence and executive deficits in
autism is complicated and still being understood (Rommelse et al., 2015), but being able
to examine these cognitive processes simplified through targeted touchscreen tasks in

mouse models of disorder can greatly aid this effort.
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Chapter 9: General Discussion

Mouse models offer vast opportunities for studying ASD and other
neuropsychiatric and neurodevelopmental disorders because they allow researchers to
correlate many measures of behavior with multiple levels of brain structure and function.
The current body of work advances the behavioral phenotype of three mouse models of
neurodevelopmental disorder by analyzing performance on cognitive tasks.

Though ASD is a heterogeneous composite of multiple NDDs arising from
different origins, focused research on specific genetic variations associated with
abnormal neurodevelopment can provide insight into common underlying mechanisms
(Jeste & Geschwind, 2014; Zoghbi & Bear, 2012). Once a mouse model of an identified
genomic alteration is engineered and stabilized on a background strain, it can be tested on
assays of behaviors equivalent to the symptoms seen in human disorder (Crawley, 2012).
Additionally, mouse models can offer tools to investigate the cellular and molecular
levels of aberrant neurodevelopment. In the case of Fragile X syndrome, an NDD
resulting from a copy number variation in the FMR1 gene, the associated mouse model
with mutations in the homologous Fmr1 has been used to explore causal explanations of
pathogenesis and to test pharmacological treatments based on the hypotheses (de Vrij et
al., 2008; Ddélen et al., 2007).

Autism is characterized by deficits in social interactions, abnormal
communication, and repetitive behaviors; and all of these can be assessed easily in mice.
Often, individuals with ASD also present with cognitive issues including intellectual
disability and impairments in executive control (Hill, 2004; Matson & Shoemaker, 2009).

Cognitive abilities can be evaluated in mice with visual discrimination tasks presented on
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automated touchscreens. This dissertation provides evidence of cognitive deficits in three
valid mouse models of NDD and expands the behavioral profiles of the BTBR, LgDel,
and Cntnap2 mice.

Non-human animals can be considered valid models of neuropsychiatric disorder
based on face validity (similar phenotypes), construct validity (similar etiologies), or
pharmacological validity (Nestler & Hyman, 2010). Many rodent models are developed
to have construct validity for a neurodevelopmental disorder and attempt to replicate
origin through genetic mutations or environmental exposure. The BTBR mouse does not
fit this pattern as the strain was deemed a model of ASD specifically because of its face
validity. Researchers used a phenotype-first approach to assess laboratory mouse strains
on tasks that measured social, communicative and repetitive behaviors analogous to the
domains of symptoms that define the human disorder (Silverman et al., 2010). Similar to
the consistent traits exhibited within a dog breed, decades of in-breeding of laboratory
mice have led to separate strains with consistent behavioral phenotypes. After comparing
numerous strains on relevant tasks, different groups of scientists agreed: The behavioral
phenotype of the BTBR inbred strain resembled the social, communicative, and repetitive
symptoms of ASD (McFarlane et al., 2008; Moy et al., 2007). Additional research has
supported abnormalities in BTBR relative to C57 mice, which are used as a model of NT
performance (Pearson et al., 2011, 2012; Scattoni et al., 2008; Wohr et al., 2011).

While research had established the BTBR strain as a valid model of ASD, what
remained to be determined was the cognitive phenotype of BTBR mice. Autism is
associated with a profile of intact and impaired aspects of EF (Hill, 2004). Impairments

are especially evident on tasks that require cognitive control, i.e. flexibly shifting
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between different response rules based on context (Solomon et al., 2008). Would BTBR
mice also show evidence of executive deficits? The first study included in this bundled
dissertation answered the question with the aid of a novel computer-automated
touchscreen task.

Male BTBR and C57 mice were trained in a touchscreen apparatus to respond
with a nose poke to a visually-presented stimulus (Rutz & Rothblat, 2012). Mice were
tested on the acquisition and reversal of a line-pattern discrimination. They were then
rendered the contextual rule switching (CRS) task that required the use of stimulus
information to determine the appropriate response location, similar to paradigms used by
researchers assessing development of cognitive control in children with and without ASD
(Davidson et al., 2006; Solomon et al., 2008). For the CRS task, mice were presented
with compatible and incompatible trials that were designated by stimulus color. Stimulus
color dictated trial type: On compatible trials, mice were rewarded for nose-poking the
location of a black stimulus. On incompatible trials, mice were rewarded for nose-poking
the empty location opposite of a white stimulus.

Results of the study showed no differences between BTBR and C57 mice on the
acquisition or reversal of the pattern discrimination (Rutz & Rothblat, 2012). Reversal
performance did not differ between the strains on earlier stages requiring inhibition or
later stages requiring attentional control, suggesting that these components are spared in
BTBR. Performance was significantly different on the CRS task, with the BTBR group
committing more errors on incompatible trials than the C57 group. This pattern of results
is especially interesting in light of a review article that proposed two types of behavioral

switching based on studies of humans and monkeys: retroactive and proactive (Hikosaka
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& Isoda, 2010). Retroactive switching occurs because of error feedback and involves the
anterior cingulate cortex. Proactive switching occurs because of a contextual cue that
signals a behavioral change is needed and involves the pre-supplementary motor area. In
the BTBR study, the reversal task requires retroactive switching. When the mouse nose-
pokes the previously-correct stimulus, he receives a time-out and learns through the error
feedback to nosepoke the previously-incorrect stimulus for reward. The CRS task utilizes
error feedback as well, but it also requires proactive switching to successfully complete
the task. Overall, the results suggest that BTBR mice can inhibit a prepotent response
when the task does not depend on context (e.g. the reversal task) but are unable to
perform as well as the C57 mice when the task requires proactive switching (e.g. CRS).
Thus, these mice have the intact EF necessary for simple task demands but seem to lack
the ability to learn complex, context-dependent rules. This is similar to the pattern of
intact and impaired performance that people with ASD display on executive tasks (Hill,
2004; Solomon et al., 2008). Therefore, the first investigation of this dissertation
provided evidence of face validity for the cognitive phenotype of the BTBR model of
autism.

The second study in this dissertation examined the LgDel mouse. LgDel is a
model of 22Q11 deletion syndrome (22Q11DS), a developmental syndrome resulting
from a large heterozygous microdeletion at chromosome 22Q11.2 (Karayiorgou et al.,
2010). The minimum deletion range contains approximately 30 genes, and while the
functional properties have not yet been identified for all of them, many are important
contributors to developmental processes in a myriad of bodily systems (Maynard et al.,

2002). This impaired development can manifest to different degrees with phenotypes
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consisting of a range of cardiac malformations, musculoskeletal facial abnormalities,
velopharyngeal insufficiency, and thymic hypoplasia (Bassett et al., 2005). Psychiatric
symptoms and cognitive impairments are also clinical features of the 22Q11
microdeletion. One study estimated that over 40 percent of children with 22Q11DS meet
the diagnostic requirements for ASD and/or ADHD (Niklasson et al., 2009). Other
psychiatric conditions including schizophrenia and bipolar disorder become apparent in
adolescence or early adulthood. Schizophrenia is a particularly common occurrence
associated with the deletion, affecting more than 25 percent of 22Q11DS patients (Philip
& Bassett, 2011). Affected individuals display evidence of cognitive dysfunction
including social impairments, intellectual disability (usually mild) and EF deficits
(Campbell et al., 2010; Kiley-Brabeck & Sobin, 2006; Niklasson et al., 2009). A
structural MRI study analyzing children with 22Q11DS revealed volumetric reductions of
gray matter in the dIPFC, cingulate gyrus, and cerebellum (Shashi et al., 2010).
Additionally, there was a significant positive correlation between reductions in these
areas and impaired performance on measures of EF, sustained attention, and verbal
memory.

The LgDel mouse was generated to model the genetic etiology of the abnormal
developmental processes of 22Q11DS (Merscher et al., 2001). The mouse has a
heterozygous deletion of a large stretch of chromosome 16, the location of the murine
DNA orthologous to human 22Q11.2. The deletion region includes 28 of the genes
affected in 22Q11DS (Maynard et al., 2003). These similarities support the etiologic
validity of the LgDel model. Face validity is also evident. Like 22Q11DS patients, these

mice show alterations in structures deriving from the embryonic neural crest cells
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including cardiovascular defects and parathyroid abnormalities (Merscher et al., 2001).
The mouse displays indications of a disordered neurological phenotype as well. The
deletion impacts cortical neurogenesis early in development and leads to measurable
cellular differences in the more mature brain: Compared to WT littermates, LgDel
neonates had fewer layer 2/3 pyramidal projection neurons and reversed laminar
distribution of GABAergic interneurons in mPFC but not dorsal or lateral frontal regions
(Meechan et al., 2009). As a result of this altered pattern of neurons, cortical circuits
involving mPFC may be disrupted in LgDel mice. Intact mPFC circuits are necessary for
later stages of the line-discrimination reversal touchscreen task that require attending to
relevant stimulus features, which suggests this region is crucial for attentional control
(Brigman & Rothblat, 2008). Since LgDel mice have cellular alterations in the region, we
predicted impaired performance on the reversal task and conducted the second
investigation included in this dissertation.

For this study, male LgDel mice and WT littermates were tested on a visual
discrimination acquisition and reversal of line patterns (Meechan et al., 2015). LgDel
mice required more sessions to reach criterion on both the acquisition and reversal tasks
and committed more total errors on the reversal task. When the reversal sessions were
categorized by non-correction errors, it became apparent that LgDel were impaired on the
later learning sessions when accuracy was above chance: LgDel mice required more
sessions and committed more errors than WT on learning stages of the task. Additionally,
LgDel mice showed greater variability in individual scores than WT mice did on total

reversal sessions, learning sessions, and learning errors. Thus, LgDel mice could be
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divided into two distinct groups (more-impaired and less-impaired) based on reversal
performance.

Slices of mPFC of more-impaired LgDel, less-impaired LgDel, and WT mice
were compared to determine if differences in components of cortical circuitry related to
the degrees of cognitive impairment. As previously shown in younger mice (Meechan et
al., 2009), significant differences between genotype emerged in parvalbumin interneuron
distribution, but this measure did not correlate with behavioral performance (Meechan et
al., 2015). The frequency of layer 2/3 projection neurons was significantly reduced in
impaired LgDel mice. In addition, reversal performance related to frequency of these
projection neurons. Layer 2/3 projection neuron frequency was inversely correlated with
reversal sessions and learning sessions. This correlation was significant in the LgDel
mice and when LgDel and WT mice were combined. Acquisition performance did not
demonstrate this relationship with layer 2/3 projection neurons in mPFC, and reversal
performance did not correlate with layer 2/3 projection neurons in lateral frontal cortex.
This study suggested mouse executive function relies on circuitry involving layer 2/3
projection neurons of the mPFC. It also demonstrated that touchscreen tasks can predict
specific cortical abnormalities. Finally, the altered cortical pattern and correlated
executive impairment in LgDel mice from this study were reminiscent of the dIPFC
reductions and correlated deficits on neuropsychological tasks in children with 22Q11DS
(Shashi et al., 2010). As such, the paper provided evidence of face validity of the LgDel
model for the cognitive dysfunction associated with 22Q11DS.

The final model investigated for the current dissertation was the Cntnap2 null

mouse. This mouse model has evidence of construct, face, and pharmacological validity
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for neurodevelopmental disorder (Pefiagarikano et al., 2011). In humans, the contactin-
associated protein-like 2 (CNTNAP2) gene is located at chromosome 7935 and encodes
the CNTNAP2 or CAPSR2 protein (Nakabayashi & Scherer, 2001). This protein acts as a
cell adhesion molecule during typical synaptic development (Poot, 2015).

Rare, highly penetrant and more prevalent, less penetrant variants in CNTNAP2
have been associated with ASD (Pefiagarikano & Geschwind, 2012). An example of the
rare variety is found in an Old Order Amish community: Individuals with a recessively
transmitted homozygous single base-pair deletion in exon 22 of the gene were all affected
by a syndrome referred to as cortical dysplasia-focal epilepsy (CDFE) while those with a
heterozygous deletion were carriers (Strauss et al., 2006). The syndrome consisted of
early-onset epilepsy followed by language regression, intellectual disability, abnormal
neuronal migration, and macrocephaly; a majority of individuals with CDFE were
diagnosed with ASD or ADHD. In larger and presumably less consanguineous samples
across multiple countries, linkage and family-based association studies have identified
common SNPs in CNTNAP2 that increase risk for ASD (Arking et al., 2008; Li et al.,
2010; Stein et al., 2011). Combined with other studies, this research supports CNTNAP2
as a probable ASD susceptibility gene.

The Cntnap2 null mouse has construct, face, and pharmacological validities for
neurodevelopmental disorder and thus possesses the trifecta of criteria required by an
ideal animal model (Nestler & Hyman, 2010; Pefiagarikano et al., 2011). Null mice have
targeted mutations in both copies of the gene which prevents translation of the Cntnap2
protein (Poliak et al., 2003). Thus, development of the Cntnap2 null nervous system

proceeds without the protein. The symptoms of CDFE arise as a result of a
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neurodevelopment with a nonfunctional human version of the protein (Strauss et al.,
2006). Because of these similar etiologies, the mouse model has high construct validity
for NDD—specifically CDFE. Research comparing Cntnap2 null mice to WT littermates
found evidence of spontaneous seizures and abnormal neuronal migration, distribution,
frequency, and synchronization (Pefiagarikano et al., 2011). The phenotype displayed by
these mice is reminiscent of the epilepsy and dysplasia of CDFE and lends face validity
to the Cntnap2 model for this particular syndrome. The mouse also has face validity for
ASD in general because it displays the social interaction abnormalities and repetitive
behaviors akin to the key features that define the disorder. Finally, the study
demonstrated that the Cntnap2 null mouse has pharmacological validity. Hyperactivity
and repetitive behaviors were reduced when null mice were administered the atypical
neuroleptic risperidone. Risperidone is effective in treating the aggression, tantrums, and
self-injurious behavior that can accompany autism (Scahill, Koenig, Carroll, & Pachler,
2007).

All individuals with CDFE exhibited intellectual disabilities (Strauss et al., 2006),
and intellectual disability and deficits in EF are often present in ASD (Hill, 2004; Matson
& Shoemaker, 2009). Examinations of Cntnap2 mice had reported learning delays on the
radial arm and Morris water maze tasks but the full cognitive profile of these mice had
not yet been explored (Pefiagarikano et al., 2011; Rendall et al., 2016). The final study
included in this bundled dissertation sought to expand the known cognitive phenotype of
Cntnap2 by assessing null, WT, and het mice on the visual discrimination touchscreen
paradigm. The successful control of attention necessary for the reversal portion of this

task requires intact mPFC (Brigman & Rothblat, 2008). Research has indicated

90



alterations of electrophysiology and functional connectivity patterns in this region of
Cntnap2 null mice (Lazaro et al., 2012; Liska et al., 2017). Therefore, we predicted that
null mice would show deficits on the reversal compared to het and WT littermates.

Cntnap2 null, het, and WT mice were tested according to the same schedule and
on the same apparatus as described in the LgDel study. On acquisition of the visual
discrimination task, null mice required more sessions to reach criterion and committed a
higher number of non-correction errors than WT or het mice. Significant group
differences were also evident on the reversal: null mice required more sessions and
committed more total, non-correction, and learning errors than WT or het. Performance
was further evaluated by constructing backward learning curves for acquisition and
reversal for the three genotypes. Analysis of these curves revealed that, in both problems,
null mice were impaired in forming attentional sets but could learn at a similar rate once
these sets were created. The backward learning curve analysis along with the increased
number of reversal learning errors suggests that the cognitive profile of the Cntnap2 null
includes deficits in attentional control. As executive dysfunction is an often-
accompanying phenotype of ASD, this study enhances the face validity of the Cntnap?2
model.

The three studies of the current dissertation expand the phenotypic profiles and
support face validity for the BTBR, LgDel and Cntnap2 mice. Independently, these three
papers contribute to the knowledge of cognitive impairment in the individual models.
Collectively, comparisons of performance on tasks used across the three studies allow
opportunities to attempt synthesizing the information into a general theory of

neurodevelopmental disorder.
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The discrimination acquisition and reversal tasks were presented to the mice in all
three investigations. Each study examined differences between a mouse model of NDD
and a control. On the acquisition task, significant group differences were evident on the
sessions to criterion measure in the LgDel and Cntnap?2 studies: Both NDD groups
required more sessions than their control groups (see Table 2). On the reversal task,
multiple measures were significantly different in the LgDel and Cntnap2 studies (see
Table 3). LgDel mice required more sessions, made fewer perseverative errors, and
committed more learning errors more than WT mice; Cntnap2 null mice required more
sessions, committed more learning errors, and made a greater number of total incorrect
responses than their het and WT littermates. BTBR mice did not differ significantly from
the C57 control strain on any measure for either task. Because of this lack of impairment,
they were tested on the CRS paradigm which required context-dependent inhibition.
Since LgDel and Cntnap2 null mice displayed deficits on the reversal, they were not

evaluated on the more complex CRS task.
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Table 2.

Performance on Visual Discrimination Acquisition Task of the Mouse Model of NDD and
Mouse Used as Control for the Three Studies

NDD Model  Control F p
BTBR Study?
Sessions 6.8+1.2 53107 1.25 0.278
Total Errors 68.2 +£13.8 39.3+5.6 3.77 0.068
LgDel Study”
Sessions 8.1+05 6.5+ 0.6 4.49 0.047*
Total Errors 116.9+10.1  1055+10.1 1.47 0.241
CNTNAP2 Study®
Sessions 11.0£15 6.9+05 9.91 0.003**
Total Errors 1942+273 137.7+15.1 3.90 0.056

Note: Data are means + standard error.

® NDD model consisted of BTBR males (n=10); control consisted of C57BL/6J males
(n=10).

° NDD model consisted of LgDel males (n=11); control consisted of male wildtype
littermates (n=11).

¢ NDD model consisted of Cntnap2 null males (n=13); for the purposes of this table,
control consisted of male wildtype (n=13) and heterozygous littermates (n=11). In the
original Cntnap2 study, heterozygous and wildtype mice were analyzed separately.
*p<0.05 **p<0.01
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Table 3.

Performance on Reversal of Visual Discrimination Task of the Mouse Model of NDD and
Mouse Used as Control for the Three Studies

NDD Model  Control F p
BTBR Study?
Sessions 10.9+0.9 96=+0.9 0.95 0.342
Perseverative 91.3+ 155 132.7 +31.7 1.38 0.256
Errors
Learning Errors  142.2 +13.0 105.0 + 13.3 4,01 0.061
Total Errors 233.5+18.2 237.7+26.3 0.02 0.897
LgDel Study”
Sessions 105 +14 6.4+0.5 8.40 0.009**
Perseverative 944+ 115 149.7 + 24.7 454 0.045*
Errors
Learning Errors  118.6+24.7 451+75 8.97 0.007**
Total Errors 213.0+ 8.4 1948+ 7.5 0.22 0.644
CNTNAP2 Study®
Sessions 154+1.2 105+ 0.6 15.67 0.0004**
Perseverative 140.6 + 25.7 101.3+114 2.61 0.115
Errors
Learning Errors  205.7+28.3 118.0+13.8 9.83 0.0035**
Total Errors 346.3+37.2 219.3+126 15.66 0.0004**

Note: Data are means + standard error.

# NDD model consisted of BTBR males (n=10); control consisted of C57BL/6J males
(n=10).

® NDD model consisted of LgDel males (n=11); control consisted of male wildtype
littermates (n=11).

¢ NDD model consisted of Cntnap2 null males (n=13); for the purposes of this table,
control consisted of male wildtype (n=13) and heterozygous littermates (n=11). In the
original Cntnap2 study, heterozygous and wildtype mice were analyzed separately.
*p<0.05 **p<0.01

In the LgDel and Cntnap?2 studies, there were significant genotype differences on

the acquisition and reversal tasks. In both experiments, NDD mice required more sessions

to reach acquisition criterion, required more sessions to reach reversal criterion, and made
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a larger number of reversal learning errors than control mice. What is similar between the
LgDel and Cntnap2 null mice that could explain these parallel results? The learning
errors measure provides a clue. Learning errors occur in later stages of the reversal, after
perseverative responding to the previously rewarded stimulus has ceased (Chudasama &
Robbins, 2003). Research has found that mice with lesions to mPFC also commit more
learning errors on reversal tasks using pattern stimuli but not when stimuli are designated
by luminance (Brigman & Rothblat, 2008). It was concluded that, because differentiating
the features of the pattern stimuli required more visual attention than differentiating by
luminance, the mPFC must be involved when a task requires directed attention in
addition to the working memory demands of the reversal. The LgDel study supports this
hypothesis of a structure/function relationship, as the number of learning sessions
required to attain criterion on the pattern reversal was significantly correlated with the
frequency of layer 2/3 projection neurons in mPFC (Meechan et al., 2015). As
electrophysiological, axonal imaging, and functional connectivity measures have
indicated alterations in the mPFC of Cntnap2 null mice (Lazaro et al., 2012; Liska et al.,
2017), the impairment demonstrated in the reversal task may be a result of mPFC
dysfunction.

It could be that mPFC abnormalities represent a common pathophysiological
endpoint for mouse models of neurodevelopmental disorder. In addition to the cognitive
deficits discussed in this dissertation, mouse mPFC has been implicated in social
cognition (Bicks et al., 2015). Scientists have clustered mouse models of autism
according to neuroanatomical phenotype (Ellegood et al., 2015). , and a similar attempt

based on functional connectivity could provide evidence that mPFC dysfunction is
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common to many models, perhaps resulting from an imbalance of excitatory and
inhibitory synapses.

Another avenue for future investigation is the variation in cognitive abilities
within these mouse models. The NDD group in both LgDel and Cntnap2 studies
contained some mice that performed similarly to the WT group. This variability in mice
mirrors the variability in the severity of cognitive deficits in the human presentation of
ASD and other neurodevelopmental disorders (Matson & Shoemaker, 2009). Differences
in phenotype despite common genotype suggest epigenetics or epistasis and indicate that
genes are probabilistic, not deterministic (Mitchell, 2007). Further behavioral and
biological research will be required for additional insight.

The current research presented in this dissertation provided solid evidence of
cognitive dysfunction in the BTBR, LgDel, and Cntnap2 models of NDD. The LgDel
study found that this functional impairment was significantly correlated with structural
abnormalities. That the cognitive data were all obtained with noninvasive and minimally
stressful touchscreen tasks is noteworthy. These touchscreen-based tasks provide
measurable markers that will be useful for assessing if potential pharmacological
interventions ameliorate cognitive deficits. While improving cognitive function in mouse
models may initially seem to be a flippant objective, the end goal—improving EF in
individuals with autism, schizophrenia, and other NDDs—is worthy of researchers’
resources. Measures of EF evaluated with neuropsychological tasks are predictive of
adaptive life skills in both schizophrenia and ASD (Gilotty, Kenworthy, Sirian, Black, &
Wagner, 2002; Insel, 2010). Thus, a better understanding of EF and the mechanisms

underlying its development is a research imperative.
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