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Neurobiology of Disease

A Novel Transgenic Rat Model for Spinocerebellar Ataxia
Type 17 Recapitulates Neuropathological Changes and
Supplies In Vivo Imaging Biomarkers
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Spinocerebellar ataxia 17 (SCA17) is an autosomal-dominant, late-onset neurodegenerative disorder caused by an expanded polyglu-
tamine (polyQ) repeat in the TATA-box-binding protein (TBP). To further investigate this devastating disease, we sought to create a first
transgenic rat model for SCA17 that carries a full human cDNA fragment of the TBP gene with 64 CAA/CAG repeats (TBPQ64). In line with
previous observations in mouse models for SCA17, TBPQ64 rats show a severe neurological phenotype including ataxia, impairment of
postural reflexes, and hyperactivity in early stages followed by reduced activity, loss of body weight, and early death. Neuropathologically,
the severe phenotype of SCA17 rats was associated with neuronal loss, particularly in the cerebellum. Degeneration of Purkinje, basket,
and stellate cells, changes in the morphology of the dendrites, nuclear TBP-positive immunoreactivity, and axonal torpedos were readily
found by light and electron microscopy. While some of these changes are well recapitulated in existing mouse models for SCA17, we
provide evidence that some crucial characteristics of SCA17 are better mirrored in TBPQ64 rats. Thus, this SCA17 model represents a
valuable tool to pursue experimentation and therapeutic approaches that may be difficult or impossible to perform with SCA17 trans-
genic mice. We show for the first time positron emission tomography (PET) and diffusion tensor imaging (DTI) data of a SCA animal
model that replicate recent PET studies in human SCA17 patients. Our results also confirm that DTI are potentially useful correlates of

neuropathological changes in TBPQ64 rats and raise hope that DTI imaging could provide a biomarker for SCA17 patients.

Introduction

The group of polyglutamine diseases contains nine members in-
cluding spinocerebellar ataxia (SCA) 1, 2, 3, 6, 7, and 17, Hun-
tington disease (HD), dentatorubropallidoluysian atrophy, and
spinobulbar muscular atrophy (Zoghbi and Orr, 2000; Riley and
Orr, 2006). The proteins involved in these diseases are ubiqui-
tously expressed in the body but cause selective neurodegenera-
tion. Here, we focused on generating an animal of spinocerebellar
ataxia type 17, which is an autosomal dominantly inherited, neu-
rodegenerative, late-onset disease caused by a polyglutamine ex-
pansion in the TATA-box-binding protein (TBP) (Nakamura et
al., 2001). This deadly disease is characterized by ataxia, dystonia,
and seizures (Rolfs et al., 2003), as well as dementia, psychiatric
and extrapyramidal features, epilepsy, mild sensorimotor axonal
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neuropathy, and MRI findings of cerebral and cerebellar atrophy
(Maltecca et al., 2003). In contrast to most of the other polyQ
disease causing proteins, the function of the TBP in the transcrip-
tion process is well understood (Burley and Roeder, 1996) and
potentially allows us to investigate how the mutation alters pro-
tein function subsequently leading to neuronal dysfunction
in vivo.

Although two transgenic mouse models (Friedman et al.,
2007; Changetal., 2011) and one knock-in mouse model (Huang
et al., 2011) already exist, which all mimic several phenotypic
characteristics of the disease, mouse models are in general limited
for studying certain functional and behavioral measurements
(Tecott and Nestler, 2004; Rodriguiz and Wetsel, 2006; Herr-
mann et al., 2012). Rats, on the other hand, show excellent learn-
ing abilities compared to mice and are the species of choice for
studying learning and memory in rodents and for pharmacolog-
ical manipulations (Kujpers, 1999). Their larger brain size also
facilitates direct invasive procedures and miniaturized physiolog-
ical in vivo approaches such as structural and functional imaging
of small brain structures (Casteels et al., 2011; Grundmann et al.,
2012; Yu-Taeger et al., 2012), electrophysiology (Miller et al.,
2010; Ortiz et al., 2012), or stem cell replacement (Rath et
al., 2012; Ribeiro etal., 2012). The advantages of the rat prompted
us to generate a transgenic rat model for SCA17, which, to our
knowledge, is the first transgenic rat model for any inherited
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spinocerebellar ataxia. In line with previous observations in
mouse models for SCA17, our transgenic SCA17 rats (TBPQ64;
carrying a full human cDNA fragment of the TBP gene with 64
CAA/CAG repeats) show disease characteristic neuropathology
such as neurodegeneration in the cerebellum and the formation
of nuclear TBP accumulation as well as a severe neurological
phenotype including ataxia, reduced activity, loss of body weight,
and early death. Additionally, we were able to perform positron
emission tomography (PET) and diffusion tensor imaging (DTI)
measurements in vivo in our rat model and detected changes that
were unreported in SCA17 patients so far. The accurate replica-
tion of the human condition in our TBPQ64 rats, coupled with
the possibility to develop in vivo imaging biomarkers, makes this
SCA17 rat model highly suited for the assessment of different
interventions on the disease phenotype.

Materials and Methods

Generation of transgenic TBPQ64 rats

To generate transgenic SCA17 rats, we used a construct containing a
fragment of the murine prion promoter (Prp), an N-terminal myc tag,
full-length human TBP cDNA, and a poly-A tail (Fig. 1A).

The human TBP ¢cDNA was amplified from TBP mRNA obtained
from genomic DNA and cloned (Xhol/BamHI) into the Bluescript
vector pBSSKII+. In this vector, we first cloned a 3.4 kb fragment of
the murine prion protein promoter containing 1140 bp of the murine
prion protein gene upstream of exon 1, the complete exon 1, intron 1,
and the first untranslated 52 bp of exon 2. The promoter fragment
was amplified by PCR using the primers phg Prp_Xba FP (5'-
GCTCTAGAGCCAATCTTGTGTCTGG-3') and phg Prp_Bam_RP
(5"-CGGGATCCCGGAATGCTTCAGCTCGG-3"). Both primers con-
tain recognition sequences for the restriction enzymes Xbal and BamHI,
which were used for the cloning of this fragment into the pBSSKII+
vector. Constructs were additionally tagged N-terminally with an myc
tag. The 36 CAG/CAA repeat region was expanded to 38 as well as 64
repeats as described previously (Laccone et al., 1999). The construct was
completed with a SV40 polyadenylation signal. After digestion with Neal
and Notl, the inserts were isolated before microinjection in Sprague
Dawley oocytes.

Genotyping

After weaning, transgenic rats were identified by using a transgene-
specific PCR protocol. Rat genomic DNA was isolated from rat ear biop-
sies according to the High Pure PCR Template Preparation Kit protocol
(Roche). For the identification of transgenic animals, a PCR protocol
with a forward primer from the mouse prion promoter (mTBP_F, 5'-
gaaccatttcaaccgagctg-3') and a reverse primer targeting the hTBP cDNA
(mTBP_R, 5'-gtccaatgatgccttatgge-3') was established. A 189 bp frag-
ment was amplified using the following PCR conditions: 95°C, 30 s for
denaturation; 60°C, 30 s for primer annealing; and 72°C, 30 s for elonga-
tion, repeated for 35 cycles.

Fragment length analysis
To determine the number of CAG/CAA repeats in the TBP transgene,
fragment length analysis of DNA samples was performed. PCRs were
performed to amplify a fragment of TBP containing the CAG/CAA re-
peat by using the following primers: 5'-Cy5-gaccccacagectattcaga-3" and
5'-ttgactgctgaacggetgea-3'. The indodicarbocyanine (Cy5)-labeled PCR
products were mixed with an internal standard (DNA-Size Standard
Kit-600; Beckman Coulter) and separated as well as analyzed on the
CEQ8000 Genetic Analysis System (Beckman Coulter).

Plasmid DNA of TBP ¢cDNA containing 13, 38, 64, or 105 CAG repeats
was used as a size standard to calculate the number of CAG/CAA repeats.

Animals

Rats were housed in gender- and genotype-matched groups of up to four,
according to Federation of European Laboratory Animal Science Asso-
ciations recommendations (Rehbinder et al., 1996). All rats were kept
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Figure 1. Construct and expression pattern of mutant TBP. A, The TBP construct contains
full-length human cDNA of the TBP gene with 64 CAG repeats under the control of the murine
prion protein promoter (Prp-TBPQ64) and an N-terminal myc-tag. B, Western blots of 5-month-
old rats showing the expression pattern of mutant TBP in different brain regions (Bb, olfactory
bulb; Hy, hypothalamus; Cer, cerebellum; BS, brainstem; Str, striatum; Ctx, cortex; wt, wild
type). Mutant TBP is expressed in all analyzed regions; however, the highest level was found in
the cerebellum. The arrow indicates mutant TBPQ64. C, Quantification of the Western blot
shown in B. Black bars represent the transgenic samples (TBP Q64), and white ones the wild-
type control. The checked bar is the positive control (transiently transfected Cos7 cells with the
TBPQ64 construct). ¢, Control (Cos7 cells transiently transfected with TBPQ64). D, Western blot
of cerebellum samples of four different TBPQ64 lines at the ages of 1and 3 months (line 8.4 at 5
months) using 1C2 antibody. The expression of mutant TBP differed significantly between the
lines. The highest expression was found in line 8.4, and the lowest in line 16.1. As a positive
control lysates from Cos7 cells transiently transfected with TBPQ64 were used. The arrow indi-
cates mutant TBPQ64.

under a 12 h light/dark cycle with lights on at 2 A.M.; food (Snifflab chow
pellets) and tap water available ad libitum.

For behavioral tests, predominantly male heterozygous and wild-type
littermate control rats from litters were used. Two to four rats of random-
ized genotype were housed together. All rats were tested within the dark
phase of a 12 h light/dark cycle. The ataxia score test was conducted in the
light cycle, whereas the rotarod, beam walking, and elevated plus maze
(EPM) tests were done in dark phase. All research and animal care pro-
cedures were approved by the district government (HG9/10, Tiibingen,
Germany) and performed according to international guidelines for the
use of laboratory animals.

Behavioral tests
Before the experiments, animals were handled daily for 2 weeks. Further-
more, animals were weighted weekly. The numbers of animals in the
behavioral studies as as follows: TBPQ64 males, n = 12; wild-type males,
n = 7; TBPQ64 females, n = 4; wild-type females, n = 8.

Ataxia score test. This test was established by Guyenet et al. (2010) and
facilitates rapid and sensitive quantification of disease severity in rodent
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models of ataxia. The protocol includes the ledge test, measurement of
hindlimb clasping, and assessment of gait abnormalities and severity of
kyphosis. For each parameter we used a scale of 0-3 leading to a maxi-
mum value of 12 points for all four measurements. Because of the bigger
size of rats, the ledge test was performed on a thin beam (width, 1 cm)
instead of the cage ledge. The scoring was performed as described (Guy-
enet et al., 2010).

Rotarod analysis. This test is widely used to analyze balance capabili-
ties, motor coordination, as well as motor learning of rodents. Seven
wild-type animals and 12 transgenic rats were tested at the ages of 1, 3, 5,
and 8 months. Rats were trained for 3 d on an accelerating rotarod (Ugo
Basile; Biological Research Apparatus). Each training day consisted of
four trials, with each trial lasting for 2 min. During the first 30 s, the rod
accelerated from 2 to 12 rpm and then operated constantly for 1.5 min at
12 rpm. Rats that fell during this time period were immediately set back
on the rod. On the two testing days, only two trials of 5 min duration were
performed. Within the first 4 min, the rod accelerated from 4 to 40 rpm
and then operated constantly at 4 rpm for the last min. The amount of
time that elapsed before the rat fell off the rod was recorded. The mean of
all four test runs was taken for analysis.

Beam walking. With the beam-walking test, motor coordination and
balance of rats were assessed by measuring the ability of animals to tra-
verse a series of narrow beams to reach an enclosed safety platform. The
test was performed as described previously (Korenova et al., 2009) and
consisted of two training and three testing days. On Training Day 1, the
animals (7 wild-type, 12 transgenic males) underwent two trials in which
they had to traverse a 2 m long beam with a square cross-section of
3 X 3 cm. On Training Day 2, two trials were given, one where they
had to traverse the 3 X 3 cm beam, and one trial where a beam with a
rectangular cross-section of 4 X 2 cm had to be crossed. On all three
testing days, the rats had to cross each beam (3 X 3 cm and 4 X 2 cm in
diameter, respectively, and a round beam of 3.5 cm diameter) once.
Traversing latency and number of hind-limb slips during test perfor-
mance were measured and analyzed.

Elevated plus maze. This well-established test is used to evaluate anxiety
in small rodents. It is based on the aversion of rodents to open spaces and
height. The setup consists of four elevated arms that built a plus shaped
cross. Two opposing arms are open, and the other two arms are enclosed
by 40 cm high walls; the width of the arms is 25 cm, and the distance from
the floor is 80 cm. The test was performed in the dark phase in a room
that was illuminated by a red rope light positioned directly above the
maze. The experiment was started by placing the rat on the central plat-
form, with its head facing one of the open arms. The time spent on the
open arms during a 5 min period as well as the transitions between the
center and the closed arms or the open arm were recorded. After each rat
exposure, the maze was carefully cleaned with disinfectant.

The following parameters were calculated for a total trial duration
(TT) of 300 s: duration of stay in closed arms [closed time (CLT)],
percentage share of CLT in total arms-stay duration (%CLT; CLT X
100/TT), duration of stay in open arms [open time (OT)], percentage
share of OT in total arm-stay duration (%OT; OT X 100/TT), duration
of stay in the neutral zone [neutral time (NT)], and percentage share of
NT in total arm-stay duration (%NT; NT X 100/TT).

PhenoMaster system. The TSE PhenoMaster system (http://www.
tse-systems.com/products/behavior/phenomaster/index.htm) is an au-
tomated cage system that allows behavioral and metabolic monitoring,
e.g., activity, food and water consumption, as well as calorimetric mea-
surements. The system consists of a combination of sensitive feeding and
drinking sensors for automated online measurements. Values for cumu-
lative amounts of feeding and drinking were given by the system, and
these were used to compare iterative food and water intake. The calori-
metric system is an open-circuit system that determines O, consump-
tion, CO, production, and respiratory exchange rate. To investigate
locomotor activity, a photobeam-based activity monitoring system de-
tects and records the number and duration of every total, fine, and am-
bulatory movement including rearing (Urbach et al., 2010).

In detail, rats were singly housed in a home cage equipped with the
technical requirements to individually monitor one rat per cage at a time.
The system was set up to measure up to 12 animals in parallel with high
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resolution for food and water consumption, calorimetric parameters,
and activity. This allowed the measurement of fine and ambulatory
movement as well as rearing behavior. Results for locomotor activity are
given as number of counts, and all measurements were monitored using
PhenoMaster software, version V1.9.20-06/2007 (TSE Systems).

Further analysis binned the exploratory phase in the first 20 min for
the purpose of isolating animal activity before adaptation to the new
environment. From these we calculated periphery to center ambulation
ratio.

Animals (nine wild-type vs nine heterozygous males) were tested every
second month for 72 h starting at the age of 3 and ending at 9 months.

Immunohistochemistry

Light microscopy on paraffin sections. Immunohistochemistry was per-
formed as described previously (Boy et al., 2009). Transgenic and wild-
type rats of both sex were investigated at the ages of 3 and 10 months.
Antibodies were used at the following dilutions: 1C2 (clone 5TF1-1C2;
Millipore), 1:5000; anti- B-III tubulin (clone TuJ-1, MAB1195; R&D Sys-
tems), 1:1000; and anti-myc (SA-294, clone 9E10; Biomol), 1:350.

Paraffin sections from human brains were treated like described pre-
viously (Koeppen et al., 2011). Sections were incubated in citrate buffer
(0.01 M, pH 6.0) for 20 min at 90°C and stained with 1C2 (Millipore
Bioscience Research Reagents), a-TBP (clone 1TBP18, 70102; QED Bio-
science), and anti-B-1II tubulin (clone TuJ-1, MAB1195; R&D Systems),
respectively.

Light and electron microscopy on epoxide embedded vibratome sections.
Male TBPQ64 and wild-type littermates, 9 months of age, were transcar-
dially perfused with 4% PFA, embedded into 2% agarose, and cut into
series of 50 wm vibratome slices from blocks containing the striatum and
cerebellum. Every fifth section was taken either for light- and electron-
microscopical TBP (1:5000) or calbindin D28 immunohistochemistry
(1:10,000; No. 300, monoclonal; Swant) according to an avidin-biotin-
peroxidase complex protocol as described previously (Petrasch-Parwez
etal., 2007). For semithin and ultrathin section analysis, immunostained
vibratome slices were postfixed with 2% osmium tetroxide in 0.1 M phos-
phate buffer, dehydrated, and flat-embedded in Araldite (Serva). Alter-
nating semithin (0.8 wm) and ultrathin (100nm) section series were cut
with a Leica Ultracut UCT microtome. Every second semithin section
was slightly counterstained with 1% toluidine blue, and ultrathin sec-
tions were contrasted with 5% aqueous uranyl acetate followed by lead
citrate.

Western blot analysis
Preparation of samples was performed as described previously (Boy etal.,
2009). The 1C2 antibody (clone 5TF1-1C2; Millipore) was used at a
concentration of 1:4000.

Secondary antibody anti-mouse HRP (NXA931; GE Healthcare) was
diluted 1:2500.

PET analysis

For the PET experiments, female transgenic TBPQ64 (n = 6) and control
rats (n = 6) were imaged using an Inveon dedicated small-animal PET
scanner (Siemens Preclinical Solutions), yielding a spatial resolution of
about 1.3 mm in the reconstructed image. Rats were lightly restrained
and injected with 29.6 MBq [''C]raclopride via a lateral tail vein. A 60
min dynamic PET scan was obtained immediately after tracer injection
followed by a 15 min attenuation correction. During imaging, the ani-
mals were anesthetized with a mixture of 1.5% isoflurane and 100%
oxygen. The animals were centered in the field of view of the PET scan-
ner. Anesthesia was monitored by measuring respiratory frequency, and
the body temperature was kept at 37°C by a heating pad underneath the
animal. PET data were acquired in list mode, graphed in time frames of
4 X 60s,4 X 1205s,8 X 300s, and 2 X 450 s, and reconstructed using
filtered backprojection algorithm with a matrix size of 256 X 256 and a
zoom factor of two. Image files were analyzed using PMOD and AsiPro
software (Siemens Preclinical Solutions). The PMOD image fusion soft-
ware allowed linear transformation and rotation to overlay PET and MR
template images. The PET/MR fusioned images were used to calculate
specific regions of interest in different brain areas with reference to the
stereotactic brain atlas of Franklin and Paxinos (2001). With the PMOD


http://www.tse-systems.com/products/behavior/phenomaster/index.htm
http://www.tse-systems.com/products/behavior/phenomaster/index.htm

Kelp et al. @ Transgenic Rat Model for SCA17

software we also analyzed the [''C]raclopride uptake in various brain
areas including cerebellum, orbitofrontal cortex (OFC), and striatum. As
areference region, the cerebellum was chosen to correlate the unspecific
uptake with the tracer uptake in the striatum and the OFC.

DTI measurements

Male transgenic rats as well as wild-type littermates were measured using
DTI at 10 months (1 = 6 for TBPQ64; n = 3 for WT) and 5 months of age
(n = 3 for TBPQ64; n = 3 for WT). The images were produced using a
Clinscan 7T MR scanner (Bruker BioSpin and Siemens Medical Solu-
tions) and a four-channel rat brain surface coil. Rats were anesthetized
using isoflurane with an induction of 2.5% and maintenance at 1.5%.
Temperature and breathing rate were monitored throughout the studies,
with a constant temperature at 37 = 0.5°C. The measurements lasted
~60 min. Diffusion tensor images were acquired using an echo planar
imaging with 256 directions [b = 0; 1000 s/mm?; field of view (FOV),
54 X 21 mm; matrix, 128 X 52 mm; 26 1 mm slices; TE, 60 ms; TR, 5500
ms]. An anatomical T2-weighted image was also produced (matrix,
256 X 161 mm; FOV, 35 X 57 mm; TR, 3000 ms; TE, 205 ms; slice
thickness, 0.22 mm). Fractional anisotropy (FA), radial diffusivity, dif-
fusion weighted images, and apparent diffusion coefficient (ADC) maps
were generated using DTI Studio software. PMOD software was used for
the coregistration of the maps to the anatomical image, where a region of
interest approach was implemented on the different parts of the striatum
[dorsomedial (DMS) and ventral (ACB), substantia nigra (SN), and ex-
ternal capsule] using the following Paxinos coordinates: DMS, AP, —0.4
mm; ML, +2.6 mm; DV, —5.0 mm; ACB, AP, +3.4 mm; ML, =1.9 mm;
DV, 5.3 mm; SN, AP, —4.8 mm; ML, =2.0 mm; DV, —8.5 mm.

Statistical analysis

Data were analyzed by using GraphPad Prism 5. All results are shown as

mean = SEM. Results were regarded as significant with a p value <0.05.
Student’s ¢ test (for the EPM analysis) and two-way ANOVA for re-

peated measurements with a Bonferroni posttest were performed. We

analyzed the interaction between age and genotype for all the other be-

havioral tests as well as for the weight measurement.

Results

Generation and first characterization of SCA17 rats

To generate SCA17 rats, we used a cDNA encoding human
full-length TBP with a poly-glutamine stretch of 64 CAG/CAA
repeats under the control of the murine prion promoter (Prp-
TBPQ64) (Fig. 1A). This promoter was used previously to drive
expression of mutant ataxin-3 in a SCA3 transgenic mouse model
with a cerebellar phenotype (Bichelmeier et al., 2007). After in-
jecting the transgenic construct into fertilized Sprague Dawley
oocytes, we received 64 pups. Ten of these 64 animals carried the
transgene as determined by PCR. However, three potential
founders died prematurely without any offspring, and two ani-
mals did not transmit the transgene to their offspring. Therefore,
only in the remaining five lines the expression pattern of mutant
TBP (mTBP) was analyzed by Western blot analysis. mTBP was
detected in the cerebellum of all analyzed lines, with line 8.4
showing the highest expression level (Fig. 1D). Based on this, we
chose line 8.4 for further characterization. Western blot analyses
showed that these animals express mutant TBP predominantly in
the cerebellum, with moderate levels of mTBP in the olfactory
bulb and cortex, whereas the hypothalamus, brain stem, and
striatum displayed only very low levels of mTBP (Fig. 1B,C),
respectively. To verify the conservation of the CAG/CAA repeat
in the mutant TBP ¢cDNA of TBPQ64 rats, we analyzed the PCR
fragment length of DNA samples from transgenic rats. We found
that the CAG/CAA repeat is stable for at least three generations
(data not shown), which is in line with observations in SCA17
patients (Tomiuk et al., 2007). Additionally, using the same con-
struct only with 38 CAG/CAA repeats, transgenic rats bearing
human TBP with a normal polyglutamine tract were generated.
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Figure 2.  Phenotype of SCA17 rats. A4, Starting with 4 months of age, transgenic (tg) male
rats (n = 20) had a significantly lower body weight than age-matched control animals (n =
22). In female rats, this body weight difference was observed at the age of 5 months [n = 4 for
TBPQ64; n = 8 for wild-type (wt) rats]. *p << 0.05; ***p << 0.001. B, At the age of 8 months,
transgenic male rats were easily distinguishable from their wild-type littermates, as they were
leaner and much smaller in size. D, Clasping behavior is observed in TBPQ64 rats at the age of 8
months when suspended by the tail, whereas nontransgenic animals showed normal spreading
behavior of the hindlimbs (C). E, F, Compared to control animals () heterozygous rats were
poorly groomed (F) and had brownish, eschar resembling structures in the fur (arrows in the
magnified inset).

While 2 lines of TBPQ38 rats were established, these rats did not
showing any phenotypic abnormalities during their normal life
span and were indistinguishable from the wild-type littermates
(data not shown). This is expected as it has been shown for mice
carrying TBP with a normal polyQ tract of 13 (Friedman et al.,
2007). Therefore, here we show only data on TBPQ64 rats and
their wild-type littermates.

Decreased body weight and a severe neurological phenotype
in SCA17 rats

At birth and for the first 3 months of age, TBPQ64 rats appeared
normal compared to their wild-type littermates. However, start-
ing at 4 months of age, transgenic male rats had a significantly
lower body weight than age-matched controls (Fig. 2A). This
significant decrease of body weight was also observed in female
TBPQ64 rats. Notably, TBPQ64 rats not only failed to gain weight
after 5 months of age, but also showed a loss of body weight
thereafter. On the other hand, wild-type animals continued to
gain weight as expected. At the age of 8 months, TBPQ64 rats
were highly phenotypic and easily distinguishable from control
animals: they were cachectic, substantially smaller in body size
when compared to wild types (Fig. 2 B), and exhibited a hunched
posture (kyphosis), poor grooming (Fig. 2 F), and tremor. When
suspended by the tail, these rats showed abnormal postures com-
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Neurological phenotype of SCA17 rats. A, The ataxia score consists of four parameters (ledge test, hindlimb clasping, gait, and kyphosis). For each parameter, a score of 0 -3 is given so

that in total a maximum score of 12 points can be reached. Significant differences between TBPQ64 rats and wild-type (wt) littermates were observed in old transgenic animals (black columns),
which presented clear atactic symptoms. B, The rotarod performance decreased with age, but there were no significant differences between controls (black line) and transgenicanimals (dotted line).
C, D, The beam-walking test was performed at 1.5, 3.5, 5.5, and 8.5 months of age. Transgenic rats (black columns) showed a significant higher rate of slips on the 3 cm square beam ((), as well as
on a round beam with 3.5 cm diameter (D). TBPQ64 rats exhibited a progressive decline in beam-walking ability with age. All tests were performed with male rats (n = 7 controls; n = 12 TBPQ64

rats). *p << 0.05; **p << 0.01; ***p < 0.001.

parable to clasping (Fig. 2 D), whereas wild-type animals demon-
strated normal escape reflexes with hindlimbs spread widely (Fig.
2C). At the age of 10 months, transgenic male TBPQ64 rats
weighed, on average, 35% less than age-matched control animals
even though they were additionally fed with mashed food pellets.
Because of the poor health status of TBPQ64 rats at this end stage,
and according to our animal health regulations, we had to kill all
TBPQG64 rats after 10 months of age. Therefore, an analysis of
lifespan was not possible, but considering the severe phenotype
observed, it can be assumed that TBPQ64 rats have a decreased
survival.

Motor deficits and increased anxiety in SCA17 rats

To assess progression of disease severity in TBPQ64 rats over
time, we first repeatedly applied a modified ataxia score test
(Guyenet et al., 2010), which has been successfully used in mouse
models of cerebellar ataxia type 7. As expected, with increasing
age the ataxia score increased significantly in SCA17 rats, reflect-
inga progression of symptoms (Fig. 3A; genotype by age, F(, ¢5) =
19.96, p < 0.0001; genotype, F(; 4) = 40.55, p < 0.0001). Already
at the age of 5 weeks, TBPQ64 animals had a higher ataxia score
than control animals; however, this difference became significant

starting from the age of 5 months (Fig. 3A). Notably, during
testing we observed that phenotypic TBPQ64 rats were not able to
descend properly from a small beam into their home cage, but
rather “fell” onto their head into the cage. To further analyze this
apparent motor coordination and balance impairment, we per-
formed rotarod and the beam-walking tests. Repeated-measures
ANOVA revealed a significant main effect of genotype (F(, 5, =
5.53, p = 0.031). Unexpectedly, by subsequent post hoc analysis
with Bonferroni tests, we found no significant differences in the
latency to fall between TBPQ64 and wild-type animals until the
age of 8 months regarding the single time points (Fig. 3B). How-
ever, in the beam-walking test, transgenic animals showed signif-
icant difficulties in traversing the beams of different shapes and
width (square beam with 3 cm cross section, genotype by age,
F51) = 4.15, p < 0.01; genotype, F; 5;, = 48.99, p < 0.0001;
round beam with 3.5 cm diameter, genotype by age, F(; 5, =
1136, p < 0.0001; genotype, F 5, = 34.66, p < 0.0001).
TBPQ64 rats slipped more often when traversing the beams com-
pared to age-matched control animals (Fig. 3C,D). Interestingly,
there was no significant difference in the latency to traverse the
various beams between both genotypes (data not shown). It
should be noted that because of the severe phenotype at the age
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Figure4. Measurements of anxiety-like behaviorin SCA17 rats. A, EPM performance. Male rats were tested at the age of 4 months [wild type (wt), n = 17; TBPQ64, n = 15] for 5 min on an EPM.

Transgenic rats spent significantly less time on the open arm (white part of the columns) as well as in the middle zone, indicating an increased anxiety-like behavior in these animal than in controls.
White columns represent the time spent on the open arm, checked columns represent time sent in the middle zone, and gray areas represent the time spent on the closed arm. *p < 0.05; *p <
0.01; ***p < 0.001. B, Total arm transitions on the EPM. There were no significant differences in the activity of transgenic and wild-type rats. , D, Activity measurements during the adaptation
period (first 20 min) of the PhenoMaster system. The periphery to center activity ratio (€) was significantly increased in old transgenic animals (9 months) compared to the controls, whereas no

significant differences could be detected in the total ambulatory activity (D).

of 10 months, we could not perform these motor tests at this
age.

Since psychiatric symptoms and behavioral symptoms are
present in SCA17 patients, we assessed anxiety in the EPM test,
which has been validated behaviorally and pharmacologically ex-
tensively (Pellow et al., 1985; Huang et al., 2012). Already at the
age of 4 months, significant differences were found between
TBPQ64 rats and their wild-type littermates (Fig. 4). Transgenic
animals spent significantly less time on the open arms as well as
significantly more time in the central zone than wild-type litter-
mates, indicating that TBPQ64 rats have an increased anxiety
(Fig. 4A). There were no differences in general activity between
SCA17 rats and wild-type rats in the EPM test, as no significant
differences in the total number of transitions into the various
arms were observed (Fig. 4B). However, TBPQ64 rats showed
significantly less transitions into the open arms (data not shown)
and spent more time in the center area (neutral zone; Fig. 4A),
supporting the notion that TBPQ64 rats are more anxious than
wild-type littermates to enter the open arms. Furthermore, it was
apparent that TBPQ64 rats had problems with keeping the bal-
ance as 20% of the transgenic animals fell from the open arms of
the EPM, while this did not occur in the control group.

To provide further support of increased anxiety-related be-
havior in SCA17 rats, we analyzed the adaptation period (the first
20 min) in the PhenoMaster system, which is the time the animals

need to adapt to the system or the new environment. The periph-
ery to center ambulation ratio measurement is similar to the
open-field test for anxiety in a novel environment. At the ages of
3 and 5 months, TBPQ64 rats and their wild-type littermates
displayed the same ratio of peripheral to central activity (Fig. 4C).
But starting at 7 months, TBPQ64 rats showed a higher ratio of
periphery to center ambulation than controls, which reached
significance at 9 months of age (Fig. 4C). This indicates an
increased anxiety-like behavior in TBPQ64 rats and supports
our findings in the EPM test. Regarding the total ambulatory
activity in the adaptation period, we did not find significant
differences (Fig. 4D).

Decreased activity in SCA17 rats

As SCA17 rats appeared to be less active, we evaluated the
activity of TBPQ64 rats and their wild-type littermates in the
PhenoMaster system that supplies quantitative measures. Ani-
mals were tested at 3, 5, 7, and 9 months of age. They were housed
singly for 72 h in a home cage while rearing behavior and the total
ambulatory activity was monitored continuously during these
72 h. Both transgenic and wild-type rats showed a pronounced
dark/light cycle in their behavioral activities, with their main ac-
tivity taking place during the dark phases. Exemplarily, data of
the activity pattern are shown for 3 and 9 months of age, respec-
tively (Fig. 5A, B). We observed a decreased rearing behavior in
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Figure5. Activityin SCA17 rats decreases with age and progression of symptoms. A, B, The total ambulatory activity (B) and the rearing behavior (4) as measured in the PhenoMaster system are
significantly decreased in male transgenic SCA17 rats at the age of 9 months (green triangle, n = 9) compared to 3-month-old animals (blue triangle) and age-matched (Figure legend continues.)
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9-month-old transgenic animals when compared to controls of
the same age and to 3-month-old TBPQ64 rats (Fig. 5A). Fur-
thermore, 3-month-old TBPQ64 rats showed an increased total
ambulatory activity in comparison to their wild-type littermates
and to 9-month-old transgenic rats. The latter were less active
than both age-matched controls and 3-month-old transgenic rats
(Fig. 5B).

When analyzing the activity pattern, it was evident that differ-
ences between TBPQ64 rats and wild-type rats were pronounced
in the dark cycle, the animals’ active phase, so that subsequent
analyses of all time points tested are restricted to the dark phase.
Rearing behavior decreased in TBPQ64 rats with age (genotype
by age, F; 530y = 19.93, p < 0.0001; genotype, F(, 550y = 33.70,
p < 0.0001), mirroring progression of symptoms. We found no
differences between both genotypes at 3 and 5 months, but de-
tected a significant decrease of rearing in 7- and 9-month-old
TBPQ64 rats (Fig. 5C) compared to controls. Interestingly, am-
bulatory activity showed a biphasic profile as transgenic rats at
the ages of 3 and 5 months were more active than control animals,
whereas at 9 months of age the total ambulatory activity was
significantly decreased in TBPQ64 rats compared to wild-type
rats (Fig. 5D; genotype by age, F; 59, = 9.349, p < 0.0001; geno-
type, F(y »50) = 48.42, p < 0.0001).

Moreover, we analyzed the feeding and drinking behavior of
these rats (Fig. 5E-H ). Graphs in Figure 5, E and G, shows abso-
lute values, but as transgenic animals display such a low body
weight at later stages, we also normalized the consumed food and
liquid to the body weight of the animals (grams of food con-
sumed per kilogram of body weight, or milliliter of liquid con-
sumed per kilogram of body weight) in Figure 5, F and H. Despite
their lower body weight, TBPQ64 rats had similar total food in-
take and water consumption until 7 months of age. Only at 9
months of age, when TBPQ64 rats are severely affected, was food
intake significantly reduced in TBPQ64 rats compared to con-
trols (Fig. 5E). When normalizing the food intake and water con-
sumption to the body weight, we detected a significantly higher
food intake at the ages of 3, 5, and 7 months in transgenic rats; at
9 months of age this increase in food intake did not reach signif-
icance (Fig. 5F; genotype by age, F; 44) = 0.1154, not significant;
genotype, F(; 44y = 27.48, p < 0.0001). Water consumption was
also increased in transgenic rats (genotype, F(; 44) = 9.768, p <
0.01), but the values reached significance only for the 3-month-
old animals when applying the post hoc tests (Fig. 5H; genotype by
age, F(3 45y = 0.5727, not significant).

Immunohistochemistry and neurodegeneration in

the cerebellum of SCA17 rats and human SCA17 brain

At the ages of 3 and 10 months, we investigated the cerebellar cortex
by TuJ immunohistochemistry (Fig. 6A-D) and analyzed cellular

<«

(Figure legend continued.) controls (black circles, 3 months; black squares, 9 months; n = 9).
Gray rectangles represent the dark phase. €, D, Significant decrease of rearing behavior (€) and
total ambulatory activity (D) over time in the dark phase in transgenic rats (n = 9; black
column). E-H, Absolute food () and water consumption (G) compared to normalized values
(food, E, F; water consumption, G, H) during the dark phase. Measurements of food and water
uptake at 3 and 5 months of age do not show significant differences, whereas at 7 and 9 months,
transgenic rats (black columns) consumed less food and water than control animals (E, G, white
columns). Taking into account that TBPQ64 rats, especially at later time points, show less body
weight, normalization according to the weight was necessary (F, H). These graphs show that
control animals ate and drank less compared to transgenic animals. At the age of 3—7 months,
there are significant differences in the food consumption (F), comparing wild-type animals
(white columns) with age-matched TBP Q6 rats (black columns). wt, Wild type. *p << 0.05;
**p < 0.01; ***p < 0.001.
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Figure 6.  Cerebellar cortex in SCA17 rat and human SCA17 brain. A-J, SCA17 rat. L-P,
Human SCA17. A-D, Immunohistochemistry with monoclonal antibody TUJ-1 against class
lIl-B-tubulin. E-H, Immunohistochemistry with monoclonal antibody 1C2 against polyglu-
tamine. /, J, Immunohistochemistry with a monoclonal antibody against myc. The class Ill- 8-
tubulin staining shows abnormalities in Purkinje cell bodies and dendrites (B, D). At 3 months,
the dendritic tree of SCA17 rats is still intact though reaction product in stellate and basket cells
is absent (B). At 10 months, the dendritic tree is impoverished (D). The anti-polyglutamine
antibody revealed specific neuronal immunohistochemistry only in the transgenic animals (F,
H) but not in the cerebellar cortex of the wild-type (wt) animals (E, G). Inclusion bodies were
most abundant in the granule cell layer (GCL), though a few were also present in the molecular
layer (MOL). PCL, Purkinje cell layer. Myc staining confirmed the distribution of mutant TBP (J),
as seen with 102, whereas the WT only displayed endogenous myc protein (/). L-P, Human
SCA-17 (Q55/Q38). K, Normal human control cerebellum. K—N, Immunohistochemistry with
TUJ-1 against class Ill-B-tubulin. The cerebellar cortex of the SCA17 patient (L—N) shows Pur-
kinje cell loss (L), a few distorted dendrites (M), and an impoverished dendritic tree (N). For
comparison, the control section (K) displays intact Purkinje cells. 0, Polyglutamine staining with
1C2. P, Inset, Immunohistochemistry with an antibody to TATA-binding protein; the MOLin M
displays polyglutamine-positive nuclearinclusions that resemble the status in SCA17 rats (F, H).
Anti-TATA-binding protein shows a similar result (P). Only a few Purkinje cells show TATA-
binding protein reaction product (P, inset). Sale bars: (in A) A-J, 50 wm; (in P) K-M, 0, P, 50
um; N, insetin P, 20 pum.

and subcellular localization of TBP in TBPQ64 rats (Figs. 6E-H,
7A-T), where it is most predominantly expressed (Fig. 1 B,C).
TuJ-1 staining lacked in the stellate and basket cells among the
dendrites of degenerating Purkinje cells (PCs) in both young and
10-month-old TBPQ64 rats (Fig. 6 B, D), whereas wild-type ani-
mals showed normal branching of the PC dendrites (slightly
varying according to the tilt of section) and regular staining of
interneurons in the molecular layer (Fig. 6 A, C). Strong TBP im-
munoreactivity was detected mainly in the granule cell layer and
the interneurons of the molecular layer, and less expressed in the
Purkinje cell nuclei of TBPQ64 rats (Fig. 6 F, H). Some unspecific
staining was also observed in age-matched wild-type rats (Fig.
6E,G). Staining with a myc antibody showed a similar distri-
bution of myc-tagged mutant TBP (Fig. 6]) as observed with
the 1C2 antibody (Fig. 6 F,H), whereas the wild types dis-
played only very faint endogenous myc protein (Fig. 6I). Some
of the abnormalities observed in the transgenic rats resembled
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the cerebellar lesions of a patient with
SCA17. Immunostaining with TuJ-1 re-
vealed severe loss of Purkinje cells and tor-
tuosity of the remaining dendrites (Fig.
6M,N). Basket and stellate neurons in the
molecular layer (Fig. 6 L) lacked TuJ-1im-
munoreactivity when compared with a
healthy control (Fig. 6K). As already ob-
served in the transgenic rat, TBP reaction
product occurs in numerous interneu-
rons of the molecular layer (Fig. 60,P), a
subset of granule cells but only in very few
Purkinje cell nuclei (Fig. 6P, inset).

Electron microscopy confirms
neurodegeneration and nuclear TBP
immunoreactivity in the cerebellum of
SCA17 rats

Semithin and ultrathin sections showed
specific nuclear TBP immunoreactivity in
a subpopulation of granule cells, in nu-
merous stellate, and some Purkinje cells in
heterozygous TBPQ64 rat cerebellar cor-
tex (Fig. 7). Immunopositive granule cells
were often localized in groups between
unstained cells. The nuclear TBP reactiv-
ity was varying in expression (Fig.
7 A, B,H); several positive granule cell nu-
clei exhibited dysmorphic features (Fig.
7H). Some Purkinje cells showed tiny im-
munopositive intranuclear spots (Fig.
7A), clearly detected by electron micros-
copy (Fig. 7D).

Dark Purkinje cells were frequently
observed (Fig. 7A) when compared with
the cerebellar cortex of wild-type litter-
mates (Fig. 7C), indicating Purkinje cell
degeneration. The shrunken dark cyto-
plasm was often surrounded by degener-
ated basket fibers as detected electron
microscopically (Fig. 7E). Dark Purkinje
cell dendrites with irregular contours
were also abundant in the molecular layer
(Fig. 7 A, F) confirming the distorted den-
drites observed light microscopically (Fig.
6 D). TBP-immunopositive nuclei of stel-
late cells (Fig. 7B, G) also reflected the re-
sults in the TBPQ64 rats (Fig. 6 F, H) and
human SCA17 brains (Fig. 60,P). In the
granule cell layer, numerous degenerated
structures with dense lysosomal inclu-
sions were observed, often associated with
the glomerula (Fig. 71).

Calbindin immunoreactivity was found
to be reduced in Purkinje cell somata of
TBPQ64 rats (Fig. 7]) when compared
with wild-type littermates (Fig. 7L). The
dendritic trees appeared distorted, also
confirming the observations by the Tu]J-1

antibody (Fig. 6B,D). Electron microscopically, calbindin-
immunopositive Purkinje cell dendrites and spines were de-
tected in the molecular layer neighbored to strongly degenerated
dark dendrites lacking immunoreactivity (Fig. 7K).

Kelp et al. ® Transgenic Rat Model for SCA17

Figure7.  A-L,Neurodegeneration, TBP (4-), and calbindin (J-L) immunoreactivity in the cerebellum of 9-month-old male TBPQ64
(+/—) rats. Semithin (4—C) and ultrathin sections (D—I) showing nuclear TBP immunoreactivity and neurodegeneration, calbindin-
immunostained vibratome slices (J, L), and ultrathin sections (K) with Purkinje cell affection. A, Semithin section counterstained with
Toluidine blue shows TBP-immunopositive (light brown) and negative (blue) cells distributedin the granule cell layer (GCL) of a TBPQ64 rat,
also detected in the adjacent section without counterstaining (B). The Purkinje cell (asterisks in A, B) undergoing dark cell degeneration
sends a dark dendrite (4, arrowheads) toward the molecular layer (MOL). The adjacent Purkinje cell without signs of dark cell degeneration
displays faint (light brown) nuclear TBP reaction product. The nucleus of a stellate cell (SC; 4, B, arrows) in the MOL is also TBP immunopo-
sitive. €, Semithin section shows normal cerebellar cortex of a wild-type (wt) littermate rat. D, Electron microscopy of the Purkinje cell
displays small TBP-positive spots in the nucleus, not observed in the cytoplasm. Note adjacent granule cells (GCs), where the TBP immu-
noreaction productis distributed in the caryoplasm. E, The dark Purkinje cell (DPC) with nuclear and cytoplasmic condensation is surrounded
by degenerating light appearing perisomatic basket fibers (x). F, Numerous dark Purkinje cell dendrites with ruffled appearance are
detected in the MOL (arrowheads). G, Electron microscopy shows TBP immunoreactivity distributed in the caryoplasm of the SCand GC (H),
the latter also between light appearing immunonegative GC nuclei. /, A degenerating structure with multiple electron dense inclusions
(arrows) is localized within a glomerulum (GL). J, Calbindin-immunostained vibratome section shows faint and partly shrunken PCs and
distorted dendritic trees in the MOL of a TBPQ64 rat. K, Ultrathin section of the MOL revealsimmunopositive PC dendrites (arrows) adjacent
to dark dendrites (x), some of which are associated with light appearing climbing fibers with signs of degeneration. L, The WT littermate
displays normal Calbindin staining of PC somata and dendrites. BG, Bergmann glia; PCL, Purkinje cell layer. Scale bars: (in €) A-C, 20 um;
(inF)D=F,5 pem; (in H) G, H,5 pm; 1,1 wm; K, 5 wm; (in L) J, L, 20 pum.

PET and DTI imaging in SCA17 rats

Dynamic PET scans showed a specific uptake of the D, receptor
antagonist [''Clraclopride in the striatum of wild-type and
transgenic rats at 10 months of age (Fig. 8 A, B, black circles). This
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PET-imaging in SCA17 rats. 4, B, ["C]raclopride uptake measured as standard uptake volume (SUV) of different brain areas. PET time activity curves (TAC) of target (OFC and striatum) and

reference regions (cerebellum) are plotted for the control (4) and TBPQ64 rats (B). C, Corresponding binding potential (BP,,) values are shown for the OFCand the striatum. In A and B, error bars represent the
SD of each time frame, and the mean BP,;, in C. There is no significant difference in BPy, between transgenic and control rats. D, A representative image of a coregistered PET MRT image is shown.

effect did not occur in the cerebellum or the OFC. Interestingly,
there is only a trend toward significance in the striatal TACs
between wild-type and transgenic rats (p = 0.061). Also, the
binding potential, while indicating a difference between trans-
genic and wild-type rats, did not reach significance (Fig. 8C).
Because of the increased perfusion in the cerebellum in the first
15 min in transgenic compared to wild-type rats, we acquired
ADC maps of these rats (Fig. 9). We observed that the cerebellar
diffusion in SCA17 rats is significantly higher than in wild-type
controls (p < 0.001). This strong effect only occurs in the cere-
bellum, while in dorsal striatum only a small trend toward signif-
icance could be shown (p = 0.067; Fig. 9D).

FA comparisons of the SCA17 and wild-type groups showed a
clear tendency for lower FA values in the external capsule in the
transgenic group, reaching statistical significance ( p = 0.032; Fig.
9C). No significant difference in the dorsal striatum or the SN was
observed (p > 0.3, not significant).

To investigate whether these changes in diffusion tension im-
aging occurred at an earlier age, we also examined a separate
cohort of rats at the age of 5 months. However, at this age no
significant differences in FA and ADC values in any of the inves-
tigated brain regions were found between TBPQ64 rats and wild-
type rats (Fig. 9A, B).

Discussion

We generated and characterized the first transgenic rat model for
spinocerebellar ataxia type 17. TBPQ64 rats showed characteris-

tic phenotypic abnormalities and neuropathological changes
similar to findings in human SCA17 patients. While some of
these changes are well recapitulated in existing mouse models for
SCA17, we provide evidence that crucial characteristics of SCA17
are better mirrored in our transgenic rats and that they represent
a valuable tool to pursue experimentation and therapeutic ap-
proaches, currently difficult or impossible to perform with exist-
ing SCA17 transgenic mice.

A progressive loss of body weight was observed starting at 5
months of age leading to severe cachexia, so that all transgenic
rats had to be killed after 10 months of age. This striking body
weight loss is in line with findings in a transgenic mouse model
for SCA17, although a peculiar increase of body weight preceded
weight loss in these transgenic mice (Friedman et al., 2007). For
another transgenic mouse model of SCA17 with a severe pheno-
type, no changes in body weight were described (Chang et al.,
2011). In this regard, our transgenic rat model resembles more
closely the human condition (Koide et al., 1999; Ziihlke et al.,
2001; Rolfs et al., 2003; Mariotti et al., 2007), e.g., reduced body
weight (Koide et al., 1999). A similar body weight phenotype was
observed in the only existing knock-in mouse model for SCA17
(Huang et al., 2011). However, as with other knock-in models of
polyQ diseases (Wheeler et al., 2000; Lin et al., 2001; Menalled et
al., 2002), these have a milder phenotype and do not die prema-
turely. This milder phenotype would require the use of large
numbers of animals and a longer period of testing to determine a
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Figure9. DTlin SCA17rats. A, C, FA values measured in the dorsal striatum, the SN, and the external capsule in 5-month-old (A) and 10-month-old (C) rats. Transgenic rats are shown

in black, whereas FA values of wild-type littermates are shown in white columns. Error bars represent the SD of FA values for each brain area. Significant effects between groups are
indicated with asterisks (**p < 0.01). B, D, ADC values measured in the cerebellum and the striatum of wild-type (white columns) and transgenic (black columns) rats at the ages of 5
months (B) and 10 months (D). Error bars represent the SEM ADC values for each brain area. Significant effects between groups were illustrated with black stars (*p < 0.05). E, F, A
representative diffusion tensorimage (E) and a representative ADC map (F) are shown. The analyzed VOIs (E) according to the abovementioned coordinates are color coded (blue, dorsal

striatum; yellow, ventral striatum; red, external capsule).

significant effect of an intervention, possibly decreasing the fea-
sibility of such studies.

We also demonstrated that weight loss cannot be contributed
to a lower food intake in TBPQ64 rats (Fig. 5E). In fact, when
normalizing to the body weight, TBPQ64 rats even had a signifi-
cantly higher food intake (Fig. 5F), indicating that increased me-
tabolism might wunderlie the weight loss. Comparable
observations have been made in HD mice where it was shown
that weight loss in R6/2 mice is associated with elevated oxygen
consumption and abnormalities in several weight-regulation fac-
tors (van der Burg et al., 2008) as well as mitochondrial dysfunc-
tion and impaired energy metabolism (Griinewald and Beal,
1999; Weydt et al., 2006). Further studies will be required to
investigate whether the weight loss in SCA17 and HD are based
on the same pathomechanisms.

Interestingly, besides severe ataxia and motor coordination
problems (Fig. 3), we observed a biphasic activity profile in
SCA17 rats with hyperkinesia in early stages of the disease pro-
gressing to bradykinesia at later stages (Fig. 5D). This is in agree-
ment with findings in HD rodent models (Slow et al., 2003; André
et al., 2011) and has been argued to reflect hyperkinetic symp-
toms such as chorea, and bradykinetic symptoms (e.g., dystonia
or rigidity) at different stages of the disease (Slow et al., 2003).
The prodromal hyperactive phase has not been described in the
SCA17 mouse models so far (Chang et al., 2011; Huang et al.,
2011), which might be due to the higher CAG repeat sizes in these
models compared to our TBPQ64 rats. Higher CAG repeat sizes
correlate with an earlier onset of disease and an increased severity
of symptoms resulting in a different phenotype (Fujigasaki et al.,
2001; Nakamura et al., 2001; Ziihlke et al., 2001; Rolfs et al.,
2003). In HD, for example, repeat sizes of >60 CAGs will lead to
juvenile HD with bradykinesia and dystonia as predominant mo-
tor symptoms rather than chorea (Siesling et al., 1997; Squitieri et
al., 2006; Quarrell et al., 2009). Animal models such as our

TBPQ64 rats, which exhibit a biphasic activity profile, will be of
great value to investigate the contribution of the indirect pathway
to the development of hyperkinetic symptoms such as chorea as it
has been shown in an HD patient (Starr et al., 2008), and to test
therapeutics targeted to this pathway. Furthermore, the larger
size of rats facilitates greatly the use of in vivo electrophysiology,
which will be essential to understand how the neuronal circuitry
is affected and how compounds such as phospodiesterase 10
inhibitors could restore the function of indirect pathway neu-
rons not only in HD but also in SCA17 (Threlfell et al., 2009;
Beaumont, 2012).

Unlike the other spinocerebellar ataxias, SCA17 is not only
characterized by progressive cerebellar ataxia, but also a broad
spectrum of other neuropsychiatric signs (Ziithlke et al., 2001;
Mariotti et al., 2007). Mouse models are in general limited for
studying these functional and behavioral measurements (Tecott
and Nestler, 2004; Rodriguiz and Wetsel, 2006), especially since
most standard test designs were originally developed and vali-
dated for rats. Whether they can be transferred to mice by mere
downsizing of the test systems is unclear. Therefore, TBPQ64 rats
are a valuable resource to study nonmotor abnormalities in
SCA17.Indeed, we demonstrated increased anxiety-like behavior
for the first time in a rodent model of SCA17 paralleling the
human condition (Ziihlke et al., 2001; Mariotti et al., 2007). This
is especially interesting as several anxiolytic drugs are available,
which have been validated in rats using the elevated plus maze for
more than two decades (reviewed in File, 1990). Whether cogni-
tive changes are also present in TBPQ64 rats has not been evalu-
ated in the current study but testing will be readily feasible in this
rat model in future studies.

Neuropathologically, the severe phenotype of SCA17 rats was
associated with neuronal loss, particularly in the cerebellum. De-
generation of Purkinje cells, basket cells, and stellate neurons;
changes and degenerations in the morphology of the Purkinje cell
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dendrites; axonal torpedos; and TBP-positive immunoreactivity
of stellate and basket cells in the molecular layer were readily
found by light and electron microscopy (Fig. 6; 7), consistent
with findings in human SCA17 patients (Fig. 6) (Rolfs et al.,
2003). Interestingly, we also observed numerous TBP-positive
granule cells adjacent to immunonegative cells, which was not
found to this extent in the human SCA17 patients investigated
here. However, there is a report of nuclear TBP reactivity in gran-
ule cell nuclei in SCA17 human patients (Fujigasaki et al., 2001).
The abundant expression of mutant TBP in granule cells of the
TBPQ64 rat may be due to the prion promoter construct that we
used and in agreement with the known expression pattern of the
transgene expression driven by this promoter (Borchelt et al.,
1996; Schilling et al., 1999a,b; Garden et al., 2002). Together, the
neuropathological changes detected in the TBPQ64 rats recapit-
ulate many characteristics of human SCA17 and extend findings
in SCA17 mouse models (Friedman et al., 2007; Chang et al.,
2011; Huang et al., 2011), especially in regard to changes in den-
drite morphology.

To take advantage of the larger brain size of rats compared to
mice, we performed in vivo PET and DTI imaging to detect a
potential biomarker for SCA17. Previous PET data with the do-
pamine 2 receptor antagonist raclopride in SCA17 patients
showed loss of postsynaptic D, receptors in the caudate nucleus
(Brockmann et al., 2012). In our TBPQ64 rats, a decreased bind-
ing potential of the D, receptor antagonist [ ''Clraclopride was
found in the caudate—putamen, consistent with the human data,
although this difference did not reach significance. This may be
due to the low expression of mutant TBP in this brain region in
the SCA17 rats, and maybe attributed to the use of the Prp pro-
moter to drive transgene expression.

Since the D, receptor is expressed only at low levels in the
cerebellum (Farde et al., 1985), the most affected brain region in
the TBPQ64 rats, we applied DTI, which allows the observation
of gray and white matter changes over time. In HD patients, DTI
has also been shown to allow detection of altered tissue integ-
rity in both preclinical and clinical stages of HD (Mascalchi et
al., 2004; Reading et al., 2005; Rosas et al., 2006, 2010; Seppi et
al., 2006; Bohanna et al., 2008; Kloppel et al., 2008; Douaud et al.,
2009; Della Nave et al., 2010; Mandelli et al., 2010; Sritharan et al.,
2010). DTT has also been successfully applied in an inducible rat
model of HD (Van Camp etal., 2012) and in one of the transgenic
rat models of HD (Antonsen et al., 2012; Blockx et al., 2012), as
well as in other rodent disease models (Song et al., 2004; Boska et
al., 2007; Lope-Piedrafita et al., 2008; Van Camp et al., 2009;
Grundmann et al., 2012). DTT thus appears as a promising tool
for monitoring neuropathology in transgenic SCA17 rats. In the
TBPQ64 rats we detected a significant increase in cerebellar dif-
fusion (higher ADC values) indicating cell death, which isin good
agreement with our neuropathological findings (loss of basket
and stellate neurons in the molecular layer, dark cell degeneration
of PCs). Furthermore, we found a significant decrease of FA val-
ues in the external capsule, although no significant difference in
the dorsal striatum, the ventral striatum, or the substantia nigra
could be observed. The significantly lower FA value in the exter-
nal capsule could hint to a degeneration of the fiber bundles that
project to the dopaminergic neurons of the striatum. Consistent
with this we had observed fiber degeneration in the striatum of
some SCA17 rats (data not shown). Our results confirm that DTI
measures are potentially useful correlates of neuropathological
changes in these transgenic rats and raise hope that DTT imaging
could provide a biomarker for SCA17 patients, which has not
been pursued so far.
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