ABSTRACT
URKASEMSIN, GANOKON. Gene Discovery in Hereditary Cerebellar Cortical
Degeneration of Scottish Terriers. (Under the direction of Dr. Natasha J Olby, and Dr. Jorge
A Piedrahita).

Hereditary cerebellar degeneration is a heterogeneous group of ataxia-associated
neurodegenerative diseases with a wide range of clinical and pathological manifestations,
constituting an important emerging problem affecting purebred dogs, particularly the
Scottish Terrier. Yet, this breed has different clinical and pathological features from other
breeds with ataxia syndromes, indicating a different genetic background. In Scottish
Terriers, hereditary cerebellar degeneration has been recognized in this breed in the last
decade. Therefore, this study was aimed to: (1) describe the clinical and histopathological
manifestations in a large cohort of affected Scottish Terriers with cerebellar cortical
degeneration, (2) estimate the disease prevalence and determine the possible mode of
inheritance, (3) identify the genetic locus, and (4) ultimately develop a genetic test for this
disease in the breed.

Initially, owners of 62 affected (case) dogs were contacted for a description of clinical
signs, age of onset, disease progression, videotapes of gait, brain magnetic resonance
imaging (MRI), pedigrees, blood samples (for DNA extraction), and brains for
histopathological examination. Gait abnormalities were noted in the first year of life in 76%
of dogs, and progressed slowly. Clinical signs included wide based stance, dysmetria,
intention tremor, and difficulty negotiating stairs and running. Cerebellar atrophy was
detected on MRI. Prevalence of disease was estimated at 1 in 1,335 American Kennel Club
registered Scottish Terriers. Pedigree and litter analysis results were consistent with an
autosomal recessive mode of inheritance.

Brain histopathology revealed cerebellar cortical degeneration characterized by a

loss of Purkinje neurons, thinning of molecular and granular layers and polyglucosan bodies



(PGBs) in the molecular layer. Counts of Purkinje neurons and PGBs demonstrated a
significant degeneration of Purkinje neurons which was more profound dorsally than
ventrally, and significantly more PGBs in the ventral half of the vermis.
Immunohistochemically, PGBs in affected dogs stained positive for neurofilament 200 kD
and ubiquitin and were negative for other neuronal markers. Ultrastructurally, PGBs were
non-membrane-bound amorphous structures with a dense core.

To identify the chromosomal region associated with the disease, genome-wide
microsatellite genotyping (22 cases and their 71 control relatives) and single nucleotide
polymorphism (SNP) genotyping (46 cases and 60 controls) were performed. Linkage
analysis on the microsatellite genotyping data revealed a significantly linked region to the
disease on chromosome X (CFA X) (LOD score=5.6, at 41.0-117.2 Mb), but not on
autosomes. Association analysis on the SNP genotyping data confirmed a significant
association on CFA X (Praw=5.249 x10°, Pgenome=3.076 x10°, Bonferroni=7.497 x107),
and also narrowed the region of interest down from 76.2 Mb to 6.7 Mb. Re-evaluation of
available pedigrees suggested either an X-linked recessive trait or dominant with incomplete
penetrance trait. However, the over-representation of female controls as opposed to less
female cases appears to be more consistent with a recessive X linked trait. To determine
candidate gene(s) for the disease, targeted capture microarray technology of the region of
interest and High-Throughput Sequencing (HTS) were performed in a subset of 6 case and
control dogs. The HTS revealed 96 intronic variants segregating with the disease as an X-
linked recessive trait. The candidate gene, HPRT1, contained 18 variants. Mutations of
HPRT1 cause Lesch-Nyhan syndrome characterized by gouty arthritis and neurological
disorders of which cerebellar ataxia and pathology are a component in humans. Other
candidate genes are SLC9A6 and SMARCAL, which have been associated with the mental
retardation syndromes in humans with a component of cerebellar ataxia. In order to develop

a genetic test, five of 18 variants in HPRT1 gene and upstream were Sanger sequenced in



23 cases and 65 controls, with none of the variants segregating with the disease.

Sequencing of additional variants on HPRT1, SLC9A6 and SMARCA1 is needed.
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CHAPTER 1

Literature Review of Hereditary Ataxia

Literature Review

The cerebellum is a complex part of the central nervous system (CNS) containing
one of the most complicated neuronal networks in the brain. The cerebellum has neuronal
connections with several parts of the brain, which allows it to function as an important brain
center integrating and modulating inputs from somatomotor, somatosensory, special
senses, and visceral systems, and from centers involved in emotions and cognitive
functions. In response to inputs from all the above, the cerebellum then produces
coordinated tasks®, such as fine-adjustment of movements and control of gait®.

Anatomically, the cerebellum consists of a narrow midline region, called the vermis,
and two hemispheres. The cerebellum is located above the brainstem and caudal and
ventral to the occipital lobe of the cortex, and cerebellar peduncles attach it to the brainstem.
Altogether, it occupies about 9.32% of the total brain®. The cerebellum is comprised of a
central core of white matter surrounded externally by a grey matter cortex. The cerebellar
white matter consists of deep cerebellar nuclei and efferent and afferent fibers of the
cerebellar cortex. The cerebellar cortex is composed of three layers: (1) the molecular layer
is the most external cortical layer of neurons consisting of stellate cells, basket cells, and
several dendrites and axons, (2) a single layer of Purkinje neurons lie below the molecular
layer, and their dendrites extend out into the molecular layer, and (3) deep to the Purkinje
cells there is a thick layer of smaller neurons also called granular cells, and a smaller
number of Golgi cells®. Only axons from Purkinje neurons convey information away from the

cortex by passing the granular layer to terminate at the cerebellar nuclei or at the vestibular



nuclei*. Mossy fibers (axons from brainstem and spinal cord) and climbing fibers (axons
from olivary neurons in the medulla oblongata) are the two major types of afferents that
reach the cerebellum. Mossy fibers usually synapse at the cerebellar nuclei in the white
matter and at the granular neurons in the cerebellar cortex. Climbing fibers synapse at the
cerebellar nuclei and on the dendrites of Purkinje neurons in the molecular layer?.

In terms of histopathology, the cortical cerebellum and its neuronal layers are highly
susceptible to insult, particularly the Purkinje neurons, and therefore constitute a common
target for neurodegenerative disease processes. In human medicine, neurodegenerative
disorders of the cerebellum, such as the hereditary ataxias especially the spinocerebellar
ataxia (SCA), are an important group of disorders with a significant financial burden on
health care systems. Hereditary ataxias are a heterogeneous group of diseases and can be
classified as either sporadic cases or inherited as autosomal dominant or recessive, X-
linked, or maternal (mitochondrial) modes* (Table 1, 2, 3, and 4). Hereditary ataxias can
also be classified according to their mechanism as channelopathies, abnormal protein
folding and degradation, defective DNA repair, mitochondrial disroders, and metabolic
dysfunction®.

A large variety of rodent models have been developed in order to understand the
etiopathogenesis of hereditary cerebellar ataxias. For example, leaner, rolling, rocker,
wobbly, and tottering mice®, and groggy rat’ have been used to study an intrinsic
mechanism for channelopathy-based ataxias. These rodents have different mutations in the
CACNAI1A gene encoding t haesublhit of voltage-gated Ca,2.1 Ca**®. The CACNAILA
gene is also highly expressed in neuronal tissues (cell bodies, dendrites, and presynaptic
terminals) and especially in the cerebellum, particularly in the Purkinje neurons®. Recent

findings suggests that the Purkinje neuron channel Ca,2.1- Uis -knockout is sufficient to



cause cerebellar ataxia in mice®. Mutations in this gene can cause spinocerebellar ataxia

type 6%, episodic ataxia type 2, and familial hemiplegic migraine™ in humans. Another

example of a channelopathy causing cerebellar ataxia occurs when the expression of the

t r ans me mbamiam3ehydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor
regulatory proteins (TARP) is severely reduced in the stargazer mutant mouse, particularly

the TARP-2 2 or stargazin - coded by the CACNG2 gene'?. The downregulation of TARP-

22 was |linked with cerebellar ataxia and absenc
glutamate receptors of the subtype AMPA has been reported on inhibitory Purkinje cells,

stellate cell, basket cell and granular cells'®. These AMPA glutamate receptors (AMPARS)

are heterotetrameric transmembrane proteins formed by combinations of four glutamate

receptor subunits, GluAli 4**. As previously mentioned, Purkinje cells constitute the only

output from the cerebellum but they also include inhibitory projection neurons. Purkinje cells

also receive excitatory input from mossy fibers through the parallel fibers of the granular

neurons and from climbing fibers, and they predominantly express only one member of each

TARP subcl ass; stargazin (92 Mypesf. Pkinjasels hdve and 97
GluA2/3-containing synaptic AMPARs®® and express TARWREeteatellatend o7
cell and basket cell in the cerebellum have GluA2-lacking calcium-permeable (CP) synaptic
AMPARSs, containing GluA4'®. Researchers recently found 52% losses of GIuA2/3 at parallel
fiber-Pur ki nj e neuron synapskOsmice(thastargazerdnousermodelA RP o 2
by post-embedding immunogold-labeling’®. Previous to this latter study, mossy fibersi

granular cells synapses in the ataxic stargazer (stg) cerebellum devoid GluA2/3 labeling,

whereas the same synapses in non-ataxic +/stg littermates labeled in large quantities. In

fact, the granular neurons are unique in being dependent upon stargazin as their sole TARP

responsible for delivery of synaptic AMPARs. Physiologically, this unique feature makes



mossy fiber to granular cell synapses lose all synaptic AMPARs, and therefore become
functionally silent™. On the other hand, recent in vitro studies have indicated that the
inhibitory Purkinje cells®® and stellate cells®® also have a compromised synaptic AMPAR
function in stargazer model, which may also contribute to the ataxic phenotype.

Other rodent models such as, moonwalker mice (TRPC3 gene)®, sticky mouse
(AARS gene)?, Purkinje cell degeneration mouse (AGTPBP1 gene), recoil wobbler mouse
(GRM1 gene)®, Staggerer mouse (RORA gene)®, and other rodent models specific for
human ataxia have also been used to investigate the underlying causes of Purkinje cell
degeneration and the synaptic innervation pre-processes in the cerebellum. Although a
number of genes with a variety of mutations have been identified as the underlying disease
mechanism in humans (Table 1, 2, 3, and 4), there are still several ataxia-related clinical

syndromes of which the etiopathogenesis and genetic causes remain unknown* %,



Table 1 Autosomal dominant neurodegenerative cerebellar ataxia disorders®?>*, Pink highlights
represent the diseases with relatively pure cerebellar ataxia.

channel subunit beta-4

Human autosomal Human Dog .
domi ) chromo | chromo Gene Gene product Mutation
ominant ataxia
some some
Abnormal protein folding and degradation
Spinocerebellar ataxia Translated
P 6 35 ATXN1 ataxin-1 CAG repeat
type 1 (SCAL) !
expansion
Translated
SCA2 12 26 ATXN2 ataxin-2 CAG repeat
expansion
Translated
SCAS/MJD Machado- 14 8 ATXN3 ataxin-3 CAG repeat
Joseph disease !
expansion
. Translated
SCA6 19 20,7 CACNA1A | Voltage-dependent P/Q-type calcium | ~pcoeat
channel subunit alpha-1A d
expansion
Translated
SCA7 3 20 ATXN7 ataxin-7 CAG repeat
expansion
Translated
SCA17 6 12 TBP TATA-box-binding protein CAG repeat
expansion
Dentatorubral '(I;ragjgted
pallidoluysian atrophy 12 27,5 ATN1 atrophin-1 AGICAA
DRPLA) repeat
( expansion
Mitochondrial dysfunction
Leigh syndrome 9 9 SURF1 surfeit locus protein 1 Point mutation
Optic atrophy and 3 23 OPA1 dynamln—llk_e 120 kDa protein Point mutation
deafness mitochondrial
. 17 9 POLG?2 DNA polymerase subunit gamma-2 | o0 1 tation
Progressive external mitochondrial
ophthalmoplegia with 15 3 POLG1 Polymerase-gamma gene Point mutation
mitochondrial DNA
deletions (PEO) 4 16 SLC25A4 ADP/ATP translocase 1 Point mutation
10 28 C10orf2 twinkle Point mutation
Chanelopathies
SCA13 19 6,21 | KCNC3 potassium voltage-gated channel Point mutation
subfamily C member 3
Episodic Ataxia type 1 potassium voltage-gated channel . .
(EAL) 12 27 KCNA1 subfamily A member 1 Point mutation
EA2 19 207 CACNA1A | Voltage-dependent P/Q-type calcium | o oy ation
channel subunit alpha-1A
EAS 2 19 CACNB 4 | Voltage-dependent L-type calcium Point mutation




Table 1 Continued

Human autosomal Human Dog .
domi . chromos | chromos Gene Gene product Mutation
ominant ataxia
ome ome
Others
306
scas 13 22 ATXN8OS | ATXNSOS Untranslated
CTG repeat
expansion
Intronic
SCA10 22 10 ATXN10 ataxin-10 ATTCT repeat
expansion
56
serine/threonine-protein phosphatase | Untranslated
SCAL2 5 2.4 PPP2R2B 2A regulatory subunit B beta isoform CAG repeat
expansion
brain expressed, associated with Intronic
neural precursor cell expressed, TGGAA/TAAA
B e 2 HIEANE developmentally down-regulated 4 repeat
(NNED4), 1 expansion
Intronic
SCA36 20 24,X,2 NOP56 nucleolar protein 56 GGCCTG
repeat
expansion
Adult-onset autosomal
dominant 5 11 LMNB1 lamin-B1 duplication
leukodystrophy (ADLD)
spectrin beta chain brain, 2Beta-Il| . .
SCA5 11 18 SPTBN2 spectrin Point mutation
SCAl1 15 30 TTBK2 tau-tubulin kinase 2 Point mutation
SCA14 19 1,6 PRKCG protein kinase C gamma type Point mutation
SCA15/16 3 20 ITPRL 'tggz'tf' 1 4 5-trisphosphate receptor | iy mtation
SCA23 20 24 PDYN prodynorphin Point mutation
SCA28 18 7 AFG3L2 ATPase family gene 3-like 2 Point mutation
SCA27 13 22 FGF14 fibroblast growth factor 14 Point mutation
SCA35 20 24 TGM6 transglutaminase 6 Point mutation
Unjdentified type of 16 5 PLEKHG4 puratrpphin-l or Purkinje cell atrophy Point mutation
spinocerebellar ataixa associated protein
EA6 5 4 SLC1A3 excitatory amino acid transporter 1 Point mutation
Unknown
EA3 1 Unknown | Unknown Unknown Unknown
EA4 Unknown | Unknown | Unknown Unknown Unknown
EA7 19 Unknown | Unknown Unknown Unknown
SCA4 16 Unknown | Unknown Unknown Unknown
SCA18 Unknown | Unknown Unknown Unknown
SCA19/22 Unknown | Unknown Unknown Unknown




Table 1 Continued

Human autosomal Human Dog .
domi ; chromos | chromos Gene Gene product Mutation
ominant ataxia
ome ome
Unknown
260-kb
duplication in
SCA20 11 Unknown | Unknown Unknown the pericentric
region
SCA21 7 Unknown | Unknown Unknown Unknown
SCA25 2 Unknown | Unknown Unknown Unknown
SCA26 19 Unknown | Unknown Unknown Unknown
SCA29 3 Unknown | Unknown Unknown Unknown
SCA30 4 Unknown | Unknown Unknown Unknown
Table 2 Autosomal recessive neurodegenerative cerebellar ataxia disorders® 2% 3437,
Human autosomal recessive Human Dog
ataxia chromo | Chromo Gene Gene Product Mutation
some some
Mitochondrial disorder
Intronic
GAA repeat
Friedreich's ataxia (FRDA) 9 1 FXN frataxin mitochondrial precusor | expansion,
point
mutation
Autosomal recessive cerebellar 1 71 ADCK3 chaperone activity of bcl Point
ataxia type 2 (ARCA2) ' complex-like mitochondrial mutation
Autosomal recessive progressive 15 3 POLG1 DNA polymerase subunit Point
external ophthalmoplegia (PEO) gamma-1 mutation
Sensory ataxic neuropathy, . .
dysarthria, ophthalmoplegia 15 3 POLG1 D;\ln,:\nE):_l)llmerase subunit Zc:;tn;tion
(SANDO) 9
Alpers Huttenlocher syndrome DNA polymerase subunit Point
(AHS) 15 3 POLGL gamma-1 mutation
Mitochondrial neuro-gastro- . .
intestinal encephalomyopathy 15 3 POLG1 D;\lrﬁn?;a_l)llmerase subunit Ecl);tn;tion
(MNGIE) 9
Mitochondrial recessive ataxia 15 3 POLG1 DNA polymerase subunit Point
syndrome (MIRAS) gamma-1 mutation
Myoclonus epilepsy, myopathy and 15 3 POLG1 DNA polymerase subunit Point
sensory ataxia (MEMSA) gamma-1 mutation
Infantile-onset spinocerebellar twinkle protein mitochondrial Point
ataxia (IOSA) 10 28 Cl0orf2 isoform D mutation
Diabetes insipidus, diabetes 4 13 WES1 wolframin Point_
mellitus, optic atrophy, deafness mutation
syndrome (DIDMOAD, Wolfram 4 32 CISD2 or CDGSH iron-sulfur domain- Point
syndrome) WFS2 containing protein 2 mutation
Leigh syndrome 3 20 PDHB Eyruvate dehydrogenase E1- Pomt'
eta mutation




Table 2 Continued

Human autosomal recessive Human Dog .
ataxia chromo | Chromo Gene Gene Product Mutation
some some
Metabolic stress
Ataxia with vitamin E deficiency alpha-tocopherol transfer Point
(AVED) 8 29 TTPA protein mutation
microsomal triglyceride Point
Abetalipoprotenaemia (ABLP) 4 32 MTTP transfer protein large subunit mutation
precursor
Defective DNA repair
. . . . s Point
Ataxia telangiectasia (AT) 11 5 ATM serine-protein kinase ATM mutation
Ataxia telangiectasia-like disorders meiotic recombination 11 Point
(ATLD) 1 21 MREL1A homolog A mutation
Ataxia with oculomotor apraxia, . Point
typel (AOA1) 9 1 APTX aprataxin mutation
Ataxia with oculomotor apraxia, . . Point
type2 (AOA2) 9 9 SETX probable helicase senataxin mutation
Spinocerebellar ataxia with axonal 14 8 TDP1 tyrosyl-DNA Point
neuropathy 1 (SCAN1) phosphodiesterase 1 mutation
Others
Autosomal recessive spastic ataxia Point
of Charlevoix-Saguaney 13 25 SACS sacsin mutation
(ARSACS)
Marinesco Sjogren's syndrome 5 11 SIL1 nucleotide exchange factor Point
(MSS) SIL1 precursor mutation
Cayman ataxia 19 1 ATCAY caytaxin Point
mutation
Polyneuropathy, hearing loss, monoacylglycerol lipase Point
ataxia (PHARC) 2 23 ABHD12 ABHD12 mutation
L Intronic
Early—onset cerebellar ataxia with 9 1 EXN frataxin GAA repeat
retained tendon reflexes !
expansion
Autosomal recessive cerebellar . Point
ataxia (ARCA1) 6 L SYNEL nesprin-1 mutation
Late-onset Tay-Sachs disease 15 30 HEXA beta-hexosaminidase subunit Point .
alpha mutation
10 5 PHYH phyta_noyI-CoA dioxygenase Point _
peroxisomal precursor mutation
Refsum's disease - - - -
6 1 PEX7 peroxisomal biogenesis factor Point
7 mutation
Cerebrotendious Xanthomatosis 5 37 CYP27A1 stgrol 26-hydroxylase Pomt'
(CTX) mitochondrial precursor mutation
Autosomal recessive Point
spinocerebellar ataxia type 10 3 23 ANO10 anoctamin-10 mutation
(SCAR10)
Ataxia Wlth epilepsy and mental 3 33 KIAA0226 | Rundataxin Point '
retardation mutation
Juvenile-onset spino-cerebellar 16 unknown | unknown unknown unknown

ataxia and epilepsy (SCAE)




Table 3 X-linked disorders with cerebellar ataxia. Pink highlights represent the diseases that are

considered as a neurodegenerative disorder

4, 38-43

complex subunit 4

Human X-linked Human Dog
disorder with chromosomal chromosomal Gene Gene product Mutation
cerebellar ataxia locus locus
n . chrX:19362011 chrX:15291768 pyruvate Point
X-linked Leigh syndrome | 9379855 -15307494 PDHAL | denydrogenase E1 mutation
X-linked lissencephaly chrX:25021813 chrX:20497217 ARX Aristaless-related Point
with ambiguous genitalia | -25034065 -20509007 homeobox mutation
Calcium/Calmodulin .
chrX:41374189 chrX:35884501 - Point
CASK syndrome 41782287 36244469 CASK depende_nt serine mutation
protein kinase
Oligophrenin-1 chrX:67262186 chrX:55377327 . . Point
syndrome -67653299 -55908921 OPHN1 oligophrenin-1 mutation
Z;'é’*iz'sv?t'ﬁggﬁ'ac chrX:74273105 | chrx61359945 | o oo ATP-binding cassette | Point
(XLSA/A) -74376132 -61523487 sub-family B member 7 | mutation
X-linked Opitz/GBBB chrX:10413350 chrX:7041201 . Point
syndrome -10851809 7198729 MID1 midline-1 mutation
X-linked lissencephaly chrX:110537007 | chrX:87469155 DCX neuronal migration z(fjltn;tion
type | -110655460 -87586087 protein doublecortin duplication
Oral-facial-digital type I | p,/v.13750830. | chrx:10098404 oral-facial-digital Point
X-linked Joubert OFD1 . .
syndrome 13787480 -10151431 syndrome 1 protein mutation
SWI/SNF related,
Candidate gene for X- matrix associated, actin
- . chrX:128580478 chrX:103732870 SMARCA1 :
linked mental retardation | 7 5orcs /o 103805637 / SNE2L dependent regulator of | unknown
in 12 families chromatin, subfamily a,
member 1
Lesch-Nyhan Syndrome | chrX:133594175 | chrX:108177629 HPRT1 h%ggxigtr?tl)gi-?# qulsr:r Point
(LNS) -133634698 -108214917 gse P Y mutation
;(};'r']r(‘j':ggq:g?e'ma”"'ke chrx:135067586 | ChrX:109487347 | o Lon Zgg;]“amng hydrogen | point.
L -135129428 -109534427 mutation
chistiansone syndrome precursor
X-linked visceral chrX:136648346 | chrX:110890225 71C3 zinc finger protein ZIC Point
heterotaxy -136654259 -110896083 3 mutation
5
Fragile X syndrome chrX:146993469 | chrX:119319444 FMR1 fragile X mental untranslated
9 Y -147032647 -119357536 retardation 1 protein CGG repeats
expansion
FEGIE N SsnEEE hrX:146993469 | chrx:119319444 fragile X | e
tremor/ataxia syndrome chrX: chrX: FMR1 ragile X mental untranslates
(FXTAS) -147032647 -119357536 retardation 1 protein CGG repeats
expansion
. chrX:153126971 | chrX:124752308 neural cell adhesion Point
X-linked hydrocephalus | 153141399 -124766310 LICAM | molecule L1 mutation
X-linked mental . . : Adaptor protein .
retardation, Fried type c{\é>8(71351%%3929 (1:2;)211;233’ 1672 AP1S2 complex 1 complex z(zjltn;tion
(MRXSF) subunit sigma-2
chrX:153287264 | chrX:124908283 methyl-CpG-binding Point
Rett syndrome -153363188 -124976606 MECP2 | Jrotein 2 mutation
.- chrX:153576900 chrX:125105202 o Point
Oto-palato-digital type Il 153603006 125127243 FLNA filamin-A mutation
H/ACA .
. chrX:153991031 | chrX:125859717 - . Point
Hoyeraal-Hreidarsso 154005964 125870907 DKC1 ribonucleoprotein mutation




Table 4 Maternally mitochondrial inherited disorders with cerebellar ataxia®.

Human mitochondrial disease with ataxia Gene coding mutation

Mitochondrial encephalomyopathy, lactacidosis, stroke-like tRNAs, Respiratory Complex (RC) Poi .

: . oint mutation
episodes (MELAS) subunits
Myoclonic epilepsy and ragged red fibers (MERRF) tRNAs Point mutation
Multiple systemic lipomatosis (MSL) tRNAs Point mutation
Mitochondrial diabetes and deafness syndrome (MIDD) tRNAs Point mutation
Leberds hereditary optic neur| RCsubunits Point mutation
Neurogenic muscle weakness, ataxia, and retinitis pigmentosa RC subunit Point mutation
(NARP)
Maternally inherited Leigh syndrome (MILS) RC subunits Point mutation
Pearson syndrome (PS) RC subunits, RNAs Dupll_catlon/large

deletion

Kearns Sayre syndrome (KSS) RC subunits, RNAs Duplication/large

deletion

In fact, several neurodegenerative diseases in humans, such as Alzheimers disease
and hereditary ataxia are clinically and histopathologically comparable to spontaneous
diseases of dogs*’. The inherent structure of modern dog breeds with extensive inbreeding
and population bottlenecks from selective breeding practices, can enrich genetic risk factors
and make diseases more detectable by genetic studies. Domestic dogs are also known to
serve as companion animals, and consequently, they also have been exposed to many of
the same environmental conditions as humans including living space, and food sources.
These may result in common disease risk factors and pathogenesis between humans and
dogs®. Moreover, hereditary cerebellar degeneration is also a common neurodegenerative
disorder that affects a broad range of species, and it is a major concern in purebred dogs,

including Scottish Terriers® .

The group of neurodegenerative ataxias affecting the
cerebellar cortex is primarily classified as cerebellar cortical abiotrophy in veterinary
medicine. Cerebellar abiotrophy is a collective term that implies an inherited intrinsic

metabolic disorder that causes progressive neuronal (Purkinje cell) death?. Taken together,
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all these facts make the cerebellar cortical region very attractive for clinical research
purposes in veterinary medicine. Along with the obvious benefits to dogs, identifying the
genetic cause of hereditary cerebellar degeneration may also provide insightful
etiopathogenic mechanisms for the hereditary ataxias in humans.

In Scottish Terriers, the first case report describing the cerebellar cortical
degeneration condition was published in 2001*. Subsequently, cerebellar cortical
degeneration has emerged as an important problem in the Scottish Terrier breed, which
lead to these dissertation studies in a large cohort of Scottish Terriers with hereditary
cerebellar cortical neurodegenerative disease. Clinical and brain histopathological
information was collected on this cohort of affected (case) Scottish Terriers. DNA from this
dog breed was also collected in order to perform molecular genetic analysis aiming to
identify the genetic basis of the hereditary cerebellar cortical degeneration. Results and
conclusions of these studies in affected Scottish Terriers are described and discussed in
detail in the following chapters (chapter 2 through chapter 7) of this dissertation. In
summary, the chapters below will target the following aims:

Chapter 2: To Report the clinical and histopathological manifestations and estimate the
prevalence of hereditary cerebellar cortical degeneration in a cohort of Scottish Terriers, and
to identify the mode of inheritance of the disease in a preliminary pedigree analysis, in which
the analysis was performed by a separate investigator.

Chapter 3: To quantify Purkinje neurons and polyglucosan bodies, as well as to describe
the immunohistochemical and ultrastructural features of the polyglucosan bodies in control

and case dogs with hereditary cerebellar cortical degeneration.

11



Chapter 4: To identify a genetic region linked to the hereditary cerebellar cortical
degeneration in Scottish Terriers using genome-wide microsattelite genotyping and linkage
analysis (family-based).

Chapter 5: To confim and Aif immag 6 t he region found in
candidate genes for the disease by genome-wide single nucleotide genotyping, association
analysis (population-based), and haplotype analysis.

Chapter 6: To localize the gene causing the disease and develop a genetic test by using
targeted capture high-throughput sequencing of the candidate region found in chapter 5,
and conventional sequencing of the variants that segregated with hereditary cerebellar
cortical degeneration of Scottish Terriers.

Chapter 7: In this last chapter, the main conclusions of all dissertation studies will be
presented. Additionally, future research directions will be discussed to further elucidate the

genetic basis of hereditary cerebellar cortical neurodegenerative diseases.

12
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CHAPTER 2

J Vet Intern Med 2010;24:565-570

Hereditary Cerebellar Degeneration in Scottish Terriers
G. Urkasemsin, K.E. Linder, J.S. Bell, A. de Lahunta, and N.J. Olby

Background: Hereditary cerebellar degeneration is described in several dog breeds. This heterogeneous group of diseases
causes cerebellar ataxia associated with cerebellar cortical degeneration.

Objective: To report the clinical and histopathological features, and describe the mode of inheritance of hereditary
cerebellar degeneration in Scottish Terriers.

Animals: Sixty-two affected dogs recruited through the Scottish Terrier Club of America.

Materials and Methods: Prospective, observational study: Owners of affected dogs were contacted for a description of
clinical signs, age of onset, and disease progression. Medical records, videotapes of gait, and brain imaging were evaluated.
‘When possible, necropsy was performed and the brain examined histopathologically. Prevalence of the disease was estimated
and a pedigree analysis was performed to determine mode of inheritance.

Results: Gait abnormalities were noted in the Ist year of life in 76% of dogs, and progressed slowly; only 1 of 27 dogs dead
at time of writing was euthanized because of cerebellar degeneration. Clinical signs included wide based stance, dysmetria,
intention tremor, and difficulty negotiating stairs and running. Cerebellar atrophy was detected on magnetic resonance imag-
ing. On histopathological examination, there was segmental loss of Purkinje neurons, thinning of molecular and granular
layers, and polyglucosan bodies in the molecular layer. Prevalence of disease was estimated at 1 in 1,335 American Kennel Club
registered Scottish Terriers. Genetic analysis results are consistent with an autosomal recessive mode of inheritance.

Conclusion and Clinical Importance: A hereditary cerebellar degenerative disorder with a relatively mild phenotype has

emerged in the Scottish Terrier. Genetic studies are needed.

Key words: Canine; Cerebellar abiotrophy; Cerebellar ataxia; Polyglucosan body; Purkinje cell.

ereditary degenerative cerebellar disorders are an
Himportant problem in purebred dogs. The most
commonly recognized categorizes of this type of condi-
tion are abiotrophies (cell death is believed to be due to
an intrinsic metabolic disorder)! and lysosomal storage
diseases.? The cerebellar cortex is the primary site of ne-
urodegeneration and in the most common form, there is
severe loss of Purkinje cells associated with a depletion of
granule cells and atrophy of the molecular layer_l This
has been reported in a wide range of breeds." 2* In an-
other form. granular cell loss is the primary event. with
relative sparing of Purkinje cells. ™ Progressive neuronal
loss causes the development of a mixture of cerebellar
and central vestibular signs, including a dysmetric gait,
loss of balance, a wide-base stance, and intention trem-
ors. Age of onset and progression varies between breeds
and individuals. When a hereditary basis has been estab-
lished, the most common mode of inheritance is
autosomal recessive, !=3%12714.16.20
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Abbreviations:

AKC American Kennel Club

CSF cerebrospinal fluid

GFAP glial fibrillary acidic protein
LFB luxol fast blue

MRI magnetic resonance images
NCSU North Carolina State University
PAS periodic acid-Schiff

SD standard deviation

SCAs spinocerebellar ataxias

A case report of a Scottish Terrier describing cerebellar
cortical degeneration was published in 2001.2! Subse-
quent to this report, cerebellar cortical degeneration has
emerged as an important problem in the Scottish Terrier
breed, leading us to collect clinical information on a large
number of affected dogs. The purpose of this paper is to
report the clinical and histopathological features of he-
reditary cerebellar cortical degeneration in a group of
Scottish Terriers, and to describe the mode of inheritance
of the disease in this breed.

Materials and Methods

Affected Scottish Terriers were recruited through the Scottish
Terrier Club of America. Owners were contacted by telephone
and detailed descriptions of the history and clinical signs were ob-
tained. Medical records and videotapes of gait when walking,
running, and negotiating steps were evaluated when available.
‘When performed, copies of magnetic resonance images (MRI) of
the brain and results of cerebrospinal fluid (CSF) analysis were
reviewed. The progress of each dog was followed every 3 months by
e-mail or telephone communication with the owner from the time of
inclusion in the study in order to map each dog’s clinical course.
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Diagnosis was confirmed by postmortem examination of the
brain when dogs were euthanized. Dogs that were euthanized at
university veterinary schools underwent a complete postmortem
examination, but if euthanized elsewhere, the brains were removed,
placed in 10% buffered formalin, and shipped to North Carolina
State University (NCSU) for histopathological examination. After
fixation, the brains were sectioned and embedded in paraffin using
routine technigques. Six-micrometer sections were cut and stained
with hematoxylin and eosin. In addition, sections from brains that
were evaluated at NCSU were stained with luxol fast blue (LFB) in
order to evaluate myelin, Bielschowsky silver stain to evaluate
axons, periodic acid-Schifll (PAS) to detect carbohydrates, and
Sudan Black to detect lipids. Immunohistochemical staining for
ghial fibrillary acidic protein (GFAP) was performed to evaluate
astrocytes using routine techniques. The brain of a neurologically
normal 11-year-old Scottish Terrier was evaluated in the same way
to provide a normal reference.

Based on evaluation of the medical records, videotapes, and con-
versations with the owners, affected dogs were grouped into 4
categories to reflect the criteria by which the diagnosis was made.
In category 1, the diagnosis was confirmed by necropsy. Dogs in
category 2 had undergone a complete diagnostic workup with M RI
of the brain, with or without CSF analysis. In category 3, the dogs
showed neurological signs and history consistent with cerebellar
degeneration and were related within 3 generations to one of the
dogs in categories 1 or 2, and in the last category, dogs had con-
sistent neurological signs and history.

Pedigrees of the affected dogs and details of their littermates and
parents were obtained when available. Litter analysis of the dogs in
categories 1 and 2 was performed to determine the mode of inhen-
tance. In order to estimate the minimum prevalence of the disease, the
number of Scottish Terriers registered with the American Kennel Club
(AKC) from 1994 to 2004 was compared with the number of known
affected AKC registered dogs that were born in those years.

Results

Sixty-two affected dogs were identified from Australia
(n = 2),Canada (n = 5), Japan (n = 1), the United King-
dom (n = 1), and the United States (n = 53). Twenty-five
dogs were female, and 37 were male. Twenty-seven dogs
were dead at the time of writing. The diagnosis was con-
firmed in 10 of these dogs by histopathology, one of
which was also examined by MRI (category 1). Four
dogs underwent an MRI of the brain without histopa-
thology (category 2). There were 24 dogs in the 3rd
category, and 24 dogs were placed in category 4. CSF
analysis was performed in one of these dogs. The dogs
were followed for a mean of 1.5 years (range 6 months to
4 years) at the time of writing.

Twenty-one dogs were adopted when adult and their
previous clinical history was therefore unknown. Age of
onset of gait abnormalities reported by owners of the re-
maining 41 dogs ranged from 2 months to 6 years (median:
7 months). In the majority of dogs (31 of 41 dogs, 76%),
onset of signs was noted during the 1st year of life. Two
owners reported that their dogs were clumsy from birth.
The 1st sign noted by owners was a gait abnormality of the
pelvic limbs. Affected dogs initially appeared normal when
walking in a straight line, but when running or walking
slowly up and down stairs, hind limb ataxia became evi-
dent. As the disease progressed, owners reported that dogs
developed noticeable gait abnormalities in all 4 limbs,
and they described hypermetria of the thoracic limbs. It

became progressively more difficult for the dogs to negoti-
ate stairs and they lost control of their pelvic limbs when
running. Owners described this as bunny hopping and the
pelvic limbs moving faster than the thoracic limbs, result-
ing in somersaulting and falling. An intention tremor was
noted in 12 dogs. Thirty-four owners reported slow
changes of signs over a period of years (median: 6 years;
range 1-12 years; SD: 2.76). Twelve owners reported that
their dogs had no further clinical deterioration after initial
onset of signs. This stabilization of signs occurred at 1 year
ofage (range: 1-3; SD: 0.79). These dogs maintained stable
signs (with mild or moderate signs) for a median of 6 years
(range: 1-11 years; SD: 3.41). One owner reported that
their dog’s signs became severe over a period of 2 years. We
were unable to maintain contact with 15 owners and could
not establish progression in these dogs.

Videotapes of 533 dogs were reviewed. The remaining
9 dogs were not videotaped but the diagnosis was con-
firmed in 5 of these dogs by necropsy and 2 by MRI. The
remaining 2 had consistent neurological signs and history
and were related to dogs in category 1 and 2. Based on
review of the videotapes and neurological history,
affected dogs exhibited classic signs of cerebellar disease
characterized by a wide-based stance, ataxia of all 4 limbs
with hypermetria more obvious in the thoracic limbs, and
difficulty negotiating stairs causing stumbling and fall-
ing. Six of the dogs had an intention tremor visible on the
videos and 1 dog was visual, but had absent menace re-
sponses (reported by the neurologist who examined him).
Eleven dogs had mild signs (hypermetria of all 4 limbs
when walking that was more evident when running or
negotiating steps but did not affect the dogs™ activity
level). These dogs ranged in age from 1 to 11 years
(median: 6 years). In 35 dogs the signs of ataxia were
more severe and were affecting the dogs™ activity level.
These dogs bunny hopped and somersaulted dramati-
cally when running and made frequent errors when
negotiating steps. These moderately affected dogs ranged
in age from 1 to 14 years (median: 7 years). Eleven dogs,
ranging in age from 2 to 13 years (median: 11 years), had
severe signs, making it difficult for them to walk. One of
these dogs crawled with its neck extended close to the
ground and its thoracic limbs rose above the head during
limb protraction. There was information on age and rea-
son for euthanasia in 24 of the 27 dogs that were dead.
The age of euthanasia ranged from 20 months to 15 years
(median: 10 years). Only one of the affected dogs was
euthanized because of cerebellar degeneration at the
age of 12 years. All the other dogs were euthanized for a
variety of unrelated disorders.

Cerebellar atrophy was evident on MRI of the brain in
5 dogs. There was increased space between the folia that
was most clearly detected on T2-weighted sagittal
images. The atrophy was more obvious in the dorsal half
of the cerebellum (Fig 1).

On gross examination of the brain following euthanasia,
the overall size of the cerebellum appeared small although
the severity of changes varied between dogs (Fig 2).
Histologically, extensive degeneration of the cerebellar
cortex was associated with segmental loss of Purkinje
neurons, which was nearly complete in some folia. This
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Fig 1. T2-weighted mid-sagittal MRI1 of a mildly affected 1-year-
old Scottish Terrer (A) and a severely affected 11-year-old Scottish
Terrier (B). There is increased cerebrospinal fluid (hyperintense sig-
nal) between the cerebellar folia in the rostral dorsal region of the
cerebellum in A and throughout the cerebellum in B.

was accompanied by marked atrophy of molecular and
granular layers. Changes were pronounced dorsally
throughout the cerebellum, but were less severe ventrally,
even in severely affected dogs. In particular, the nodulus
and uvula appeared relatively spared. Changes were more
severe at the apical tips of the folia in moderately affected
areas. In regions with severe changes, the borders between
the cerebellar cortical layers became blurred, granular neu-
rons became loosely spaced, and frequently, spared Golgi
neurons were visible in the granular layer (Fig 3). This loss
of organization and mild gliosis resulted in increased cellu-
larity of the junction between the granular and molecular
layers. Bielschowsky stains highlighted significant reorga-
nization of the neuronal endings on Purkinje neurons
following death of the Purkinje neuron. The normal bas-
ket like appearance of nerves around the Purkinje neurons
was lost in severely affected regions (Fig 4). Staining with
PAS, LFB, and Bielschowsky revealed intensely staining
circular bodies within the molecular layer. These inclusions
were also present in the age-matched control Scottish Ter-
rier and an age-matched American Staffordshire Terrier
but at lower frequency. Some Purkinje neurons also con-
tained small amounts of PAS positive material (Fig 3).
Staining with Sudan Black did not reveal abnormal storage
of lipid anywhere in the brain. GFAP immunohistochem-
istry showed mild astrogliosis in the regions of Purkinje
neuron loss. There was no evidence of involvement of the
cerebellar nuclei or other regions of the brain.

Fifty-three of the 62 affected dogs had a known pedi-
gree. Based on interviews with breeders and owners,
27 affected dogs had 2 phenotypically normal parents,
and | affected dog had an affected mother and a normal
father. Parental phenotype could not be confirmed in the
other affected dogs. Five pairs and 1 trio of affected dogs

Fig 3. The cerebellar cortex of an affected 12-year-old Scottish
Terrier (hematoxylin and eosin). There is complete loss of Purkinje
neurons between the molecular and granular layers. Spared Golgi
neurons are visible in granular layer (arrow). There is a thinning of
molecular and granular layers. Bar = 50 uM.

were full siblings. Two affected dogs were half siblings to
other affected dogs and the remaining dogs for which in-
formation was available were single affected dogs. Litter
analysis was possible on 11 of the 14 category 1 and
2 dogs. The remaining 3 had unknown parentage (2) or
litter information was not available (1). Litter analysis
showed 12 affected dogs out 0of 49 (24.5%) total offspring
in 11 litters from phenotypically normal parents. Using
Lenz-Hogben correction for bias of ascertainment, Chi-
squared analysis confirmed that the litter analysis was
consistent with a fully penetrant simple autosomal reces-
sive mode of inheritance (3% = 1.16, df = 1, P = .2045).
A pedigree map of 44 of the 53 affected Scottish Terriers
with pedigrees (Fig 6) shows the breadth of pedigree in-
volvement of the defective gene, including United States,
Canadian, and Australian registered dogs. The common
ancestors of all affected dogs go back to British regis-
tered dogs from the 1960s. A total of 50,720 Scottish
Terriers were registered with the AKC from 1994 to 2004
and 38 affected dogs registered with the AKC were born
in the same period. The minimum prevalence of the dis-
ease in the registered population of Scottish Terriers was
estimated at 1in 1,335 dogs.

Fig 2. Images of the dorsal surface of the cerebellum from a normal 2-year-old Beagle (A), a moderately affected 9-year-old Scottish Terrier (B). and
more severely affected 12-year-old Scottish Terder (C). The atrophy of the cerebellar vermis and hemispheres is clearly evident in images B and C.
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Fig 4. The cerebellar cortex of an affected 12-year-old Scottish
Terrier (Bielschowsky). In some regions, the basket cells can still be
seen although Purkinje neurons have died (arrow) (A). In a different
region of the same dog, there has been extensive remodeling and the
basket-like arrangement has been lost (B). Bar = 50 pM.

Discussion

Scottish Terriers suffer from a hereditary cerebellar cor-
tical degenerative disorder in which the age of onset of
clinical signs is variable but occurs most commonly in the
Ist year of life. In the majority of dogs these clinical signs
progress slowly over many years. This group of neurode-
generative disorders is relatively common in purebred
dogs, but each breed appears to have a different pheno-

Fig 5. Periodic acid-Schiff (PAS) staining of the cerebellar cortex
of an affected 12-year-old Scottish Terrer. Circular PAS positive
inclusions can be seen in the molecular layer (arrow). There is pos-
itive PAS materal in Purkinje neuron (arrow head). Bar = 50 uM.

type with respect to the range of signs shown, age of onset,
and rate of progression,™'= 1*1%2022 guooesting different
genetic etiologies in different breeds. Information from a
relatively large group (62 dogs) of affected Scottish Terri-
ers was compiled for this report. However, definitive
diagnosis based on histopathology was only established in
10 dogs. The 28 dogs in categories 2 and 3 are unlikely to
be misdiagnosed, but the diagnosis was based on clinical
signs and histories only in the remaining 24 dogs. The
owners of these dogs declined advanced imaging of their
dogs’ brains but were willing to keep in close contact to
allow us to monitor their dogs’ signs. All dogs in this group
have exhibited signs for =6 months and it is unlikely that
these dogs are suffering from an infectious, neoplastic,
or congenital disorder given the slowly progressive nature
of their signs. During the course of this study, the diagnosis
was confirmed in every case that was euthanized and
underwent a necropsy. in support of the clinical diagnosis.

When compared with other breeds, cerebellar degen-
eration in Scottish Terriers is similar to the disorders
described in Gordon Setters and Old English Sheepdogs
(onset of signs between 6 and 40 months of age with a slow
rate of progression).'*"'® The clinical manifestations of cer-
ebellar degeneration in Scottish Terriers include classic
cerebellar signs of hypermetric ataxia, spasticity, wide-
based stance, balance loss, and intention tremors, the se-
verity of which varied from dog to dog. In the majority of
dogs, the owners felt the signs were mild to moderate, and
did not greatly impact their mobility or quality of life.
However, 11 dogs exhibited a severe phenotype between 2
and 13 years of age. In addition to these classic cerebellar
signs, affected Scottish Terriers tend to lose control over
their hindquarters when moving at speed, causing somer-
saulting. This dramatic clinical sign has been reported in
other breeds with neurodegenerative disorders, such as
American Staffordshire Terriers,'? Kerry Blue Terriers,™
and Chinese Cresteds.” However, these breeds have a
more widespread pathology.'*="*

Scottish terriers also develop another hereditary neuro-
logical disorder called Scottie cramp.” In this paroxysmal
disorder, excitement, fear, or exercise triggers muscle hyper-
tonicity and causes generalized spasticity with the pelvic
limbs held over the neck due to flexion of the coxofemoral
joints. Unlike dogs with cerebellar degeneration, the signs
shown by dogs with Scottie cramp are episodic, and resolve
with rest.” However, mildly affected dogs with cerebellar
degeneration can appear relatively normal until they run.
It is therefore possible that cerebellar degeneration has
affected the Scottish Terrier breed since the 1st descriptions
of Scottie cramp in the 1940s™ rather than being a new
disease. This could explain in part the unexpectedly high
estimate of the prevalence of this disease.

The neuropathological abnormalities described in cere-
bellar degeneration differ between affected breeds but a
large number have the common thread of Purkinje cell
loss.” Histopathologically, the loss of cerebellar cortical
neurons was more severe in the dorsal aspect of the cerebel-
lum in the Scottish Terriers (similar to Kerry Blue
Terriers™) and the uvulus and nodulus were relatively
spared. There was only | age-matched control brain avail-
able, and this “normal” dog's brain did not exhibit the
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Fig 6. Pedigree map ol Scottish Terriers with cerebellar degeneration. Squares are males and circles are females. Solid symbols are aflected
dogs. Half-filled in symbols are obligate carriers. Unfilled symbols are phenotypically normal or of unknown phenotype. The black arrows
indicate the 2 common ancestors that are proven to be carriers by producing affected offspring.

changes noted in the affected dogs. A larger cohort of age
and breed-matched controls would be desirable for more
detailed comparison of the histopathological changes. Stor-
age disorders commonly cause loss of Purkinje neurons but
PAS, LFB, and Sudan Black staining did not consistently
reveal accumulations of carbohydrate or lipid within
Purkinje neurons. However, these stains did highlight
inclusions, usually located deep in the molecular layer. The
staining pattern of these inclusions made them most consis-
tent with polyglucosan (Lafora-like) bodies.” Polyglucosan
bodies can be located in neurons or glia, and are made up of
accumulations of abnormal insoluble glycogen.” They can
be subclassified as Lafora bodies, found at high densities in
the brain, heart. liver, muscle, and skin in Lafora disease,
a neurodegenerative disease causing progressive, fatal
myoclonic epilepsy.”” They can also be classified as corpora
amylacea, found as part of the normal aging process in
humans and in dogs.”” and indeed, we identified them in
our control dogs, although at a lower frequency. Lafora
disease in humans can be caused by mutations in the
EPM24 and EPM2B gene, encoding laforin and malin
proteins, respectively.”® Laforin and malin play critical roles
in the ubiquitin-proteosome system and maintenance of the
normal glycogen structure.” There are reports of similar
inclusions in dogs with myoclonic epilepsy and motor defi-
cits.” *! Indeed, Lafora disease in wire-haired dachshunds
with myoclonic epilepsy is associated with EPM2B muta-
tions.”” However, in these dogs, polyglucosan bodies were
widely distributed at a high density throughout the brain. It
is currently unclear whether the polyglucosan bodies iden-
tified in Scottish Terriers represent a primary pathological
process or a secondary event. More detailed analysis of the
pathology will be presented elsewhere.

The mode of inheritance of cerebellar degeneration in
Scottish Terriers is consistent with an autosomal reces-
sive gene. At least 4 more affected Scottish Terriers have
been identified in South Africa (van der Merwe, personal
communication). Their pedigrees trace back to dogs that
were imported from the United Kingdom before the
1960s. It is therefore likely that the defective gene caus-
ing cerebellar degeneration in Scottish Terriers is old and
widespread. The pedigree map shows prolific ancestral
males as common ancestors to affected dogs. When
prolific males are bred to a diverse pedigree background
of females, they become ancestral convergence points in
pedigrees. They are the closest common ancestors of

affected dogs, but this does not implicate them as carri-
ers. Only 2 ancestral common ancestors are proven to be
carriers by producing affected offspring. The computed
prevalence of 1 in 1,335 dogs is a minimum estimate
based on the identified affected dogs. It is assumed that
additional affected dogs exist that have not been brought
to the authors’ attention. Cerebellar degeneration in the
Scottish Terrier is not an uncommon disorder, with
several affected dogs born annually worldwide.

The genetic etiology of hereditary cerebellar cortical
degeneration in dogs is likely to be diverse. In humans,
hereditary or spinocerebellar ataxias (SCAs), neurode-
generative diseases that affect the cerebellum, can be
inherited as autosomal dominant, recessive, sex-linked,
or mitochondrial traits.** Autosomal dominant SCAs
are more common than the recessive form in humans,
unlike dogs. According to the genetic loci, over 45 differ-
ent types of SCA have been identified in humans.** ** A
wide range of different abnormalities ranging from ion
chanelopathies, dysfunctional structural proteins, mu-
tated growth factors, and abnormal protein aggregation
(trinucleotide expansion) can result in overlapping clini-
cal signs and neuropathological changes.” There are
numerous other mutations known to cause cerebellar
cortical degeneration in rodents.’””® One or more of
these causes may be found to be the basis of what we
now refer to as abiotrophy. The mutation causing cerebel-
lar degeneration in American Staffordshire Terriers is
known™ and, while the mutation is still unknown,
a linked marker-based genetic test is available for the
disease in ltalian Spinone (http://www.aht.org.uk/genetics_
spinone.html). The large number of potential candidate
genes for these diseases means that a full genome screen
with linkage or association studies is the most efficient
way to identify the causative mutation for this type of
disorder in dogs and this work is underway in Scottish
Terriers.

Footnotes

# Urkasemsin G, Olby NJ, Mehta PM, Bell IS. Hereditary cerebellar
cortical degeneration in Scottish Terrers. Presented at the 26th
Annual ACVIM Forum, San Antonio, TX, June 4-7, 2008. J Vet
Intern Med 2008;22:723 (abstract)
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P Olby NJ, Harris T, Mehta PM, et al. Linkage analysis in American
Staffordshire Terriers with hereditary cerebellar cortical
degeneration. Presented at the 25th Annual ACVIM Forum, San
Antonio, TX, June 4-7, 2008. J Vet Intern Med 2008;22:723-724
(abstract)
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Mapping of Purkinje Neuron Loss and
Polyglucosan Body Accumulation in
Hereditary Cerebellar Degeneration
in Scottish Terriers

G. Urkasemsin', K. E. Linder?, J. S. Bell?, A. de Lahunta®, and
N. J. Olby'*®

Abstract

A hereditary cerebellar degenerative disorder has emerged in Scottish Terriers. The aims of this study were to describe
and quantify polyglucosan body accumulation and quantify Purkinje neurons in the cerebellum of affected and control dogs.
The brains of 6 affected Scottish Terriers ranging in age from 8 to |5 years and 8 age-matched control dogs were examined his-
topathologically. Counts of Purkinje neurons and polyglucosan bodies were performed in control and affected dogs on cerebellar
sections stained with periodic acid—Schiff. Affected dogs showed a significant loss of Purkinje neurons compared with control dogs
(vermis: P <.0001; hemisphere: P = .0104). The degeneration was significantly more pronounced dorsally than ventrally (P < .0001).
There were significantly more polyglucosan bodies in the ventral half of the vermis when compared with the dorsal half (P < .0001) in
affected dogs. In addition, there were more polyglucosan bodies in the ventral half of the vermis in affected dogs than in control dogs
(P = .0005). Polyglucosan bodies in all affected dogs stained positively with toluidine blue and alcian blue. Immunchistochemically,
polyglucosan bodies in affected dogs were positive for neurofilament 200 kD and ubiquitin and negative for glial fibrillary acidic protein,
synaptophysin, neurospecific enolase, vimentin, and S100; the bodies were negative for all antigens in control dogs. Ultrastructurally,
polyglucosan bodies in | affected dog were non-membrane-bound, amorphous structures with a dense core. This study demonstrates

significant Purkinje cell loss and increased polyglucosan bodies in the cerebellum of affected Scottish Terriers.

Keywords

dog, cerebellar abiotrophy, cerebellar ataxia, cerebellar cortex, inclusion, molecular layer, and polyglucosan body

Hereditary cerebellar degeneration is a common neurodegene-
rative disorder that affects a broad range of species.” This
disorder, often also known as cerebellar abiotrophy, is a major
concern in several dog breeds.” Generally, affected dogs show
cerebellar signs characterized by nystagmus, a base-wide
stance, hypermetric gait, ataxia, and intention tremors.'® The
lesion typically is localized to the cerebellar cortex. Primary
loss of Purkinje neurons with depletion of molecular and
granular layers has been identified as a hereditary trait in
American Staffordshire Terriers,”’ Kerry Blue Terriers,'!
Gordon Setters,>® Old English Sheepdogs.®® Beagles,”> and
Rhodesian Ridgebacks.” Extensive loss of granular neurons
with sparing of Purkinje neurons has also been described in
Border Collies.>' Lesion distribution, clinical signs, age of
onset, and severity vary among breeds, likely reflecting a range
of underlying causes. In Scottish Terriers, the disorder is
inherited by an autosomal recessive mode, and affected dogs
exhibit purely cerebellar signs with a relatively mild phenotype.*°
Histopathologically, Purkinje neurons are lost, the molecular and
granular layers are atrophied, and polyglucosan bodies are present
in the molecular layer.* However, there has not been a

systematic quantification and mapping of Purkinje neurons
and polyglucosan bodies. The aims of this study were to
quantify Purkinje neurons and polyglucosan bodies as well as
to describe the immunohistochemical and ultrastructural features
of'the polyglucosan bodies in affected and control dogs.
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Materials and Methods

Case Histories and Samples

Brains were obtained from Scottish Terriers with clinical signs
and a history consistent with cerebellar degeneration and from
age-matched control dogs. Scottish Terriers were recruited
through the Scottish Terrier Club of America; owners
consented to examination of their dogs’ brains following
euthanasia. These dogs were the same individuals described
in our previous work."® Control dogs were recruited through
the pathology service at the Veterinary Teaching Hospital,
North Carolina State University; to be included they had
to be aged 10 years or older with no history of neurological
abnormalities.

Brains were obtained from 6 affected Scottish Terriers
ranging from 8 to 15 years ofage (case Nos. 1-6, mean 11.5 years,
SD 2.26, 4 males, and 2 females). Four of the dogs were eutha-
natized for various reasons including kidney failure, liver
failure, Cushing disease, Lyme disease, lung neoplasia, and
bladder neoplasia. The remaining 2 dogs were euthanatized
as a result of their cerebellar signs. At the time of euthanasia,
all dogs displayed either moderate or severe neurological
signs.’® Brains were also obtained from 4 male and 4 female
age-matched control dogs (a l0-year-old Scottish Terrier, a
11-year-old Labrador Retriever, a 14-year-old Dachshund,
a 12-year-old Labrador Retriever, a 10-year-old Dachshund,
a 12-year-old Labrador Retriever, a 12-year-old mixed breed,
and a 13-year-old Dalmatian, case Nos. 7-14, respectively).
Case Nos. 7 and 14 were analyzed by immunohistochemistry
and electron microscopy but not morphometry.

All brains were removed and placed in 10% neutral buffered
formalin. The brains of 3 affected and 7 control dogs were
removed within 12 hours after death. The brains of 3 affected
and 1 control dog were removed within 12 to 24 hours after
death. For | affected dog, additional tissues were evaluated,
including cervical spinal cord, sciatic nerve, muscle, heart,
lung, liver, spleen, pancreas, thyroid gland, adrenal gland, and
popliteal and mandibular lymph nodes. Following fixation, the
cerebellum was sectioned in the midsagittal plane. One-half of
the cerebellum was cut into sequential sagittal sections,
approximately 3 mm in thickness. The other half was sectioned
transversely, again in 3-mm-thick sequential sections. Sections
were embedded in paraffin using routine techniques. Trans-
verse sections of the brain stem, cerebrum, and thalamus were
also embedded as were the other tissues available in 1 dog.
Five-micrometer histological sections were stained with hema-
toxylin and eosin, periodic acid—Schiff (PAS), toluidine blue,
and Alcian blue.

Morphometry

The midsagittal section was selected for morphometric analysis
of the vermis. To map the distribution of Purkinje neurons,
Purkinje neurons were counted along systematically drawn
lines in the midsagittal cerebellar section from control and
affected dogs. A microscope (Nikon AZ100, Nikon Instruments

Inc, Melville, New York) was connected to a digital camera
(Nikon DS-Ril, Nikon Instruments Inc) to capture and display
the image on a computer screen. The cerebellar tissue section
was divided into regions by a series of regularly spaced parallel
and perpendicular counting lines (Fig. 1). A middle dorsoventral
(MDV) line was drawn first, starting just rostral to the primary
fissure and extending ventrally to the nodulus. This line divided
the cerebellum into rostral and caudal halves. A second line
was drawn perpendicular to and bisecting the first line, called
the middle rostrocaudal (MRC) line. This line divided the cere-
bellum into dorsal and ventral halves. Two additional dorsoven-
tral lines were drawn parallel to the first line to divide the MRC
line equally into 4 segments, producing a rostral dorsoventral
(RDV) line and a caudal dorsoventral (CDV) line, which
together with the MDV line defined 4 dorsoventral cerebellar
regions. Finally, 2 lines were drawn parallel to the MRC line
to divide the MDV line equally into 4 segments, producing the
dorsal rostrocaudal (DRC) line and the ventral rostrocaudal
(VRC) line, which defined 4 rostrocaudal regions. Nikon-
Elements AR 3.0 software (Nikon Instruments Inc) was used
to place a 90 000-um? grid over the image viewed at 20x
magnification. This counting grid was placed at specific loca-
tions along the counting lines. The grid was centered over 1 end
of each counting line and was moved sequentially down the line
to count all neurons along that line. All Purkinje neurons in the
counting grid field with a visible nucleus that were located at the
junction between the molecular and granular layer were
counted. The counts were performed by 1 observer (G.U.).
When viewing PAS-stained sections, polyglucosan bodies with
a diameter larger than 3 pm found in the molecular layer were
counted in the same way. The polyglucosan bodies” diameter
was measured using the Nikon-Elements AR 3.0 measurement
tool. Smaller fragments of PAS-positive material identified at
the junction between the molecular and granular layers could
not be conclusively distinguished from nonpolyglucosan,
PAS-positive, cellular components and were excluded from the
counting process. Purkinje neuron and polyglucosan body
countsper 90 000 pum” were performed foreach of the 6 counting
linesin affected and control dogs. Because each line was divided
into 4 sections, the mean number of Purkinje neurons and poly-
glucosan bodies per 90 000 um? was calculated for each of those
sections and reported in tabular form to demonstrate regional
gradients in counts. The mean counts along each line (RDV,
MDV, CDV, DRC, MRC, and VRC) and the mean total counts
in affected and control dogs were compared using the Wilcoxon
rank sum test. The differences in the regions of the vermis (dor-
sal vs ventral; the mean of all counts above vs below the MRC
line and rostral vs caudal; the mean of all counts rostral vs caudal
to the MDV line) were compared within and between control
and affected dogs in the same way. Simple linear regression
analysis was performed to investigate the relationship between
the number of Purkinje neurons (independent variable) and the
number of polyglucosan bodies (dependent vanable) per
90 000 pm? in affected dogs.

To quantify Purkinje neurons and polyglucosan bodies in
the cerebellar hemispheres, a transverse section of one-half
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Figure 1. The midsagittal cerebellar section of an | |-year-old Scottish Terrier with hereditary cerebellar degeneration (case No. 3) showing the
counting lines superimposed. RDV, rostral dorsoventral line; MDV, middle dorsoventral line; CDV, caudal dorsoventral line; DRC, dorsal
rostrocaudal line; MRC, middle rostrocaudal line; VRC, ventral rostrocaudal line. Figure 2. The cerebellar cortex of an affected |12-year-old
Scottish Terrier (case No. 6). Four different periodic acid-Schiff (PAS) staining patterns were presented: strong PAS-positive homogenous
bodies (black arrow), homogenous bodies with lighter peripheral PAS staining (white arrow head), light staining bodies with a peripheral ring
of strong staining (thin black arrow), and bodies that stain negative at their center but have a peripheral ring of PAS staining (black arrowhead).
Small positive PAS fragments can be seen in between Purkinje neurons (thin white arrow). There are some PAS-positive granules in Purkinje
neurons (white arrow). PAS. 40x. Figure 3. The cerebellar cortex ofa control 10-year-old Scottish Terrier (case No. 7). A round, homoge-
nous, PAS-positive body is illustrated (black arrow). PAS. 40 <. Figure 4. The linear relationship between the number of Purkinje neurons and
polyglucosan bodies per 90 000-iim? field in the vermis of affected dogs. R = 0.2053. Figure 5. The cerebellar cortex of an affected 8-year-old
Scottish Terrier (case No. 5). A polyglucosan body is pictured with positive immunohistochemical reactivity for anti-ubiquitin antibody (arrow).
40 x. Figure 6. The cerebellar cortex of an affected 8-year-old Scottish Terrier (case No. 5). A polyglucosan body is pictured with positive
immunohistochemical reactivity for anti-neurofilament 200 antibody (arrow). 40 x. Figure 7. The cerebellar white matter of a control 10-
year-old Scottish Terrier (case No.7). Positive immunohistochemical reactivity of cytoplasmic granular material with anti-ubiquitin antibody
is demonstrated. 20 x. Figure 8. The cerebellar white matter of an affected 8-year-old Scottish Terrier (case No. 5). Inmunohistochemistry
shows a higher density of ubiquitin-positive granules than the control dog represented in Fig. 7. 20 x. Figure 9. The cerebellar white matter of
an affected |5-year-old Scottish Terrier (case No. |). Inmunohistochemistry shows an even higher density of ubiquitin-positive granules than
both of the dogs represented in Fig. 7 and 8. 20 x.

of the cerebellum was evaluated. The hemispheres have a much
greater proportion of white matter than the vermis, with corre-
spondingly fewer Purkinje neurons, thus limiting the ability to
map dorsoventral and rostrocaudal gradients. Purkinje neurons
and polyglucosan bodies were counted in 2 nonoverlapping,
90 000-pum?> grid fields located in the deepest area of each
sulcus of the dorsal folia of the cerebellar hemisphere. Four

consecutive sulci were counted in each dog starting with the
sulcus of the folia adjacent to the vermis and the results
expressed as a mean of all 8 fields counted. These folia were
selected for counting because they were present in every case.
The mean cerebellar hemisphere counts of Purkinje neurons
and polyglucosan bodies were compared in affected and con-
trol dogs using Wilcoxon rank sum test. In addition, the mean
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Table 1. Purkinje Neuron and Polyglucosan Body Counts in the Midsagittal Section of the Vermis of the Cerebellum of Scottish Terriers (n = 6)
With Hereditary Cerebellar Degeneration Compared With Age-Matched Control Dogs (n = 6)*

RDV MDV cbv

Mean Purkinje Neurons/90 000 pum? (SD) Affected Control Affected Control Affected Control

I 0.37 (0.62) 1.92 (0.50) 0.08 (0.20) 1.55 (0.73) 0.14 (0.27) 251 (1.12)
2 025(0.38)  2.14(1.03) 045 (050) 240(1.04)  025(032)  1.92 (I.14)
3 0.69 (0.95) 1.94 (0.67) 2.09 (1.93) 2.10 (0.49) 0.20 (0.29) 2.04 (0.66)
4 0.71 (0.79) 2.05 (1.09) 247 (1.23) 2.70 (0.61) 0.57 (0.58) 1.96 (0.69)
Mean Polyglucosan Bodies/50 000 um? (SD) Affected Control Affected Control Affected Control

I 0.13(0.25)  0.23(024)  0.12(0.13)  0.34(031) 017 (0.14)  0.46 (0.42)
2 0.40 (0.26) 0.43 (0.39) 0.82 (0.27) 0.58 (0.33) 0.23 (0.17) 0.66 (0.65)
3 1.24 (1.15) 0.58 (0.71) 1.86 (2.15) 0.49 (0.34) 1.65 (2.07) 0.18 (0.26)
4 080 (0.74) 047 (0.38) 275 (047)  0.70 (0.45)  3.28(5.28)  0.98 (1.26)

DRC MRC VRC

Mean Purkinje Neurons/90 000 um?* (SD) Affected Control Affected Control Affected Control

| 0.07 (0.17) 2,11 (1.02) 0.40 (0.46) 2.33 (0.90) 0.29 (0.37) 1.88 (0.47)
2 038 (042)  2.14(1.03) 046 (0.56)  1.98 (0.56) 149 (0.69)  2.20 (0.69)
3 0.12(0.12)  198(054) 026 (022)  1.65(036)  1.54(0.80)  1.39 (0.39)
4 0.08 (0.12) 243 (0.93) 0.00 1.86 (0.36) 0.08 (0.20) 1.72 (0.81)
Mean Polyglucosan Bodies/90 000 um? (SD) Affected Control Affected Control Affected Control

I 0.03 (0.08) 0.28 (0.17) 0.44 (0.22) 0.39 (0.25) 0.39 (0.26) 0.18 (0.23)
2 0.50 (0.40) 047 (0.45) 094 (0.76)  0.34(023)  268(1.90)  1.25 (2.03)
3 0.20 (0.17) 0.61 (0.32) 1.12 (0.96) 0.36 (0.20) 293 (2.18) 0.82 (0.44)
4 040 (0.56)  0.63(0.91) 052 (1.07)  090(1.17)  1.32(279)  0.66 (0.76)

Abbreviations: CDV, caudal dorsoventral line; DRC, dorsal rostrocaudal line; MDY, middle dorsoventral line; MRC, middle rostrocaudal line; RDV, rostral

dorsoventral line; VRC, ventral rostrocaudal line.

* 1-4;Each line has been divided into 4 regions moving from dorsal (1) to ventral (4) for the dorsoventral counts (RDY, MDV and CDV) and from rostral (1) to

caudal (4) for the rostrocaudal lines (DRC, MRC, VRC).

counts in the vermis and in the hemispheres were compared
within and between affected and control dogs. P values <.05
were taken as significant. The statistical analysis was
performed on JMP version 8.0 (SAS Institute Inc, Cary, North
Carolina).

Immunohistochemistry

To further characterize the polyglucosan bodies, immunohisto-
chemical staining for glial fibrillary acidic protein (GFAP),
synaptophysin, neuron-specific enolase (NSE), vimentin, S100,
neurofilament 200 kD (NF-200), and ubiquitin was performed.
Briefly, 5-um histological sections were dewaxed in xylene
and rehydrated through a gradient series of ethanol baths.
Endogenous peroxide activity was quenched by incubation in
3% hydrogen peroxide for 10 minutes. Sections were then
rinsed with a wash solution (an automation buffer) and
digested with ready-to-use Proteinase K for 5 minutes for epi-
tope retrieval. After a second buffer rinse, sections were incu-
bated with the primary antibody (Supplemental Table 1, found
at http://vet sagepub.com/supplemental), washed, and incu-
bated with the secondary antibody-biotinylated goat anti-
rabbit or mouse mmmunoglobulin (LSAB2 System-HRP) as
appropriate for 10 minutes. After washing with buffer, sections
were incubated in peroxidase-labeled streptavidin (LSAB2
System-HRP) for 10 minutes, developed with diaminobenzoic

acid substrate—chromogen solution for 5 minutes, and counter-
stained with hematoxylin. Reagents were obtained from Dako
North America, Inc (Carpentaria, CA), except where otherwise
stated in Supplemental Table 1.

Electron Microscopy

Transmission electron microscopy (TEM) was performed
using formalin-fixed cerebellum embedded in paraffin
blocks and using fresh cerebellum when available. Sections
of paraffin-embedded cerebellum containing polyglucosan
bodies were cut from the cerebellar cortex of the vermis,
deparaffinized, rehydrated, placed in 1% osmium tetroxide
(EMS 19110, Hatfield, PA) in 0.1 M phosphate buffer for
1 hour, rinsed twice with distilled water, and dehydrated
in a concentration gradient series of ethanol baths, followed
by 100% acetone double When fresh brain or
formalin-fixed tissue was available, pieces of cerebellar cor-
tex from the vermis and hemisphere were cut into approxi-
mately l-mm® cubes and placed in McDowell’s and
Trump’s 4F:1G fixative. Tissue samples were rinsed twice
with 0.1 M sodium phosphate buffer (pH 7.2) prior to incu-
bation in 1% osmium tetroxide for 1 hour. The samples
were then placed in a mixture of Spurr resin (EMS Spurr
resin kit 14300, Hatfield, PA) and acetone (1:1) for 30 min-
utes, followed by 2 changes of 100% resin for 2 hours each.

rinse.
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Subsequently, the samples were placed in resin that was
polymerized at 70°C for 8 hours. Semi-thin sections (0.25
pm) were cut, stained with 1% toluidine blue-O in 1%
sodium borate, and used to identify areas of interest. Ultrathin
sections (70-90 nm) of these areas, stained with methanolic
uranyl acetate (EMS 22400), followed by lead citrate, were
examined by TEM (FEI/Philips EM208S TEM, Hillsboro,
OR). Reagents were obtained from Fisher Scientific (Pittsburgh,
PA) unless otherwise indicated.

Results
Histopathological Findings

There was degeneration of all 3 layers of the cerebellar cortex
of affected dogs, especially at the tips of the folia. Histochem-
ical staining of the brains of affected dogs with PAS revealed
polyglucosan bodies ranging from 3 to 30 pm in diameter
located in the molecular layer of the cerebellum that were most
numerous at the base of sulci. Sometimes there were linear
chains of 2 to 4 bodies in a row. There were also smaller
PAS-positive fragments (<3 pm) at the junction of the molecu-
lar and granular layers (Fig. 2). Four different PAS staining
patterns were identified; the first had a strong PAS-positive
homogenous core; the second had light, uniform PAS-
positive staining with lighter peripheral staining; the third had
faint central staining with a peripheral darker ring of PAS-
positive staining; and the last had negative staining at the
center but had a peripheral ring of PAS-positive staining
(Fig. 2). All polyglucosan bodies stained positively with
toluidine blue and alcian blue. Polyglucosan bodies with
4 different staining pattems were present in the molecular
layer of the controls (Fig. 3). Occasional polyglucosan bodies
were also found in the hippocampus (CAl and CA3) and
sporadically throughout the brain in both affected and control
dogs. No polyglucosan bodies were found in other visceral
tissues in the | case examined.

Marphometry

Details of the Purkinje neuron counts in the midsagittal section
of the vermis are given in Table 1 and clearly show an
increasing gradient in neuron and polyglucosan body den-
sity from dorsal to ventral in affected dogs. The mean num-
ber of Purkinje neurons per 90 000 pum? in the vermis was
2.04 (range, 0.50-4.17; SD 0.78) in control dogs and
0.56 (range, 0.00-5.00; SD 0.88) in affected dogs. Compared
with the controls, there were significantly fewer Purkinje neu-
rons per 90 000 um?® along each line, in each region (dorsal,
ventral, rostral, and caudal), and in the whole vermis of
affected dogs (P < .0050). In affected dogs, there were signif-
icantly more Purkinje neurons per 90 000 pm? in the ventral
half (mean 0.98; range, 0.00-4.80; SD 1.03) than the dorsal
half (mean 0.20; range, 0.00-1.30; SD 0.31) of the vermis
(P < .0001), but there was no difference between the rostral
(mean 0.52; range, 0.00-2.50; SD 0.61) and caudal (mean 0.35;
range, 0.00-1.71; SD 0.47) halves of the vermis (P = .2173).

Control dogs showed no difference in the number of neurons
per 90 000 pm? between rostral and caudal (P = .8755) or
dorsal and ventral (P = .5637) halves of the vermis. The mean
number of Purkinje neurons per 90 000 pm? in the cerebellar
hemisphere was 0.65 (range, 0.00-1.75; SD 0.77) in affected
dogs and 2.58 (range, 1.38-3.13; SD 0.64) in control dogs.
Affected dogs had significantly fewer Purkinje neurons per
90 000 pum? than control dogs (P = .0104). The mean number
of Purkinje neurons per 90 000 um? in the hemispheres was not
significantly different from the mean number in the vermis in
both control (P = .0604) and affected (P = .6780) dogs.

Counts of polyglucosan bodies in the vermis are reported
in Table 1. The mean number of polyglucosan bodies per
90 000 pm® was 1.04 (range, 0.00-13.80; SD 1.73) in
affected dogs and 0.54 (range, 0.00-5.33; SD 0.68) in con-
trol dogs. However, there was no significant difference
between affected and control dogs when the mean counts
for the whole vermis were compared (P = .1417). In the
ventral half of the vermis, affected dogs had significantly
more polyglucosan bodies per 90 000 pm? than control dogs
(P = .0005), whereas in the dorsal half of the vermis, affected
dogs had significantly fewer polyglucosan bodies per 90 000
pm? than control dogs (P = .0206). There was no difference
in the mean number of polyglucosan bodies in rostral (P =
.0564) and caudal (P = .8789) halves of the vermis between
control and affected dogs. Control dogs showed no difference
in the number of polyglucosan bodies per 90 000 pm? between
rostral and caudal (P = .0777) or dorsal and ventral (P = .5910)
halves of the vermis. In affected dogs, there was no difference
in the number of polyglucosan bodies between the rostral
(mean 0.72; range, 0.00-3.50; SD 0.81) and caudal (mean
1.25; range, 0.00-13.80; SD 2.35) halves of the vermis (P =
.8192). However, there were significantly more polyglucosan
bodies per 90 000 pm? in the ventral half (mean 1.91; range,
0.00-9.78; SD 2.16) than the dorsal half (mean 0.30; range,
0.00-1.50; SD 0.32) of the vermis (P < .0001). Thus, compared
with controls, there was a relative gain in polyglucosan bodies
in the ventral aspect of the vermis of affected dogs and a rela-
tive loss inthe dorsal aspect. Moreover, there was evidence of a
significant linear relationship between the number of Purkinje
neurons and polyglucosan bodies in affected dogs (P <.0001,
R?=0.2053) (Fig. 4). The mean number of polyglucosan bod-
ies per 90 000 pum? in the cerebellar hemispheres was 0.48
(range, 0.25-1.13; SD 0.37) in affected dogs and 0.60 (range,
0.25-1.63; SD 0.52) in control dogs: there was no significant
difference between the 2 groups (P = .5714). The mean
number of polyglucosan bodies per 90 000 pum? in the
hemispheres was not significantly different from the mean
number in the vermis in both control (P = .4832) and affected
(P =.7267) dogs.

Immunohistochemistry and Electron Microscopy Findings

Immunohistochemically, polyglucosan bodies in affected dogs
had positive immunoreactivity for NF-200 and ubiquitin
(Figs. 5 and 6) and were negative for GFAP, NSE, S-100,
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Figure 10. The molecular layer of the cerebellar cortex of an affected
| |-year-old Scottish Terrier (case No. 2). The round dense core
structure of a polyglucosan body is shown by transmission electron
microscopy. 7100x.

vimentin, and synaptophysin. In control dogs, polyglucosan
bodies were negative for all immunohistochemistry reactions
performed. Positive ubiquitin immunoreactivity was detected
as granules and globules of various sizes in the white matter
in both control and affected dogs, but subjectively there was
more positive staining of the white matter in affected dogs
(Figs. 7, 8, and 9).

Cerebellar tissues from 2 affected dogs (case Nos. 2 and 6)
(1 from a paraffin block and 1 from formalin-fixed tissue) and 2
control dogs (case Nos. 7 and 14) (1 from a paraffin block and |
from fresh tissue) were examined using electron microscopy.
Polyglucosan bodies were only identified from a paraffin block
of | affected dog. Ultrastructurally, the bodies were non-mem-
brane bound with a dense core structure containing amorphous,
moderately electron dense, granular material (Fig. 10). Failure
to identify bodies in the other dogs was likely related to fixation
artifact and/or the relative paucity of the bodies.

Discussion

Hereditary cerebellar cortical degeneration has become rela-
tively common in Scottish Terriers with an estimated minimum
prevalence of 1 in 1335 among AKC-registered Scottish Terri-
ers.*” The main histopathological finding on evaluation of the
cerebellum of diseased dogs is loss of Purkinje neurons with
thinning of the granular and molecular layers.*® Quantification
of Purkinje neurons in our study confirmed that there is
significant loss of these neurons in affected dogs compared
with control dogs. More specifically, Purkinje neuron degen-
eration in the vermis of the cerebellum was more profound
dorsally, especially at the convexity of the folia, than ventrally,
but there was no rostrocaudal gradient. Counts of Purkinje

neurons in the cerebellum of 6 control dogs did not reveal any
geographic differences in cell distribution, confirming that the
changes seen in affected dogs are likely due to their underlying
disease.

The pattern of Purkinje neuron loss may reflect functional or
metabolic differences in dorsally versus ventrally located neu-
ronal populations, although details of such differences are not
apparent at this time. The flocculonodular lobe, located
ventrally, is part of the phylogenetically oldest part of the
cerebellum that controls vestibular function.>® The sparing of
this region is consistent with the lack of vestibular signs in
affected Scottish Terriers ** A similar distribution of cerebellar
pathology has been described in Kerry Blue Terriers that suffer
from multiple system atrophy'® but not in other dog breeds.
A similar pattern of relative sparing of Purkinje neurons in the
nodulus and uvula is reported in humans with multiple system
atrophy,*” idiopathic late cortical cerebellar atrophy.* and spi-
nocerebellar ataxia type 6.>7 However, there is no report of
polyglucosan bodies in these diseases. In humans and rodent
models, some disorders have been described in which there is
differential loss of Purkinje neurons in the hemispheres versus
the vermis, although the reasons for this differential loss are
unknown.?”* In Scottish Terriers, there was no evidence of
differential loss of Purkinje neurons between the vermis and
hemispheres, and the significance of the dorsoventral gradient
of Purkinje neuronal loss is unclear. Attempts to correlate the
degree of neuronal loss with the severity of neurological signs
were not made because there was no opportunity to accurately
quantify their neurological signs at time of euthanasia.

Polyglucosan bodies are accumulations of insoluble com-
plex glycoprotein. They can be associated with normal aging
(termed corpora amylacea) or with neurodegenerative diseases
such as Lafora disease (termed Lafora bodies) in which the
polyglucosan body is a prominent feature of the disease,
although their pathological role is still debated.'*” The number
of corpora amylacea has been reported to increase in associa-
tion with several other neurodegenerative disorders, in which
the polyglucosan body does not appear to be the primary cause
of neurodegeneration.”>** To determine whether the polyglu-
cosan bodies previously described in affected Scottish
terriers*” were a consequence of their neurodegenerative dis-
ease or simply of aging, we quantified the distribution of these
bodies and described their staining characteristics and ultra-
structural features in both control and affected dogs. Although
the density of polyglucosan bodies in affected and age-matched
control dogs was not significantly different, in the affected
dogs, contrary to expectations, there were significantly more
bodies in the ventral half of the cerebellum with surviving
Purkinje neurons than in regions in which the Purkinje neuron
population was depleted. Although the data points were clus-
tered between () and 3, there were enough data to establish that
the relationship between the number of Purkinje neurons and
polyglucosan bodies was statistically significant. A much
larger cohort of affected dogs euthanatized at different stages
of their disease would have to be evaluated to determine
whether the distribution of polyglucosan bodies is temporally
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