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Abstract

Cerebellar degeneration and prevention of symptom progression
in a mouse model of spinocerebellar ataxia type 7.

Stephanie A. Furrer

Chair of the Supervisory Committee:
Professor Gwenn A. Garden
Department of Neurology

Spinocerebellar ataxia type 7 (SCA7) is a dominantly inherited disorder characterized by
progressive cerebellar, brainstem, and retinal degeneration. SCA7 is caused by a
CAG/polyglutamine (polyQ) repeat expansion in the ataxin-7 gene. Ataxin-7 is widely expressed,
but certain neural populations, including cerebellar Purkinje cells (PCs), are selectively vulnerable to
the mutation. Previous SCA7 mouse models have demonstrated multiple cell types must express
mutant ataxin-7 to cause ataxia and non-cell autonomous PC degeneration. To further define specific
cellular roles in SCA7 pathogenesis, we generated a novel SCA7 mouse model that expresses a loxP-
flanked ataxin-7-92Q cDNA under the control of the murine prion protein (PrP) promoter in a
bacterial artificial chromosome (BAC). To inactivate polyQ-ataxin-7 expression in specific
cerebellar cell types, we crossed PrP-floxed-SCA7-92Q BAC mice with Gfa2-Cre mice (to direct Cre
to Bergmann glia (BG)) or Pcp2-Cre mice (to direct Cre to PCs and inferior olive (I0)). Excision
of ataxin-7 from BG partially rescued behavioral abnormalities, but did not prevent BG process loss
or molecular layer thinning. Excision of ataxin-7 from PCs and 10O provided significantly greater

rescue and prevented both pathological changes, revealing a non-cell autonomous basis for BG



pathology. Prevention of mutant ataxin-7 expression in BG, PCs, and 10 delayed symptom onset by
half the lifespan (20 weeks) of PrP-floxed-SCA7-92Q BAC mice. Thus, cerebellar PCs and BG, and
IO neurons in the brainstem, are the major cellular contributors to SCA7 pathogenesis. To determine
whether neurological dysfunction is reversible during the progressive phase of SCA7 disease, we
crossed the PrP-floxed-SCA7-92Q BAC mouse line to transgenic mice that ubiquitously express
tamoxifen-inducible Cre recombinase. Administration of tamoxifen citrate four weeks after
symptom onset globally inactivated mutant ataxin-7 expression, which prevented further
symptom progression and restored some motor function. Tamoxifen treatment did not
significantly alter molecular layer thinning and BG process loss, but it prevented the
redistribution of climbing fiber terminals and reduced the number of PC nuclei containing
ataxin-7 aggregates. Our results demonstrate that suppression of polyQ-ataxin-7 gene expression
prevents further symptom progression, even when initiated after symptom onset and at a time

when some histopathological changes cannot be reversed.
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Chapter I

Introduction

Spinocerebellar ataxia type 7 (SCA7) is a dominantly inherited genetic disorder that
results in the progressive degeneration of structures primarily in the cerebellum, brainstem, and
retina. Consequently, patients develop ataxia (i.e., loss of motor coordination) and blindness
(Garden and La Spada, 2008). SCA7 is caused by the expansion of a CAG/polyglutamine
(polyQ) trinucleotide repeat within the ataxin-7 gene, making this disorder one of nine known
polyQ expansion diseases (Orr and Zoghbi, 2007). Although the normal function of ataxin-7 is
yet to be fully understood, one of its roles is as a transcriptional regulator (McMahon et al., 2005;
Palhan et al., 2005; Strom et al., 2005; Helmlinger et al., 2006). Ataxin-7 is expressed widely
throughout tissues within, and outside of, the central nervous system (CNS). However, only
specific subpopulations of neural cells degenerate in patients with SCA7. The progressive nature
of this degeneration causes patients to suffer with symptoms that worsen over years or even
decades (Orr and Zoghbi, 2007). Mouse models have been developed to investigate the
mechanisms of SCA7 neurodegeneration, including which cellular events lead to cell type-
specific death and how polyQ-expanded, or mutant, ataxin-7 is influencing these events (Ingram

etal., 2012).

Symptoms and neuropathology

The severity of symptoms in SCA7 patients ranges broadly from infantile onset with

early mortality to elderly presentations of slowly progressive ataxia (Garden and La Spada,



2008). SCAT7 patients develop ataxia that eventually results in difficulties with walking,
speaking, and manual dexterity. Ataxia often is the first symptom reported, although a subset of
patients with earlier disease onset may first present with vision deficiencies (Giunti et al., 1999).
As the disease progresses, more severe symptoms include dysarthria, dysphagia, hypoacusis, and
eye movement abnormalities that can progress to ophthalmoplegia. Involvement of the
corticospinal tracts and extrapyramidal motor system may also be present (David et al., 1998;
Giunti et al., 1999). The first sign of SCA7 retinal degeneration is dyschromatopsia (color
blindness; Gouw et al., 1994). Central vision is then lost, followed by peripheral vision loss, and

often patients become completely blind (Hamilton et al., 1990; Enevoldson et al., 1994).

Neuroimaging of SCA7 patients reveals atrophy of the cerebellum and pons (Bang et al.,
2003). Autopsy studies confirm degeneration of the cerebellar cortex, dentate nucleus, inferior
olive, subthalamic nucleus, and olivocerebellar, spinocerebellar, and pyramidal tracts (Martin et
al., 1994; Michalik et al., 2004). Cerebellar Purkinje cells (PCs) are almost entirely lost and
marked neuronal loss and gliosis occurs in the inferior olive (Michalik et al., 2004). Only minor
changes are found in the cerebellar granule cell layer. Neuronal loss in brainstem cranial nerve
motor nuclei, spinal motor neurons, and regions of the basal ganglia such as the substantia nigra,
has also been observed (Martin et al., 1999). SCA7 patients demonstrate loss of cone receptor
function prior to rod abnormalities and macular degeneration in late-stage disease (To et al.,

1993). SCAT7 retinal degeneration is thus classified as a cone-rod dystrophy.



The polyglutamine expansion and ataxin-7

The SCA7 causative gene was initially mapped to chromosome 3p12-p21.1 (Benomar et

al., 1995; Holmberg et al., 1995). Further investigation revealed that a CAG trinucleotide

expansion mutation occurred in a then unknown gene, named ataxin-7. Upon this discovery,

SCA7 became a member of the polyglutamine expansion family of neurodegenerative disorders

that today includes the nine disorders listed in Table 1 (Zoghbi and Orr, 2000; Orr and Zoghbi,

2007).

Table 1: Features of the nine known polyglutamine expansion disorders.

Disease | Gene Normal Expanded | Most common areas of degeneration
product repeat repeat
length length
HD huntingtin 6-34 36-121 Striatum, cerebral cortex
SBMA | androgen 9-36 38-62 Anterior horn & bulbar neurons,
receptor dorsal root ganglion
DRPLA | atrophin 7-34 49-88 Cerebellum, cerebral cortex, basal ganglia,
cerebral & brain stem white matter
SCA1 ataxin 1 6-44 39-82 Cerebellar Purkinje cells, brainstem
SCA2 | ataxin 2 15-24 32-200 Cerebellar Purkinje cells, brainstem
SCA3 ataxin 3 13-36 61-84 Cerebellar dentate neurons, basal ganglia,
brainstem, spinal cord
SCA6 CACNAl, | 4-19 10-33 Cerebellar Purkinje cells, brainstem
SCA7 ataxin 7 4-35 37-306 Cerebellar Purkinje cells, brainstem, retina
SCA17 | TBP 25-42 47-63 Cerebellar Purkinje cells, brainstem

HD: Huntington’s disease; SBMA: spinobulbar muscular atrophy; DRPLA: dentatorubral
pallidoluysian atrophy; SCA: spinocerebellar ataxia; TBP: TATA-box binding protein.

Although the causative genes of each of the polyQ expansion disorders are distinct and

share no homology outside of the polyQ tract, these diseases share some common features. With

the exception of SCAG6, the polyQ repeat becomes pathogenic after a threshold of approximately

35 repeats (Table 1; Orr and Zoghbi, 2007). In all of these diseases, a longer polyQ repeat

correlates with earlier age of symptom onset and a more severe disease phenotype (Zoghbi and




Orr, 2000). These disorders are inherited in an autosomal dominant fashion (except for SBMA
which is X-linked and recessive), suggesting that the polyQ-expanded proteins gain a toxic
property or function that mediates neurodegeneration. The causative genes are expressed widely
within and outside of the CNS, but specific cell populations are selectively vulnerable to each
mutation (Table 1; Orr and Zoghbi, 2007). It is possible that the proteins’ normal functions are
also disrupted in the context of a polyQ expansion and those cell populations that succumb to the
mutation suffer from a combination of loss-of-function and toxic gain-of-function events
(Garden and La Spada, 2008). The polyQ-expanded proteins accumulate into proteinaceous
aggregates that are most often found in the nucleus, but can also reside in the cytoplasm. These
aggregates are observed in many tissues in and outside of the CNS. PolyQ aggregates contain
other proteins, including transcription factors and components of the ubiquitin-proteasome
system. Aggregates containing polyQ-expanded proteins are a common hallmark of polyQ
disease, but their presence is not required for cell death (Garden and La Spada, 2008). Because
these commonalities exist amongst the polyQ expansion disorders, it is thought that complete

understanding of the pathogenesis of one will provide insight into the others.

SCA7 is caused by an expansion of the CAG trinucleotide tract in the coding region of
the ataxin-7 gene (David et al., 1997). Ataxin-7 encodes a protein 892 amino acids in length.
The polyQ tract is in the N-terminal region and the protein has one nuclear export signal, three
nuclear localization signals, two caspase cleavage sites, and putative sites for post-translational
modification via phosphorylation and SUMOylation (Mookerjee et al., 2009). A highly
conserved region exists between amino acids 311 and 406 that contains a zinc binding domain
(Helmlinger et al., 2004b). Although the normal function of ataxin-7 is largely unknown, studies

have shown it is a component of at least two transcriptional regulatory complexes called STAGA



and TFTC (Helmlinger et al., 2004b; McMahon et al., 2005; Palhan et al., 2005; Strom et al.,
2005; Helmlinger et al., 2006). Both complexes contain several protein components, including a
substituent with histone acetyltransferase (HAT) activity. These complexes regulate gene
transcription by preferentially acetylating histone H3, which subsequently promotes access to the
associated DNA sequence by transcriptional machinery (Martinez et al., 2001). Several studies
in vivo and in vitro demonstrated mutant ataxin-7 disrupts STAGA and TFTC function, possibly
by reducing HAT activity, which leads to the down-regulation of several genes necessary for the
function and maintenance of photoreceptors (McMahon et al., 2005; Palhan et al., 2005;
Helmlinger et al., 2006; Merienne et al., 2007). The role of ataxin-7 as a subunit of the STAGA
and TFTC complexes may explain cone and rod death in the retina, but the normal function of

ataxin-7 has yet to be delineated in the cerebellum and brainstem.

Cerebellar Purkinje cells undergo non-cell autonomous degeneration in SCA7

PCs, the most severely affected cell type in SCA7 patients (Zoghbi and Orr, 2000), are
also the primary output of the cerebellar cortex (Slemmer et al., 2005). Their cell bodies make
up the PC layer, and their extensive dendritic arbors project into the cerebellar molecular layer
(Fig. 1). PCs receive two main excitatory, glutamatergic inputs (Slemmer et al., 2005). The first
arises from granule cells in the granule cell layer. Granule cells project axons, known as parallel
fibers (PFs), which synapse onto PC dendrites in the molecular layer (Fig. 1). The second
glutamatergic input originates from the inferior olivary (I0) nucleus. Neurons of the 10 project
axons known as climbing fibers (CFs; Fig. 1). After development, a single PC is innervated by a

CF from one 10 neuron. This CF makes approximately 1500 synaptic contacts while as many as



100,000 PFs may innervate a single PC (Slemmer et al., 2005). Bergmann glia (BG) help shape
glutamatergic input to PCs (Bellamy, 2006). These non-neuronal cells extend their processes
into the molecular layer to ensheath almost all PF-PC and CF-PC synaptic contacts. BG cell
bodies reside in the PC layer at a ratio of approximately eight BG per PC. BG highly express the
glutamate-aspartate transporter, GLAST, and use this transporter to remove excess glutamate
from the synaptic cleft (Rothstein et al., 1994). BG also express a calcium-permeable AMPA
receptor (Hollmann et al., 1991; Burnashev et al., 1992). BG with experimentally manipulated
AMPA receptors that are impermeable to calcium withdraw their processes from PC synapses,
which leads to disrupted glutamatergic signaling and re-innervation by additional CFs (Iino et

al., 2001).
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Figure 1: Glutamatergic circuitry of the cerebellar cortex.

Because almost all PCs are lost in SCA7 patients, one of the first SCA7 mouse models
was developed by expressing ataxin-7 with 90 CAG repeats (ataxin-7-90Q) solely in PCs using
the Purkinje cell protein 2 (Pcp2) promoter (Yvert et al., 2000). This mouse model had a very

mild, late-onset ataxic phenotype and only mild changes in the cerebellar cortex at 11-12 months



of age. The same group created another SCA7 mouse model in which ataxin-7-90Q expression
was ubiquitously driven under the direction of the platelet derived growth factor beta-chain
promoter (Yvert et al., 2001). These mice became visibly ataxic at 5 months of age and their
lifespan was reduced to 8-15 months. The La Spada and Garden groups also created a mouse
model in which ataxin-7-92Q was expressed throughout brain and body tissues except in PCs
(Garden et al., 2002). These mice developed ataxia (at 4-5 months) and succumbed to early
mortality (at 8 months). Intriguingly, the cerebellar PCs had shrunken cell bodies and dendritic
arbors even though they did not express mutant ataxin-7. Together, these studies demonstrated
that PCs expressing polyQ-expanded ataxin-7 alone was not sufficient to cause SCA7 and in
fact, PCs could undergo degeneration without expressing the mutant gene. More evidence that
PCs undergo non-cell autonomous degeneration came from another La Spada/Garden group
mouse model. These mice were engineered to very highly express ataxin-7-92Q specifically in
BG (Custer et al., 2006). These mice developed slowly progressive ataxia at 8-12 months of age,
and the PCs showed signs of degeneration. BG isolated from these mice had reduced GLAST
RNA and protein level expression and a reduction in the ability to take up glutamate through the
remaining GLAST protein. Electron microscopic evaluation of the PCs showed a phenotype
characteristic of excitotoxic-mediated cell death (a process by which excess glutamatergic
signaling leads to deleterious downstream effects, such as elevated intracellular calcium and the
activation of proteases and other ‘pro-cell death’ enzymes; Slemmer et al., 2005). Thus,
expression of mutant ataxin-7 solely in BG was sufficient to induce ataxia and PC degeneration,

but did not recapitulate a full SCA7 disease phenotype.

What other cell types directly contribute to PC degeneration and atrophy of the

cerebellum? When, during the course of SCA7 disease, do these cell types contribute to



neurodegeneration? After symptom onset, is it possible to intervene and delay, stop, or reverse
the cellular mechanisms that ultimately lead to cell death? In order to begin to address these
questions, we set out to create a novel SCA7 mouse model in which mutant ataxin-7 could be
temporally and spatially controlled. Specifically, ataxin-7-92Q could be permanently removed
from the genetic material within selected cell populations or globally at pre-designated time

points during SCA7 pathogenesis using the Cre-loxP system.
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Chapter 11

Spinocerebellar ataxia type 7 cerebellar disease requires the
coordinated action of mutant ataxin-7 in neurons and glia, and
displays non-cell autonomous Bergmann glia degeneration

Summary

Spinocerebellar ataxia type 7 (SCA7) is a dominantly inherited disorder characterized by
cerebellum and brainstem neurodegeneration. SCA7 is caused by a CAG/polyglutamine (polyQ)
repeat expansion in the ataxin-7 gene. We previously reported that directed expression of polyQ-
ataxin-7 in Bergmann glia (BG) in transgenic mice leads to ataxia and non-cell autonomous
Purkinje cell (PC) degeneration. To further define the cellular basis of SCA7, we derived a
conditional inactivation mouse model by inserting a loxP-flanked ataxin-7 cDNA with 92 repeats
into the translational start site of the murine prion protein (PrP) gene in a bacterial artificial
chromosome (BAC). The PrP-floxed-SCA7-92Q BAC mice developed neurological disease, and
exhibited cerebellar degeneration and BG process loss. To inactivate polyQ-ataxin-7 expression
in specific cerebellar cell types, we crossed PrP-floxed-SCA7-92Q BAC mice with Gfa2-Cre
transgenic mice (to direct Cre to BG) or Pcp2-Cre transgenic mice (which yields Cre in PCs and
inferior olive). Excision of ataxin-7 from BG partially rescued the behavioral phenotype, but did
not prevent BG process loss or molecular layer thinning, while excision of ataxin-7 from PCs and
inferior olive provided significantly greater rescue and prevented both pathological changes,
revealing a non-cell autonomous basis for BG pathology. When we prevented expression of
mutant ataxin-7 in BG, PCs, and inferior olive by deriving Gfa2-Cre,; Pcp2-Cre, PrP-floxed-SCA7-

920 BAC triple transgenic mice, we noted a dramatic improvement in SCA7 disease phenotypes.
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These findings indicate that SCA7 disease pathogenesis involves a convergence of alterations in a

variety of different cell types to fully recapitulate the cerebellar degeneration.
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Introduction

Spinocerebellar ataxia type 7 (SCA7) is a progressive, dominantly inherited
neurodegenerative disorder characterized by neuron dysfunction, culminating in cell loss in the
retina, cerebellum, and brain stem. SCA7 patients consequently exhibit ataxia, motor system
abnormalities, blindness, and early mortality. SCA7 is caused by a CAG/polyglutamine (polyQ)
repeat expansion in the coding region of the ataxin-7 gene. As in other diseases caused by polyQ
repeat expansion, ataxin-7 is ubiquitously expressed. Nonetheless, inheriting polyQ-expanded
ataxin-7 yields degeneration in specific neuronal populations that are selectively vulnerable to this

mutation (Garden and La Spada, 2008).

A number of mouse models have been generated to investigate SCA7 disease pathogenesis.
PolyQ-expanded ataxin-7, expressed in cerebellar Purkinje cells (PCs) using the Pcp2 promoter,
produced very mild ataxia with no impact on life span (Yvert et al., 2000). Using the murine prion
protein (PrP) transgenic expression system, we expressed polyQ-expanded ataxin-7 throughout the
CNS, but not in PCs. The resulting PrP-SCA7-¢92Q mice developed ataxia and PC degeneration,
documenting a role for non-cell autonomous PC degeneration in SCA7 disease pathogenesis
(Garden et al., 2002). Transgenic mice that express ataxin-7-92Q protein only in Bergmann glia
(BG) in the cerebellum also develop ataxia and PC degeneration, implicating glial dysfunction in

polyQ-ataxin-7-mediated PC degeneration (Custer et al., 2006).

While these studies underscored the importance of specific non-neuronal cell types in
cerebellar degeneration, PCs are integrated into a complex neural network and receive
glutamatergic input from axons projecting from the inferior olive (I10) and cerebellar granule cells.

BG remove excess glutamate from PC synapses (Huang and Bordey, 2004), and secrete neurotrophic
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factors, which support PCs (Mount et al., 1995). 10 neurons produce insulin-like growth factor 1, a
neurotrophic factor that promotes PC survival and glutamate-aspartate transporter (GLAST)

expression in BG (Nieto-Bona et al., 1993; Gamboa and Ortega, 2002).

To clarify the cellular basis of SCA7, we developed a powerful new mouse model wherein
polyQ-ataxin-7 expression could be spatially and temporally regulated. In this model, an ataxin-7-
92Q cDNA is flanked by loxP sites at the start site of translation in the murine PrP gene in a bacterial
artificial chromosome (BAC). The PrP-floxed-SCA7-92Q BAC mice ubiquitously express mutant
ataxin-7 protein in all neurons, including PCs, and develop cerebellar ataxia and histopathology.
To determine which cell types are required for SCA7 disease pathogenesis, PrP-floxed-SCA7-920
BAC mice were crossed with driver lines expressing Cre-recombinase in BG (Gfa2-Cre), or in PCs
and 10 (Pcp2-Cre). Gfa2-Cre;PrP-floxed-SCA7-92Q BAC and Pcp2-Cre, PrP-floxed-SCA7-92Q
BAC bigenic mice each displayed a less severe phenotype than PrP-floxed-SCA7-92Q BAC
littermates. Excision of ataxin-7-92Q from PCs and 1O neurons not only protected against cerebellar
atrophy, but also prevented BG pathology. Excision of ataxin-7-92Q from BG, however, did not
prevent these pathological features, suggesting that BG pathology is non-cell autonomous in SCA7.
When we created triple transgenic (i.e., Gfa2-Cre; Pcp2-Cre,; PrP-floxed-SCA7-92Q BAC) mice,
onset of cerebellar ataxia was delayed up to 20 weeks. These findings indicate that BG, PCs, and 10
neurons interact in an intimate and tightly interconnected network, and thus, together contribute to

SCAT.
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Results

Characterization of the PrP-floxed-SCA7-92Q BAC transgenic mouse

To generate a mouse model that can delineate cell type-specific contributions to SCA7
disease pathogenesis, we inserted an ataxin-7 cDNA, carrying 92 CAG repeats and flanked by loxP
sites, into a murine prion protein BAC, and placed an EGFP reporter gene downstream of the
ataxin-7 cDNA (Fig. 2.1, A). After transgenic microinjection of this BAC construct, we identified
founders and established two independent PrP-floxed-SCA7-92Q BAC lines. RT-PCR analysis of
cerebellar RNA from PrP-floxed-SCA7-92Q BAC mice demonstrated that both PrP-floxed-SCA?7-
920 BAC lines expressed human ataxin-7 (Fig. 2.1, B). Quantitative real-time RT-PCR analysis of
ataxin-7 on RNA extracted from cerebellum confirmed that transgene expression was less than
endogenous ataxin-7 expression (Fig. 2.1, C). To ensure Cre recombinase-mediated excision of the
ataxin-7 cDNA, we crossed PrP-floxed-SCA7-920 BAC mice with CMV-Cre transgenic mice. The
resulting CMV-Cre; PrP-floxed-SCA7-92Q BAC bigenic mice no longer expressed human ataxin-7,
confirming successful Cre-mediated gene excision (Fig. 2.1, B). Immunofluorescent labeling of
PrP-floxed-SCA7-92Q BAC brain sections with an anti-ataxin-7 antibody revealed widespread
expression of the mutant protein, as evidenced by aggregate formation in neurons, including granule
cell neurons (GCNs) and Purkinje cell neurons (Fig. 2.1, D). PrP-floxed-SCA7-92Q BAC mice did
not exhibit a significant reduction in calbindin-labeled PC soma (2.6 + 0.1 PCs per 100 um; £SEM)
compared with non-transgenic mice (3.0 + 0.2 PCs per 100 pm; £SEM) (p =0.13; unpaired two-
tailed t-test), similar to previously published mouse models of SCA7 (Garden et al., 2002; Chou et

al., 2010).

Motor behavior in PrP-floxed-SCA7-92Q BAC mice was assessed using a composite
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phenotype scoring system (Guyenet et al., 2010) and by rotarod analysis. Beginning at 20 weeks
of age, PrP-floxed-SCA7-92Q BAC mice exhibited a more severe behavioral phenotype than non-
transgenic mice, based upon composite phenotype score, and this progressively worsened with
age (Fig. 2.1, E). PrP-floxed-SCA7-92Q BAC mice also performed significantly worse on the
accelerating rotarod at 21 weeks of age compared to non-transgenic littermates, and their rotarod
performance worsened at 30 weeks of age (Fig. 2.1, F). CMV-Cre-driven excision of the ataxin-7
cDNA prevented these phenotypes in CMV-Cre, PrP-floxed-SCA7-92Q BAC bigenic mice, as
these bigenic mice performed comparably to non-transgenic mice (Fig. 2.1, E & F). Together,
these results indicate that the PrP-floxed-SCA7-92Q BAC transgenic mice develop a SCA7
phenotype characterized by progressive ataxia and impaired motor function. Furthermore, the
utility of this model for studying cell-type contribution was confirmed by widespread Cre-

mediated excision of the mutant ataxin-7 gene.

PolyQ-ataxin-7 expression in Bergmann glia is required for the full SCA7 phenotype

We have previously shown that expression of polyQ-expanded ataxin-7 in BG, driven by a
human glial fibrillary acidic protein promoter known as Gfa2 (Besnard et al., 1991), is sufficient to
produce SCA7 cerebellar neurodegeneration (Custer et al., 2006). To determine whether mutant
ataxin-7 expression in BG is required for the full SCA7 phenotype, we crossed a mouse line
expressing Cre recombinase driven by the Gfa2 promoter (Zhuo et al., 2001) with the PrP-floxed-
SCA7-92Q BAC mice. In PrP-floxed-SCA7-92Q BAC mice, EGFP expression is induced upon Cre-
mediated excision of the loxP flanked ataxin-7 cDNA, as EGFP is moved adjacent to the murine

prion protein promoter. In Gfa2-Cre; PrP-floxed-SCA7-92Q BAC mice, EGFP expression is low



16

and BG cell bodies are very compact, complicating determination of the excision rate in bigenic
BG. Thus, to validate this driver line, we crossed Gfa2-Cre mice with a robust Z/EG reporter line
(Novak et al., 2000). Sagittal brain sections from Gfa2-Cre;Z/EG mice were immunolabeled for
GFP and S100-B, a BG cell body marker. We found that 72% of all S100-B-positive BG were
concurrently positive for GFP (Fig. 2.2, A & B), validating the utility of the Gfa2-Cre driver line for

high-level BG excision.

We assessed the behavioral phenotype of Gfa2-Cre, PrP-floxed-SCA7-92Q BAC bigenic
mice by again using the composite phenotype score and accelerating rotarod. As expected, PrP-
floxed-SCA7-92Q BAC mice displayed significantly higher composite phenotype scores, beginning at
20 weeks of age (Fig. 2.2, C). Gfa2-Cre; PrP-floxed-SCA7-92Q BAC mice, however, displayed a
progressive, but less severe phenotype compared to PrP-floxed-SCA7-920Q BAC littermates. On
the accelerating rotarod, PrP-floxed-SCA7-92Q BAC mice performed poorly at 22 weeks of age
and were significantly impaired by 40 weeks of age (Fig. 2.2, D). Gfa2-Cre; PrP-floxed-SCA7-92Q
BAC mice performed poorly on the accelerating rotarod at 40 weeks as well, but tended to remain
on the rotarod longer than their PrP-floxed-SCA7-920Q BAC littermates (Fig. 2.2, D). Together, these
data suggest that polyQ-expanded ataxin-7 expression in BG contributes to SCA7 pathogenesis

and is required to recapitulate the full SCA7 behavioral phenotype.

PolyQ-ataxin-7 expression in inferior olive is required for SCA7 disease phenotype

Restricted expression of polyQ-expanded ataxin-7 in cerebellar PCs in transgenic mice is not
sufficient to cause progressive motor impairment (Yvert et al., 2000). Indeed, ataxia and PC

degeneration can develop in SCA7 mice in which mutant ataxin-7 is expressed throughout the
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brain, but not in PCs (Garden et al., 2002), indicating the importance of non-cell autonomous
degeneration in SCA7. To test whether excising mutant ataxin-7 in PCs would significantly alter
the disease phenotype, we crossed PrP-floxed-SCA7-92Q BAC mice with a Purkinje cell protein 2
(Pcp2)-Cre line, obtained from the Jackson Laboratory (Barski et al., 2000). When we assessed the
excision rate in Pcp2-Cre; PrP-floxed-SCA7-92Q BAC bigenic mice by immunofluorescent
labeling with antibodies to EGFP and calbindin, we noted that 52% of all calbindin-positive PCs
were also EGFP positive (Fig. 2.3, A & B). Importantly, in the course of performing this analysis,
we documented that expression of Cre in this line is not limited to PCs, but is also present in the
inferior olive, the superior olive, and the olfactory bulb (Fig. 2.3, A, and data not shown). These
studies thus reconfirmed the integrity of the PrP-floxed-SCA7-92Q BAC construct, as singly
transgenic PrP-floxed-SCA7-92Q BAC cerebellar sections showed no EGFP immunoreactivity,

indicating that EGFP expression is only released upon Cre-mediated gene excision (Fig. 2.3, B).

Neurons of the IO degenerate in SCA7 patients (Garden and La Spada, 2008) as well as in
SCA7 transgenic mice (Wang et al., 2010). The 1O projects climbing fibers (CFs) that form
glutamatergic synapses on PC somae and dendrites. The 1O also delivers the neurotrophic factor
insulin-like growth factor-1 (IGF-1) to PCs (Nieto-Bona et al., 1993). Thus, loss of climbing fiber
input to PCs may contribute to non-cell autonomous PC degeneration in SCA7. When we
quantified the percentage of calbindin-positive IO neurons that also express GFP to determine
excision rate, as was just described for PCs, we found that ataxin-7 cDNA excision had occurred in
58% of 10 neurons (Fig. 2.3, A & B). Composite phenotype scoring indicated that Pcp2-Cre,; PrP-
floxed-SCA7-92Q BAC bigenic mice had a significantly milder phenotype than their singly
transgenic SCA7 littermates, and, interestingly, neurological impairment in Pcp2-Cre,; PrP-floxed-

SCA7-920Q BAC mice reached a plateau at 30 weeks of age (Fig. 2.3, C). Accelerating rotarod
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analysis at 22 weeks of age indicated that PrP-floxed-SCA7-92Q BAC mice displayed evidence of
motor incoordination at this time, while Pcp2-Cre; PrP-floxed-SCA7-92Q BAC bigenic mice
performed comparably to non-transgenic and Pcp2-Cre controls (Fig. 2.3, D). By 40 weeks of age,
the motor performance differences became quite dramatic, as Pcp2-Cre; PrP-floxed-SCA7-920
BAC bigenic mice remained on the rotarod at least four times longer than their PrP-floxed-SCA7-
920 BAC littermates. Together, these findings demonstrate that expression of mutant ataxin-7 in

10 neurons, and likely also in PCs, is required to recapitulate the full SCA7 phenotype.

PolyQ-ataxin-7 excision in Purkinje cells and inferior olive, but not in Bergmann glia,

protects against cerebellar molecular layer degeneration

A prominent feature of SCA7 neurodegeneration in transgenic mice is shortened PC
dendritic arbors in the cerebellar molecular layer (Garden et al., 2002; Yoo et al., 2003; Custer et
al., 2006; Chou et al., 2010). To investigate whether this loss is mitigated in Gfa2-Cre, PrP-floxed-
SCA7-92Q BAC or Pcp2-Cre, PrP-floxed-SCA7-92Q BAC bigenic mice, we immunostained
sagittal cerebellar sections with anti-calbindin antibody. By 40 weeks of age, we noted reduced
dendritic calbindin immunoreactivity, abnormal PC morphology, and molecular layer thinning in
the cerebellum of PrP-floxed-SCA7-92Q BAC mice (Fig. 2.4, A & B). Gfa2-Cre, PrP-floxed-
SCA7-920Q BAC bigenic mice also exhibited reduced calbindin immunoreactivity and a thinner
molecular layer, similar to PrP-floxed-SCA7-92Q BAC mice (Fig. 2.4, C); however, Pcp2-

Cre; PrP-floxed-SCA7-92Q BAC cerebellar sections resembled cerebellar sections from non-

transgenic controls (Fig. 2.4, A-D).

To further investigate the effect of conditional ataxin-7 excision from selected cell
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populations in the cerebellum, we quantified molecular layer thickness in dorsal cerebellum.
When we measured the width of the molecular layer along the outside of each folium from the pial
surface to the PC layer boundary at 100 pm intervals (Fig. 2.4, E), we found that molecular layer
thickness was significantly reduced from an average of 92.8 pm in non-transgenic controls to 75.5
pum in PrP-floxed-SCA7-92Q BAC mice (Fig. 2.4, F). Although Gfa2-Cre; PrP-floxed-SCA7-920Q
BAC mice had a similarly reduced molecular layer thickness, Pcp2-Cre; PrP-floxed-SCA7-92Q
BAC bigenic mice exhibited molecular layer thickness values that were comparable to non-
transgenic controls and markedly increased versus PrP-floxed-SCA7-92Q BAC mice (Fig. 2.4, F).
The molecular layer thickness in Gfa2-Cre and Pcp2-Cre singly transgenic mice did not differ
from non-transgenic animals (data not shown). These findings indicate that excision of mutant
ataxin-7 from PCs and IO neurons rescues PC neurodegeneration in SCA7 transgenic mice, while

excision of mutant ataxin-7 from BG does not prevent such PC pathology.

PolyQ-ataxin-7 excision in Purkinje cells and inferior olive, but not in Bergmann glia,

prevents Bergmann glia degeneration

As BG exhibit morphological pathology and dysfunction in SCA7 (Garden et al., 2002;
Custer et al., 2006), we examined BG morphology in PrP-floxed-SCA7-92Q BAC mice and the
two bigenic lines. After staining sagittal cerebellar sections for GFAP to visualize BG processes,
we generated 3-D images of dorsal cerebellar folia, deconvolved them, and transformed them into
2-D images by creating brightest-point projections. This analysis revealed that PrP-floxed-SCA?7-
920 BAC mice have remarkably fewer BG processes in the cerebellar molecular layer (Fig. 2.5, A

& B). Although the morphology of BG in Gfa2-Cre; PrP-floxed-SCA7-92Q BAC bigenic mice
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resembled that of PrP-floxed-SCA7-92Q BAC mice, BG in Pcp2-Cre, PrP-floxed-SCA7-92Q

BAC mice exhibited more prominent processes, indicative of an intermediate pathology between
non-transgenic controls and PrP-floxed-SCA7-92Q BAC mice (Fig. 2.5, A-D). To quantify BG
pathology, we counted the number of GFAP-positive BG processes that crossed a 150 um line
drawn parallel to, and 50 pm from, the pial surface (Fig. 2.5, E). PrP-floxed-SCA7-92Q BAC mice
harbored significantly fewer BG processes than non-transgenic controls (Fig. 2.5, F). Surprisingly,
BG processes were also markedly reduced in Gfa2-Cre, PrP-floxed-SCA7-92Q BAC mice, similar
to PrP-floxed-SCA7-92Q BAC mice. BG process number in Pcp2-Cre; PrP-floxed-SCA7-92Q
BAC bigenic mice was not significantly different from non-transgenic mice or from PrP-floxed-
SCA7-920Q BAC mice, indicative of an intermediate phenotype (Fig. 2.5, F). Neither Gfa2-Cre nor
Pcp2-Cre singly transgenic mice differed from non-transgenic controls (data not shown). Hence,
excision of mutant ataxin-7 from PCs and 10 neurons ameliorated BG histopathology, while
elimination of mutant ataxin-7 expression from BG did not improve BG degeneration. This
finding represents the first demonstration that BG dysfunction and degeneration in SCA7 is non-

cell autonomous.

PolyQ-ataxin-7 excision in Bergmann glia, Purkinje cells, and inferior olive delays

SCA7 disease onset

Because excising polyQ-ataxin-7 from BG, or from PCs and 10O neurons, partially rescued
SCAT7 neurodegeneration, we proceeded to test whether eliminating mutant ataxin-7 from all three
cell types would further ameliorate SCA7 disease pathogenesis. To do so, we generated triple

transgenic mice that carried the PrP-floxed-SCA7-92Q BAC, the Pcp2-Cre transgene, and the
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Gfa2-Cre transgene. Composite phenotype analysis revealed that such triple transgenic mice
exhibit very late disease onset, but once manifested, neurological abnormalities are progressive
(Fig. 2.6, A). Rotarod analysis, however, indicated that triple transgenic mice retain normal motor
coordination function, and perform dramatically better than singly transgenic PrP-floxed-SCA?7-

920 BAC mice at 40 weeks of age (Fig. 2.6, B).

To quantify the delay in onset, we pooled data from all PrP-floxed-SCA7-92Q BAC, non-
transgenic, Gfa2-Cre,; PrP-floxed-SCA7-92Q BAC, Pcp2-Cre, PrP-floxed-SCA7-92Q BAC, and
triple transgenic mice analyzed during the course of this study. One-way ANOVA testing, followed
by a Bonferroni’s multiple comparison post hoc analysis, was conducted for all composite phenotype
data. This analysis showed that PrP-floxed-SCA7-92Q BAC mice display neurological abnormalities
at 20 weeks of age (p <0.001), establishing the age of onset. Both Gfa2-Cre,; PrP-floxed-SCA7-920Q
BAC and Pcp2-Cre; PrP-floxed-SCA7-920Q BAC bigenic mice exhibit significant neurological
impairments by 25 weeks of age (p < 0.01 and p <0.001, respectively). The triple transgenic mice,
however, do not develop statistically significant neurological deficits until 40 weeks of age (p <
0.01), a delay of onset of 20 weeks. Thus, SCA7 mice, in which the ataxin-7 transgene is excised
from BG, PCs, and IO neurons, exhibit a dramatically improved phenotype, underscoring the

combined importance of all these components of the cerebellar circuitry.

To further assess the effect of removing mutant ataxin-7 expression from BG, PCs and 10
neurons, we analyzed the histological phenotype of the trigenic animals. Mean cerebellar
molecular layer thickness of the triple transgenic mice (100.2 um) did not significantly differ from
that measured in the Pcp2-Cre,; PrP-floxed-SCA7-92Q BAC bigenic mice (100.0 um). To address the
possibility that mutant ataxin-7-mediated degeneration of cerebellar granule cell neurons could

contribute to the SCA7 phenotype, we analyzed the cerebellar granule cell layer in non-transgenic
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and PrP-floxed-SCA7-92Q BAC mice. No overt morphological changes were noted, and the width
of the granule layer was modestly increased in PrP-floxed-SCA7-92Q BAC mice compared to non-
transgenic controls (data not shown). These results indicate that delay of disease onset until 40
weeks of age in Gfa2-Cre; Pcp2-Cre; PrP-floxed-SCA7-92Q BAC transgenic mice is best attributed

to incomplete excision of ataxin-7 cDNA from PCs, IO neurons, and BG.



(Ich)
1.6-
1.0-

0.5-
04- ae =

- e L X X X ¥ J -~<—m. atx7

P

1.4+
1.2
1.0-
0.8+
0.6+
0.4+
0.2+

Ataxin-7 mRNA / 18S

Non-Tg

Figure 2.1: PrP-floxed-SCA7-92Q BAC mice exhibit Cre-dependent ataxin-7 expression

and disease phenotype.

A, Diagram of the PrP-floxed-SCA7-92Q BAC construct, indicating the location of the human

-92Q

“}h. atx7

Floxed-SCA7

M

Latency to Fall (seconds)

=i~ Non-Transgenic
=-&=Floxed-SCA7-92Q
=8—CMV-Cre;Floxed-SCAT7-92Q

9-
o g *kek
S 7-
64
£ 5
£ 2
[&] 14
0
15 20 25 30
Age (weeks)
=——Non-Transgenic
-B-Floxed-SCA7-92Q
== CMV-Cre;Floxed-SCA7-92Q
250+
200+ ! ;
150+ % i E § §
; **I
1004 E E E *x
s0{ ¥ . L N
c L} L T L] H T | L L
1 2 3 4 : 1 2 3 4
21 i 30

Age (weeks), Trial Day

23

ataxin-7 92Q cDNA flanked by loxP sites, a downstream EGFP reporter gene, and the first two

exons and last exon from the murine prion protein gene (black boxes; not to scale). B, We
performed RT-PCR analysis of cerebella with primers that co-amplified murine and human
ataxin-7, and then differentiated mouse endogenous ataxin-7 (m. atx7) from human transgenic
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ataxin-7 (h. atx7) by Xmnl restriction digestion. PrP-floxed-SCA7-92Q transgene-positive mice
yielded Xmnl-cut bands, which were no longer present after crossing with CMV-Cre mice that
ubiquitously express Cre recombinase. C, We performed quantitative RT-PCR analysis of
cerebellar RNA with primers that co-amplified murine and human ataxin-7, normalized to mouse
18S RNA levels, for non-transgenic and PrP-floxed-SCA7-92Q BAC mice (n = 3/group). We set
the total ataxin-7 level to 1 in the non-transgenic control and found that the total ataxin-7 level in
the PrP-floxed-SCA7-92Q BAC mice is ~ 1.3, indicating that the BAC transgene is expressed at
lower than endogenous levels. D, Immunofluorescent labeling of ataxin-7 (red) and calbindin
(green) in cerebellar sections from 40-week-old PrP-floxed-SCA7-92Q BAC mice. Scale bar, 50
um. E, We completed composite phenotype analysis for sets of non-transgenic (n = 14), PrP-
floxed-SCA7-92Q BAC (n =10), and CMV-Cre; PrP-floxed-SCA7-92Q BAC (n = 5) mice. PrP-
floxed-SCA7-920 BAC mice develop a significant phenotype, which is eliminated upon Cre-
mediated excision (***p < 0.001, two-way ANOVA with Bonferroni’s post hoc test). Error bars
indicate SEM. F, We measured the mean latency to fall from the accelerating rotarod for sets of
non-transgenic (n = 10), PrP-floxed-SCA7-92Q BAC (n =10), and CMV-Cre,; PrP-floxed-SCA7-
920 BAC (n =5) mice. PrP-floxed-SCA7-92Q BAC mice performed significantly worse on the
rotarod at 21 and 30 weeks of age compared with non-transgenics, and CMV-Cre, PrP-floxed-
SCA7-920Q BAC mice performed much better than PrP-floxed-SCA7-920Q BAC mice at these time
points (**p < 0.01, two-way ANOV A with Bonferroni’s post hoc test). Error bars indicate SEM.
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Figure 2.2: Excision of polyQ-ataxin-7 from Bergmann glia partially ameliorates SCA7
neurological phenotypes.

A, Immunofluorescence labeling of EGFP (green) and S100- (red) in Gfa2-Cre;Z/EG cerebellar
sections. B, Gfa2-Cre expression produced a 72% excision rate in Bergmann glia. C, We
performed composite phenotype analysis for sets of non-transgenic (n = 16), PrP-floxed-SCA7-
920 BAC (n =13), Gfa2-Cre (n = 14), and Gfa2-Cre; PrP-floxed-SCA7-92Q BAC (n = 11) mice.
Excision of polyQ-ataxin-7 from Bergmann glia in Gfa2-Cre; PrP-floxed-SCA7-92Q BAC mice
yielded a markedly improved composite phenotype compared with PrP-floxed-SCA7-92Q BAC
mice beginning at 20 weeks of age (*p < 0.05, ***p < 0.001, two-way ANOVA with
Bonferroni’s post hoc test). Error bars indicate SEM. D, When we analyzed these cohorts by
accelerating rotarod testing, we found that PrP-floxed-SCA7-92Q BAC mice perform
significantly worse than non-transgenic and Gfa2-Cre mice at 40 weeks of age (p < 0.001, two-
way ANOVA with Bonferroni’s post hoc test). Gfa2-Cre; PrP-floxed-SCA7-92Q BAC mice
exhibited a trend toward improved rotarod performance, but this was not significant. Error bars
indicate SEM.
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Figure 2.3: Excision of polyQ-ataxin-7 from Purkinje cells and inferior olive partially
ameliorates SCA7 neurological phenotypes.

A, Immunofluorescence labeling of EGFP (green) and calbindin (red) in Pcp2-Cre,; PrP-floxed-
SCA7-920Q BAC bigenic cerebellum and brainstem sections. Scale bars, 50 um. B, Pcp2-driven
Cre expression yielded a 52% excision rate in Purkinje cells and a 58% excision rate in inferior
olive neurons. C, Composite phenotyping revealed that Pcp2-Cre,; PrP-floxed-SCA7-92Q BAC
mice (n = 9) are moderately improved compared with PrP-floxed-SCA7-92Q BAC mice (n = 8)
from 20 to 30 weeks of age, but not compared with non-transgenic (n = 12) or Pcp2-Cre (n = 15)
controls. Moreover, the neurological phenotype of Pcp2-Cre; PrP-floxed-SCA7-92Q BAC mice
ceases to progress after 30 weeks of age, and thus becomes dramatically improved compared to
their progressing PrP-floxed-SCA7-92Q BAC littermates at these time points (***p < 0.001, two-
way ANOVA with Bonferroni’s post hoc test). Error bars indicate SEM. D, Pcp2-Cre; PrP-
floxed-SCA7-92Q BAC mice exhibit a trend toward improved rotarod performance at 22 weeks
of age. By 40 weeks of age, however, Pcp2-Cre; PrP-floxed-SCA7-92Q BAC mice are markedly
superior to their PrP-floxed-SCA7-92Q BAC littermates, and actually perform comparably to
non-transgenic and Pcp2-Cre controls on the accelerating rotarod (**p <0.01, two-way ANOVA
with Bonferroni’s post hoc test). Error bars indicate SEM.
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Figure 2.4: Excision of polyQ-ataxin-7 from Purkinje cells and inferior olive prevents
cerebellar degeneration in PrP-floxed-SCA7-92Q BAC mice.

A-D, Anti-calbindin antibody staining of cerebellar sections. Calbindin immunoreactivity in
non-transgenic control cerebellum is intense (A), in contrast to the marked loss of calbindin
immunoreactivity in the dorsal cerebellar folia of PrP-floxed-SCA7-92Q BAC mice (B). Gfa2-
Cre; PrP-floxed-SCA7-92Q BAC mice (C) also display reduced calbindin immunoreactivity and
molecular layer thinning, but cerebellar sections from Pcp2-Cre; PrP-floxed-SCA7-92Q BAC
mice (D) exhibit intense calbindin staining comparable to non-transgenic controls. E, We
quantified cerebellar molecular layer thickness by taking measurements at 100 um intervals
(perpendicular lines) along the outer region of three dorsal cerebellar folia per section. F,
Results of cerebellar molecular layer quantifications (n = 6 - 7/group). PrP-floxed-SCA7-92Q
BAC and Gfa2-Cre; PrP-floxed-SCA7-92Q BAC animals have significantly thinner molecular
layers in their dorsal cerebellar folia (**p < 0.01, ***p <0.001, one-way ANOVA with
Bonferroni’s post hoc test). Cerebellar molecular layer thickness of Pcp2-Cre; PrP-floxed-SCA7-
920 BAC animals, however, was unchanged from non-transgenic controls. Error bars indicate
SEM. Scale bars: A, 300 pm; E, 100 pm.
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Figure 2.5: Excision of polyQ-ataxin-7 from Purkinje cells and inferior olive, but not
Bergmann glia, prevents loss of glial processes.

A-D, Anti-GFAP antibody staining of dorsal cerebellar folia. Comparison of non-transgenic
controls (A) to PrP-floxed-SCA7-92Q BAC mice (B) demonstrates an obvious reduction in
Bergmann glia processes in the PrP-floxed-SCA7-92Q BAC mice. Gfa2-Cre;PrP-floxed-SCA7-
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920 BAC cerebellar sections (C) resembled PrP-floxed-SCA7-92Q BAC sections, while Pcp2-
Cre; PrP-floxed-SCA7-92Q BAC cerebellar sections (D) appeared comparable to non-transgenic
controls. Scale bar, 30 um. E, We quantified Bergmann glia processes by counting the number
of GFAP-positive processes that cross a 150 um line drawn parallel to, and approximately 50 pm
from, the pial surface (white lines). F, Results of quantifications of Bergmann glia processes (n
= 6/group). PrP-floxed-SCA7-92Q BAC and Gfa2-Cre; PrP-floxed-SCA7-92Q BAC animals have
significantly fewer Bergmann glia processes compared with non-transgenic mice (***p < 0.001,
one-way ANOV A with Bonferroni’s post hoc test). However, the number of Bergmann glia
processes in Pcp2-Cre; PrP-floxed-SCA7-92Q BAC mice is intermediate between non-transgenic
controls and PrP-floxed-SCA7-92Q BAC mice. Error bars indicate SEM.
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Figure 2.6: Excision of polyQ-ataxin-7 from Bergmann glia, Purkinje cells, and inferior
olive greatly retards neurological disease onset in PrP-floxed-SCA7-92Q BAC mice.

A, Composite phenotype scoring of Gfa2-Cre; Pcp2-Cre,; PrP-floxed-SCA7-92Q BAC (trigenic)
mice reveals markedly delayed onset of a progressive behavioral phenotype and superior
performance scores compared with PrP-floxed-SCA7-92Q BAC mice at all time points tested
(**p <0.01, ***p < 0.001, two-way ANOVA with Bonferroni’s post hoc test). Error bars
indicate SEM. B, Trigenic mice consistently performed better on the accelerating rotarod than
PrP-floxed-SCA7-92Q BAC mice at all time points, and rotarod performance was dramatically
superior at 40 weeks of age (***p < 0.001, two-way ANOVA with Bonferroni’s post hoc test).
Error bars indicate SEM.
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Figure 2.7: Interdependent connections between Bergmann glia (BG), Purkinje cells (PC),
and inferior olive (I0) account for the multi-cell type origin of SCA7 neurodegeneration.

BG, PCs, and 10 neurons each engage in bilateral interactions to yield an interdependent neural-
glial network in which the function and survival of all cell types are assured together. During
SCA7 disease pathogenesis, dysfunction of one cell type will inevitably impact the other
connected cell types due to loss of trophic support and/or release of excitotoxic or inflammatory
mediators. Altered function in one cell type thus culminates in all cell types failing to maintain
appropriate signaling or other key functions, thereby exacerbating damage in the initial cell type
while propagating abnormalities in the other connected cell types.
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Discussion

In this study, we report a new SCA7 mouse model in which ataxin-7 gene expression can
be controlled by Cre recombinase. In this model, a murine PrP BAC containing > 50 kb of DNA
5’ to the PrP translational start site produced widespread expression of ataxin-7-92Q, including
in PC neurons. In a prior study, a smaller PrP promoter fragment lacking key regulatory
elements to drive broad expression of ataxin-7-92Q was used, but expression in PCs was not
observed (Garden et al., 2002). PrP-floxed-SCA7-92Q BAC mice developed progressive ataxia
and cerebellar degeneration typical of other SCA7 models (Garden et al., 2002; Yoo et al., 2003;
Custer et al., 2006; Wang et al., 2010). When PrP-floxed-SCA7-92Q BAC mice were crossed
with mice with ubiquitous Cre expression, mutant ataxin-7 was no longer produced and no
behavioral phenotype developed, validating the loxP sites. Excision of ataxin-7-92Q from BG in
the cerebella of Gfa2-Cre; PrP-floxed-SCA7-92Q BAC bigenic mice significantly ameliorated
neurological abnormalities measured by composite phenotype scoring (Guyenet et al., 2010), but
did not prevent cerebellar molecular layer thinning or BG process loss. Excision of ataxin-7-
92Q from PCs and 10 neurons improved motor behavior and protected against cerebellar
molecular layer thinning and BG process loss. These findings indicate that expression of mutant
ataxin-7 in BG is not required for glial degeneration. However, expression of mutant ataxin-7 in
PCs and 10 neurons contributes to BG pathology. Thus, SCA7 exhibits non-cell autonomous

BG degeneration, revealing for the first time that neuronal health directly impacts BG in SCA7.

Studies over the last decade support the realization that the cellular basis of
neurodegenerative disorders is not simply cell autonomous. An important example comes from a

series of studies on familial amyotrophic lateral sclerosis (ALS) due to dominant, gain-of-
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function mutations in superoxide dismutase 1 (SOD1). This form of ALS has been extensively
studied since its genetic basis was defined in 1993 (Rosen et al., 1993). Transgenic expression
of disease-causing SOD1 mutations in mice recapitulated key features of human ALS motor
neuron degeneration (Gurney et al., 1994). These early mouse models utilized the native SOD1
promoter, resulting in ubiquitous expression of the mutant SOD1 protein. When transgenic
strategies relying upon neuron-restricted expression of mutant SOD1 failed to produce
significant motor neuron disease in mice (Pramatarova et al., 2001; Lino et al., 2002), many
groups theorized that motor neuron degeneration might be non-cell autonomous in this form of
ALS. Production of chimeric mice containing different mixtures of normal and mutant-
expressing SOD1 cells allowed investigators to definitively show that motor neuron expression
of mutant SODI is not sufficient for disease (Clement et al., 2003). Instead, non-neuronal cells
must express mutant SOD1 for neighboring motor neurons to degenerate. Current models of
ALS postulate that a variety of different molecular pathologies contribute to the motor neuron
degeneration by eliciting damage within different cell types, and that death of the motor neuron
does not occur in isolation from its connected glial, vascular, and immune system partners (Ilieva

et al., 2009).

In SCA7, it is also clear that neurodegeneration is not simply cell autonomous. Our study
examined the roles of BG, PCs, and 10 neurons, and found that all of these cell types contribute
to SCA7 PC degeneration. We previously reported that expression of mutant ataxin-7 in BG in
Gfa2-SCA7-92Q transgenic mice is sufficient to cause PC degeneration (Custer et al., 2006). In
the current study, removal of ataxin-7-92Q in PCs and 10 neurons prevented PC degeneration (as
measured by cerebellar molecular layer thinning), despite continued expression of mutant ataxin-

7 protein in BG. One likely explanation for the difference between these two studies is that PrP-
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floxed-SCA7-92Q BAC mice express mutant ataxin-7 at levels less than that of the endogenous
gene, while expression in Gfa2-SCA7-92Q transgenic mice exceeded endogenous levels.
Furthermore, isolated expression of mutant ataxin-7 in BG resulted in late-onset ataxia and PC
degeneration in the Gfa2-SCA7-92Q model. When mutant ataxin-7 is expressed ubiquitously at
low levels, reduction of mutant ataxin-7 expression in PCs and 1O neurons is more beneficial
than excision of mutant ataxin-7 in BG. Thus, expression of mutant ataxin-7 in IO neurons, in
combination with expression in PCs, produces greater cerebellar toxicity than mutant ataxin-7
expression in BG. Nonetheless, our current findings continue to support an important role for
BG in SCA7 pathogenesis. Excision of the disease gene from BG alone does ameliorate the
disease phenotype, and excision of mutant ataxin-7 from BG in combination with PCs and 10

neurons yields a synergistic effect on the delay of symptom onset.

An important and unexpected observation in this study is that a well established Pcp2-
Cre transgenic driver line (Barski et al., 2000) expresses Cre recombinase in both PCs and 1O
neurons. This permitted us to evaluate the contribution of 10 neurons and PCs to cerebellar
degeneration in SCA7, but prevented us from delineating the individual role of each cell type in
SCAT pathogenesis. Previous studies in transgenic mice have shown that polyQ-ataxin-7
expression restricted to PCs produces a very mild, late-onset phenotype (Yvert et al., 2000).
However, expression in other cerebellar cell types, but not in PCs, yields more severe SCA7
disease (Garden et al., 2002; Custer et al., 2006). Together, these studies in conjunction with
data presented here, suggest that IO neuron dysfunction is a major contributor to SCA7 disease
pathogenesis. A principal role for IO neurodegeneration in SCA7 is suggested not only by our
findings, but also by work done independently on a different SCA7 transgenic mouse model

(Wang et al., 2010).
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How might IO neuron dysfunction result in cerebellar degeneration in SCA7? One
function of 1O neurons is to deliver IGF-1, an important survival factor for PCs, to the cerebellar
molecular layer (Nieto-Bona et al., 1993). Exogenous IGF-1 ameliorates PC degeneration
(Tolbert and Clark, 2003; Carrascosa et al., 2004) and promotes glial glutamate transporter gene
expression in BG (Gamboa and Ortega, 2002). Impaired GLAST transcription has been
documented in SCA7 transgenic mice (Custer et al., 2006), thus loss of IGF-1 delivery from 10
neuron CFs may contribute to reduced GLAST gene expression in SCA7. Loss of CFs may also
explain the observation that the GluR32 AMPA receptor subunit is upregulated in cerebellar
lysates from ataxin-7-52Q transgenic mice (Chou et al., 2010). GluR®S2 is found exclusively at
PC-parallel fiber (PC-PF) synapses (Kurihara et al., 1997). Deletion of GluR42 in mice causes
reduced PC-PF synapses and abnormal extra PC-CF synapses (Kashiwabuchi et al., 1995). Itis
possible that loss of CF input due to cell autonomous degeneration of 10 neurons leads to
increased PC-PF synapses and thus increased GIuRd2 expression (Chou et al., 2010). Another
explanation might involve transcriptional dysregulation resulting in increased GluR62
expression, increased PC-PF synapses, and subsequent reduction of PC-CF synapses,
contributing to degeneration of IO neurons. BG are a component of both the PC-PF and PC-CF
tripartite synapse; thus, disruption of inputs to PCs may in turn cause BG dysfunction and/or
degeneration. Because mutant ataxin-7 disrupts normal gene transcription (McMahon et al.,
2005; Palhan et al., 2005; Helmlinger et al., 2000), it is also possible that the molecular
pathways involved in maintaining appropriate connections between PCs, 10 neurons, and BG are
altered by transcriptional dysregulation in a cell type-specific fashion. It will be critical to
identify the cellular processes that mutant ataxin-7 disturbs within each cell type and how these

abnormalities lead to disruptions in the PC-10 neuron-BG network (Fig. 2.7).
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Triple transgenic mice harboring the PrP-floxed-SCA7-92Q BAC, Gfa2-Cre, and Pcp2-
Cre transgenes exhibited a dramatic rescue from neurological disease and PC degeneration.
Remarkably, removing mutant ataxin-7 from these cell populations delayed disease onset by 20
weeks (i.e., twofold). Although disease pathology in the triple transgenic mice could stem from
expression of mutant ataxin-7 in cerebellar GCNs, we carefully evaluated GCN morphology, but
did not observe any GCN abnormalities, suggesting instead that incomplete excision of mutant
ataxin-7 expression from PCs, 10 neurons, and BG likely accounts for the ultimate development
of a disease phenotype in these mice. Our results demonstrate that PCs, 10 neurons, and BG are
all involved in SCA7 disease pathogenesis (Fig. 2.7). PolyQ-ataxin-7 consequently leads to
dysfunction in each of these different cell types, preventing them from performing key functions
or maintaining healthy connections with their interdependent neighbors. Cerebellar
neurodegeneration in SCA7 may thus be viewed as a coincident set of pathological alterations
that occur within a highly interconnected network composed of neurons and glia. Our findings
underscore the complexity of SCA7 disease pathogenesis and suggest that reversing toxicity in a
single cell type is unlikely to reverse the course of disease. However, these findings suggest that
effective gene-silencing strategies delivered to any involved cell type should yield significant

benefit to afflicted patients.
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Materials and Methods

Generation of PrP-floxed-SCA7-92Q BAC mice

We obtained a 90 kb fragment containing the murine PrP in a BAC vector backbone
(RPCI mouse BAC library 24; clone ID RP24-92112). The murine PrP BAC targeting vector
was constructed in five steps, as follows: (1) 5’ and 3’ targeting arms were inserted by PCR onto
the ends of a minimal 1.8 kb, chloramphenicol-resistant vector; (2) an ampicillin resistance
cassette was cloned into the Mlul, Xmal sites of the targeting vector; (3) a 234 bp fragment
encoding the last 50 amino acids of ataxin-7, followed by a loxP site, was inserted into the Xhol,
Hpal restriction sites of the targeting vector; (4) an 824 bp fragment encoding a 3X FLAG tag
fused to EGFP was cloned into the Nhel, Pacl restriction sites of the targeting vector; and (5) a
2.8 kb fragment containing a loxP site, followed by the remaining ataxin-7-92Q sequence, was
cloned into the Mlul, Xhol restriction sites to complete the targeting vector. The targeting vector
was recombined into the BAC vector backbone and replaced all coding information for the
murine PrP gene. The final PrP-floxed-SCA7-92Q BAC vector was microinjected into
C57BL/6J:C3H/HeJ F1 hybrid oocytes. Of four founders identified, two gave rise to PrP-floxed-
SCA7-92Q BAC lines with comparable phenotypes. Of these lines, we chose to focus our studies

principally on line “258”.

PCR genotyping

Mice tissue (~2-4 mm?) was placed in a 1.5 mL Microfuge tube containing 175 pL of 0.1

M NaOH and 175 pL of mineral oil. Tubes were briefly centrifuged and then heated in an Oster
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Food Steamer (Target) for 45 min. The tubes were removed from the steamer, inverted several
times, and then centrifuged at 13,000 X g in a benchtop centrifuge for 3 min. Eighty microliters
of base solution was carefully taken from the middle of the aqueous phase. This material was
transferred to a new 0.65 mL Microfuge tube containing 80 pL of 1M Tris-HCI. This
neutralized tissue extract was stored at 4°C prior to PCR analysis. PCR conditions included 60°C
annealing temperature, 38 cycles, and 1 min extension period. Primer sequences are shown in

Table 2.

Table 2: Primer sequences for PCR genotyping.

Transgene rimer Sequence Product (bp)

PrP-floxed-SCA7-

92Q BAC Forward [CATTTTAGGCCCCACGTATCAC 587
Reverse [GGCCCGCTCCGACAT

CMV-Cre Forward [CAAAATTTGCCTGCATTACCG 553
Reverse |[CATTCTCCCACCGTCAGTACG

7Z/EG Forward (GACGACGGCAACTACAAGACC 561
Reverse ([GCCAGAAGTCAGATGCTCAAG

Gfa2-Cre Forward |[GTGCTGGGATTACAAGCATGA 400
Reverse [CAGGCAAATTTTGGTGTACGG

Pcp2-Cre Forward [GATGGATTTCCGTCTCTGGTG 428
Reverse [CATTATAAGCTGCAATAAACAAGTTCTGC

RT-PCR analysis

Mouse brains were homogenized in Trizol (Life Technologies), and total RNA was
extracted according to the manufacturer’s instructions. Total RNA was reverse transcribed in
independent duplicate reactions using random hexamers and SuperScript II reverse transcriptase
(Life Technologies), and quantification of mouse and human ataxin-7 RNA expression by co-

amplification and subsequent restriction digestion was performed as previously described (La
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Spada et al., 2001). Total RNA was isolated from the cerebellum of 6 week-old mice using an
RNeasy isolation kit (Qiagen). Total RNA was reverse transcribed using SuperScriptll Reverse
Transcriptase according to manufacturer’s instructions (Invitrogen). The cDNA’s were
subjected to real-time PCR using custom ataxin-7 primers and probe selected with Primer
Express v3.0 software (Applied Biosystems), as follows: forward primer,
TTTGGGAGCCGGCAGAT; reverse primer, GCTGTGCATTCAGATGCTTCTC; probe,
TGTTTGACTCCAGGTGGA. Samples were analyzed on a StepOnePlus Real-Time PCR
system using a 64°C annealing temperature and normalized to mouse 18S RNA using Applied
Biosystems assay Hs99999901 s1. Average ataxin-7 RNA level for non-transgenic (n=3) and
PrP-floxed-SCA7-92Q BAC (n=3) mice was calculated using Microsoft Excel. Ataxin-7 levels
in non-transgenic animals were normalized to 1.0 and data were plotted and statistically analyzed

in Graphpad Prism 4.0.

Behavioral Phenotyping

All studies and procedures were approved by the University of Washington and
University of California, San Diego, Institutional Animal Care and Use Committees (IACUC).
Females and males were used in all studies, and experiments were performed by a blinded

examiner.

Composite Phenotype Score

The composite phenotype score was performed as previously described (Guyenet et al.,
2010). An average composite phenotype score for each genotype was calculated and plotted

using Microsoft Excel. Statistical analyses were conducted in Graphpad Prism 4.0.
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Accelerating Rotarod

Mice were placed on the rotarod (Economex, Columbia Instruments) and trained on day 0
by running freely up to 5 min. On days 1-4, mice were placed on the rotarod and underwent the
following regimen: at time 0, the rotarod was started with 4 rotations per min, and an
acceleration of 0.1 rotations per sec. The time each mouse dismounted was recorded (in
seconds), and mice had at least 5 min of rest between trials. Trials were repeated 5 times daily
for a maximum of 300 sec per trial. The best four times per day were recorded and averaged for
each mouse. Average latency to fall for each trial day was calculated for each genotype and

plotted using Microsoft Excel. Statistical analyses were conducted in Graphpad Prism 4.0.

Immunohistochemistry

Deeply anesthetized mice were transcardially perfused with phosphate buffered saline
(PBS) followed by 4.0% paraformaldehyde (PFA) in 0.1M phosphate buffer (PB), pH 7.4.
Brains were removed and post-fixed in 4.0% PFA in 0.1M PB overnight, then moved into 0.4%
PFA in 0.1M PB for storage at 4°C. Free-floating 40 pm sagittal brain sections were cut on the
Leica Vibratome 1000S and stored in 0.03% PFA in PBS. Free-floating sections were incubated
with 5% normal goat serum (NGS), 0.2% bovine serum albumin (BSA), and 1.0% Triton X-100
for 1 hr at room temperature. Sections were then incubated overnight at 4°C with anti-calbindin
antibody (#300, Swant) at 1:1,000 dilution; anti-GFP antibody (ab6556, Abcam) at 1:1,000
dilution; anti-GFAP antibody (20334, DAKO) at 1:1,000 dilution; anti-S100f antibody
(ab11178, Abcam) at 1:1,000 dilution; or anti-ataxin-7 antibody (PA1-749, Affinity Bioreagents)

at 1:500 dilution in PBS with 5% NGS and 0.1% Triton X-100. After 3 washes in 1X PBS,
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AlexaFluor 488 anti-rabbit or anti-mouse IgG (Invitrogen) at 1:500 dilution, and/or AlexaFluor
594 anti-rabbit or anti-mouse IgG (Invitrogen) at 1:500 dilution were applied to sections and
incubated at room temperature for 2-3 hr. After 3 washes in 1X PBS, sections were mounted on
glass slides and coverslipped in Fluoro-Gel with Tris Buffer (Electron Microscopy Sciences).
Sections were viewed and 2-D or 3-D z-stack digital images were created using a Zeiss Axiovert

200M inverted microscope and Slidebook 5.0 software (Intelligent Imaging Innovations).

To quantity PrP-floxed-SCA7-92Q BAC gene excision, 2-D images were collected from
three areas per section, one section per animal, for Gfa2-Cre;Z/EG and Z/EG animals (n =
6/group). 2-D images were collected of four areas per section, one section per animal, for Pcp2-
Cre; PrP-floxed-SCA7-92Q BAC (n =T7) and PrP-floxed-SCA7-92Q BAC (n = 4) mice. Two
independent observers counted the number of either calbindin-positive Purkinje cells or S-1003-
positive Bergmann glia, then counted the number of those that were GFP positive. Results were
reported as a ratio of GFP and marker double-positive cells to total marker-positive cells.
Average ratios for each genotype were calculated, plotted, and analyzed statistically in Graphpad

Prism 4.0.

To quantify cerebellar molecular layer thickness, 2-D images of calbindin-
immunostained cerebellar sections were collected. The three most dorsal cerebellar folia per
section, using three sections per individual (n = 6/group), were imaged. In each image, a
boundary line around the molecular layer from, but excluding, the Purkinje cell bodies to the pial
surface was drawn by hand using Slidebook 5.0. In the center of the molecular layer, 100 pm-
long lines were drawn. Every 100 um, a measurement was taken from the pial surface to the
Purkinje cell layer. Molecular layer measurements were averaged for each genotype, plotted,

and analyzed statistically in Graphpad Prism 4.0.



42

To quantify the number of Bergmann glia processes, brightest-point projection images
were created using Slidebook 5.0. 3-D image z-stacks were collected for two areas per section,
three sections per individual (n = 6/group). 3-D images were deconvolved using the Nearest
Neighbors algorithm of Slidebook 5.0. The brightest-point projection images were created
through the z-axis to produce 2-D images. In each 2-D image, a 150 um line was drawn using
Slidebook 5.0 (Intelligent Imaging Innovations) approximately 50 um from the pial surface of
the cerebellar molecular layer. Three independent observers drew this line and then counted the
number of GFAP-positive processes that crossed the line. The average number of processes for

each genotype was calculated, plotted, and analyzed statistically in Graphpad Prism 4.0.
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Chapter III:

Cre recombinase-mediated removal of polyglutamine-expanded
ataxin-7 after symptom onset arrests disease progression in a mouse
model of spinocerebellar ataxia type 7

Summary

Neurodegenerative disorders caused by polyglutamine (polyQ) expansions typically
manifest in mid-life and symptoms worsen slowly. During the progressive stage, it is unknown
whether neurological dysfunction is reversible. Conditional mouse models of Huntington’s
disease and spinocerebellar ataxia (SCA) type 1 recover motor function after expression of the
disease genes is stopped. To address whether the same phenomenon occurs in SCA type 7
(SCAT7), we crossed the PrP-floxed-SCA7-92Q BAC mouse line to a transgenic mouse line
ubiquitously expressing a tamoxifen-inducible Cre recombinase. Bigenic mice were orally
administered tamoxifen citrate four weeks after the onset of behavioral abnormalities and
showed improved motor function compared to bigenic mice treated with vehicle. Symptom
progression was arrested as measured with a composite phenotype scoring system. Poor
performance on the accelerating rotatod reverted to wildtype performance. Tamoxifen treatment
did not significantly alter two hallmarks of cerebellar pathology in this SCA7 model, molecular
layer thinning and Bergmann glia process loss. In fact, Bergmann glia pathology continued to
progress after disease gene excision. However, tamoxifen treatment after symptom onset did
prevent changes in the distribution of climbing fiber terminals and reduced the number of
Purkinje cell nuclei containing ataxin-7 aggregates. Our results demonstrate that suppression of
polyQ-expanded ataxin-7 gene expression prevents further symptom progression, even when

initiated after symptom onset and at a time when some histopathological changes cannot be
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reversed. These findings support the hypothesis that some features of SCA7 are irreversible and
suggest that symptom progression may be linked with degeneration of inferior olive input to

cerebellar Purkinje neurons.
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Introduction

Spinocerebellar ataxia type 7 (SCA7) is a dominantly inherited progressive
neurodegenerative disease caused by a polyglutamine (polyQ) expansion in the ataxin-7 gene.
PolyQ-expanded ataxin-7 leads to cell loss in the retina, brainstem, and cerebellum resulting in
blindness and progressive loss of motor control (Garden and La Spada, 2008). Other known
disorders caused by a CAG trinucleotide repeat expansion encoding an elongated polyQ tract in
their causative proteins are Huntington’s disease (HD), spinobulbar muscular atrophy (SBMA),
dentatorubral pallidoluysian atrophy (DRPLA), and spinocerebellar ataxia (SCA) types 1, 2, 3, 6,
7,and 17. A common feature of polyQ expansion disease is mid-life onset with slowly
progressive neurological abnormalities that worsen over years or decades before early mortality

(Orr and Zoghbi, 2007).

Previous studies suggest that the negative impact of the polyQ-expanded gene on
neuronal function may be reversible, and the affected cells possess the capacity to recover if
mutant gene expression is stopped prior to cell death (Yamamoto et al., 2000; Zu et al., 2004).

In a conditional model of HD utilizing the tetracycline-responsive transgene system, cessation of
mutant huntingtin expression after the onset of detectable abnormalities of motor behavior
resulted in a near complete reversal of motor symptoms and clearance of mutant huntingtin
aggregates from the striatum. The progression of striatal volume loss, reactive astrocytosis, and
loss of dopamine-1 receptors was also prevented (Yamamoto et al., 2000). In a conditional
model of SCA1 using the same tetracycline-responsive system, turning off expression of the
mutant transgene at early, middle, or late stage disease was assessed. Motor function and

Purkinje cell (PC) histopathology were improved, even at late disease stages, suggesting that
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SCA1 pathology may be reversible throughout disease progression. The earlier the intervention,
the more closely conditional SCA1 mice resembled control mice (Zu et al., 2004). At all stages
of SCA1 disease, polyQ-ataxin-1 aggregates were cleared from PCs. Taken together, these two
studies suggest that polyQ expansion disorders require continued expression of the causative
gene in order to maintain disease progression and neuronal dysfunction may not be completely

irreversible.

In this study, we characterized the timeline of some features of disease pathogenesis and
discovered not all features were reversible in a mouse model of SCA7. Recently we reported the
novel mouse model PrP-floxed-SCA7-92Q BAC, which expresses a human polyQ-expanded
ataxin-7 cDNA that can be controlled spatially and temporally by use of the Cre-loxP system.
PrP-floxed-SCA7-92Q BAC mice first show significant motor impairment at 20 weeks of age as
assessed by a composite phenotype scoring system (Guyenet et al., 2010). This neurological
pathology continues to worsen with age until end stage at 40-50 weeks (Furrer et al., 2011). At
end stage, the cerebellar molecular layer is significantly thinned and Bergmann glia radial
processes are fewer (Furrer et al., 2011). Here we show molecular layer thinning occurs at the
onset of behavioral abnormalities, but well before Bergmann glia (BG) processes are lost. The
inferior olive (I0) projects climbing fibers (CFs) into the molecular layer that synapse onto PCs.
Similar to findings reported in SCA1 mice (Duvick et al., 2010; Barnes et al., 2011), we

document CF pathology in end stage PrP-floxed-SCA7-92Q BAC mice.

In order to stop polyQ-ataxin-7 expression after behavioral symptom onset, we crossed a
mouse line ubiquitously expressing tamoxifen-inducible Cre recombinase onto the PrP-floxed-
SCA7-920Q BAC line. Bigenic mice administered tamoxifen citrate four weeks after symptom

onset demonstrated prevention of neurological symptom progression. However, histopathology
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of PCs and BG in tamoxifen-treated bigenic mice resembled PrP-floxed-SCA7-92Q BAC singly
transgenic mice. Tamoxifen treatment of bigenic mice did reduce the number of ataxin-7
aggregates found within PC nuclei and prevented the development of an abnormal pattern of CF
synapses, suggesting that IO input may have an important role in the progression of motor
dysfunction in SCA7. Removing the polyQ-expanded ataxin-7 gene after symptom onset did not
reverse PC pathology or prevent BG pathology, but it prevented dislocation of CF terminals and
reduced ataxin-7 aggregate formation. This study supports the hypothesis that reduction of
polyQ-ataxin-7 expression prevents neurological symptom progression, even after the onset of
behavioral dysfunction and PC degeneration. Future treatments developed to reduce or halt
mutant ataxin-7 gene expression will likely benefit patients, even if administered after symptom

onset.
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Results

Purkinje cell degeneration is first detected concurrently with the onset of motor

dysfunction in PrP-floxed-SCA7-92Q BAC mice

Several studies have suggested that certain mouse models for polyQ diseases have
detectable pathological abnormalities prior to behavioral symptom onset (Gatchel et al., 2008;
Chou et al., 2010; Vig et al., 2011; Xiang et al., 2011). Such very early pathology may be
reversible if transgene expression is inactivated during early life (Barnes et al., 2011). To
determine if PrP-floxed-SCA7-92Q BAC mice develop presymptomatic PC pathology, sagittal
brain sections from 10 week-old PrP-floxed-SCA7-92Q BAC and non-transgenic mice were
labeled with antibodies against calbindin. The number of PCs and their dendritic arborization in
the cerebellar molecular layer appeared similar between the two groups (Fig. 3.1, A & B).
Quantification of cerebellar molecular layer thickness using a previously reported approach
(Furrer et al., 2011) demonstrated no difference between PrP-floxed-SCA7-92Q BAC and non-
transgenic mice (Fig. 3.1, C). Thus, PrP-floxed-SCA7-92Q BAC mice have no histological
abnormalities of PCs at 10 weeks of age, confirming normal development of PC dendritic arbors

and suggesting that PC pathology may correlate with the onset of behavioral deficits.

We recently reported that PrP-floxed-SCA7-92Q BAC mice have detectable motor
deficits at 20 weeks of age (Furrer et al., 2011). To determine whether PC pathology coincides
with the onset of the neurological phenotype, we examined sagittal cerebellar sections labeled for
calbindin in early symptomatic animals. We observed that 20 week-old PrP-floxed-SCA7-92Q
BAC mice have visible degeneration of PC dendrites compared to non-transgenic mice (Fig. 3.2,

A & B). Molecular layer thickness measurements revealed that PrP-floxed-SCA7-92Q BAC
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mice display significantly thinner cerebellar molecular layers than non-transgenic animals (Fig.
3.2, C). The degree of molecular layer thinning in 25 week-old animals is similar to 20 week-old
animals (data not shown). These observations indicate that behavioral symptom onset in PrP-
floxed-SCA7-92Q BAC mice coincides with reduced cerebellar molecular layer thickness and PC

pathology.

Previously we observed that dysfunctional or degenerating PCs can cause BG pathology,
including loss of BG processes in the cerebellar molecular layer (Furrer et al., 2011). To
determine if BG pathology develops coincident with PC pathology in early symptomatic PrP-
floxed-SCA7-920 BAC mice, we immunostained sagittal cerebellar sections for glial fibrillary
acidic protein (GFAP) and quantified the number of BG processes using previously reported
methods (Furrer et al., 2011). BG in PrP-floxed-SCA7-92Q BAC mice at 20 and 25 weeks of age
were not significantly affected compared to non-transgenic mice. We observed some features
previously reported in mice expressing polyQ-expanded ataxin-7 exclusively in BG (Custer et
al., 2006), including excessive branching and fewer BG processes reaching the pial surface (Fig.
3.2, D & E; data not shown). However, quantification of the number of BG processes in the
cerebellar molecular layer showed PrP-floxed-SCA7-92Q BAC mice did not exhibit significant
BG process loss in comparison to non-transgenic mice at either time point (Fig. 3.2, F & G).
These findings suggest that BG degeneration occurs after PC pathology is present, further
supporting the hypothesis that damaged PCs cause injury to BG in a non-cell autonomous

manner.
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Tamoxifen-inducible Cre recombinase permits temporal inactivation of polyQ-

ataxin-7 in the PrP-floxed-SCA7-92Q BAC mice

To determine if PC pathology and neurological symptoms are reversible in our PrP-
floxed-SCA7-92Q BAC mice, we crossed a tamoxifen-inducible Cre recombinase transgenic line
(Hayashi and McMahon, 2002) to the PrP-floxed-SCA7-92Q BAC model. Bigenic mice (PrP-
floxed-SCA7-920Q BAC; CAGG-Cre-ER™) express Cre recombinase ubiquitously, though Cre is
sequestered into the cytoplasm due to fusion with a mutant form of the estrogen receptor (ER)
ligand-binding domain. Once tamoxifen binds, the Cre-ER™ fusion protein translocates to the
nucleus where Cre recombinase can excise the loxP-flanked polyQ-expanded ataxin-7 cDNA
(Fig. 3.3, A). Because symptom onset in PrP-floxed-SCA7-92Q BAC mice is 20 weeks (Furrer
et al., 2011), we orally administered a single 20 mg dose of tamoxifen citrate dissolved in corn
oil, or corn oil alone, to bigenic (PrP-floxed-SCA7-92Q BAC; CAGG-Cre-ER™), singly
transgenic (CAGG-Cre-ER™ or PrP-floxed-SCA7-92Q BAC), and non-transgenic littermate
controls at 24 weeks of age (Fig. 3.3, A). CAGG-Cre-ER™ and non-transgenic animals were

pooled together in one group designated “SCA7-negative”.

To determine the efficiency of polyQ-ataxin-7 gene excision after orally administered
tamoxifen, cerebella were collected from PrP-floxed-SCA7-92Q BAC; CAGG-Cre-ER™ bigenic
mice dosed with tamoxifen or oil and from PrP-floxed-SCA7-92Q BAC mice dosed with
tamoxifen. Real-time RT-PCR analysis was then conducted to determine the relative abundance
of transgene mRNA upon Cre-mediated excision of the ataxin-7-92Q sequence. Oil-treated
bigenic mice exhibited a small number of Cre-mediated excision events, as shown previously in

the CAGG-Cre-ER™ line (Hayashi and McMahon, 2002). Importantly, bigenic mice displayed
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a nine-fold increase in ataxin-7 transgene excision after a single dose of tamoxifen in comparison

to oil-treated bigenic mice (Fig. 3.3, B).

Cessation of polyQ-ataxin-7 expression after symptom onset prevents SCA7

symptom progression

SCA7-negative (CAGG-Cre-ER™ or non-transgenic), SCA7-positive (PrP-floxed-SCA7-
920 BAC), and bigenic (PrP-floxed-SCA7-92Q BAC; CAGG-Cre-ER™) mice were administered
either tamoxifen or vehicle four weeks after symptom onset, at 24 weeks of age. At 23 weeks
(pre-treatment), bigenic mice exhibited significant abnormalities in composite phenotype score,
similar to SCA7-positive mice. All bigenic and SCA7-positive mice were significantly impaired
compared with SCA7-negative mice (Fig. 3.4, A). Singly transgenic SCA7 mice treated with
tamoxifen or oil progressively worsened in accordance with a previous report (Furrer et al.,
2011). Bigenic mice administered oil at 24 weeks also exhibited a progressive neurological
phenotype. Bigenic mice treated with a single dose of tamoxifen worsened slightly at 25 weeks,
but their composite phenotype score reached a plateau and remained consistent throughout the
remainder of the study period (Fig. 3.4, A). Although the bigenic tamoxifen-treated mice
exhibited neurological abnormalities, they no longer had progressive symptoms nor were their
symptoms as severe as those exhibited by SCA7-positive mice or bigenic oil-treated mice.
Hence, Cre-mediated excision of the ataxin-7 transgene four weeks after symptom onset arrested
SCA7 disease progression. This finding was corroborated by assessment of performance on an
accelerating rotarod. At 23 weeks of age (pre-treatment) and prior to transgene excision, SCA7-

positive and bigenic mice dismounted the accelerating rotarod sooner than SCA7-negative mice,
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suggesting a trend toward deficiencies in motor coordination (Fig. 3.4, B). Bigenic mice were
significantly impaired on trial days 3 and 4 (two-way ANOV A with Bonferroni’s post hoc test;
data not shown). At 42 weeks of age (19 weeks post-treatment and at end stage for this SCA7
mouse model), SCA7-positive mice administered tamoxifen or oil performed significantly worse
on the rotarod compared with SCA7-negative mice. Bigenic mice administered oil also
performed poorly. Bigenic tamoxifen-treated mice, however, performed similarly to the SCA7-
negative mice (Fig. 3.4, B), suggesting that termination of polyQ-ataxin-7 expression can reverse

some neurological abnormalities in SCA7 transgenic mice.

Cessation of polyQ-ataxin-7 expression after symptom onset does not arrest

neuronal or glial pathology in SCA7 mice

We next tested whether excision of the polyQ-ataxin-7 transgene prevented the onset or
progression of cerebellar histopathology in PrP-floxed-SCA7-92Q BAC transgenic mice. We
collected sagittal cerebellar sections from 43 week-old SCA7-negative mice, SCA7-positive
mice, and bigenic mice and immunolabeled with anti-calbindin antibodies to evaluate PC
histopathology (Fig. 3.5, A-D). Cerebella from tamoxifen-treated SCA7-positive and oil-treated
bigenic mice had PCs with shrunken somae and reduced dendritic arborization, while tamoxifen-
treated bigenic mice exhibited PCs appearing healthier. However, quantification of cerebellar
molecular layer thickness revealed that while tamoxifen-treated SCA7-positive mice had a
thinner molecular layer than control mice given tamoxifen (Fig. 3.5, E), the molecular layer
thickness of tamoxifen-treated bigenic mice did not significantly differ from oil-treated bigenics

or tamoxifen-treated SCA7-positive mice (Fig. 3.5, E). Because molecular layer thinning is
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present in 20 week-old PrP-floxed-SCA7-92Q BAC mice (Fig. 3.2, A-C), these findings suggest
that cessation of polyQ-ataxin-7 expression after this thinning has occurred cannot reverse the
pathology. Nonetheless, as the appearance of PC pathology was reduced in tamoxifen-treated
bigenics, PC degenerative changes distinct from molecular layer thickness may be slowed or

prevented when polyQ-ataxin-7 expression is ceased.

Although ataxin-7-92Q transgene excision after symptom onset did not reverse thinning
of the molecular layer, we tested if SCA7 disease gene excision would prevent the progressive
loss of BG processes, which was only detectable at a later timepoint. Cerebellar sections from
SCA7-negative, SCA7-positive, and bigenic mice were immunostained with antibodies against
GFAP to visualize BG. Tamoxifen-treated SCA7-positive mice displayed cerebella with
disorganized and stunted BG processes compared with tamoxifen-treated SCA7-negative mice
(Fig. 3.6, A & B). BG from tamoxifen-treated bigenic mice appeared slightly healthier than
tamoxifen-treated SCA7-positive BG, while oil-treated bigenic mice harbored BG more similar
in appearance to SCA7-positive tamoxifen-treated BG (Fig. 3.6, A-D). Quantification of BG
process numbers revealed significant reductions in tamoxifen-treated SCA7-positive mice. Both
tamoxifen-treated and oil-treated bigenic mice exhibited BG pathology similar to tamoxifen-
treated SCA7-positive mice (Fig. 3.6, E). Thus excision of the ataxin-7 transgene at 24 weeks
does not prevent BG process loss, even though BG degeneration occurs after gene excision in
PrP-floxed-SCA7-92Q BAC mice (Fig. 3.2, D-G). These findings suggest that once PC
pathology occurs, removal of the causative gene cannot prevent BG damage, further supporting
the hypothesis that BG dysfunction in SCA7 develops in response to non-cell autonomous

factors.
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Cessation of polyQ-ataxin-7 expression after symptom onset ameliorates the

redistribution of climbing fiber-Purkinje cell synapses in SCA7 mice

Our recently published findings demonstrated that PCs, BG, and neurons of the inferior
olivary (I0) nucleus are important contributors to SCA7 disease onset and pathogenesis (Furrer
etal., 2011). CFs originating from IO neurons synapse onto PC dendrites. Antibodies against
vesicular glutamate transporter 2 (VGLUT?2) specifically label CF terminals in the cerebellar
molecular layer (Fremeau et al., 2001). In a mouse model of SCA1, CF synapses labeled with
antibodies to VGLUT?2 are decreased near the pial surface in the cerebellar molecular layer of
symptomatic mice (Duvick et al., 2010). Because the IO degenerates in SCA7 patients and is
likely involved in disease pathogenesis in both SCA7 and SCA1 (Duvick et al., 2010; Wang et
al., 2010; Barnes et al., 2011; Furrer et al., 2011; Ingram et al., 2011), we investigated whether
loss of CF-PC synapses also occurs in our mouse model of SCA7. Sagittal cerebellar sections
from non-transgenic and PrP-floxed-SCA7-92Q BAC mice were collected and immunostained
for VGLUT2. VGLUT2 immunolabeled CF terminals were evenly distributed throughout the
molecular layer along PC dendrites in 20 week-old non-transgenic and PrP-floxed-SCA7-92Q
BAC mice and 40 week-old non-transgenic mice (Fig. 3.7, A-C). In 40 week-old PrP-floxed-
SCA7-920Q BAC mice, however, the CF-PC synapses were aberrantly distributed and more CF
terminals were located nearer the PC bodies than in non-transgenic controls (Fig. 3.7, A-D). Oil-
treated bigenic mice appeared to have VGLUT2 CF terminals arranged in a pattern more similar
to 40 week-old PrP-floxed-SCA7-92Q BAC mice than to non-transgenic controls (Fig. 3.7, C-E).
CF terminal distribution in tamoxifen-treated bigenic mice appeared more similar to 40 week-old

non-transgenic mice than to PrP-floxed-SCA7-92Q BAC mice (Fig. 3.7, C-F).
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In order to quantify the distribution of CF terminals labeled with VGLUT2
immunostaining, 3-D images of sagittal cerebellar sections from each experimental group were
collected. Then, a line was drawn to separate the distal and proximal halves of the cerebellar
molecular layer relative to the PCs. A 3-D box was next created in each of the two regions of the
molecular layer (distal to PCs and proximal to PCs), and the volume within the box with intense
VGLUT?2 immunolabeling of CF terminals was measured. The total volume of VGLUT2
immunolabeling in the distal and in the proximal regions of the molecular layer was calculated
using Slidebook 5.0 (Fig. 3.7, G). The results from this quantification are presented as a ratio of
the volume of VGLUT2 immunofluorescence in the distal molecular layer to the volume in the
proximal molecular layer (Fig. 3.7, H-J). At 20 weeks of age, the ratio of distal to proximal
VGLUT?2 volume was similar between non-transgenic and PrP-floxed-SCA7-92Q BAC mice and
indicated more CF terminal volume was located in the region proximal to the PC somae (ratio <
1; Fig. 3.7, H). At 40 weeks of age, this ratio is significantly decreased in PrP-floxed-SCA7-92Q
BAC mice compared to non-transgenic controls (Fig. 3.7, I), indicating a redistribution of CF
terminals in symptomatic SCA7 mice. At 43 weeks of age, tamoxifen-treated bigenic mice have
a significantly increased ratio of distal to proximal VGLUT2 volume compared to oil-treated
bigenic mice (Fig. 3.7, J). Thus, cessation of polyQ-ataxin-7 gene expression at 24 weeks

prevents SCA7-induced redistribution of CF-PC synapses in the cerebellar molecular layer.
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PolyQ-ataxin-7 accumulates in PC nuclei over time except after polyQ-ataxin-7 gene

excision

Previous studies of HD and SCA1 transgenic mice documented rapid clearance of
intranuclear inclusions containing the aggregated form of the mutant protein upon cessation of
mutant gene expression (Yamamoto et al., 2000; Zu et al., 2004). We monitored the progressive
accumulation of polyQ-ataxin-7 aggregates in PCs in cerebella collected from PrP-floxed-SCA?7-
920 BAC mice at 10, 20, and 25 weeks of age (Fig. 3.8, A & B). Using an anti-ataxin-7
antibody, we quantified the number of aggregates in PC nuclei as a function of total number of
PCs. PrP-floxed-SCA7-92Q BAC mice have no appreciable loss of PCs (Furrer et al., 2011).
Fewer than 10% of PCs have an intranuclear ataxin-7-positive inclusion at 10 weeks of age, but
almost 30% of PCs display aggregates by 25 weeks of age (Fig. 3.8, B). Next we examined the
number of polyQ-ataxin-7 aggregates in tamoxifen-treated SCA7-positive and bigenic mice.
Approximately 50% of PCs in 43 week-old tamoxifen-treated SCA7-positive mice and oil-
treated bigenic mice had inclusions, while only 23% of PCs in tamoxifen-treated bigenic mice
did, similar to 25 week-old PrP-floxed-SCA7-92Q BAC mice (Fig. 3.8, B). These findings
demonstrate that cessation of poly-Q-ataxin-7 gene expression can reduce the number of ataxin-7
aggregates in PC nuclei. However, polyQ-ataxin-7 aggregates may be more resistant to
degradation and/or clearance than those that develop in mice expressing mutant huntingtin or

polyQ-ataxin-1.
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Figure 3.1: PrP-floxed-SCA7-92Q0 BAC mice develop normal cerebellar structure.

A-B, Sagittal cerebellar sections immunostained for anti-calbindin from 10 week-old mice. Non-
transgenic (A) and PrP-floxed-SCA7-92Q BAC (B) mice both have strong calbindin
immunolabeling of PC bodies and extensive dendritic arbors. Scale bar, 100 um. C,
Quantification of cerebellar molecular layer thickness. Cerebellar molecular layer thickness is
similar between non-transgenic (Non-Tg; n = 4) and PrP-floxed-SCA7-92Q BAC (Floxed-SCA7-
92Q; n = 6) mice (unpaired, two-tailed t-test). Error bars indicate SEM.
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Figure 3.2: PrP-floxed-SCA7-92Q BAC mice develop significant Purkinje cell, but not
Bergmann glia, pathology by 20 weeks of age.

A-B, Calbindin immunolabeled sagittal cerebellar sections. Non-transgenic mice (A) have more
extensive PC dendritic branching and a thicker molecular layer than PrP-floxed-SCA7-92Q BAC
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mice (B) at 20 weeks of age. Scale bar, 100 pm. C, Quantification of cerebellar molecular layer
thickness. Significant thinning of the molecular layer has occurred in PrP-floxed-SCA7-920Q
BAC mice (Floxed-SCA7-92Q; n = 6) compared to non-transgenic mice (Non-Tg; n = 4) by 20
weeks of age (unpaired, two-tailed t-test; **p < 0.01). D-E, Sagittal cerebellar sections stained
for anti-GFAP. Non-transgenic mice (D) and PrP-floxed-SCA7-92Q BAC mice (E) appear
similar. Scale bar, 25 um. F-G, Quantification of BG process number at 20 (F) and 25 (G)
weeks of age. The number of GFAP-positive BG processes is not different between PrP-floxed-
SCA7-920Q mice (n = 6) and non-transgenic mice (n = 4-5) at 20 or 25 weeks of age (unpaired,
two-tailed t-tests). Error bars indicate SEM.
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Figure 3.3: Inducible Cre-mediated excision of polyQ-ataxin-7 in PrP-floxed-SCA7-92Q
BAC mice.

A, Schematic illustrating the breeding and treatment paradigm employed to compare time
dependent disease gene suppression in an SCA7 mouse model. B, Quantitative real-time RT-
PCR of relative mRNA levels of the SCA7 transgene that no longer harbors the ataxin-7-92Q
cDNA sequence in cerebella (n = 3/group). Error bars indicate SEM.
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Figure 3.4: Cre-mediated excision of polyQ-ataxin-7 after symptom onset prevents further
progression of behavioral symptoms.

A, Composite phenotype score. After tamoxifen (Tamox) treatment at 24 weeks, bigenic (Bi)
mice perform significantly better than oil-treated bigenic mice from 30-43 weeks of age (***p <
0.001, two-way ANOVA with Bonferonni’s post hoc test). B, Accelerating rotarod assessment.
After treatment with tamoxifen at 24 weeks, bigenic mice perform as well as SCA7-negative
mice and significantly better than oil-treated bigenic mice at 42 weeks (***p <0.001, two-way
ANOVA with Bonferonni’s post hoc test). Bars represent SEM.
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Figure 3.5: Cre-mediated excision of polyQ-ataxin-7 after symptom onset does not reverse
cerebellar molecular layer thinning or PC pathology.

A-D, Calbindin immunolabeled sagittal cerebellar sections from 43 week-old animals. SCA7-
negative mice treated with tamoxifen at 24 weeks (A) have extensive PC dendrite branching
while age-matched tamoxifen-treated SCA7-positive mice (B) have reduced calbindin
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immunoreactivity and a shrunken molecular layer. Tamoxifen-treated (C) and oil-treated (D)
bigenic mice appear to have intermediate morphology. Scale bar, 100 um. E, Quantification of
cerebellar molecular layer thickness. Although tamoxifen-treated bigenic mice have a thicker
cerebellar molecular layer compared to tamoxifen-treated SCA7-positive mice, this difference is
not statistically significant (***p < 0.001, one-way ANOVA with Bonferonni’s post hoc test).
Error bars indicate SEM.
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Figure 3.6: Cre-mediated excision of polyQ-ataxin-7 after symptom onset does not prevent
loss of BG processes in the cerebellar molecular layer.

A-D, Sagittal cerebellar sections from 43 week-old animals stained for anti-GFAP. Compared to
tamoxifen-treated SCA7-negative mice (A), tamoxifen-treated SCA7-positive mice (B) have
fewer, less organized, and more stunted BG processes. BG are pathologic in both tamoxifen-
treated (C) and oil-treated (D) bigenic mice. Scale bar, 25 um. E, Quantification of BG process
number. Tamoxifen-treated bigenic mice are not significantly different from tamoxifen-treated
SCA7-positive mice or oil-treated bigenic mice (***p < 0.001, one-way ANOVA with
Bonferonni’s post hoc test). Error bars indicate SEM.
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Figure 3.7: Redistribution of climbing fiber-Purkinje cell synapses in PrP-floxed-SCA7-
920 BAC mice is ameliorated after Cre-mediated polyQ-ataxin-7 gene excision.

A-F, Sagittal cerebellar sections stained for anti-calbindin (red) and anti-vesicular glutamate
transporter 2 (VGLUT2; green), a marker of CF-PC synapses. VGLUT2-positive puncta are
evenly distributed throughout the cerebellar molecular layer in non-transgenic (A) and PrP-
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floxed-SCA7-92Q BAC (B) mice at 20 weeks of age and in 40 week-old non-transgenic mice (C).
In 40 week-old PrP-floxed-SCA7-92Q BAC mice (D), the VGLUT2 immunolabeled CF-PC
synapses appear to aggregate in the molecular layer proximal to the PC bodies and are no longer
evenly distributed. 43 week-old oil-treated bigenic mice (E) and tamoxifen-treated bigenic mice
(F) appear to have an intermediate phenotype. Scale bar, 20 um. G, Quantification of the
volume of VGLUT2 immunolabeling in the cerebellar molecular layer. For each 3-D image, a
line was drawn from the PC layer to the pial surface (white line). A second line (white line) was
drawn perpendicular to the first line at the midpoint of the molecular layer in order to assign one
area proximal to, and one area distal to, the PC layer. A mask was generated (blue) and the
volume of total VGLUT?2 immunolabeled synapses was calculated using Slidebook 5.0 for the
distal and proximal regions (colored boxes). H-J, Results of the quantification reported as the
ratio of VGLUT2 immunolabeled volume in the region distal to the PC layer to the region
proximal to the PC layer. H, At 20 weeks of age, the distribution of VGLUT2-positive CF-PC
synapses in the molecular layer is even and similar in non-transgenic (Non-Tg) and PrP-floxed-
SCA7-92Q (Floxed-SCA7-92Q) mice (n = 6-7/group). I, At 40 weeks, the distribution of CF-PC
synapses has been significantly altered such that more are found proximal to the PCs than distal
in PrP-floxed-SCA7-92Q BAC mice compared with non-transgenic mice (n = 6/group; **p <
0.01, unpaired, two-tailed t-test). J, Tamoxifen-treated bigenic mice, however, have a
significantly improved distribution of VGLUT2 immunolabeled CF-PC synapses compared to
oil-treated bigenic mice (n = 6/group; *p < 0.05, unpaired, two-tailed t-test). Error bars indicate
SEM.
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Figure 3.8: Accumulation of ataxin-7-positive puncta in PC nuclei is progressive except
after Cre-mediated polyQ-ataxin-7 gene excision.

A, Sagittal cerebellar section from a 43 week-old mouse immunolabeled for anti-ataxin-7 (red),
anti-calbindin (green), and DAPI (blue). Scale bar, 25 um. B, Quantification of the number of
ataxin-7-positive nuclear inclusions in PCs divided by the total number of PCs observed. PrP-
floxed-SCA7-92Q BAC mice accumulate ataxin-7 aggregates from 10 weeks until 43 weeks,
when approximately 50% of PCs have aggregates. Only about 25% of PCs in 43 week-old
tamoxifen-treated bigenic animals, however, have ataxin-7 nuclear aggregates (n = 3/group at 10,
20, and 25 weeks; n =5 PrP-Floxed-SCA7-92Q BAC animals and n = 8 tamoxifen- or oil-treated
bigenic animals at 43 weeks). Error bars indicate SEM.
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Discussion

An important question in therapy development for neurodegenerative disease is the
optimal stage at which a therapeutic intervention should be offered. For rare diseases such as
SCA7, determining the extent of reversibility for neurological phenotypes and neuronal
dysfunction is especially crucial, as opportunities for performing clinical trials will be limited by
the small size of affected patient populations. With these issues in mind, we developed an
inducible mouse model for SCA7, based upon our PrP-floxed-SCA7-92Q BAC transgenic model
that features a floxed human ataxin-7 cDNA carrying 92 CAG repeats, inserted at the first coding
exon of the PrP gene contained within a BAC (Furrer et al., 2011). Unlike earlier polyQ disease
inducible/conditional models (Yamamoto et al., 2000; Zu et al., 2004), these SCA7 transgenic
mice express mutant ataxin-7 protein in neurons, glia, and other cell types in the CNS, thereby
allowing for an evaluation of the effect of expression termination upon a network of
interconnected neurons and glia. Using this model, we have previously shown that excising
polyQ-ataxin-7 from PCs, BG, and IO neurons delays neurological disease onset by 20 weeks,
extending the age of onset by a factor of two (Furrer et al., 2011). In the present study, we
crossed the PrP-floxed-SCA7-920Q BAC transgenic mice with a CAGG-Cre-ER™ line (Hayashi
and McMahon, 2002), and then achieved effective termination of polyQ-ataxin-7 expression in
bigenic mice by oral administration of tamoxifen at 24 weeks of age, which is roughly a month
after the onset of visible neurological abnormalities and detectable motor incoordination. By
comparing PrP-floxed-SCA7-92Q BAC;CAGG-Cre-ER™ bigenic mice treated with tamoxifen
versus vehicle, and including singly transgenic PrP-floxed-SCA7-92Q BAC mice as well as non-
SCA7 control mice, we were able to assess the effect of excising the polyQ-ataxin-7 transgene

on a range of neurological, histological, and neurodegenerative phenotypes. Our findings
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indicate that disease gene excision improves motor incoordination and PC morphology,
maintains normal CF-PC synapses, and restores PC proteostasis, but that other aspects of SCA7

neuropathology do not respond to cessation of mutant ataxin-7 protein expression.

Motor incoordination is a hallmark feature of SCA7 and related cerebellar degenerations,
and stems from dysfunction of neuronal pathways involving cerebellar granule cells, PCs, and
brainstem neurons in the [O. This circuitry has been extensively studied, and lesions of PCs are
sufficient to produce profound ataxia in mouse models (Chakrabarti et al., 2010), confirming the
importance of PC afferent and efferent pathways in coordinated movement. In this study, we
waited until SCA7 mice exhibited significant impairment in motor coordination before oral
administration of tamoxifen to terminate polyQ-ataxin-7 expression. We found that bigenic mice
receiving tamoxifen performed comparably to non-SCA7 controls on the accelerating rotarod.
This recovery of motor function occurred despite an apparent persistence of neuropathological
findings typically considered to be indicative of cerebellar dysfunction, including thinning of the
cerebellar molecular layer and BG process loss. Although molecular thickness and BG process
number in bigenic mice undergoing polyQ-ataxin-7 expression termination were comparable to
vehicle-treated bigenic mice and to singly transgenic SCA7 mice, careful examination of these
measurements does reveal a trend toward improvement, though this trend did not achieve
statistical significance (Fig. 3.5 and 3.6). Nonetheless, the extent of cerebellar histopathology in
bigenic mice subjected to tamoxifen-mediated termination of expression was significant. These
findings underscore that pathology does not always equate with disease, and that additional

measures of neural function are required to fully evaluate the status of the cerebellar network.

Several mouse models of SCA7 manifest symptoms and histopathological findings at

different time points during pathogenesis. Ataxin-7-90Q expressed only in PCs leads to a
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rotarod deficiency at 11 months of age but no overt ataxic phenotype up to one year (Yvert et al.,
2000). In this model, PCs have a shrunken dendritic arbor and one large NI in almost all PCs at
16 months. Ubiquitous expression of ataxin-7-128Q under the direction of the platelet derived
growth factor beta chain (PDGF-f) promoter causes visible motor abnormalities at 5 months of
age while nuclear ataxin-7 staining is clearly observed by 3 months (Yvert et al., 2001). Another
group expressed ataxin-7-52Q using the same promoter and observed a rotarod deficiency by 9
months of age and gross motor abnormalities at 10-11 months. Neurological symptom onset was
concurrent with the onset of PC dendrite degeneration, formation of nuclear inclusions in PCs,
and detection of a decreased number of neurons in the IO (Chou et al., 2010; Wang et al., 2010).
When ataxin-7 with 266 CAG repeats was knocked into the murine SCA7 locus (Yoo et al.,
2003) mice developed ataxia, weight loss, muscle wasting and severe motor dysfunction by 5
weeks of age but Nls did not form until 10-12 weeks of age. Our group previously generated an
SCA7 mouse model by expressing ataxin-7-92Q under the direction of a fragment of the murine
prion protein promoter (Garden et al., 2002). This mouse developed detectable motor
dysfunction by rotarod by 8 weeks of age and exhibited visible ataxia by 13 weeks, even though
the mutant protein was not expressed in PCs. Neuronal Nls in the cerebellar granular and
molecular layers were first apparent at 8§ weeks, coincident with rotarod deficits. Our group also
used the human glial fibrillary acidic protein promoter to drive expression of ataxin-7-92Q solely
in BG in the cerebellum (Custer et al., 2006). Rotarod deficiencies at 12 months were followed
by abnormal gait at 16 months. Before rotarod performance was significantly impacted, PC
dendrites were reduced and BG had swollen, disoriented, and stunted radial fibers by 9 months.
BG also expressed significantly less GLAST RNA and protein, leading to aberrant glutamatergic

signaling. In the most recent mouse model generated by our group, polyQ-ataxin-7 is expressed
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ubiquitously, including in PCs. The mice develop an ataxic phenotype by 20 weeks of age,
coincident with significant thinning of the cerebellar molecular layer and degeneration of PC
dendrites (Furrer et al., 2011; Fig. 3.2), but significant BG process loss and aberrant
redistribution of CF terminals labeled with VGLUT?2 occur later than this time point (Fig. 3.2 &
3.7). Ataxin-7 NIs begin to form as early as 10 weeks of age and accumulate over time (Fig.
3.8). In the future, changes in cerebellar circuitry and function will be a more informative

readout of cellular changes that correlate with, or directly cause, motor incoordination.

In the current study, we demonstrate that end stage PrP-floxed-SCA7-92Q BAC mice
have an abnormal distribution of CF-PC synapses. The distribution of CF-PC synapses is normal
in SCA7 mice at 20 weeks of age, and inducible Cre recombinase-mediated excision of the
ataxin-7-92Q cDNA at 24 weeks of age prevented the development of aberrant CF-PC synapse
distribution in 43 week-old SCA7 mice (Fig. 3.7). CF-PC synapse dislocation occurs after
molecular layer thinning and onset of behavioral symptoms, yet the preservation of the CF-PC
circuitry in SCA7 animals with polyQ-ataxin-7 expression eliminated after symptom onset
correlates with improved motor behavior (Fig. 3.4 and 3.7). This suggests that PC function is
maintained despite the presence of significant PC and BG pathology. SCA1 is a related
neurodegenerative disorder characterized by PC and IO degeneration (Ingram et al., 2011). In a
transgenic SCA1 mouse model, PCs displayed a reduced responsiveness to excitatory stimulation
from CFs at 6 weeks of age, the age at which rotarod deficits are first detectable (Clark et al.,
1997). Additionally, when disease gene expression was initiated after cerebellar development
was complete (5 weeks), CF-PC synaptic inputs were preserved (Barnes et al., 2011). These
findings suggest that very early changes in CF-PC synaptic function can contribute to motor

deficits. The CF-PC synapse findings in this SCA1 model raise two interesting issues. First, it is
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possible that functional abnormalities in CF-PC synapses in SCA7 may develop prior to
anatomic abnormalities, but that anatomic methods of detection are not sufficiently sensitive to
identify the reversible component of this finding. Second, in SCA1 mice, changes in CF-PC
synapses are secondary to changes in PCs because this model specifically expresses the disease
gene only in PCs (Barnes et al., 2011). It is possible that preservation of the CF-PC synapse
distribution in the cerebellar molecular layer upon termination of mutant gene expression in our
SCA7 mouse model likely indicates a preservation of normal CF-PC synaptic connectivity and

function.

In addition to improved motor function and maintenance of CF — PC synapses,
termination of polyQ-ataxin-7 protein expression also prevented further formation of polyQ-
containing nuclear aggregates in PCs. Indeed, tamoxifen-treated bigenic mice, sacrificed at 43
weeks, exhibited roughly the same percentage of PCs with ataxin-7 aggregates as 25 week-old
PrP-floxed-SCA7-92Q BAC mice. Because the bigenic mice received tamoxifen at 24 weeks of
age, this indicates that termination of polyQ-ataxin-7 expression prevented further ataxin-7
nuclear aggregate formation. The impact of disease gene excision on aggregate formation
mirrors the effect of disease gene expression termination on motor behavior in this cohort of
mice. Perhaps PCs spared from forming nuclear aggregates are more capable of effectively
maintaining physiological function despite minor retraction of their dendritic arbors. As
proteotoxic stress imposes a heavy burden on energy utilization (Tsunemi et al., 2012),
termination of expression of misfolded polyQ-expanded ataxin-7 likely permits PCs to achieve a
more favorable bioenergetics profile, consistent with their ability to better support synaptic
activity and behavioral function. Therefore, nuclear aggregates may serve as a surrogate marker

for cellular stress, and likely correlate with high levels of toxic oligomers and protofibrils that are
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present in the cell (Poirier et al., 2002; Wacker et al., 2004). Hence, their continued presence in
PCs would be expected to prevent proper neural function. Persistence of protein aggregates in a
fraction of PCs in bigenic mice subjected to polyQ-ataxin-7 expression termination may account
for the observed lack of complete reversal of molecular layer thickness defects and non-cell
autonomous BG degeneration. Failure to eliminate ataxin-7 protein aggregates in this study also
differs from prior investigations of polyQ disease reversibility in HD and SCA1, where
termination of disease gene expression allowed for the eventual removal of polyQ-containing
protein aggregates in these models (Yamamoto et al., 2000; Zu et al., 2004). One prior study of
mice expressing ataxin-7-90Q under rhodopsin promoter control revealed that the proportion of
rods in the retina with ataxin-7-positive nuclear aggregates declined from >95% at 26 weeks to
~50% by one year of age. However, the rods never completely cleared the nuclear aggregates
even at 2 years of age, despite the fact that polyQ-ataxin-7 expression became negligible at 9
weeks of age in this model (Helmlinger et al., 2004a). These findings suggest that aggregates
containing mutant ataxin-7, unlike polyQ-expanded huntingtin and ataxin-1, are not easily
cleared from cells, even when expression of the mutant gene is inactivated. As the aggregate
itself is no longer believed to be the toxic species, further studies geared towards detection of
polyQ-ataxin-7 oligomers and other toxic conformers will be required to assess the true extent of

proteotoxic stress in such situations.

Interestingly, significant BG process loss was not detectable in PrP-floxed-SCA7-92Q
BAC mice until after 25 weeks of age, but polyQ-ataxin-7 gene excision at 24 weeks of age did
not protect against BG degeneration (Fig. 3.2, D-G & 3.6). In contrast, cerebellar molecular
layer thickness appeared improved in tamoxifen-treated bigenic mice at end stage although the

molecular layer is significantly thinned four weeks prior to tamoxifen treatment (Fig. 3.2, C &
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3.5). One possible explanation for this finding is that BG are more sensitive than PCs to the
cumulative effects of polyQ-ataxin-7 expression during their first 24 weeks. After ataxin-7-92Q
is excised, PCs may be able to recover some function while BG cannot and instead continue to
degenerate. A second possible explanation is that PC pathology at 20 weeks may negatively
impact BG in an irreversible manner. We have previously shown that BG undergo non-cell
autonomous degeneration in PrP-floxed-SCA7-92Q BAC mice as cell type-specific removal of
polyQ-ataxin-7 from PCs and neurons of the 10 protected mutant protein-expressing BG from
degeneration (Furrer et al., 2011). In the current study, we show that BG process loss is
detectable well after PCs begin to degenerate. Additionally, BG degeneration is not prevented
when the polyQ-ataxin-7 gene is removed before signs of morphological alteration become
apparent. It is possible that early PC damage promotes active BG degeneration that cannot be

reversed by cessation of mutant ataxin-7 gene expression.

In this study we demonstrate that suppressing polyQ-ataxin-7 gene expression even after
the onset of cerebellar degeneration arrests progressive loss of motor function. Patients with
neurodegenerative diseases are often diagnosed after symptoms begin. The prospect of
preventing the worsening of symptoms after diagnosis would be of immeasurable benefit to
patients and their caregivers. Gene silencing strategies are actively being pursued in the polyQ
disease field (Scholefield and Wood, 2010). Current research is directed towards developing
sequence-specific nucleic acid based technologies such as RNA interference in order to knock
down polyQ-expanded gene expression. Understanding how disease protein termination
therapies impact disease progression in model systems may yield a more representative picture
of expected outcomes in human patients, who, for a growing subset of neurodegenerative

disorders, are currently being recruited to receive experimental RNA interference or antisense



oligonucleotide gene knock-down therapies. Our results confirm that development of these
therapeutic approaches for SCA7 patients may prevent progressive loss of motor function and

improve quality of life.
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Materials and Methods

Animals

Mice were bred and housed in the Department of Comparative Medicine facilities at the
University of Washington Seattle. Up to five mice were housed per cage with food and water
available ad libitum. Mice were maintained in a temperature- and humidity-controlled
environment on a 12 hr light/dark cycle with light onset at 6:00 AM. All studies and procedures
were approved by an Institutional Animal Care and Use Committee at the University of

Washington or the University of California, San Diego.

Bigenic mice (PrP-floxed-SCA7-920 BAC; CAGG-Cre-ER™) were generated by
breeding either a single PrP-floxed-SCA7-92Q BAC or CAGG-Cre-ER™ male with two PrP-
floxed-SCA7-920Q BAC or CAGG-Cre-ER™ females in a single cage. Non-transgenic, PrP-
floxed-SCA7-920Q BAC, CAGG-Cre-ER™ | and bigenic littermates were orally administered
either a single 20 mg dose (80 mg/mL in 0.25 mL) of tamoxifen citrate dissolved in corn oil or
corn oil alone at 24 weeks of age. Mice dosed with tamoxifen were housed separately from

those dosed with corn oil.

Behavioral Phenotyping
Females and males were used in all studies. The composite phenotype score and
accelerating rotarod assessments were performed exactly as previously described (Furrer et al.,

2011). An examiner blinded to genotype performed all behavioral measurements.
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PCR genotyping
Mice tissue was harvested and processed as previously described (Furrer et al., 2011).
PCR conditions included 60°C annealing temperature, 38 cycles, and 1 min extension period.

Primer sequences are listed in Table 3.

Table 3: Primer sequences for PCR genotyping.

Transgene rimer Sequence Product (bp)

PrP-floxed-

SCA7-

92Q BAC Forward |[CATTTTAGGCCCCACGTATCAC 587
Reverse |[GGCCCGCTCCGACAT

CAGG-Cre-ER™ [Forward |[CAAAATTTGCCTGCATTACCG 553
Reverse |[CATTCTCCCACCGTCAGTACG

Quantitative RT-PCR analysis

Total RNA was isolated from the cerebellum of mice using an RNeasy isolation kit
(Qiagen). Total RNA was reverse transcribed using SuperScriptll Reverse Transcriptase
according to manufacturer’s instructions (Invitrogen). The cDNA’s were subjected to real-time
PCR using custom ataxin-7 primers and probe selected with the Primer3 (version 4.0) primer
design program (Rosen and Skaletsky, 1998), as follows: forward primer,
GATCAGCAGACCGATTCTGG; reverse primer, TAATCGCCGTCATGGTCTTT; probe,
AGCATTCTGCCTTCCTAGTGG. Samples were analyzed on a StepOnePlus Real-Time PCR
system and normalized to mouse 18S RNA using Applied Biosystems assay Hs99999901 sl.
Primers were designed such that amplification of the sequence could only take place when the
human ataxin-7 cDNA was successfully excised. Average ‘excision product’” mRNA level in

cerebella from tamoxifen-treated PrP-floxed-SCA7-92Q BAC, tamoxifen-treated bigenic, and oil-
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treated bigenic mice (n = 3/group) was calculated using Microsoft Excel.

Immunohistochemistry

Deeply anesthetized mice were transcardially perfused with phosphate buffered saline
(PBS) followed by 4.0% paraformaldehyde (PFA) in 0.1M phosphate buffer (PB), pH 7.4.
Brains were removed and post-fixed in 4.0% PFA in 0.1M PB overnight, then moved into 0.4%
PFA in 0.1M PB for storage at 4°C. Free-floating 40 pm sagittal brain sections were cut on the
Leica Vibratome 1000S and stored in 0.03% PFA in PBS. Free-floating sections were
immunostained as previously described (Furrer et al., 2011), except for VGLUT2
immunostaining. Primary antibodies used were anti-calbindin antibody (#300, Swant) at 1:1,000
dilution; anti-GFAP antibody (20334, DAKO) at 1:1,000 dilution; or anti-ataxin-7 antibody
(PA1-749, Affinity Bioreagents) at 1:500 dilution. For VGLUT2 immunostaining, floating
sections were incubated in 0.1M urea at 85°C for 30 mins, followed by cooling to room
temperature for 30 mins. After a 5 min incubation with 1X PBS, sections were blocked
overnight in 5% normal goat serum (NGS), 1.0% Triton X-100, and 0.2% bovine serum albumin
(BSA) at 4°C with shaking. Sections were then incubated with anti-VGLUT2 primary antibody
(MAB5504, Millipore) at 1:500 dilution in antibody buffer (5% NGS, 0.3% Triton X-100, and
0.2% BSA) at 4°C with shaking overnight. After sections were washed in 1X PBS for 10 mins 3
times, they were incubated with secondary antibody in antibody buffer without BSA at 4°C with
shaking overnight. After 3 x 10-min washes in 1X PBS, the sections were blocked overnight a
second time before adding a second primary antibody (anti-calbindin, Swant) in antibody buffer
and incubating overnight at 4°C with shaking. After 3 x 10-min 1X PBS washes, sections were

incubated with a second secondary antibody in antibody buffer without BSA overnight at 4°C
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with shaking. Finally, sections were briefly washed in 1X PBS and mounted on glass slides and
allowed to dry. Fluro-Gel with Tris Buffer mounting media (Electron Microscopy Sciences) was
added to the sections before coverslips were applied. For all immunostaining, the secondary
antibodies used were AlexaFluor 488 anti-rabbit or anti-mouse IgG (Molecular Probes,
Invitrogen) at 1:500 dilution, and/or AlexaFluor 594 anti-rabbit or anti-mouse IgG (Molecular
Probes, Invitrogen) at 1:500 dilution. DAPI was used at a final concentration of 1:10,000. A
Zeiss Axiovert 200M inverted microscope and Slidebook 5.0 software (Intelligent Imaging

Innovations) was used to capture, process, and analyze images of stained sections.

Cerebellar molecular layer thickness was quantified as previously described (Furrer et al.,
2011). Briefly, 2-D images of calbindin immunostained sections were collected. The three most
dorsal cerebellar folia per section, and three sections per individual (n = 6/group) were imaged.
Every 100 um, a measurement was taken from the pial surface to the Purkinje cell layer along a
folium by a blinded observer. Molecular layer measurements were averaged for each genotype,

plotted, and analyzed statistically in Graphpad Prism 4.0.

Bergmann glia process number was quantified as described previously (Furrer et al.,
2011). Briefly, 2-D brightest-point projection images were created from 3-D image z-stacks
using Slidebook 5.0. Two areas per section, three sections per individual (n = 6/group) were
imaged. The number of Bergmann glia processes crossing a 150 um line drawn approximately
50 um from the pial surface was counted by three independent observers. Average number of

processes for each genotype was calculated, plotted, and analyzed statistically in Graphpad Prism

4.0.

To quantify the volume of VGLUT2 immunofluorescence, 3-D image z-stacks were
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collected from the three most dorsal folia in each section, three sections per animal (n = 6/group).
A blinded observer deconvolved the images using the Nearest Neighbors algorithm of Slidebook
5.0 and then rotated the images using bicubic interpolation to position the PC layer parallel to the
horizontal axis. A line was drawn from the PC layer to the pial surface. A second line was
drawn perpendicular to, and at the midpoint of, the first line to separate the molecular layer into
two halves; one ‘distal’ to the PC layer and one ‘proximal’ to the PC layer. A segment mask was
then generated to encompass VGLUT2 immunofluorescence. A rectangular box measuring 450
by 60 pixels extending through the z-stack was drawn in the distal region, and a second box was
drawn in the proximal region. The total volume of VGLUT2 immunofluorescence was
calculated within each distal and proximal box and the data was plotted, graphed, and analyzed

statistically in Graphpad Prism 4.0.

Ataxin-7 positive nuclear inclusions were quantified using calbindin, ataxin-7, and DAPI
triple-labeled cerebellar sections. 2-D images were created of the three most dorsal folia per
section, three sections per individual except those collected at 43 weeks (2 dorsal folia/section
and 1 section/individual). n = 3 animals/group at 10, 20, and 25 weeks. n =15 PrP-Floxed-
SCA7-92Q BAC animals at 43 weeks. n = 8 tamoxifen- or oil-treated bigenic animals at 43
weeks. The number of ataxin-7-positive nuclear inclusions and total number of PC somae was
quantified in each image. Average number of ataxin-7 nuclear inclusions/10 PCs was plotted in

Graphpad Prism 4.0.
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Chapter 1V

Discussion & Conclusions

Systems analysis of PCs, IO neurons, and BG

This work has highlighted the importance of PCs, IO neurons, and BG to SCA7
pathogenesis. The next logical step is to fully characterize the interactions between these cell
types and how they are specifically altered by mutant ataxin-7 expression. Previous studies have
shown that polyQ-expanded ataxin-7 can disrupt transcriptional regulation, leading to aberrant
expression of many of genes (Palhan et al., 2005; Helmlinger et al., 2006; Gatchel et al., 2008;
Chou et al., 2010). Microarray analysis of whole cerebellum provides a useful start to
identifying the molecular mechanisms disrupted in SCA7, but pinpointing the genes that are
dysregulated in a specific population of cells would provide more complete understanding of
how the system is changing and which specific cell types and processes should be targeted for
therapeutic development. Recent developments in systems biology and informatics make it
possible to characterize global changes in epigenetic modifications (Guo et al., 2011; Kramer et
al., 2011; Agrawal-Singh et al., 2012), expression of coding and non-coding RNAs (Cahoy et al.,
2008; Chou et al., 2010; Kang et al., 2011; Sun et al., 2012), and relative concentrations of
proteins, modified proteins and metabolites (Hanrieder et al., 2011; Liu et al., 2011; Reitman et
al., 2011; Yata et al., 2011; Ipser et al., 2012; James et al., 2012). The ability to specifically
profile the transcriptome, proteome, metabolome and epigenetic changes in PCs, 10 neurons, and
BG will help elucidate patterns of intra- and inter-cellular change associated with SCA7 disease.

To accomplish this, each cell type must be successfully isolated from the cerebellum.
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PCs have been isolated from mouse cerebellum using fluorescence-activated cell sorting
(FACS). Green fluorescent protein (GFP) was highly expressed in PCs using the Pcp2/L7
promoter (Tomomura et al., 2001). Enzymatically dissociated cerebellar tissue from the L7-GFP
mice subjected to a cell sorting machine allows the recovery of highly fluorescent PCs. PCs
have been isolated and collected using FACS from mice expressing the L7-GFP transgene at
ages 6-13 days (Tomomura et al., 2001), 4 weeks (Donald et al., 2008), and 9 months (Chung et
al., 2011). Crossing the PrP-floxed-SCA7-92Q BAC mice into the L7-GFP transgenic mouse line
would allow for the isolation of PCs from SCA7 mice at different ages. Molecular profiles of
PCs at pre-, early-, and late-symptomatic time points will shed light into which inter- and intra-
cellular pathways in PCs are disrupted during SCA7 pathogenesis. However, limitations of
FACS include causing damage to PCs that may activate signaling cascades that would confound
profiling data, and the potential for contamination by other cells and debris. Additionally, these
experiments rely on the expression of GFP faithfully in every PC and at a level that is
distinguishable from background fluorescence. Recently, laser capture microdissection (LCM)
has been used to isolate PCs for further analysis (Chen et al., 2010; Euler et al., 2012).
Preparation of cerebellar tissue for LCM includes generating and staining cerebellar slices such
that PCs can be easily identified. During LCM, each PC body is identified and cut out of the
cerebellar slice with a laser. The individual PC samples are then collected for further analysis.
LCM can be more time intensive and potentially more expensive than FACS. However, more
PCs can be collected with less contamination as the cell bodies are hand-picked from each slice,
as opposed to a FACS machine relying on the transgenic expression of a fluorescent marker.

LCM could be a better approach to profiling PCs in PrP-floxed-SCA7-92Q BAC mice as one
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group has already set a precedent for gene expression profiling of singly captured PCs in a

mouse model of Huntington’s disease (Euler et al., 2012).

Neurons of the IO are, at present, difficult to isolate as they make up a small population
within the mouse brainstem and are difficult to distinguish from surrounding tissue without the
use of chemical markers. However, the Allen Brain Institute in Seattle, WA, is currently
developing several lines of transgenic mice that highly express Cre recombinase in the 0. A93-
Cre, Crh-Cre, and Gpr26-Cre are all candidate mouse lines (Travis Baughan, personal
communication). Once validated and fully characterized, these promoters can be linked to a
fluorescent marker protein, such as GFP, and GFP-expressing transgenic mice can be generated.
In the future, perhaps neurons of the 1O can be isolated from dissociated brainstem tissue using
FACS. In the meantime, it may be more feasible and/or informative to collect mRNA samples
from the terminals of the CFs in the cerebellar molecular layer, rather than from the cell bodies
in the [0. mRNA translation and protein synthesis are not restricted to the cell body of neurons,
but instead can take place in dendrites (Sutton and Schuman, 2006) and in axons (Jung and Holt,
2010). Perhaps gene expression changes at the CF-PC synapse more directly influence the
changing dynamics of CF-PC interactions in SCA7 mice than gene expression changes within
the cell bodies found in the IO. Possible methods of isolating mRNA at the CF terminal include
culturing IO cells or microdissecting regions of the molecular layer from cerebellar slices. It is
possible to separate the neurites from cell bodies in culture and collect mRNA solely from
isolated neurites for profiling analysis (Miyashiro et al., 1994; Moccia et al., 2003). However, a
protocol for culturing IO neurons has not been previously published. Typically, neuronal cell
cultures are derived from young animals still undergoing development. If a protocol for IO

neuron culture were to be developed, it will be optimal to culture from more mature animals, if
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possible, to reduce confounding effects of developmental processes on the mRNA expression
profile. Alternatively, brain slices can be generated from animals at any age. LCM (described
briefly above) could be used to collect areas of CF-PC synapses in the cerebellar molecular layer.
These samples would be processed for mRNA isolation and evaluation with either cDNA
microarrays or PCR-based strategies. LCM of cerebellar molecular layer may also include PF-
PC synapses, so samples enriched for PF-PC synapses should be collected as a control. mRNA
hits identified in PF-PC enriched samples would be excluded in the analysis of CF-PC synapse
mRNA expression. Once mRNA expression profiles are obtained from either 10 neuron cell
bodies or CF terminals from PrP-floxed-SCA7-92Q BAC mice at different disease stages,
identification of candidate intra- and inter-cellular pathways affected in SCA7 will guide

hypothesis-driven experimentation.

Currently there exists no published method to isolate and purify glia from adult rodents
more than 10 weeks old, making a systems biology approach to investigate the disease-relevant
molecular changes in adult BG in SCA7 impossible. Therefore, we have recently proposed to
develop novel protocols for the isolation of adult BG from mouse brain. Recently, Jungblut et al.
(2012) generated a novel monoclonal antibody against GLAST that recognizes an extracellular
epitope and does not interfere with transporter function or astrocyte viability in culture. This
GLAST antibody was conjugated to biotin and used in a multi-step magnetic separation protocol
to isolate and purify astrocytes. However, astrocytes in animals older than 10 days were not
successfully separated (Jungblut et al., 2012). Past studies have utilized FACS methods to
isolate glia from transgenic animals expressing fluorescent markers under the direction of glia-
specific promoters in animals younger than 30 days (Malatesta et al., 2000; Belachew et al.,

2002; Cahoy et al., 2008; Pinto et al., 2008; Lichter-Konecki et al., 2008). While only animals of
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younger ages were employed in these studies, other cell types have been successfully isolated
from adult CNS tissue (Frank et al., 2006; Marko et al., 2011), suggesting that with refinement
the age limits of earlier studies may be surmountable. Adult tissues are more difficult to employ
using the approach in Jungblut et al. (2012) because of increased myelin and more extensive glial
processes and intercellular connections. These factors make adult CNS tissue more difficult to
dissociate. The resulting cell suspension also has more debris, increasing both specific and non-
specific anti-GLAST antibody binding, thus diminishing the efficacy of anti-GLAST separation.
We have proposed to optimize the methods in Jungblut et al. (2012) to isolate BG from adult

mouse brain as outlined in Figure 4, and as follows:

Step 1: Optimize the enzymatic and mechanical elements of dissociation.

Step 2: Optimize incubation times.

Step 3: Optimize the purification of BG.

Step 1: Optimize the enzymatic and mechanical elements of dissociation.

First, determine the optimum protease(s) and concentration(s) for enzymatic dissociation.
Trypsin is a widely used enzyme for the generation of single cell suspensions but causes a large
amount of debris to form in tissue collected from older animals. Papain is gentler, causing less
debris formation but can disrupt a later separation step using anti-GLAST (ACSA-1) antibodies
(Jungblut et al., 2012). However, increased debris in the cell suspension also increases non-
specific antibody binding and decreases the efficacy of glial enrichment. Therefore, test

optimized concentrations of papain and trypsin both independently and in combination.
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Figure 4: Schematic of adult BG isolation method development and

The goals of this step are to: 1) increase the number of GLAST-positive BG with intact
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plasma membrane and 2) reduce cellular debris. To accomplish these goals, use one C57BL/6J

(B6) mouse cerebellum per treatment of 0.1x, 1x, and 10x papain or trypsin. Dissociate tissue

using MACS® neural tissue dissociation kits and the gentleMACS™ dissociator (Miltenyi

Biotech). After dissociation, filter the cell suspensions through a 100 um nylon filter, resuspend

in PBS, and assess for membrane integrity using vital dyes. Plate the samples and use gentle

centrifugation to encourage cells and debris to settle at the bottom, fix and label with



87

fluorescently tagged ACSA-1 antibody and/or additional glial specific marker proteins (e.g.,
GFAP or glutamate transporter 1 (GLT-1)). Use a fluorescent microscope to determine the
number of GLAST-positive BG with membrane integrity intact and the percentage of total space
taken up by cellular debris. In the next phase of protocol development, use the concentrations of
papain and/or trypsin that produce the greatest number of viable BG and the least amount of
debris to optimize the mechanical phase of dissociation using the Miltenyi gentleMACS™
dissociator (Miltenyi Biotech). Place one adult B6 cerebellum into each tube with buffer
containing optimum papain or trypsin concentration. Insert the tubes into the dissociator, which
can perform physical dissociation of varying intensity. We have successfully isolated and
collected cerebellar BG but with low yield (approximately 65,000 BG out of a theoretical 6
million, or ~1%). One possible explanation for the low yield is that older animals have well-
established synaptic contacts and complex intercellular connections; thus, dissociator programs
developed for neonatal neural tissue do not adequately separate these cells. Because a debris
removal step based on size exclusion follows dissociation, large clumps of cells and/or cells with
long processes may be excluded from isolation. Therefore, assess dissociator programs with
increasing force using pre-programmed protocols (Miltenyi Biotech). Analyze the cell
suspensions as described above and quantify the number of dead and membrane-intact BG and
the percentage of debris. Use the mechanical dissociation steps that yield the most BG and the

least debris next in step 2.

Step 2: Optimize incubation times.

Papain can degrade the GLAST epitope, making use of anti-GLAST (ACSA-1)
antibodies less effective during the separation step (Jungblut et al., 2012). However, it is

possible to reconstitute surface GLAST expression by incubating the cell suspension at 37°C
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after the dissociation step (M. Jungblut, personal communication). To test this, use the
optimized concentration of papain and/or trypsin and their respective most effective
gentleMACS™ dissociator program to generate single cell suspensions from adult B6
cerebellum. Following debris removal with a 100 um filter, incubate the cell suspensions at
37°C with rotation in serum-free media with L-glutamine and heparin-binding epidermal growth
factor (Foo et al., 2011) at 1, 2, 3, or 4 hours. Because this incubation step is expected to
improve the ability of anti-GLAST (ACSA-1) antibodies to recognize the epitope and
successfully separate BG from other cell types, follow the remainder of the protocol before
analyzing each sample for number of BG and amount of debris (Fig. 4). Use the optimized

incubation time when carrying out step 3.

Step 3: Optimize the purification of BG.

The goal of this step is to maximize binding of biotinylated-anti-GLAST (ACSA-1)
antibodies (Jungblut et al., 2012). One possibility limiting the yield of GLAST-based glial
enrichment is that cellular debris non-specifically binds ACSA-1 and will decrease the
availability for specific binding to BG. We hypothesize that Fc receptor (FcR) block will
decrease non-specific binding and therefore increase the number of adult glia selected using this
method. Dissociate adult B6 cerebellum tissue using the protocol as optimized above and
incubate the resulting cell suspension either with or without FcR blocking reagent (Miltenyi
Biotech). If FcR blocking reagent increases yield of isolated BG, then this step will become

integrated into the protocol.

In the event that two different protocols consistently yield similar positive results (e.g.,

0.1x papain and 1x papain), both should be taken forward until one becomes less effective and
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then discarded. If optimization of this protocol does not result in greater yield of BG, then
different components of dissociation buffers and incubation media that may increase viability of
adult glia during the procedure shall be tested. In addition, it is possible that alternate glial
specific epitopes may be preferable to the one recognized by ACSA-1 antibody. If the efforts
described above improve viability, but do not improve yield, we can work with our collaborators
at Miltenyi Biotech to develop alternate biotin conjugated antibodies that can be employed for

magnetic separation of BG.

Once BG can be successfully isolated from adult mouse brain, systems analysis can be
utilized to characterize molecular changes in BG over the course of disease in PrP-floxed-SCA7-
920 BAC mice. Recall in this mouse model of SCA7 that BG do not significantly retract their
processes until after 25 weeks of age (Chapter III, Fig. 3.2). However, global excision of the
mutant ataxin-7 transgene at 24 weeks does not prevent loss of BG processes at end stage
(Chapter III, Fig. 3.6). We hypothesize that irreversible damage occurs prior to 24 weeks of age,
and analyzing molecular profiles of BG isolated from cerebella of 15, 20, 25, and 30 week-old
PrP-floxed-SCA7-92Q BAC and non-transgenic mice will shed light into which cellular events
lead to this damage. Additionally, these profiling data will add to our understanding of how BG
are contributing to the neuron-glia network of the cerebellar molecular layer in health and in a

disease state.
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Interactions amongst PCs, 10 neurons, and BG

PCs, CFs from the 10, and BG make up a tripartite synapse and each cell type influences
the others’ function and survival in several ways. Some of these interactions, first discussed in

Chapter II (Fig. 2.7), are reviewed here.

Mice harboring mutations that lead to PC loss can cause neurons of the 10 to degenerate
secondarily, but only during a critical period. For example, lurcher and nervous mice display PC
degeneration at post-natal day 8 (P8) and 22 (P22), respectively (Zanjani et al., 2004).
Approximately 75% of 10 neurons in /urcher and 30% in nervous are lost as a result. In leaner
mice, PCs are not lost until after ~ P30 and no IO neurons degenerate (Zanjani et al., 2004).
Thus, there is a critical period during which 10 neurons must establish contact with their post-
synaptic targets, the PCs. After this critical period, it appears that loss of PCs does not cause
degeneration of the IO (Zanjani et al., 2004). In SCA7, it is more likely that neurons of the IO
undergo cell autonomous degeneration. One group demonstrated that ataxin-7-52Q expression
leads to an increase in active (phosphorylated) p53, which increases the transcription of the pro-
apoptotic genes Bax and Puma and leads to cell loss within the IO (Wang et al., 2010).
Quantifying the number of calbindin labeled IO neurons in PrP-floxed-SCA7-92Q BAC mice at
various stages of SCA7 disease would help delineate whether 10 neuron loss occurs before,
during, or after symptom onset and thinning of the cerebellar molecular layer. The CF terminals
at CF-PC synapses appear to be normally distributed throughout the molecular layer at 20 weeks,
the age of symptom onset (Chapter III, Fig. 3.7), but 10 loss may still occur before this time as
there is evidence that surviving CFs may re-innervate PCs after 10 lesion (Fernandez et al.,

1999).
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The mechanism by which PC degeneration influences BG morphology remains
unexplained. One possible mediator of this process is the Delta/Notch-like EGF-related receptor
(DNER). During cerebellar development, PC dendrites express DNER, which is a ligand for the
Notch receptor found on BG (Eiraku et al., 2005). DNER acts to signal the differentiation of BG
via a noncanonical Deltex-dependent Notch signaling pathway. This signaling cascade may still
be active in the adult cerebellum to maintain the juxtaposition of BG processes to PC synapses.
A second potential mechanism of signaling involved in PC-BG neuron-glia interaction is
mediated by glutamate transport and signaling. Excitatory amino acid transporter 4 (EAAT4) is
expressed solely by PCs in the cerebellum (Slemmer et al., 2005). The expression levels of
EAAT4 alter the glutamate concentration profile within the synapse to regulate the degree to
which BG are activated via AMPA receptors (Tsai et al., 2012). Additionally, glutamate
receptor signaling in BG plays a role in regulating protein synthesis at the elongation phase
(Barrera et al., 2010). Further investigation is required to characterize other methods by which

BG and PCs maintain contact.

Chemical ablation of the 1O in shaker mice accelerates the loss of PCs in this mouse
model of PC neurodegeneration, suggesting CFs provide trophic support to PCs that becomes
lost (Tolbert and Clark, 2000). In fact, the IO has been shown to deliver IGF-1 to the molecular
layer of the cerebellum (Nieto-Bona et al., 1993). PCs express IGF-1 receptor (Garcia-Segura et
al., 1997) and respond to IGF-1 (Nieto-Bona et al., 1995). Exogenous IGF-1 promotes PC
survival, recovery of motor behavior, and re-innervation of surviving CFs onto PCs after IO
ablation (Fernandez et al., 1999). We hypothesize that IO degeneration in SCA7 leads to a
decrease in IGF-1 signal, exacerbating the non-cell autonomous and cell autonomous damage

wrought on PCs (Chapter II, Discussion). It is possible exogenous delivery of IGF-1 to the
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cerebellum of PrP-floxed-SCA7-92Q BAC mice may prove an efficacious treatment. As
discussed above (Chapter II, Discussion), the IGF-1 in the cerebellar molecular layer also
influences BG. Specifically, IGF-1 increases the activity and upregulates the surface expression
of GLAST (Gamboa and Ortega, 2002). Additional mechanisms by which the IO supports the

health and function of PCs and BG have yet to be elucidated.

BG carry out a wide array of functions within the cerebellar molecular layer. They
provide structural support (Cui et al., 2001), are indispensible for the maintenance, function, and
plasticity of synapses (Muller and Kettenmann, 1995; Bellamy, 2006; Lopez-Bayghen et al.,
2007), and buffer ions and supply neurons with glutamine (Ottersen et al., 1992; Muller and
Kettenmann, 1995). BG express GLAST which takes up a large majority of the extracellular
glutamate at PF-PC and CF-PC synapses (Bellamy, 2006). This shapes glutamate synaptic
transmission by modulating post-synaptic receptor activation (Takahashi et al., 1996; Otis et al.,
1996) and limiting the escape of glutamate to extrasynaptic receptors and adjacent synapses
(Brasnjo and Otis, 2001; Barbour, 2001; Reichelt and Knopfel, 2002). Glutamate uptake via
GLAST also protects PCs against prolonged glutamate exposure that can lead to excitotoxic cell
death (Slemmer et al., 2005; Custer et al., 2006). Two previous SCA7 mouse models
demonstrated mutant ataxin-7 expressing BG have reduced RNA and protein levels of GLAST
and the remaining GLAST protein does not take up glutamate as efficiently (Custer et al., 2006).
Both cell autonomous (mutant ataxin-7 mediated transcriptional dysregulation) and non-cell
autonomous (loss of IGF-1 from the I0) mechanisms are likely to contribute to decreased

GLAST expression and activity in SCA7.

Ongoing intercellular communication between PCs and BG prevents axonal outgrowth

and synaptogenesis in adult cerebellum (Bellamy, 2006). Retraction of BG processes from PC
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synapses allows multiple CFs to innervate a single PC in contradiction to the one-to-one CF-PC
ratio (Iino et al., 2001). In addition to helping maintain structure and function at synapses, BG
are a source of neurotrophic factors. BG synthesize glial-derived neurotrophic factor (GDNF,
Springer et al., 1994) and brain-derived neurotrophic factor (BDNF, Poblete-Naredo et al.,
2011). GDNF promotes the survival and differentiation of PCs (Mount et al., 1995) and can
ameliorate PC degeneration (Tolbert et al., 2001; Tolbert and Clark, 2003). Similarly, BDNF is
required for cerebellar development (Schwartz et al., 1998), and it induces CF re-innervation
onto PCs (Sherrard and Bower, 2001; Dixon and Sherrard, 2006; Willson et al., 2008). Further
study is needed to determine which BG-mediated processes are disrupted in SCA7 and how

mutant ataxin-7 expression causes their disruption.

It is clear from our work that PCs, 10 neurons, and BG are all pivotal players in SCA7
onset and progression. Once characterization of their network interactions is complete, progress
can be made to understand which molecular mechanisms are disrupted in SCA7 and which are

good targets for therapeutic intervention.

Functional analysis of the PC-10-BG circuit

Given that morphological abnormalities do not always directly correlate with behavioral
outcome in models of neurodegenerative disease (Chapter III), the characterization of functional
circuits that do correlate with behavior is needed. In a mouse model of SCA1, PCs are less
responsive to CF stimulation as measured with flavoprotein autofluorescence optical imaging
and extracellular field potential recordings (Barnes et al., 2011). VGLUT?2 labeled CF terminals

were not present near the pial surface of the cerebellar molecular layer, distal to the PC layer.
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We have shown CF terminals are redistributed nearer to PC bodies in end stage PrP-floxed-
SCA7-920Q BAC mice (Chapter 111, Fig. 3.7). It is likely this SCA7 mouse model has disrupted
CF-PC synaptic transmission as in the SCA1 mouse model, and further experimentation is

warranted.

There are a number of methods already established which can be used to investigate
changes in cerebellar molecular layer circuitry in SCA7 mice. Whole cell patch clamp
recordings of PCs can be made in organotypic cultures of cerebellar slices (Hirai et al., 2005;
Zanjani et al., 2009). Whole cell and other intracellular recordings and calcium imaging of 1O
neurons can be performed in organotypic cultures of brainstem slices (Li et al., 2012; Rekling et
al., 2012). To investigate an intact olivocerebellar system, one group developed a method to
isolate the brain stem-cerebellum of guinea pigs (Llinas and Muhlethaler, 1988). They were able
to collect data from cerebellar and inferior olive extracellular field potentials, extracellular
recordings of single PCs, intrasomatic and intradendritic PC recordings, extra- and intra-cellular
10 neuron recordings, and intracellular recordings from pontine nuclei neurons (a major source
of mossy fiber input to the cerebellar granule cells). More recently, another group developed a
preparation of arterially perfused hindbrain and upper body from rat (Cerminara et al., 2010).
This preparation preserves connections of the hindbrain with the upper spinal cord and the
peripheral nervous system of the head and forelimbs. Extracellular field potentials of mossy
fibers, CFs, and PFs; electromyography (EMG) activity in forelimb muscles; and single unit
activity of PCs, molecular layer interneurons, and neurons in the deep cerebellar nuclei can all be

observed using this preparation (Cerminara et al., 2010).

To investigate BG signaling and its role in shaping synaptic transmission, one group used

cerebellar slice preparations from transgenic mice in which increased intracellular calcium in BG
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can be induced with bath application of a peptide ligand (Wang et al., 2012). Combined whole
cell recordings of PCs and two-photon calcium imaging confirmed increased calcium in BG
leads to an increase of PC spiking activity. Agonist induced calcium concentration increases in
BG also cause a decrease in extracellular potassium concentration as measured by simultaneous
calcium imaging, whole cell recording of BG, and ion-sensitive microelectrodes. Dual whole

cell recordings of neighboring PCs and BG are also possible (Wang et al., 2012).

Perhaps the most exciting is the potential to record from the intact cerebellum of alert or
anesthetized animals. Local field potentials and single- and multiple-unit extracellular
recordings from PCs have been accomplished in awake, alert mice (Marquez-Ruiz and Cheron,
2012). In another study, calcium imaging was combined with recordings of cerebellar
electrocortical activity (ECoG) in intact cerebellum in anesthetized mice (Wang et al., 2012).
Acute cranial windows were placed over the vermis of the cerebellum and the cerebellar cortex
was loaded with calcium indicator dye. Time-lapse imaging of the live intact cerebellum

allowed the researchers to determine calcium transients in BG regulate PC firing activity in vivo.

Future studies utilizing the techniques discussed above to describe brain stem and
cerebellar circuit function in pre-, early-, and late-symptomatic PrP-floxed-SCA7-92Q BAC mice
will provide a direct link between motor abnormalities and neural network function. This will
enhance our understanding of what causes motor abnormalities directly and help hone our search

for potential therapeutic targets.
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Conclusions

This work has described several important characteristics of SCA7 pathogenesis. Like
PCs, BG undergo non-cell autonomous degeneration. BG, PCs, and the IO are the major players
in SCA7 symptom onset, severity, and progression. Symptom progression can be arrested after
symptom onset. Behavioral measures of dysfunction do not uniformly correlate with observed
histopathological change, either in timing of onset or the ability to arrest disease progression.
Thus, functional markers, as opposed to morphological markers, of cerebellar circuit dysfunction
must be described in order to define the molecular mechanisms that correlate directly with motor

behavior abnormalities.
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