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Abstract

Understanding the contribution of cerebellar dysfunction to complex neurological diseases such as
autism spectrum disorders (ASD) is an ongoing topic of investigation. In a recent paper, Tsai et al.
(Nature 488(7413) 647-51, 2012) used a powerful combination of conditional mouse genetics,
electrophysiology, behavioral tests and pharmacological manipulations to address the role of
Tuberous sclerosis complex 1 (7sc) in Purkinje cells and cerebellar function. The authors make
the staggering discovery that morphological and electrophysiological defects in Purkinje cells are
linked to systems wide ASD-like behavioral deficits. In this journal club, I discuss the major
findings of this paper and critically assess the implications of this seminal work.
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Introduction

Autism Spectrum Disorder (ASD) is arguably one of the most puzzling, yet intriguing
neurodevelopmental disorders. The first description of this disease 60 years ago suggested a
significant malfunction in cognition and behavior in affected children (1). For a period of
time it was believed that parenting and environmental factors were responsible for the
absence of social interactions, repetitive behavior, impaired language and an obsessive need
for “sameness”. More detailed and careful analysis of postmortem and imaging studies
instead implicated fundamental defects in brain pathology, in regions including the limbic
system, hippocampus, amygdala, cerebellum, corpus callosum, basal ganglia and brainstem.
Furthermore, it has become well accepted that ASD is a neurological genetic disorder with
prevalence for mutations in genes associated with synapses, and is therefore often referred to
as “the disease of synapses”. Numerous reports suggest that majority of ASD patients
exhibit widespread motor impairments (2). Since the cerebellum is one of the primary
centers for motor coordination, its potential involvement in ASD has long been proposed.

The cerebellum is composed of only ten major neuronal types and three glial populations
(3). Purkinje cells, the only output of the cerebellar cortex, are the fundamental element
around which the cerebellum circuit is organized, both in its structure and its function (3).
They receive all the synaptic information that comes from outside of the cerebellum, process
it, and relay the information to the cerebellar and vestibular nuclei in the brain stem (4). The
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cerebellar nuclei then connect the cerebellum to multiple regions in the brain and spinal
cord.

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by mutations
in the two genes; 7SCZ, which is located on chromosome 9, and 75C2, which is found on
chromosome 16. Upon dimerization, TSC1 and TSC2 together are able to negatively
regulate mammalian target of Rapamycin (mTOR) signaling. TSC primarily affects the skin,
brain, eyes, heart, lungs and kidneys. It results in development of non-cancerous tumors
called tubers. The severity of TSC symptoms ranges from mild to severe, with a select
population of TSC patients exhibiting cognitive deficits. The cognitive deficits range from
developmental delay to mental retardation and autism. Surprisingly, the cerebellum has
emerged as an important brain structure in TSC disorder, as the number of tubers present in
the affected cerebellum is thought to be associated with severity of autistic behaviors (5-7).
Curiously, in milder cases neuroimaging techniques are not able to detect clear-cut
cerebellar derangements, but this does not exclude the possibility of cell-specific
malfunctions due to structure and/or functional deficits that are beyond the resolution of
current imaging techniques.

It is therefore of utmost significance to define and understand the role of the cerebellum and
its cell types in children affected with TSC, and the connection to ASD. Towards that goal, a
recent outstanding paper by Tsai et al. (8) combined complex mouse genetics, behavior and
electrophysiology to uncover the importance of the cerebellum in TSC-associated ASD
behaviors. They investigated the role of 7scZ in controlling neuronal network function and
the behavioral consequences of altering its function in the cerebellum. To that end, Tsai et
al. (8) used a Purkinje cell specific Cre driver, L7 (L7-Cre), and a 7scI floxed allele
(7sc12%) (9, 10) to selectively manipulate 7scZ function in Purkinje cells. They
demonstrated that both L 7-Cre; Tsc10X/* (L 7: Tsc170%/*, heterozygous mutants) and L 7-
Cre; Tsc1Tox/flox (| 7-Tsc1710X/flox homozygous mutants) mice had a decrease in Purkinje cell
excitability and displayed ASD-like behaviors.

Loss of Tsclin Purkinje cells causes deleterious affects on morphology
and circuitry

One of the most useful advents in mouse genetics was the development of the cre/lox
recombination system. In this approach, when floxed alleles are combined with the right Cre
drivers they can provide spatial and temporal control over gene function in an exclusive part
of the body or even cell type. Tsai et al. (8) used the cre/lox system elegantly to address the
role of Tscl in Purkinje cells and more broadly to uncover the role of the cerebellum in
TSC. To target recombination exclusively in Purkinje cells, the authors used an L 7-Cre
transgenic line (10) that expresses Cre starting in the first postnatal week in a pattern that is
mainly restricted to Purkinje cells, with only scattered and infrequent recombination
elsewhere in the brain. To ensure that the L 7-Cre allele results in efficient removal of 7scZ
function, the authors first analyzed expression of the downstream effector of mTOR
signaling, phosphorylated S6 (pS6), using immunohistochemistry and found the expected
increase in this protein’s expression in affected Purkinje cells of L 7 Tsc170x/*
(heterozygous) and L 7 Tsc10x/flox (homozygous mutant) animals in comparison to controls.
Previous studies in dissociated hippocampal cells suggested that loss of 7scZ leads to an
increase in soma size (11). In accordance, Tsai et al. (2012) found an increase in the size of
Purkinje cell soma in the L 7, Tsc1oX/floX mutants, but not in the L 7 Tsc10%* heterozygous
mice.

One of the most consistent and apparent abnormalities reported in the vast majority of ASD
cases are significant deficits in the number of the Purkinje cells (12, 13). This anomaly

Cerebellum. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sudarov

Page 3

remains one of the most reliable and reproducible observations in ASD autopsied brains.
Because the Purkinje cells are a central and integral part of the cerebellar cytoarchitecture
and network, it is essential that their numbers are developmentally controlled and
maintained throughout life. £ 7 7sc170X/flox mytants exhibited loss of Purkinje cells starting
at 2 months of age, a phenotype that became progressively worse by 4 months of age. In
contrast, the authors reported similar Purkinje cell numbers between L 7 Tsc170x/*
heterozygous and control animals at 4 months of age. The authors confirmed that the loss of
the Purkinje cells in £ 7, 7sc10X/floX mytants was due to their gradual cell death as visualized
by TUNEL and caspase 3 immunostaining. One of the possible causes of cell death is
oxidative stress. Exposure to maternal infection and environmental toxins such as heavy
metals, mercury, and pesticides are known sources of oxidative stress and additionally have
been implicated in ASD (14). All these afflictions on the cell cause oxidative stress, which
in turn results in damage to proteins, DNA and lipids. Interestingly, Tsai et al. (8) found
increased levels of markers for the endoplasmic reticulum and for oxidative stress (GRP78
and HO1) in L 7 Tsc1oxX/flox mytant animals.

Since dendritic spines represent major sites of excitatory synaptic contacts, their
morphology and density have been used as an indicator of assessing the quantity, quality and
organization of connections in the brain. Increased spine densities in cortical pyramidal
neurons have been reported in various animal models of ASD (15). Tsai et al. (8) reported
that both L 7, Tsc10X/flox homozygous and L 7, Tsc1™0%* heterozygous mutants showed an
increase in spine density on the Purkinje cell dendrites, suggesting an additional role of 7scZ
in Purkinje cells. Interestingly, 7scloss in cortical and hippocampal neurons results in a
decrease in the density of spines (11, 16, 17). The opposite effects on the two different brain
regions could suggest an additional level of complexity of TSC1 and TSC2 signaling within
distinct brain regions. Future studies should be dedicated to investigating and understanding
the molecular mechanisms that govern regional differences in 7sc function.

ASD has been defined as a “disease of the synapse” and previous studies suggested synaptic
deficits associated with loss of 7s¢Z (11). The microcircuitry of the cerebellum is well-
understood, and the Purkinje cells play a central role in processing incoming signals (3). The
two main afferent systems conducting excitatory inputs into the cerebellum are the climbing
and mossy fibers. Climbing fibers originate from the inferior olivary nucleus and each one
establishes multiple synaptic contacts with the proximal dendrites of a single Purkinje cell.
Because Purkinje cells in both L 7 Tsc1710X/flox homozygous and L 7; Tsc10%* heterozygous
mutant animals exhibit morphological defects, the authors investigated whether there was a
defect in synaptic inputs. Interestingly, Tsai et al. (8) found no difference in the amplitude of
individual climbing fiber inputs between L 7 Tsc1f0X/flox homozygous mutant and control
animals. Furthermore, the authors found no differences in synaptic plasticity or amplitude
ratios of excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents
(IPSCs) between L 7; Tsc170X/flox homozygous mutant and control animals. However, the
intrinsic excitability of Purkinje cells in L 7 7sc10%* heterozygous and L 7 Tsc1flox/flox
homozygous mutant mice was significantly lower, and fewer evoked potentials were
induced by current injection. Altogether, these data suggest that while the Purkinje cells
receive normal synaptic input, their spontaneous and current- evoked output is deficient. It
will be interesting to further investigate how deficient output of Purkinje cells affects the
cerebellar nuclei and their connections outside the cerebellum.

Purkinje cell specific Tscl conditional mutants exhibit ASD-like behavior

ASD diagnosis is based entirely upon behavioral criteria, as no consistent diagnostic
molecular markers are available. While the symptoms of the disorder may vary, it is
generally accepted that an individual will be diagnosed as ASD if he/she lacks social
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reciprocity, exhibits deficits in nonverbal and verbal communication, language delays,
repetitive and/or compulsive behaviors, insistence on sameness and upset to change.

The similarities between mice and humans in their brain anatomy and genetics, and in their
molecular signaling and response to pharmacological treatments strongly support the further
development and use of mouse models as a tool for understanding the mechanisms
underlying ASD behaviors. Mice are highly social creatures that engage in reciprocal social
interactions, as well as variety of sexual, aggressive and parenting behaviors. Tsai et al. (8)
tested 7scZ cerebellum specific mutants (both heterozygous and homozygous animals) in an
impressive battery of tests targeted to assess ASD-like behaviors.

The three chamber task

The three chamber social behavioral task established by the Crawley laboratory (18)
provides a powerful automated approach for testing social behaviors in mice. In the social
approach aspect of the test, a subject mouse is scored for the time spent in a side chamber
with a novel mouse, which is contained within a wire cup, versus time spent in a side
chamber with a non-social novel object (identical wire cup). The longer time spent in a
chamber with a novel mouse as opposed to non-animate object is termed “sociability”. The
second part of the three chamber social behavioral task tests for “social novelty”. A novel
stranger mouse is placed in one side of the chamber, while the familiar mouse is in the
opposite chamber. The time spent in the chamber with the familiar mouse versus the novel
stranger mouse is recorded. The authors examined 7-9 weeks old control, L 7 Tsc17ox/*
heterozygous and L 7 Tsc1/0x/flox homozygous mutant mice and found no significant
differences in the time spent between the novel mouse versus the novel object in both

L 7, Tsc170X* heterozygous and L 7 Tsc17X/flox homozygous mutant mice in comparison to
controls which spent significantly more time interacting with the novel mouse. Additionally,
both L 7; Tsc170%* heterozygous and L 7 Tsc10x/flox homozygous mutant mice exhibited no
preference for the social novelty, whereas control animals spent significantly more time
interacting with the novel stranger mouse. The lack of social interactions was not due to the
motor deficits in the heterozygous and homozygous mutant mice as the initial signs of ataxia
were not observed until 7-8 weeks of age in L 7 Tsc170X/flox homozygous mutant mice.
Purkinje cell phenotype of 2 month old L 7, 7sc1770%* heterozygous mutant mice suggests
that deficits in social interactions are not caused by the Purkinje cell loss but rather their
increased spine density and reduced excitability. Next, the authors tested whether the mutant
mice exhibited defects in recognizing olfaction cues, as it is crucial for social interactions.
Interestingly, both 8-12 weeks old L 7, 7sc10X/* heterozygous and L 7; Tsc17lox/flox
homozygous mutant mice displayed no defects in recognizing olfaction cues that are non-
social in nature (water, almond, banana), but had significant defects in social cues, which
likely contributed to social defects.

Repetitive behavior

Vocalization

To model the repetitive behaviors that are common to ASD, Tsai et al. (8) exploited a
reversal learning paradigm using the water T maze and found significantly impaired reversal
learning in the 8-12 weeks old L 7 7sc1/0%/flox homozygous mutant mice when compared to
controls. Repetitive grooming is another type of repetitive behavior. Interestingly, both 8-12
weeks old L 7:Tsc170%* heterozygous and L 7 Tsc10%/flox homozygous mutant mice
exhibited excessive repetitive grooming behavior in comparison to control animals.

Testing communication in mice can present a challenge, but complex vocalizations between
separated pups and the dam have been shown to be a useful measure of social
communication in rodents (18). The use of sensitive ultrasonic microphones and advanced
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software has revealed multiple and distinct calls in mice. Tsai et al. (8) recorded higher rates
of ultrasonic vocalizations in both L 7, 7sc170%* heterozygous and L 7; Tsc17/ox/flox
homozygous mutant pups in comparison to control pups at postnatal day 7 and 10,
developmental time prior to the reported Purkinje cell death. It will be interesting, and
perhaps even necessary, to resolve how cerebellar function and olfaction intersect during
social behaviors. Moreover, future experiments could exploit £ 7, 75c170%'* heterozygous
and L 7, Tsc1ox/flox mutant animals in testing the myriad of pharmaceutical drugs used for
ameliorating and treating different aspects of abnormal behavior.

All together behavioral and histological results suggest that the changes, caused by the loss
of 7sc1, in the Purkinje cell morphology and function, and not cell death, are sufficient to
result in abnormal behavior, including social interactions, learning and memory.
Pharmaceutical drug screens that exclusively target alteration in dendritic spine density or
enhancing functional output would be of major clinical importance to our understanding of
ASD and the future design of medications for the disorder. While it is clear from both

L7, Tsc1™ox/* and L 7 Tsc10X/flox mytant animals that the Purkinje cells participate in both
sociability and social memory, it is not clear whether the same neuronal networks govern
these distinct social behaviors. In this regard, it will be interesting to investigate the
relationship between the hippocampus, amygdala and cerebellum in controlling social
memory, and screen for drugs that might enhance memory by targeting one or more of these
structures.

Previous studies in both human and murine models showed that inhibition of mMTOR
signaling in TSC patients or 7scZ mutant mice resulted in improvement of anatomical and
behavioral phenotypes (19). Treatment with Rapamycin or RADO01 has been shown to
improve survival and weight gain, to reduce seizures, and to improve some cognitive
function and anatomic abnormalities (16, 20). Tsai et al. (8) investigated whether treatment
with mTOR inhibitors could ameliorate the deficits observed in the Purkinje cell specific
7sc1 mutant mice. The authors treated control and mutant mice with Rapamycin starting at
postnatal day 7 to coincide with the onset of Cre expression (8). Consistently with previous
reports, Rapamycin treatment in L 7 7sc170X/flox mytant animals improved anatomical
integrity, specifically preventing Purkinje cell loss and decreasing soma size. Furthermore,
when the L 7 Tsc170x.floX mutant mice were treated with the mTOR inhibitor Rapamycin,
their social behavior was improved. Additionally, Rapamycin-treated L 7 7sc170X/flox mytant
mice displayed no differences in acquisition and reversal learning in the water T-maze in
comparison to control animals.

However, it remains unclear whether the electrophysiological deficits in L 7; 7sc17/0x/flox
mutant animals can be rescued by Rapamycin treatment. Since the behavioral aspects of the
mutant mice are rescued upon drug treatment, it will be important to examine what effect
Rapamycin has on the overall neuronal network structure and connectivity, and elucidate the
mechanisms that mediate any potential recovery of function. Moreover, one wonders how
Purkinje cell function is affected in awake mice. It would be interesting to examine Purkinje
cell complex and simple spike behavior using in vivorecordings in alert L 7; Tsc170x/flox
mutant mice. Finally, it is important to mention that a recent study examined the role of
Tsc2in the Purkinje cells and similar to Tsai et al. (8), revealed ASD-like deficits in 7s¢2
conditional knock out mice (21). Reith et al. (21) found that loss of Tsc2 causes the Purkinje
cell degeneration, as well as abnormal repetitive and social behavior, which could be
rescued by Rapamycin treatment.
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The role of the cerebellum in ASD remains a controversial topic, mainly because it is
unclear how it might contribute to abnormalities in social interactions and repetitive
behaviors. The advances in mouse genetics, which allow for fine-tuned genetic temporal and
spatial manipulations, have provided the necessary tools with which to unravel the
molecular and cellular mechanisms underlying complex neurological disorders. Using such
techniques, Tsai et al. (8) established an intimate link between abnormal cerebellar Purkinje
cell function and behavioral deficits that are relevant to ASD. Furthermore, they shed light
on the requirement of the TSC-mTOR pathway in regulating cerebellar physiology and
remarkably, its potential as a therapeutic target in rescuing complex phenotypes with drugs
such as Rapamycin. This study not only implicates the cerebellum as a key player of ASD-
like behavior, but specifically demonstrates that abnormal cerebellar Purkinje cells function
can be a major contributor to these behaviors. Purkinje cell axons represent the sole output
of the cerebellar cortex and all synapse on cerebellar or vestibular nuclei. Cerebellar nuclei
in turn connect broadly to various regions of the brain including association and paralimbic
cortex in addition to motor cortex (22). In the future, the study design used by Tsai et al.
(2012) could be adapted to other sophisticated approaches such as diffusion tensor imaging,
which could reveal potential defects in cerebral cortical and subcortical structures that
communicate with cerebellum. It will be important to identify other cell types and circuits
that contribute to the development of complex neurological and psychiatric disorders.
Moreover, it is possible that other ASD-linked disease loci cause similar or complementary
defects in the brains of ASD patients; using the conceptual technical repertoire implemented
by Tsai et al. (2012), examination of other mouse ASD models may unveil core defects
shared by multiple disorders on the spectrum. Such knowledge will allow for more potent
and direct pharmaceutical drug development, with less side effects and off-target
complications.
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Schematic overview of the cerebellar and behavioral phenotypes in control, L 7; Tsc1™*,

L 7:Tsc11ox/flox and [ 7: Tsc170X/floX treated with rapamycin. In control, adult Purkinje cells
are organized in a tightly packed monolayer. Heterozygous loss of 7scZ results in increased
Purkinje cell spine density, defects in excitability, abnormal social and repetitive behavior,
and altered communication in the pups. Complete loss of 7scZ causes an increase in the size
of Purkinje cell soma and cell death (gray cells). These morphological defects are associated

with reduced Purkinje cell excitability, social deficits, impaired cognitive behavior and

abnormal vocalizations. However, when L 7; Tsc170X/floX mytants are treated with rapamycin
(RAPA) starting at P7, the Purkinje cell deficits are rescued (soma size and cell number), as

well as social and cognitive behavior.
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