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l. INTRODUCTION

Cerebellar malformations can be inherited or acquired from insults during
cerebellar development. Viral infection of the developing cerebellum is the most
frequently documented etiologic factor for cerebellar malformations in the
veterinary literature, but is much more commonly reported in cats and only rarely
in dogs (SCHATZBERG et al., 2003; RESIBOIS et al., 2007). There are only rare
case reports in the veterinary literature which indicate that cerebellar hypoplasia
may occur as an inherited disorder in dogs. These are mainly observations in three
dog breeds: wire-haired Fox terriers, Irish setters and Chow-Chows (PALMER et
al., 1973; KNECHT et al., 1979; DE LAHUNTA & GLASS, 2009). Anecdotal
reports have described sporadic cases of vermis hypoplasia/agenesis with or
without associated focal or generalized hypoplasia of the cerebellar hemispheres
in dogs and the presence of a Dandy-Walker malformation was frequently
discussed in these reports (KORNEGAY, 1986; DOW, 1940; SCHMID et al.,
1992; NOUREDDINE et al., 2004; CHOI et al., 2007; LIM et al., 2008;
SCHMIDT et al., 2008; DE LAHUNTA & GLASS, 2009; KOBATAKE et al.,
2013).

In humans a classic DWM is defined as (1) complete or partial agenesis of the
cerebellar vermis with an upward displacement and rotation of the remnants of the
vermis, (2) cyst-like dilation of the fourth ventricle, and (3) enlargement of the
posterior fossa, with upward displacement of the tentorium cerebelli osseum,
transverse sinuses, and torcula. Hydrocephalus may occur in up to 80% (DANDY
& BLACKFAN, 1914; TAGGART & WALKER, 1942; BENDA, 1954,
SHEKDAR, 2011; SPENNATO et al.,, 2011). In many human cases, no
substantial enlargement of the posterior fossa is observed, which has led to the
introduction of the term “Dandy-Walker variant” (PATEL & BARKOVICH,
2002; SPENNATO et al., 2011); however no consensus on this terminology exists
in the human literature, and the use of this term has been discouraged (NIESEN,
2002; PARISI & DOBYNS, 2003; BOLDUC & LIMPEROPOULOQS, 20009;
MALINGER et al., 2009; GAREL et al., 2011; SHEKDAR, 2011; SPENNATO et
al., 2011). Recent evidence rather suggests that DWM and related malformations,
such as inferior vermian hypoplasia and mega cisterna magna, may represent a

continuum and a classification system based on embryonic development and
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genotype has been proposed (BARKOVICH et al., 2009; BARKOVICH, 2012).

Therefore, the aim of the present investigation was to describe the clinical
phenotype and imaging findings of a familial non-progressive ataxia which was
reported in purebred Eurasier dogs, and to investigate the relationship between the
dogs. An inferior cerebellar hypoplasia with some resemblance to a Dandy-
Walker-like malformation (DWLM) was consistently identified in the affected
dogs. We proposed autosomal recessive inheritance and a VLDLR gene mutation
was recently identified based on the data provided in this investigation (GERBER
et al., 2015).
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1. REVIEW OF THE LITERATURE

1. The history of the Eurasier Breed

The Eurasier dog breed is quite a recent breed. It started with the crossbreeding of
two ancient breeds: the Chow-Chow from Asia and the European Wolfsspitz. The
idea came from Julius Wipfel, with the goal of creating “a polar dog with
beautiful and attractive colours and a strong, but at the same time charming
temperament”. The first generation of the breed, at the time still called “Wolf-
Chow”, was born on the 22" of June in 1960. The name of the breed “Eurasier”
was introduced only in 1973. One of the most important litters, the “B-litter vom
Jagerhof”, was born on the 17" of December in 1962. Today we can state that
there are no “true” Eurasiers that are not traced back to these two dogs. This litter
and its relatives were continually crossed with a high level of inbreeding until the
fifth generation. For instance, one stud “Droll vom Jagerhof” was used almost as
the only stud dog in the breeding scheme from 1967 until 1971. The last
generation from this stud dog had what was considered the desirable phenotype
and temperament for the breed. With the inbreeding, it was assumed that more
than 90% of all dogs available for breeding could be traced back to the first
generation of Jagerhof-blood. Consequently, measures to increase the gene pool
had to be established and outcrosses were introduced. First, a new breed, although
without consensus between breeders, was introduced into the breeding-program in
1972: the Samoyed. Second, also in 1972, a new Chow-Chow female and a new
Wolfsspitz male were crossed and also introduced into the breeding program. And
third, a new Chow-Chow stud dog was introduced and crossed with the first
generation after the introduction of the Samoyed breed. Later, between 1980 and
2003, several dogs from foundation breeds as well as some “Eurasiers” out of
independent breeding programs were introduced. Also in the 80’s, a completely
new line of “Wolf-Chow” dogs was started in the “Unland”-kennel. The latest
outcrossings to a Wolfsspitz and a Samoyed were done in 2012, so the total
number of founders of the breed is up to roughly 27 dogs (FEDER, 2000).

In purebred dogs, a desirable ancestor is usually identified and descendants are
often repeatedly bred together. Thus this common ancestor appears several times

on both maternal and paternal sides for several generations in the pedigree,
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causing a small and decreasing gene pool within the several breeds (RUSBRIDGE
et al., 2005). The Eurasier breed dog is not an exception, with a stud being used
almost exclusively for several generations in the breeding program (FEDER,
2000). Once a breeding line is established, it continues generation after
generation, with no or few occasional crosses with dogs without a common
ancestor within several generations in the pedigree, these are called “outcrosses”
(RUSBRIDGE et al., 2005).

This lack of outcrosses creates a strong familial relationship within purebred dog
populations, leading to the accumulation of certain inherited diseases in nearly
each breed and to the eradication of other diseases, as a result many inherited
diseases occur in a breed-specific manner (WANG & ZOGHBI, 2001). Inherited
diseases appear as a consequence of random mutations in one founder animal and
they occur from generation to generation, whenever this founder animal is used in
the breeding program (MELLERSCH, 2014). For instance, in recessive mutations,
clinically affected animals only appear when inbreeding occurs and the affected
dog inherits an identical copy of the mutation from both parents (MELLERSCH,
2014).

Recognition of a genetic background of a disease is therefore often possible in
dogs but difficult in other species (WANG & ZOGHBI, 2001). Since the canine
genoma was completely sequenced in 2004, the methods available to dissect the
origin of the inherited traits in dogs have become both increasingly sophisticated
and cost effective (MELLERSCH, 2014).

2. The caudal fossa: the cerebellum and the fourth ventricle

Understanding the embryologic development of the cerebellum and the fourth
ventricle is essential to understanding caudal fossa malformations, including
Dandy-Walker malformation (DE LAHUNTA & GLASS, 2009; SHEKDAR,
2011).

2.1.  The development of the cerebellum

Cerebellar development occurs in many distinct stages, which are controlled by a
multiple genetic cascade (BIRAN et al., 2012). The structures of the brain develop
from the neural tube. Fusion and closure of the neural tube in the cranial region

form the three primary brain vesicles: forebrain (prosencephalon), midbrain
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(mesencephalon) and the hindbrain (rhombencephalon) (DE LAHUNTA &
GLASS, 2009; SHEKDAR, 2011). The rhombencephalon divides posteriorly into
two secondary vesicles through a marked constriction called “isthmus
rhombencephali”, the dorsal vesicle being the metencephalon and the ventral the
myelencephalon (DE LAHUNTA & GLASS, 2009; SHEKDAR, 2011). The
cerebellum develops from the alar plate region located in the dorsal portion of the
metencephalon, and the pons develops from the floor and lateral walls of the
metencephalon (SHEKDAR, 2011). Each alar plate extends dorsally and medially
in the roof plate, fusing to each other (SHEKDAR, 2011). This primary growth of
each alar plate is called the rhombic lip and it consists of proliferating cells from
the germinal layer adjacent to the fourth ventricle (SHEKDAR, 2011). The
rhombic lips enlarge and fuse in the median plane, covering the rostral half of the
fourth ventricle and overlapping the pons and the medulla (SHEKDAR, 2011). In
humans the cerebellum develops rostrally to posteriorly, with the more rostral
parts remaining in the midline and forming the cerebellar vermis, while the more
posterior parts move laterally and form the cerebellar hemispheres (PARISI &
DOBYNS, 2003). In humans, the cerebellar vermis (paleocerebellum) develops
and reaches complete foliation by the fourth month of gestation, while the large
cerebellar hemispheres (neocerebellum) develop completely 30-60 days later than
the vermis (PARISI & DOBYNS, 2003).

The completely formed cerebellum is composed by the medulla, which is located
centrally, surrounded by the cerebellar cortex. In the median cross-section the
cerebellum resembles tree branches, giving rise to the name arbor vitae, which
results from the folding of the cerebellar cortex into the medulla during
development, the white matter remaining in the centre and the grey matter in the
periphery (DE LAHUNTA & GLASS, 2009). The cerebellar cortex is formed by
three layers, named from external to internal: 1) the molecular layer (ML)
composed of granule neuronal axons (Stellate cells and Basket cells) and the
dendritic zones of the Purkinje cells (PC); 2) the Purkinje cell layer (PCL)
composed, as the name indicates, of PC; and 3) the granular layer (GL) composed
of granule layer cells (GLC) and Golgi cells (DE LAHUNTA & GLASS, 2009).
The total population of PC is well established before the fetus is born, while the
GLC continue to divide and migrate until late in the gestation or even after birth
in some species (DE LAHUNTA & GLASS, 2009). For example in the horse and
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farm animals the GLC complete the population of the GL before birth, while in
dogs and cats this division and migration can occur up until the 10" week after
birth (DE LAHUNTA & GLASS, 2009) and in humans up until the 20" month of
life (PARISI & DOBYNS, 2003). This degree of cerebellar development is
directly correlated with the amount of motor function and coordination in the
newborn (DE LAHUNTA & GLASS, 2009). For this reason newborn animals,
such as the foal and other farm animals, walk coordinately immediately after
birth, while the kitten, puppy and human baby require a longer period to be able to
walk coordinately (DE LAHUNTA & GLASS, 2009). This long duration of
development and maturation makes the cerebellum vulnerable to a wide spectrum
of developmental malformations (ADAMSBAUM et al., 2005; GAREL et al.,
2011).

2.2.  The development of the fourth ventricle

The development of the fourth ventricle has been well studied in the mouse model
(SHEKDAR, 2011). In this specie, as well as in humans, the middle portion of the
roof of the fourth ventricle, which contains the choroid plexus, is initially
connected anteriorly with the cerebellar structures by the anterior membranous
area (AMA), and posteriorly with the medulla by the posterior membranous area
(PMA) (SHEKDAR, 2011). The AMA normally disappears, being completely
incorporated into the developing choroid plexus in the early fetal development
(SHEKDAR, 2011). The PMA expands, causing a caudally protrusion of the
fourth ventricle called Blake’s pouch, that initially does not communicate with the
surrounding subarachnoid space (SHEKDAR, 2011). The area of Blake’s pouch
connecting with the cerebellar vermis becomes progressively thicker, whereas the
other areas surrounding it become progressively thinner, causing the
permeabilization of the Blake’s pouch and giving rise to the foramen of Magendie
(FRIEDE, 1975; SHEKDAR, 2011). Hence, the communication between the
cerebrospinal fluid (CSF) from the fourth ventricle with the subarachnoid space is
made through the foramen of Magendie, located in the middle of the membranous
roof of the fourth ventricle, and the foramen of Luschka, located in the lateral
recesses of the fourth ventricle (FRIEDE, 1975). A study comparing the patency
of these foramen in 27 vertebrate species demonstrated that the foramen of
Luschka was present in all species, but the foramen of Magendie was absent in
some species, such as the dog, cat, goat, rat, rabbit and mouse (FRIEDE, 1975).
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2.3.  The anatomy of the cerebellum

The cerebellum is divided into two areas, the vermis located centrally in the
median region, and the hemispheres located laterally on each side of the vermis
(DE LAHUNTA & GLASS, 2009). The cerebellum can be further divided into
two parts: 1) the cerebellar body composed by the vermis and hemispheres, and 2)
the small flocculonodular lobe located ventrally and near the center of the
cerebellum, separated from the rest of the cerebellum by the uvulonodular fissure
(DE LAHUNTA & GLASS, 2009). The cerebellar body is further divided into
cranial and caudal lobes by the primary fissure. The cranial vermis is composed
by the lingula, lobules centralis and culmen, and the caudal vermis is composed
by the declive, folium, tuber, pyramis, nodulus and uvula, separated by the
uvulonodular fissure. The fourth ventricle is located directly adjacent to the
nodulus (DE LAHUNTA & GLASS, 2009). The left and right hemispheres are
composed caudally to cranially by the ansiform lobule, dorsal paraflocculus,
ventral paraflocculus and flocculus, and in the median caudal plane by the
paramedian lobule. The flocculus connects on each side laterally by the peduncle
flocculonodular with the nodulus (DE LAHUNTA & GLASS, 2009). Three
cerebellar peduncles connect the cerebellum to the brainstem: the rostral peduncle,
with mainly efferent processes to the mesencephalon, the middle peduncle, with
afferent processes from the transverse fibers of the pons, and the caudal peduncle,
with afferent processes from the spinal cord and medulla (DE LAHUNTA &
GLASS, 2009). The cerebellar nuclei are located in the cerebellar medulla and are
named from lateral to medial, lateral, interposital and fastigial cerebellar nuclei
(DE LAHUNTA & GLASS, 2009).

These afferent pathways are mainly constituted by the climbing and mossy fibers,
while the PC are the sole output (efferent) pathway from the cerebellar cortex (DE
LAHUNTA & GLASS, 2009; BIRAN et al., 2012). The climbing fibers originate
mainly from the inferior olivary nuclei and synapses directly with the dendrites of
the PC (DE LAHUNTA & GLASS, 2009; BIRAN et al., 2012). Aspartate is the
neurotransmitter released in these synapses (DE LAHUNTA & GLASS, 2009).
The mossy fibers originate from various spinal cord, brain stem and deep
cerebellar nuclei, and synapses indirectly the PC, through the relay cells, the GLC
and parallel fibers (DE LAHUNTA & GLASS, 2009; BIRAN et al., 2012).
Acetylcholine is the neurotransmitter released in these synapses (DE LAHUNTA
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& GLASS, 2009). The afferent and efferent pathways of the cerebellum are

resumed in Tables 1 and 2, respectively.

Table 1. The cerebellar afferent pathways (DE LAHUNTA & GLASS, 2009)

Cerebellar General Special Special somatic ~ Upper motor
afferents proprioception proprioception (visual and neuron
auditory)
Origin 1. Spino- Vestibulo-cerebellar 1. Tectocerebellar Brainstem
cerebellar tracts axons (vestibulo- axons nuclei: 1. Red,
2 Cuneo- cochlear nerve or » Visual and 2. Olivary, 3.
cerebellar tracts vestibular nucle) auditory areas of Pontine;
cerebral cortex 4. Reticular
formation
Cerebellar 1. Caudal and Caudal 1. Rostral and 2. 1. Rostral, 2.
peduncle rostral (small Middle contra-lateral

number)

2. Caudal

contralateral

caudal, 3.
middle contra-
lateral, 4.

caudal

Table 2. The cerebellar efferent pathways (DE LAHUNTA & GLASS, 2009)

Cerebellar Purkinje cells Neurons of the cerebellar nuclei
efferents
Origin Flocculonodular  Fastigial Interposital Lateral nucleus
lobe nucleus nucleus
Synapse Vestibular nuclei  Vestibular Red nucleus, Red nucleus,
nuclei, reticular reticular
reticular formation formation,
formation pallidum ventral
nucleus of the
thalamus
Cerebellar Caudal Rostral rostral Rostral

peduncle
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2.4. The cerebellar function

The cerebellum regulates motor function, the correct position of the head, the
neck and the body, in rest and in motion, the muscular tonus and maintains the
equilibrium (DE LAHUNTA & GLASS, 2009). During routine neurological
examination, the motor function is the main cerebellar function evaluated (DE
LAHUNTA & GLASS, 2009). However it is well known in humans the
involvement of the cerebellum in sensory systems, learning and higher cognitive
functions, and emotions (SCHMAHMANN & SHERMAN, 1998; PATEL &
BARKOVICH, 2002; ADAMSBAUM et al., 2005, SCHMAHMANN &
CAPLAN, 2006; DE LAHUNTA & GLASS, 2009; ECONOMOU &
KATSETOS, 2012; DE SMET et al.,, 2013, CAN et al., 2014). The term
“cerebellar cognitive affective syndrome” has been used to describe the non-
motor functional deficits in human patients (SCHMAHMANN & SHERMAN,
1998). For this reason the cerebellum can be divided into three different
functional areas according to their embryological development (DE LAHUNTA
& GLASS, 2009; SHEKDAR, 2011) (Table 3). Functional areas are also
distinguished according to the longitudinal areas of the cerebellar cortex and
related nuclei (DE LAHUNTA & GLASS, 2009) (Table 4). Since primates have
very skilled limb and hand movements, their lateral zone is extremely developed.
This is also observed in a few species of exotic animals (DE LAHUNTA &
GLASS, 2009).

Table 3. Functional areas of the cerebellum based on embryological development
(DE LAHUNTA & GLASS, 2009; SHEKDAR, 2011)

Classification Embryological development

Functional area Archicerebellum Paleocerebellum Neocerebellum

Anatomic structures  Flocculonodular lobe  Rostral cerebellar lobe  Caudal cerebellar lobe

and adjacent vermis and adjacent vermis

Function Vestibular functions Spinal cord functions ~ Regulation of skilled

and postural tonus motions
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Table 4. Functional areas of the cerebellum according to the longitudinal areas of
the cortex and related nuclei (DE LAHUNTA & GLASS, 2009)

Classification Longitudinal areas of the cortex and related nuclei
Functional area Medial zone Intermediate zone Lateral zone
Anatomic structures Vermis, fastigial Paravermal cortex, Lateral portions of the
nuclei interposital nuclei hemispheres, lateral

nuclei

Function Postural tone and Muscle and postural Regulation of skilled
equilibrium of the tone to regulate movements of the
entire body skilled movements limbs

2.5.  Clinical signs of cerebellar disease

Animals with cerebellar disease present with cerebellar ataxia, characterized by a
hypermetric gait. In severe cases it can be associated with falling and rolling. In
the resting posture a broad-base stance on the thoracic limbs, truncal ataxia, and
tremors of the head and neck, as well as intention tremors during eating or
drinking can be noticed (DE LAHUNTA & GLASS, 2009). Paradoxical
vestibular disease may occur with involvement of the flocculus, the nodulus or the
caudal cerebellar peduncle. This results in abnormal positional nystagmus, with
inconsistency in the direction, which may also change with different positioning
of the head, and head tilt (DE LAHUNTA & GLASS, 2009). In addition, deficits
in the cranial nerves during neurological examination including an absence of the
menace reaction may be noticed (DE LAHUNTA & GLASS, 2009). The menace
reaction is a learned reaction in puppies and kittens, usually appearing after the
10" to 12" week after birth. It requires the peripheral and the central pathways of
the visual system, which end up at the facial nuclei in the medulla, to be intact.
Diffuse cerebellar disorders, especially those involving the interposital and lateral
cerebellar nuclei, have been often related to cause absence of the menace reaction
(DE LAHUNTA & GLASS, 2009).

In human patients as previously mentioned cerebellar disease is associated not
only with motor functional deficits but also with cognitive, social and/or
behavioral dysfunctions (SCHMAHMANN & CAPLAN, 2006; BIRAN et al.,
2012; CAN et al., 2014). It may actually contribute to the long term cognitive,
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language and behavioral dysfunctions seen in 25 to 50% of preterm infants
(SCHMAHMANN & CAPLAN, 2006; BIRAN et al., 2012). These dysfunctions
may also occur in the absence of typical motor functional deficits
(SCHMAHMANN & CAPLAN, 2006).

2.6.  Causes of congenital cerebellar malformation

The most frequently documented non-inherited etiology of congenital cerebellar
malformation in the veterinary literature is viral infection of the developing
cerebellum (DE LAHUNTA & GLASS, 2009). Intrauterine parvovirus infection
affecting the cerebellar germinal cell layer is an established cause of cerebellar
hypoplasia in cats (SCHATZBERG et al., 2003). In dogs parvovirus has only
been amplified from the cerebellum in some rare cases of cerebellar hypoplasia
(SCHATZBERG et al., 2003) or demyelination of the white matter of the
cerebellum (SCHAUDIEN et al., 2010), but it was never amplified from the
cerebellum in cases with midline malformations and vermian defects resembling
DWLM, cerebellar abiotrophy or hydranencephaly (SCHATZBERG et al., 2003).
Herpesvirus was reported in a Malamute puppy with cerebellar ataxia and
blindness that survived infection in the first weeks of life (PERCY et al., 1971).
Post-mortem examination of this puppy revealed cerebellar and retina dysplasia,
with poor differentiation and relative acellularity of the inner GL and ML, and
also a reduced number of PC, with the ventral folia of the cerebellar vermis and
paramedian lobules being most affected (PERCY et al., 1971). Evidence for
inherited cerebellar hypoplasia in dog breeds is rare in the veterinary literature and
limited to a few individuals in wire-haired Fox terriers, Irish setters and Chow-
Chows (PALMER et al., 1973; KNECHT et al., 1979; DE LAHUNTA & GLASS,
2009). In cattle, congenital cerebellar hypoplasia and atrophy is commonly seen
after an in utero infection of the bovine fetus with the bovine diarrhea virus (DE
LAHUNTA & GLASS, 2009). In pigs cerebellar hypoplasia is one of the
malformations seen after an in utero infection with the hog cholera virus (DE
LAHUNTA & GLASS, 2009). Schmallenberg virus causes cerebellar hypoplasia
in lambs, goats and calves, as well as other malformations of the brain and spinal
cord (CONRATHS et al.,, 2013). Experimental studies in rats injected with
Escherichia coli at gestational day 17, demonstrated a decrease of the PC density
and volume of the cerebellum cortex (BIRAN et al., 2012). Exposure to bacterial

endotoxin (lipopolysaccharide) caused diffuse cerebellar white matter damage in a
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fetal preterm sheep (BIRAN et al., 2012). In humans, cytomegalovirus and rubella
infection during CNS development is a well-known cause of cerebellar damage in
the newborn (WAKELING et al., 2002; PARISI & DOBYNS, 2003; NIESEN,
2002; SPENNATO et al., 2011; BIRAN et al., 2012). Maternal exposure to
nicotine, cocaine and ethanol (alcohol) during pregnancy causes cerebellar
damages, which are thought to be responsible for the neurobehavioral deficits
observed in the offspring (BIRAN et al., 2012). The maternal exposure to nicotine
via infusion during the gestational period caused a significant decrease in the PC
of the cerebellar cortex in animal models (BIRAN et al., 2012). A study with
nonhuman primate specie showed that exposure to alcohol during the gestational
period had a permanent dose-related deficit in the number of PC, although its
mechanism still remains unclear (BIRAN et al., 2012). An important area of study
is the effect of exposure to glucocorticoid during the development of the
cerebellum, because the cerebellum has the highest levels of glucocorticoid
receptors in the brain, which are localized in the EGL (BIRAN et al., 2012). A
decreased volume in cerebral and cerebellar tissue was observed in preterm
newborns after postnatal therapy with dexamethasone (BIRAN et al., 2012). The
same was observed with clinically routine doses of hydrocortisone, but not with
pretenatal use of betamethasone (BIRAN et al., 2012). Animal models showed
reduced cerebellar growth, characterized by neuronal apoptosis and inhibition of
the proliferation of immature and precursors of the GLC, after exposure to all
glucocorticoids (hydrocortisone, dexamethasone, and corticosterone) (BIRAN et
al., 2012). Many experimental data revealed that the cerebellum during its phase
of rapid growth is especially vulnerable to undernutrition (BIRAN et al., 2012).
There are studies in fetal sheep and guinea pig demonstrating that placental
insufficiency can cause decreased cerebellar growth and differentiation (BIRAN
et al., 2012). With advanced neonatal brain imaging it has become increasingly
recognizable that an injury and/or an impaired development of the cerebellum,
involving both white and grey matter, can be a consequence of a premature birth
(BIRAN et al., 2012).

2.7. Classification of cerebellar diseases

In domestic animals congenital cerebellar diseases are usually classified according
to the underlying pathobiology, either as congenital malformation, which are

characterized by a non-progressive course and usually observed when the cat or
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puppy tries to stand and walk, between the 6th and 8th week of age (DE
LAHUNTA & GLASS, 2009); or as cerebellar cortical abiotrophy, characterized
by different ages of onset and progressive ataxia (DE LAHUNTA & GLASS,
2009; URKASEMSIN & OLBY, 2014). The later, also known as cerebellar
cortical degeneration, cerebellar ataxias, cerebellar degeneration, and cerebellar
cortex degeneration, are characterized by postnatal neurodegeneration that occurs
mainly in the cerebellar cortex, being further divided into diseases that primarily
affect the PC or the GLC (URKASEMSIN & OLBY, 2014). Most of these
disorders are inherited in an autosomal recessive pattern including the Old English
Sheepdog (STEINBERG et al., 2000; AGLER et al., 2014), Gordon Setter (DE
LAHUNTA & GLASS, 2009; AGLER et al, 2014), Scottish Terrier
(URKASEMSIN et al., 2010), Finnish Hound (KYOSTILA et al., 2012),
Rhodesian Ridgeback (CHIETTO et al., 1994), Beagle (FORMAN, et al., 2012),
and Australian Kelpie (SHEARMAN et al., 2011). An X-linked inheritance has
been described in the English Pointer (O’BRIEN, 1993). There are also numerous
sporadic single reports in several breeds, which may also have a hereditary origin
(URKASEMSIN & OLBY, 2014).

Several classifications in human medicine have been proposed to describe
cerebellar malformations, which usually are a part of a more complex
malformation involving the midbrain and hindbrain; however, none has been
satisfactory enough to be universally accepted (PARISI &DOBYNS, 2003,
BARKOVICH et al., 2009; SHEKDAR, 2011).

One was proposed by PATEL AND BARKOVICH (2002) based on imaging
findings. The cerebellar malformations were classified into hypoplasia and
dysplasia. Hypoplasia was defined as a small or incompletely formed but
structurally normal cerebellum, whereas dysplasia was defined as a disorganized
cerebellum. Furthermore, these malformations were divided into generalized,
involving both cerebellar hemispheres and the vermis, and focal, restricted to
either a single hemisphere or vermis (PATEL & BARKOVICH, 2002).

Another one was proposed by Tortori-Donati in 2005 and was based on
morphological features of the posterior fossa (SHEKDAR, 2011). Here the
cerebellar malformations were divided into cystic and non-cystic malformations
(SHEKDAR, 2011). These malformations were then further classified into focal

(involving only the vermis or only the cerebellar hemispheres), diffuse (involving



1. Review of the literature 20

both cerebellar hemispheres and the vermis), and combined (involving the
cerebellum and brainstem) (SHEKDAR, 2011).

Cerebellar malformations in humans are however in a much more complex
scheme of classification of midbrain-hindbrain malformations included (PARISI
& DOBYNS, 2003; BARKOVICH et al., 2009). PARISI AND DOBYNS (2003),
described a scheme based as much as possible on the embryological derivation of
midbrain and hindbrain. According to this classification, DWM and CVH were
within the same group of malformations. BARKOVICH AND COLLEAGUES
(2009) proposed a new classification scheme based whenever possible upon
embryology and genetics. Dandy-Walker malformation and CVH are classified
within the same group of mesenchymal-neuroepithelial signaling defects
(BARKOVICH et al., 2009).

3. Inferior vermian hypoplasia

In humans, inferior vermian hypoplasia (IVH), cerebellar vermian hypoplasia or
isolated cerebellar hypoplasia are used often in the literature to describe the same
pathology (PATEL & BARKOVICH, 2002, ADAMSBAUM et al., 2005:
LIMPEROPOULOQS et al., 2006, 2008). There are, however, doubts as to whether
they represent the same or a different pathology (MALINGER et al., 2009). There
is also a confusing overlap between the classification of DWV and IVH, with
these two apparently distinct entities being used as synonyms (NIESEN, 2002;
PARISI & DOBYNS, 2003; ADAMSBAUM et al., 2005; MALINGER et al.,
2009; MACKILLOP, 2011; SPENNATO et al., 2011). This confusion between
these different entities raise several questions in regard to prognosis and genetic
counseling of the parents during pregnancy (ADAMSBAUM et al., 2005,
MALINGER et al., 2009). Recent genetic data demonstrated that deletions or
duplications of specific genes may result in a wide spectrum of cerebellar and
posterior fossa malformations, suggesting that these pathologies share the same
pathogenesis (MILLEN & GLEESON, 2008; ALDINGER et al., 2009).

3.1.  Imaging diagnosis

LIMPEROPOULOS AND COLLEAGUES (2008) considered IVH when caudal
growth of the inferior vermis over the fourth ventricle remained incomplete after
the 18™ to 20" week of gestation. However, MALINGER AND COLLEAGUES
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(2009) suggested that MRI used to diagnose the different forms of vermian
hypoplasia should not be performed before the 24" week of gestation. Magnetic
resonance imaging is evaluated in the midsagittal plane. A small but anatomically
normal vermis, a normal-sized or hypoplastic cerebellar hemispheres, a normal-
sized posterior fossa, and fourth ventricle with a normal triangular shape are
identified with IVH (ADAMSBAUM et al., 2005; LIMPEROPOULOS et al.,
2008; MALINGER et al., 2009). Supratentorial anomalies such as
ventriculomegaly, agenesis of the corpus callosum and simplified cortical
gyration, can be observed together with IVH (ADAMSBAUM et al., 2005;
LIMPEROPOULOS et al., 2008).

3.2. Progressive and non-progressive hereditary ataxias

In humans, inferior cerebellar vermian hypoplasia is one of the many features
characterizing some progressive hereditary cerebellar ataxias (PALAU &
ESPINOS, 2005; MILLEN & GLEESON, 2008; MANCUSO et al., 2014).
Hereditary cerebellar ataxias in humans are a heterogeneous group of neurological
disorders. There have been identified at least 36 types of autosomal dominant
cerebellar ataxia, 20 autosomal recessive ataxia, 2 X-linked ataxias, and several
associated with mitochondrial impairment (MANCUSO et al., 2014). Their course
is frequently chronic and progressive. However, although very rarely, genetic
ataxias can present as episodic ataxias (MANCUSO et al., 2014). Clinically,
human patients may present symptoms exclusively related to the cerebellar
malformations, e.g. ataxia, abnormal eye movements, various type of nystagmus,
dysarthria and dysmetria, or present neurological changes related to pyramidal,
extrapyramidal, sensory and cognitive dysfunctions and also symptoms related to
some other systemic malformations (PALAU & ESPINOS, 2005; MANCUSO et
al., 2014). Some examples of hereditary cerebellar ataxias, characterized by the
presence of inferior cerebellar vermian hypoplasia, which may or may not be
associated with other malformations (e. g. brainstem atrophy) are ataxia with
oculomotor apraxia, autosomal recessive ataxia type I, and spinocerebellar ataxia
(types 1-3, 6, 7, 17) (PALAU & ESPINOS, 2005; MANCUSO et al., 2014).

Dysequilibrium syndrome (DES) is a genetically and phenotypically
heterogeneous group of diseases, characterized by a non-progressive, autosomal

recessive cerebellar ataxia, and mental retardation, with or without quadrupedal
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gait (BOYCOTT et al., 2005; GLASS et al., 2005; OCZELIK et al., 2008;
TURKMEN et al., 2008; TURKMEN et al., 2009; BOYCOTT et al., 2009; KOLB
et al.,, 2010; GULSUNER et al., 2011; ALI et al., 2012). Inferior vermian
hypoplasia is one of the main neuroimaging features of DES, as well as
hypoplasia of the cerebellar hemispheres, simplified cortical gyration and
decreased size of the brainstem, mainly in the pons (BOYCOTT et al., 2005;
GLASS et al., 2005; OCZELIK et al., 2008; TURKMEN et al., 2008; BOYCOTT
et al., 2009; KOLB et al., 2010; ALI et al., 2012). The term CAMRQ is also used
to describe this condition consisting of cerebellar ataxia, mental retardation and
dysequilibrium syndrome. Three types of CAMRQ have been described:
CAMRQL associated with mutations of the very-low density lipoprotein receptor
(VLDLR) gene (BOYCOTT et al., 2005; GLASS et al., 2005; OCZELIK et al.,
2008; TURKMEN et al., 2008; BOYCOTT et al., 2009; KOLB et al., 2010; ALI
et al., 2012); CAMRQ2 associated with mutations of the carbonic anhydrase gene
8 (CA8) (TURKMEN et al., 2009); and CAMRQ3 associated with mutations of
the WD repeat domain gene 81 (WDR81) (GULSUNER et al., 2011).

3.3.  Prognosis and Outcome

The outcome in human patients with I\VH appears to be associated with the
presence of supratentorial anomalies (LIMPEROPOULOS et al., 2006).
LIMPEROPOULOS AND COLLEAGUES (2006) demonstrated that in isolated
IVH, the development outcomes of children are associated with an overall good
outcome, with only mild developmental delays in a subset of infants.
Approximately one quarter of the children in this study showed impairment in
gross and fine motor skills, deficits in expressive language, behaviour and social
skills, as well as in cognition (LIMPEROPOULOS et al., 2006).

4. Dandy-Walker malformation

The inicial descriptions of Dandy-Walker malformation (DWM) were done by
Virchow in 1863, Sutton in 1887 and Tusari in 1891 (DOW, 1940). However, its
recognition and acceptance was the work of Dandy in 1914 (DANDY &
BLACKFAN, 1914). This malformation was subsequently studied in more detail
by Taggart in 1942 (RAYBAUD, 1982). The terminology ‘“Dandy-Walker

malformation” was suggested by Benda in 1954 to describe this as a clearly
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defined entity (BENDA, 1954).

DWAM is a relatively common malformation in humans, occurring in at least 1 out
of 5000 live born infants (PARISI & DOBYNS, 2003). Despite experience over a
century with DWM, the knowledge about its etiology, pathogenesis,
classification, outcomes and related malformations remains very limited (STOLL
et al., 1990; NIESEN, 2002; PATEL & BARKOVICH, 2002; WAKELING et al.,
2002; PARISI & DOBYNS, 2003; WEIMER et al., 2006; IMATAKA et al.,
2007; SPENNATO et al., 2011).

In dogs there were few reports describing the presence of cerebellar vermis
hypoplasia/aplasia with or without involvement of the cerebellar hemispheres and
a DWLM was frequently discussed. The breeds reported included miniature
Schnauzer (CHOI et al.,, 2007; DE LAHUNTA & GLASS, 2009), Golden
Retriever (SCHMIDT et al., 2008), Boston Terrier (DOW, 1940; NOUREDDINE
et al., 2004), Cocker Spaniel (LIM et al., 2008), Labrador Retriever, Bull Terrier,
Weimaraner, Dachshund, Mixed breed (KORNEGAY, 1986), Beagle, Silky
Terrier (PASS et al., 1981), and Wire-Haired Miniature Daschund (KOBATAKE
et al., 2013). Hydrocephalus has also been recognized in some of these dogs
((DOW, 1940; KORNEGAY, 1986; NOUREDDINE et al., 2004; CHOI et al.,
2007; LIM et al., 2008).

4.1.  Pathogenesis

The pathogenesis of DWM is a matter of discussion and has not been defined up
to now. Initially, it was proposed that congenital obstruction of the foramina of
Luschka and Magendie was responsible for the cystic dilatation of the fourth
ventricle, which per se was responsible for the enlargement of the posterior fossa
(SASAKI-ADAMS et al., 2008). In later studies, two other theories were
proposed. Firstly, it was suggested that DWM may result from an abnormal
development of the rhombencephalon, which leads to an incomplete formation of
the vermis. Secondly, it was suggested that DWM may be the result of a defect
within the tela choroidea, which leads to the cystic dilation of the fourth ventricle
(SASAKI-ADAMS et al., 2008). Hence, the most convincing explanation is that
DWM is the result of a developmental arrest in the hindbrain with persistence of
the AMA (FRIEDE, 1975; SASAKI-ADAMS et al., 2008; SHEKDAR, 2011).
The AMA persists, not fusing with the choroid plexus, and takes place between
the caudal edge of the developing vermis and the cranial edge of the developing
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choroid plexus (FRIEDE, 1975; SHEKDAR, 2011). The AMA expands due to
CSF pulsations, rather than the nonopening of the cerebellar foramina, as
suggested earlier (FRIEDE, 1975; SHEKDAR, 2011). The AMA distends
progressively forming a cyst that displaces and rotates the hypoplastic vermis
superiorly and in counterclockwise manner (FRIEDE, 1975; SHEKDAR, 2011).
The enlargement of the posterior fossa and the consequent elevation of the
tentorium cerebelli osseum and torcula are the end result of the non-migration of
the straight sinus from the vertex to the lambda (FRIEDE, 1975; SHEKDAR,
2011). This may result from an error occurring during development, or from the
mechanical interference of the cystic enlargement of the fourth ventricle
(FRIEDE, 1975; SHEKDAR, 2011). Recent genetic studies have suggested that
the surrounding mesenchyme may also play a significant role in the cerebellar
development during embryogenesis. Thus mutations involving the cerebellum and
the surrounding mesenchyme seem to be necessary for the development of a
DWM complex, and the extent of the mutation seems to be directly correlated
with the severity of the malformation (MCCORMACK et al., 2002; GRINBERG
etal., 2004; JALALI et al., 2008; ALDINGER et al., 2009; BARKOVICH, 2012).
Based on this information DWM should be included in the group of
mesenchymal-neuroepithelial signaling defects (BARKOVICH, 2012). From this
embryogenetic point of view retrocerebellar subarachnoid cysts, enlargement of
the cisterna magna (mega cisterna magna) and persistent Blakes pouch cyst
should be considered a part of the DWM. The molecular and biological pathways
involved in these disorders have not, however, been yet identified
(BARKOVICH, 2012).

4.2.  Etiology

A review of the human literature identified environmental factors, including
prenatal exposure to rubella (NIESEN, 2002; PARISI & DOBYNS, 2003;
SPENNATO et al.,, 2011), toxoplasmosis, cytomegalovirus (NIESEN, 2002;
WAKELING et al.,, 2002; SPENNATO et al.,, 2011), alcohol (PARISI &
DOBYNS, 2003; SPENNATO et al., 2011), isotretinoin, coumadin, and maternal
diabetes, to be associated with DWM (STOLL et al., 1990; SPENNATO et al.,
2011). Dandy-Walker malformation can also be found as part of a Mendelian
disorder or be associated with a chromosomal abnormality (STOLL et al., 1990;
NIESEN, 2002; WAKELING et al., 2002; PARISI & DOBYNS, 2003; WEIMER
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et al., 2006; IMATAKA et al., 2007; SPENNATO et al., 2011). Although familial
cases of DWM are rare and the inheritance mode is not well understood, a number
of theories, ranging from sporadic genetic aberrations to more classical Mendelian
inheritance, have been proposed to explain it (BRAGG et al., 2006). Few reports
of siblings with DWM highly suggest an autosomal recessive pattern of
inheritance (STOLL et al., 1990; ABDEL-SALAM et al., 2006). However an X-
linked recessive or a multifactorial inheritance is also possible (WAKELING et
al., 2002). An autosomal dominant inheritance of DWM associated with occipital
encephalocele was described in two families (JALALI et al., 2008). The fact that
DWM can appear associated with other clinically recognizable genetic
syndromes, such as Meckel-Gruber, Walker-Walburg, PHACE syndrome
(PARISI & DOBYNS, 2003; IMATAKA et al., 2007; SPENNATO et al., 2011),
or Down syndrome (NIGRI et al., 2014), is highly suggestive of an inherited

condition.

4.2.1. Genetic and chromosomal abnormalities

In six human patients with DWM the first critical region in the chromosome of
302 was identified. This region is composed of two adjacent zinc fingers in the
cerebellum genes, ZIC1 and ZIC4. Mice with a heterozygous deletion of these
two linked genes have a phenotype that is similar to DWM, providing a mouse
model for this malformation (GRINBERG et al., 2004). Another case report in a
human patient with an interstitial deletion of 3922.3-g25.2, also suggests that the
contiguous deletion of ZIC1 and ZIC4 may be responsible for the DWM
phenotype (LIM et al., 2011). The effects of these interstitial deletions in the
phenotype of DWM can be extremely variable ranging from mild cerebellar
vermian hypoplasia (CVH) to classic DWM (GRINBERG et al., 2004; MILLEN
& GLEESON, 2008). In a recent study, however, deletions of both ZIC1 and
ZIC4 genes were identified in 4 patients, who did not display any features of
DWM, and in another 11 patients without deletions of these genes, a diagnosis of
isolated or syndromic DWM was confirmed (FERRARIS et al., 2013). These
findings indicate that deletions in the chromosome 32, including ZIC1 and ZIC4
genes, can be or not associated with DWM and that penetrance of these genes
may be incomplete (FERRARIS et al., 2013). A second locus in chromosome
6p25.3 associated with DWM was identified. Deletions or duplications
encompassing the gene FOXC1 were also associated with cerebellar and posterior



1. Review of the literature 26

fossa malformations (ALDINGER et al., 2009; HALDIPUR et al., 2014). Again
the phenotype was extremely variable ranging from mild CVH or mega cisterna
magna (MCM) to classic DWM. A mouse model was also provided (ALDINGER
et al.,, 2009). These data demonstrate that loss or duplication of FOXC1
(ALDINGER et al., 2009) and the deletion of both ZIC1l and ZIC4 genes
(MILLEN & GLEESON, 2008) may result in cerebellar and/or posterior fossa
malformations, with a wide spectrum of phenotypes. This fact suggests that
isolated CHV, MCM and DWM may share the same pathogenesis in at least some
affected individuals (MILLEN & GLEESON, 2008; ALDINGER et al., 2009). A
de novo 2.3-Mb deletion of the chromosome 8p21.2-p21.3 associated with a down
regulation of the gene FGF17, known to be involved in the cerebellar
development, was also identified in a patient with severe growth mentation,
seizures and classic DWM (ZANNI et al., 2011). Several studies have identified
deletions in the long arm of chromosome 13 in patients with DWM, suggesting
that the gene (S) associated with this malformation may also be located on this
chromosome (MCCORMACK et al., 2002; MADEMONT-SOLER et al., 2010).
Recently a small deletion on this chromosome associated to DWM was reported,
reducing the critical region to 13932.2-32.3 on this chromosome (MADEMONT-
SOLER et al., 2010). Among the few genes of this deleted region, ZIC2 and ZIC5
seemed the most plausible candidates (MADEMONT-SOLER et al., 2010). A
linkage to chromosome 2g36.1 was identified in families with autosomal
dominant inheritance of classic DWM which was associated with an occipital
encephalocele (JALALI et al., 2008). Families with autosomal dominant
inheritance of DWM without an occipital encephalocele have not been reported to
date (JALALI et al., 2008).

Abnormal karyotypes are found in up to 55% of fetuses with an antenatal
diagnosis of DWM (IMATAKA et al., 2007). Some of the chromosomal
anomalies identified in Dandy-Walker include trisomy 18 (in 20 of 78 cases of
DWM), 9 (at least 20 case reports of DWM) and 13 (in 4 of 50 cases of DWM)
(PARISI & DOBYNS, 2003; IMATAKA et al., 2007; SASAKI-ADAMS et al.,
2008); triploid (PARISI & DOBYNS, 2003; IMATAKA et al., 2007); tetraployd
(IMATAKA et al., 2007); partial trisomy 3q, 3 p, 79, 8q, 11q (WEIMER et al.,
2006; IMATAKA et al.,, 2007); partial duplication of 5g, 8p, 8q, and 11q
(NIESEN, 2002; PARISI & DOBYNS, 2003; IMATAKA et al., 2007); and
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deletion of 2q, 3q, 6p (PARISI & DOBYNS, 2003; WEIMER et al., 2006;
IMATAKA et al., 2007), 13q (4 case reports of DWM) and 5p (IMATAKA et al.,
2007). However the most common chromosomal defects observed are trisomy 18,
triploidy and trisomy 13 (IMATAKA et al., 2007).

Regarding sex chromosome abnormalities, there are reports of DWM associated
with X-monosomy/Turner syndrome, X-pentasomy, autosomal X-linked recessive
(WAKELING et al., 2002; BRAGG et al.,, 2006) and fragile X-syndrome
(IMATAKA et al., 2007). An X chromosome locus has also been discussed to be
responsible for DWM (WAKELING et al., 2002; BRAGG et al., 2006).

4.3.  Controversy on the classification of DWM in humans

Classic DWM is defined as a complete or partial agenesis of the cerebellar vermis,
resulting in an upward displacement and rotation of the remnants of the vermis, a
cyst-like dilation of the fourth ventricle, and an enlargement of the posterior fossa
causing an upward displacement of the transverse sinuses, tentorium cerebelli
osseum and torcula (PATEL & BARKOVICH, 2002; SHEKDAR, 2011).
Hydrocephalus is not a part of the essential criteria (SHEKDAR, 2011;
SPENNATO et al., 2011). In some cases, however, a substantial enlargement of
the posterior fossa with elevation of the tentorium cerebelli osseum, transverse
sinuses and torcula was not observed, which led to the introduction of the term
Dandy-Walker variant (DWV) (PATEL & BARKOVICH, 2002; SHEKDAR,
2011). This terminology is not without controversy (NIESEN, 2002; PARISI &
DOBYNS, 2003; MALINGER et al., 2009; MACKILLOP, 2011; SPENNATO et
al., 2011), and there are actually no specific criteria to classify/quantify the size of
posterior fossa and vermian hypoplasia. Thus, the diagnosis of classic DWM and
DWYV is often established based on the experience of the neuroradiologists
(SASAKI-ADAMS et al., 2008). Furthermore, it was often observed, particularly
in prenatal diagnosis, that the term DWV was used synonymously for other
pathologies, such as isolated vermian hypoplasia, inferior vermian hypoplasia, and
vermian dysgenesis/agenesis as part of the molar tooth syndrome
(ADAMSBAUM et al., 2005; MALINGER et al., 2009). For this reason, some
authors have recommended abandoning the term ‘“Dandy-Walker variant”
(NIESEN, 2002; PARISI & DOBYNS, 2003; BOLDUC & LIMPEROPOULOS,
2009; MALINGER et al., 2009; GAREL et al., 2011; SPENNATO et al., 2011).
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However and as mentioned, some genetic studies suggested that CVH, DWV,
classic DWM and mega cisterna magna may share a common pathogenesis,
because all these different phenotypes were observed with a specific loss of a gene
(MILLEN & GLEESON, 2008) or the interstitial deletion of a chromosome
(ALDINGER et al., 2009). This may explain the difficulty in distinguishing
clinically between these malformations (MILLEN & GLEESON, 2008;
ALDINGER et al., 2009). Moreover, there is evidence of a shared pathogenetic
origin, based on the observations in monozygotic twins (SPENNATO et al.,
2011).

4.4, Associated malformations

Dandy-Walker malformation can appear isolated or associated with other intra or
extra-cranial abnormalities. Intra-cranial abnormalities include agenesis or
dysgenesis of the corpus callosum (PATEL & BARKOVICH, 2002; KLEIN et al.,
2003; ALEXIOU et al., 2010; SPENNATO et al., 2011), inter-hemispheric cysts,
malformations of the cerebral gyration (polymicrogyria), encephaloceles, gray
matter heterotopias, malformations of the dentate nucleus and of the brainstem,
hamartomas (KLEIN et al., 2003; ALEXIOU et al., 2010; SPENNATO et al.,
2011) and lissencephaly (NOTARIDIS et al., 2006). These intra-cranial
abnormalities are present in 29% to 48% or 13% to 67% of the patients with
DWM (BOLDUC & LIMPEROPOULOS, 2009). However, the most common
anomaly is ventriculomegaly/hydrocephalus, observed in 36% to 76% of children
with DWM (NIESEN, 2002; BOLDUC & LIMPEROPOULOS, 2009). A
significant proportion (10-17% or 5-50%) of children with DWM have agenesis
or dysgenesis of the corpus callosum (PARISI & DOBYNS, 2003; BOLDUC &
LIMPEROPOULOS, 2009). In the veterinary literature concurrent hydrocephalus,
agenesis or dysgenesis of the corpus callosum and polymicrogyria have also been
described in patients with cerebellar malformations (MACKILLOP, 2011). The
corpus callosum allows motor, sensorial and cognitive information to pass
between the hemispheres, causing inhibition of concurrent activity in the other
hemisphere (VASUDEVAN et al., 2012). Extra-cranial or systemic abnormalities
are reported less common, affecting 9% to 40% of the children with DWM
(BOLDUC & LIMPEROPOULQOS, 2009). Various anomalies have been

described, namely, cardiac, urogenital, intestinal, facial, and limb anomalies
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(PASCUAL- CASTROVIEJO et al., 1991; KLEIN et al., 2003; ALEXIOU et al.,
2010; SPENNATO et al., 2011). Syringomyelia has also been observed with
DWM (SPENNATO et al.,, 2011). Dandy-Walker malformation can also be
associated with other syndromes such as Meckel-Gruber, Walker-Warburg,
PHACE syndrome (PARISI & DOBYNS, 2003; IMATAKA ET AL., 2007,
SPENNATO et al., 2011), and Down syndrome (NIGRI et al., 2014).

4.5.  Diagnosis of DWM

Imaging diagnosis including computed tomography, magnetic resonance imaging
and ultrasound, have been used to identify DWM in human and veterinary
medicine. However histopathology also plays a major role in the diagnosis and
prognostication of DWM (KLEIN et al., 2003). Genetic testing is yet not available

due to undefined etiology.

45.1. Imaging Diagnosis

Any cystic lesion in the posterior fossa, which causes a large degree of vermian
rotation and compression may suggest the presence of vermian hypoplasia or
aplasia, despite the presence of a completely normal cerebellar vermis, on the
dorsal view of computed tomography (CT) or even MRI (KLEIN et al., 2003).
Thus sagittal views of the cerebellar vermis are essential for the accurate analysis
of the content of the posterior fossa (KLEIN et al., 2003). Even CT scans with
sagittal reconstruction are inadequate because of their insufficient definition
(KLEIN et al., 2003). For the moment, the same can be said about
ultrasonography (KLEIN et al., 2003). For this reason, MRI with sagittal and
dorsal views in T2-weighted and FLAIR (fluid attenuated inversion recovery)
images are warranted for an accurate diagnosis of DWM and concurrent
malformations (KLEIN et al., 2003; SHEKDAR, 2011). A critical point of the
MRI is the accurate analysis of the cerebellar vermis anatomy, with identification
of the two main fissures and characterization of the vermis lobulation
(BODDAERT et al., 2003). This relies on the fact that the vermis anatomy is
statistically correlated with the neurological and intellectual outcome in patients
with DWM (BODDAERT et al.,, 2003; KLEIN et al., 2003; BOLDUC &
LIMPEROPOULOS, 2009).
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4.5.2. Histopathology findings

Histopathology is extremely valuable to help recognize which structures are
involved in DWM. Correlating them with imaging findings can help provide an
accurate prognostic in patients with this malformation (ADAMSBAUM et al.,
2005).

Macroscopically, a posterior fossa enlargement, with partial or complete vermian
agenesis, a large membranous cyst formed by distended roof of the fourth
ventricle and an upward rotation of the lateral sinuses, falx and torcula are
observed (FRIEDE, 1975). In humans, a complete cerebellar vermian agenesis is
seen in approximately one-fourth of the cases, and when partial vermian agenesis
is observed, the posterior part of the vermis and posterior lobes of the cerebellar
hemispheres, that are in contact with the cystic wall of the fourth ventricle, are
usually hypoplastic (FRIEDE, 1975). The vermis remnants are rotated anteriorly
or may adhere to the tentorium cerebelli osseum, and the roof of the fourth
ventricle is seen as a thin translucent membrane attached dorsally to the remnants
of the posterior vermis, laterally to the cerebellar hemispheres and tonsils, and
posteriorly to the medulla oblongata (FRIEDE, 1975). After removing the brain,
rupture of the cyst wall occurs, allowing for a direct view of the floor of the fourth
ventricle (FRIEDE, 1975). Microscopically the cyst wall is composed of an outer
layer of connective tissue continuous with the leptomeninges and an inner layer of
glioependymal tissue (FRIEDE, 1975). Cerebellar heterotopias and/or cortical
malformations may be seen, and variable patency of the cerebellar foramina is
observed (FRIEDE, 1975). Postmortem findings in human patients with DWM
and in animals with cerebellar hypoplasia resembling DLWM are summarized in
Table 5.
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Table 5. Postmortem findings in humans with DWM and in animals with
cerebellar hypoplasia resembling DLWM @ (PATEL & BARKOVICH, 2002); @
(NOTARIDIS et al., 2006); @ (KORNEGAY, 1986); ¥ (LIM et al., 2008); © (DE
LAHUNTA & GLASS, 2009); © (WONG et al., 2007)

Type of study

Multiple case report

(16 human patients)
®

Single case report

(asymptomatic adult)
@

Multiple case report

(six dogs) @

Single case report
(one dog) ¥
Single case report

(one dog) ®

Single case report

(one horse) ©

Macroscopic and microscopic examination

Vermian and symmetric versus asymmetric hemispheres hypoplasia
(n=13) and dysplasia (n=3)

Remnants of the cyst visible medially; partial vermian agenesis (posterior-
inferior part visible) with upward displacement; vermian hypoplasia; two
symmetrical foci of cortical dysplasia on the dorsal part of the posterior
lobe of both cerebellar hemispheres; cyst’s wall: exterior arachnoidal
layer, middle layer of loose connective tissue, no ectopic glial or neural
cells, and internal layer of ependymal cells and normal plexus choroid

structure

Partial vermian agenesis with variable portion of the caudal vermis absent
(n=6), visible fourth ventricle cyst (n=2); vermian hypoplasia with relative
mild microscopic changes in the differentiated portions of the cerebellum
(n=6); unilateral or bilateral hypoplasia of the hemisphere and flocculus
(n=4); lateral apertures of the fourth ventricle absent (n=1); severe central
chromatolysis and vacuolation in neurons of brain stem nuclei, mainly in

the caudal olivary and lateral reticular nuclei; hydrocephalus (n=2)

Partial vermian agenesis, caudal part absent; folial atrophy, degeneration
and loss of the PC and GLC

Partial vermian agenesis, caudal part until the primary fissure absent,
including the medullary portion with the fastigial nucleus; symmetrical

lesion with non-inflammatory pattern

Complete agenesis of the cerebellar vermis; ventriculomegaly of the
lateral and third ventricles, dilation of the mesencephalic aqueduct; cyst-
like dilation of the fourth wventricle; corpus callosum agenesis;

polymicrogyria; hemispheres dysplasia, PCL and GL hypocellularity
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4.6.  Prognosis and outcomes of DWM

Clinical heterogeneity is described in human patients with DWM and its variants,
ranging from a completely normal intelligence and absence of neurological
findings, to neuro-cognitive deficits, motor delay, hypotonia (STOLL et al., 1990;
KLEIN et al., 2003; ECONOMOU & KATSETOS, 2012), speech delay, autistic
features (ECONOMOU & KATSETOS, 2012), ocular signs including nystagmus
and strabismus (PASCUAL-CASTROVIEJO et al.,, 1991; ECONOMOU &
KATSETOS, 2012), cerebellar ataxia, dizziness, and seizures (NOTARIDIS et al.,
2006; SPENNATO et al., 2011). Neurological abnormalities have been reported
in up to 50% of survivours (BOLDUC & LIMPEROPOULOQOS, 2009).

These clinical inconsistencies make the prognosticating of the neurodevelopment
and functional outcome of children with DWM an impossible challenge (KLEIN
et al, 2003; GUIBAUD & DES PORTES, 2006; BOLDUC &
LIMPEROPOULQS, 2009). The symptoms in DWM are related to the
hydrocephalus grade, cerebellar and cranial nerves dysfunction and to the
presence of associated anomalies (PASCUAL-CASTROVIEJO et al.,, 1991;
PATEL & BARKOVICH, 2002; PARISI & DOBYNS, 2003; NOTARIDIS et al.,
2006; SPENNATO et al., 2011). The majority of children develop symptoms
early in life: 80-90% in the first year (PASCUAL-CASTROVIEJO et al., 1991,
SPENNATO et al., 2011). An early control of hydrocephalus may contribute to a
normal intellectual development in some cases (PATEL & BARKOVICH, 2002;
BODDAERT et al., 2003; PARISI & DOBYNS, 2003; SPENNATO et al., 2011;
MCCLELLAND et al., 2015). For this reason since the introduction of shunts, as
surgical treatment for the reestablishment of the posterior fossa architecture, the
prognosis for these patients has dramatically improved (ALEXIOU et al., 2010;
SPENNATO et al.,, 2011; MCCLELLAND et al. 2015). In one retrospective
study, the use of shunts reduced the mortality rate up to 44% (MCCLELLAND et
al., 2015). Through the work of Dr. Benjamin Warf in Uganda from 2004 to 2010,
a new neurosurgical method combining an endoscopic third ventriculostomy with
a cauterization of the choroid plexus was developed (WAREF et al., 2011). With
the use of this new surgical technique, the life quality and the success rate (about
75%) improved considerably, and the need for an additional surgery has also
decreased (WARF et al., 2011).
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In humans factors associated with a poor prognosis in patients with DWM are: (1)
the presence of seizures, which are usually associated with heterotopias of the
cerebral cortex (NIESEN, 2002; SPENNATO et al., 2011); (2) hearing and visual
problems, which also indicate associated CNS anomalies (NIESEN, 2002;
BOLDUC & LIMPEROPOULQS, 2009; SPENNATO et al., 2011); (3) other
CNS anomalies, like agenesis of the corpus callosum (NIESEN, 2002; BOLDUC
& LIMPEROPQOULOS, 2009; SPENNATO et al., 2011); (4) associated systemic
or extra-cranial malformations (NOTARIDIS et al., 2006; SASAKI-ADAMS et
al., 2008; JHA et al., 2012); (5) the degree of cerebellar hypoplasia (PARISI &
DOBYNS, 2003); and (6) the lobulation of the cerebellar vermis (BODDAERT et
al., 2003; KLEIN et al., 2003; BOLDUC & LIMPEROPOULOQS, 2009). Mental
retardation was very common in cases of severely abnormally lobulated vermis,
(BODDAERT et al., 2003; KLEIN et al., 2003).

When comparing DWV with classic DWM, some differences in the outcomes are
noted. Human patients with isolated DWV appear to have a better outcome then
those with classic DWM (SASAKI-ADAMS et al., 2008). Dandy-Walker variant
appears to be associated with ventriculomegaly, rather than with hydrocephalus
(24%-27%) (SASAKI-ADAMS et al., 2008). The association with other CNS
anomalies or systemic malformations appears to have a negative impact on the
neurological outcome in these patients, as observed in patients with classic DWM
(SASAKI-ADAMS et al., 2008).

Asymptomatic DWM was found incidentally in some human patients. The
absence of associated fatal systemic anomalies increases life expectancy in such
cases (NOTARIDIS et al., 2006; JHA et al., 2012). In a case series of 12 patients,
hydrocephalus characterized by a mild enlargement of the lateral and third
ventricles was found in five cases without clinical or radiological features of
raised intracranial pressure, and agenesis of the corpus callosum was detected in
two cases (JHA et al., 2012). This suggests that patients in which the posterior
fossa cyst communicates freely with surrounding CSF space may remain

asymptomatic, due to a normal intracranial pressure (JHA et al., 2012).
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Abstract

Cerebellar malformations can be inherited or caused by insults during cerebellar develop-
ment. To date, only sporadic cases of cerebellar malformations have been reported in dogs,
and the genetic background has remained obscure. Therefore, this study’ s objective was to
describe the clinical characteristics, imaging features and pedigree data of a familial cere-
bellar hypoplasia in purebred Eurasier dogs. A uniform cerebellar malformation character-
ized by consistent absence of the caudal portions of the cerebellar vermis and, to alesser
degree, the caudal portions of the cerebellar hemispheres in association with large retrocer-
ebellar fluid accumulations was recognized in 14 closely related Eurasier dogs. Hydroceph-
alus was an additional feature in some dogs. All dogs displayed non-progressive ataxia,
which had already been noted when the dogs were 5— 6 weeks old. The severity of the
ataxia varied between dogs, from mild truncal sway, subtle dysmetric gait, dysequilibrium
and pelvic limb ataxia to severe cerebellar ataxia in puppies and episodic falling or rolling.
Follow-up examinations in adult dogs showed improvement of the cerebellar ataxia and a
still absent menace response. Epileptic seizures occurred in some dogs. The association of
partial vermis agenesis with an enlarged fourth ventricle and an enlarged caudal (posterior)
fossa resembled a Dandy-Walker-like malformation in some dogs. Pedigree analyses were
consistent with autosomal recessive inheritance.

PLOS ONE | DOI:10.1371/joumal.pone.0117670 February 10, 2015
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Introduction

Cerebellar malformations can be inherited or acquired from insults during cerebellar develop-
ment. Evidence for inherited cerebellar hypoplasia in dogs is rare in the veterinary literature
and limited to few observations in wire-haired Foxterriers, Irish setters and Chow-Chows
[1-3]. The most frequently documented etiologic factor in cerebellar malformations in the vet-
erinary literature is viral infection of the developing cerebellum [4,5], but attempts to amplify
parvovirus have failed in dogs with midline malformations and vermian defects resembling a
Dandy-Walker malformation (DWM) [4].

A classic Dandy-Walker malformation (DWM) consists of complete or partial agenesis of
the cerebellar vermis with an upward displacement and rotation of the remnants of the vermis,
cyst-like dilation of the fourth ventricle and enlargement of the posterior fossa, with upward
displacement of the tentorium cerebelli osseum, transverse sinuses, and torcula. Hydrocepha-
lus may occur in up to 80% [6-10]. In many cases, no substantial enlargement of the posterior
fossa is observed, which has led to the introduction of the term “Dandy-Walker variant” [10];
however, no consensus on this terminology exists in the literature [9,11,12], and the use of this
term has been discouraged [11,13-15]. Recent evidence suggests that DWM and related mal-
formations may represent a continuum and a classification system based on embryonic devel-
opment and genotype has been proposed [16,17]. With this classification system, DWM and
related malformations are classified as disorders of mesenchymal-neuropithelial signaling
whereas VLDLR and reelin pathway mutations are classified as malformations of neuronal mi-
gration that predominantly affect the cerebellum and brainstem [16].

Anecdotal reports have described sporadic cases of vermis hypoplasia/agenesis resembling
DWM with or without associated focal or generalized hypoplasia of the cerebellar hemispheres
in dogs [18-23]. Reported affected breeds include the Miniature Schnauzer [1,19], Golden Re-
triever [21], Boston Terrier [18,23], Cocker Spaniel [20], Labrador Retriever, Bull Terrier, Wei-
maraner, Dachshund, Mixed Breed [22], Beagle, Silky Terrier [24], Wire-haired Miniature
Dachshund [25], Chow-Chow and Tervueren [26]. The presence of a midline malformation
with some resemblance to DWM in humans has been frequently suggested. To date, evidence
for inheritance has been poor and limited to observations in Boston Terriers [18,23].

Therefore, the aim of the present investigation was to describe the clinical phenotype and
imaging findings of familial non-progressive ataxia and cerebellar hypoplasia resembling a
Dandy-Walker-like malformation (DWLM) in purebred Eurasier dogs. We provide a compre-
hensive clinical picture of this cerebellar malformation, which includes assessments of the clini-
cal course and lifespan of the dogs, and propose autosomal recessive inheritance as. A VLDLR

gene mutation was recently identified based on the data provided in this investigation [27].

Materials and Methods

Retrospective and prospective case cohort studies were performed in Eurasier dogs with
neurological signs.

Retrospective case review: The local Eurasier club (K.Z.G. Eurasier) provided records from
23 dogs with neurological symptoms. In individual cases, the local veterinarian was contacted
for additional information.

Prospective investigations: The owners of nine purebred Eurasier dogs with neurological
signs of ataxia and/or epileptic seizures were contacted by the Eurasier club and were encour-
aged to pursue neurological examination and advanced brain imaging by dedicated specialists.
Each dog was subjected to clinical and neurological examinations by a board-certified veteri-
narian, and each dog underwent advanced neuroimaging. Magnetic resonance imaging (MRI)
of the head (eight dogs) was performed on the anesthetized dogs using a 1.5 Tesla scanner

PLOS ONE | DOI:10.137 1/joumal.pone.0117670 February 10, 2015 2/19
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(Magnetom Symphony Syngo MR, Siemens AG, Erlangen, Germany; four dogs) or a 1.0 Tesla
scanner (Gyroscan Intera, Philips, Hamburg, Germany; four dogs). T1-weighted (spin echo
repetition time [TR], 482 ms; minimum echo time [TE], 15 ms; signal averaging [NSA], 4; slice
thickness, 4 mm; interslice gap, 0.4 mm) and T2-weighted turbo-spin echo (TR, 4146 ms; TE,
108 ms; slice thickness, 2 mm; 448 x 448 matrix; FOV, 130 x 130) images were acquired in the
sagittal, dorsal, and transverse planes, and fluid attenuation inversion recovery (FLAIR) and
T2 gradient echo (GE) sequences were obtained in the transverse plane. A gadolinium-based
contrast agent (Omniscan, 0.1 mmol/kg) was administered intravenously. In one animal,
computed tomography (CT) of the head was obtained by multislice CT (Somatom Balance,
Siemens, Erlangen, Germany) (120 kV; 350 mA; matrix, 512 x 512; slice thickness, 2 mm;
pitch, 1). MRI was also performed on three littermates and the dam and sire of one affected
dog (dog 6; litter 4), the dam of another affected dog (dog 9, litter 6), and CT was performed on
the dam of two affected littermates (dogs 7, 8; litter 5) to ensure the dogs' health status prior

to breeding.

All MRI and CT brain images and histological specimens were reviewed. The presence or
absence of the midline cerebellar vermis structures was assessed. Special care was taken to as-
sess the position of the tentorium cerebelli. The size of the caudal fossa was assessed visually in
each dog by independent examinations of a board-certified radiologist and two board-certified
neurologists and, thereafter, morphometrically as the ratio of the caudal fossa area to the total
braincase area on midsagittal T2ZW brain images, as published previously (OsiriX; v.5.6 Pixmeo
Sarl) [28].

The pedigrees were analyzed using electronic data files provided by the Eurasier club (Dog
manager; Breeder Soft, Delmenhorst, Germany). The pedigrees were compiled to the first com-
mon ancestor in all dogs, using a human genealogy software program (Geno Pro 2011).

The clinical course and the life span of the dogs were assessed by information provided by
the breed club and contact to the dogs® owners. Repeated neurological examinations and video
documentations of the gait were performed on three dogs of the prospective cohort.

Ethics Statement

All investigations were conducted in strict compliance with the restrictions of the German Ani-
mal Protection Law. The authors declare that prior approval was obtained from the respective
breed club (Kynologische Zuchtgemeinschaft Eurasier e.V.) and the Clinic of Small Animal
Medicine institutional review board. All dogs (purebred Eurasier dogs) lived with their owners
and the owners of the dogs gave permission for their animals to be used in this study.

Results

Inferior cerebellar hypoplasia resembling a DWLM was confirmed in 14 dogs. The main find-
ing was absence of the caudal portions of the cerebellar vermis and the caudal aspects of the
cerebellar hemispheres associated with an enlarged fourth ventricle in all dogs. An enlarged
caudal (posterior) fossa consistent with a classic DWM was evident in three dogs (21%), and
four dogs exhibited hydrocephalus (29%). The assessment was based on neuroimaging and
morphometric measurements in eleven dogs (dogs 1-11) and on post mortem examinations in
three dogs. PCR amplification of canine parvovirus type 2 nucleic acid was negative, and cor-
pus callosum agenesis was an additional finding in these three dogs (dogs 12-14).

Other findings: Cerebellar hypoplasia with or without hydrocephalus was diagnosed during
post-mortem examinations in three other dogs, but histological slides were not provided to us
for secondary review. Other diagnoses were confirmed in six dogs: caudal fossa arachnoid cyst
(one dog; MRI), hydrocephalus restricted to the supratentorial region (two dogs; MRI,
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histopathology), and idiopathic epilepsy (three dogs; MRI). No specific diagnoses were ob-
tained for nine dogs with ataxia which were reported to the breed club before the dogs were
eight weeks old.

Signalment and neurological examination

Signalment and clinical data from 14 Eurasier dogs (6 male and 8 female dogs; 5 weeks to 4
years old at clinical presentation) with a confirmed diagnosis of inferior cerebellar hypoplasia
resembling DWLM. are presented in Table 1. Non-progressive ataxia, which was noted at an
early age when the dogs began to walk, was the predominant clinical sign in these 14 dogs. The
frequencies of the main neurological features in each patient cohort are presented in Table 2.

Retrospective cohort (dogs 1-5, dogs 1214, Table 1): All dogs presented with generalized
ataxia. This ataxia was characterized by episodic falling and/or rolling or a hypermetric gait.
Cerebellar ataxia was evident on provided video recordings (S1 Video). Additional signs
described in some dogs were occasional head tremors, which resembled intention tremors
and proprioceptive deficits. Three of these dogs developed epileptic seizures at one year of age
(dog 1), four years of age (dog 3), or within the first year (dog 4).

Prospective cohort (dogs 6-11, Table 1): All dogs presented with non-progressive ataxia.
Most notably, in one dog, ataxia was hardly visible on initial presentation and was detected as
only truncal sway and subtle dysmetria to an experienced observer (dog 6, 52 Video). In the
other dogs, the ataxia was specifically characterized as cerebellar ataxia with a hypermetric gait
and symmetrical ataxia of the trunk and limbs (dogs 7 and 8, S3 Video), which improved in the
adult dogs (54 Video); cerebellar ataxia with episodic rolling to both sides (dog 9); a subtle dys-
metric gait and pelvic limb ataxia (dog 10, S5 Video); and a subtle dysmetric gait of all limbs,
mild head tilt and leaning to one side (dog 11, S6 Video). Other signs noted during the neuro-
logical examination were delayed initiation of the hopping and wheelbarrowing reactions
(three dogs, 57 Video); hypermetric wheelbarrowing (two dogs); delayed postural reactions in
a puppy, which were no longer evident in adulthood (one dog); absent menace reaction (six
dogs); slow medial eye movements on examination of oculocephalic movements (one dog);
and nystagmus (four dogs). The last was described as positional nystagmus (one dog), alternat-
ing horizontal jerk nystagmus and erratic nystagmus (one dog, S8 Video) or horizontal nystag-
mus (two dogs). The menace reaction remained absent or reduced in four dogs beyond 12
weeks. One dog was presented for generalized epileptic seizures at four years of age (dog 10).

Imaging
Retrospective cohort (dogs 1-5, Table 3): In all dogs, a uniform cerebellar malformation char-
acterized by the absence of caudal portions of the cerebellar vermis and symmetrical hypoplasia
of the cerebellar hemispheres was identified. Large retrocerebellar fluid accumulations associat-
ed with an enlarged fourth ventricle were identified on midsagittal views (dog 4, S1 Fig.). A but-
terfly shape of the cerebellum corresponding to remnants of the cranial aspects of the vermis
and cerebellar hemispheres was evident on dorsal views. The reduced size of the cerebellar ver-
mis was more accurately assessed on MR than on CT images. Cranial displacement of the ten-
torium cerebelli and an enlarged caudal fossa were evident in two dogs (dogs 3 and 5) of the
retrospective cohort. Additional supratentorial anomalies included hydrocephalus internus
(3 dogs), asymmetric lateral ventricles (1 dog), and a poorly visible corpus callosum (1 dog).
Prospective cohort (dogs 6-11, Table 3, Figs. 1-4): In all dogs, a uniform cerebellar malfor-
mation was identified that was characterized by the absence of the caudal portions of the cere-
bellar vermis and, to a lesser degree, the caudal aspects of the cerebellar hemispheres as well as
large caudal (posterior) fossa fluid accumulations (S2-S6 Figs.). The fourth ventricle appeared
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Table 2. Frequencies of the main clinical features in the two patient cohorts.

Clinical and neurological findings Retrospective cohort (n = 8) Prospective cohort (n = 6)
Smaller size for breed standards 17.0%
Mild to moderate generalized ataxia 87.5% 100.0%
Severe generalized ataxia 12.5% =
Dysmetric/hypemetric gait 50.0% 83.0%
Truncal sway 25.0% 17.0%
Circling 25.0% -
Episodic falling and/or rolling 25.0% 50.0%
Leaning - 17.0%
Head tilt 17.0%
Head tremors 37.5% 50.0%
Absent menace reaction >12 weeks of age N/A 67.0%
Nystagmus N/A 67.0%
Slow medial eye movements N/A 17.0%
Proprioceptive deficits 37.5% 33.0%
Delayed initiation of hopping and wheelbarrowing reaction N/A 50.0%
Hypermmetric wheelbarrowing N/A 33.0%
Seizures 37.5% 17.0%

doi:10.1371/journal.pone.0117670.1002

enlarged on midsagittal views and contiguous with large retrocerebellar fluid accumulations
(Fig. 1, Fig. 2; Fig. 3; S2-56 Figs.). A thin structure traversing the fluid-filled spaces in the cau-
dal portion of the caudal fossa was frequently identified on midsagittal views (Fig. 1A-D) and
less consistently on dorsal views (Fig. 2B). The tentorium cerebelli was displaced rostrodorsally,
and the caudal fossa appeared enlarged in one dog (dog 11, Fig. 4). Additional supratentorial
findings, such as hydrocephalus (1 dog) or ventriculomegaly (1 dog), a poorly visible or subjec-
tively thinned corpus callosum (3 dogs), and an absent septum pellucidum (2 dogs), were iden-
tified. MRI scans of littermates and both parents of litter 4 (dog 6), the dam of litter 5 (dogs 7
and 8) and the dam oflitter 6 (dog 9) failed to reveal any structural abnormalities.
Morphometric measurements (Fig. 5, S1 Table): Calculation of the ratio of the caudal
fossa area to the total braincase area on midsagittal images indicated wide variation of the
caudal fossa size (n = 10; range 0.191-0.441; mean + SD 0,287+0.074) with enlargement of
the caudal fossa in three dogs with cerebellar hypoplasia (dog 3: 0.441; dog no. 5: 0.344;
dogno. 11: 0.354) compared with their unaffected littermates and parents (n = 9; range
0.265-0.330; mean + SD 0,305+0.021) and with the published ratios in other dog breeds [28].

Pedigree analysis

Pedigree analysis suggested autosomal recessive inheritance. Eight litters with single or multi-
ple affected Eurasier dogs (Fig. 6) of both sexes were reported (median 26.5%-35.5% affected)
(Fig. 7). Litter 1: dog 1 belonged to a litter of seven, and non-progressive ataxia was reported in
two other dogs from this litter (14%-43% affected). Litter 2: dogs 2 and 3 belonged to a litter of
six, and non-progressive ataxia was reported in one additional littermate (33%-50% affected).
Litter 3: dogs 4, 5, and 10 were from a litter of eight (38% affected). In this litter, the caudal
fossa appeared enlarged in one affected dog (dog 5) and was unremarkable in the two other af-
fected dogs from the same litter. Litter 4: dog 6 was the only confirmed case in a litter of five
(20% affected). Litter 5: dogs 7 and 8 were from a litter of six (33% affected). Litter 6: dog 9 pre-
sented from a litter of five (20% affected). Litter 7: dog 11 was the only confirmed case in a litter
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Table 3. Neuroimaging findings in Eurasier dogs with familial non-progressive ataxia and inferior cerebellar hypoplasia resembling a DWLM.

Dog Caudal fossa imaging findings Hydrocephalus Size of caudal

fossa

MRI—Absent caudal portion of the cerebellar vermis, enlarged size of
the fourth ventricle, retrocerebellar fluid accumulations, absent caudal
parts of the cerebellar hemispheres, normal positioned tentorium
cerebelli osseum

MRI—Large caudal fossa fluid accumulation dorsal to the brainstem, no
visible cerebellar structure

CT—Large hypodensity suggestive of fluid accumulation in the caudal
fossa, visible tissue remnants rostrally in the caudal fossa. these
present in a butterfly shape with rostrodorsal and ventral fluid
accumulations dorsal to the brainstem on transverse sections, elevated
tentorium cerebelli osseum (

MRI—Absent caudal portions of the cerebellar vermis, absent caudal
parts of the cerebellar hemispheres, large cyst-like appearance of the
fourth ventricle, cyst extends into the retrocerebellar region, caudal
border outlined by a linear structure with soft tissue density on
midsagittal T2-weighted images

CT—Large hypodensity in the caudal fossa suggestive of fluid
accumulation, visible tissue remnants rostrally and dorsally in the rostral
third of the caudal fossa, these present in a butterfly shape with
rostrodorsal and ventral fluid accumulations dorsal to the brainstem in
the midline on transverse sections, elevated tentorium cerebelli
osseum”

MRI—Absent caudal portions of the cerebellar vermis and cerebellar
hemispheres with associated large retrocerebellar fluid accumulations,
rostrodorsal portions of the cerebellar hemispheres preserved, fourth
ventricle appears enlarged, caudally in the caudal fossa a thin band-like
structure traversing the caudal fossa in a ventrodorsal direction; other
findings: subtentorial flattening and thickening of the supraoccipital bone
resulting in a triangular shape*

MRI—Absent caudal portions of the cerebellar vermis and cerebellar
hemispheres, large retrocerebellar fluid accumulations, rostrodorsal
portions of the cerebellar hemispheres preserved, fourth ventricle
appears enlarged on midsagittal views, thin band-like structure in the
caudal fossa at the level of the most caudal extend of the cerebellar
hemisphere remnants; other findings: subtentorial flattening and
thickening of the supraoccipital bone

MRI—Absent caudal portions of the cerebellar vermis and cerebellar
hemispheres, with associated large retrocerebellar fluid accumulations,
rostrodorsal portions of the cerebellar hemispheres preserved, fourth
ventricle appears enlarged on midsagittal views with thin band-like
structure in the caudoventral caudal fossa; other findings: thin band-like
structure in the caudoventral caudal fossa, subtentorial flattening and
thickening of the supraoccipital bone

MRI—Absent caudal portions of the cerebellar vermis and cerebellar
hemispheres with associated large retrocerebellar fluid accumulations,
rostrodorsal portions of the cerebellar hemispheres preserved with
indiscernible foliae, sulci and fissures and ill-defined grey-white matter
transition. Fourth ventricle appears enlarged on midsagittal views and
continuous with retrocerebellar fluid accumulations on dorsal views.
Other findings: thin lamellar structure in the caudoventral caudal fossa;
subtentorial flattening and thickening of the supraoccipital bone resulting
in a triangular shape and an irregular caudodorsal contour of the caudal
fossa

MNone

Severe hydrocephalus intemus (lateral ventricles),
septum pellucidum not visible

Moderate hydrocephalus internus (lateral ventricles)

Moderate unilateral hydrocephalus with asymmetric
lateral ventricles, corpus callosum poorly identifiable

Moderate hydrocephalus internus (lateral ventricles,
third ventricle), small quadrigeminal cyst

None, septum pellucidum not visible

None, subjectively thinned appearance of corpus
callosum

None, subjectively thinned appearance of corpus
callosum

None, subjectively thinned appearance of corpus
callosum

Unremarkable

Unremarkable

Increased

Unremarkable

Increased

Unremarkable

Unremarkable

Unremarkable

Unremarkable

(Continued)
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Table 3. (Continued )

Dog Caudal fossa imaging findings

Hydrocephalus Size of caudal

10

MRI—Absent caudal portions of the cerebellar vermis and the cerebellar
hemispheres with associated large retrocerebellar fluid accumulations,
rostrodorsal portions of the cerebellar hemispheres preserved with
indiscernible foliae, sulci and fissures and ill-defined grey-white matter
transition. Fourth ventricle appears enlarged on midsagittal views, but
continuous with retrocerebellar fluid accumulations on dorsal views.
Other findings: thin lamellar structure in the caudoventral caudal fossa;
subtentorial flattening and thickening of the supraoccipital bone resulting
in a friangular shape and an irregular caudodorsal contour of the caudal
fossa

CT—Large hypodensity in the caudal fossa suggestive of fluid
accumulation, visible tissue remnants rostrally in the caudal fossa.
Tissue remnants present in a butterfly shape with rostrodorsal and
ventral fluid accumulations in the midline on transverse sections;
enlargement of the caudal fossa and elevated tentorium cerebelli,
bilateral symmetric osseus lamina protruding into the caudal fossa from
rostrodorsal creating the impression of a split tentorium

fossa
Mild hydrocephalus internus (lateral ventricles), Unremarkable
septum pellucidum not visible
Severe hydrocephalus (lateral ventricles), Increased

quadrigeminal cyst

MRI: magnetic resonance images; CT: computed tomographic images

doi:10.1371/journal.pone.0117670.1003

of five (20% affected). Litter 8: dogs 12, 13 and 14 were from a litter of seven dogs (43% affect-
ed). All affected dogs (n = 14) were traced back to a common founder, a female dog introduced
into the breeding program in 1972 (Fig. 7).

Clinical course and life span

Five dogs were euthanized as puppies or within their first year of life. One of these was eutha-
nized at 10 months because of severe seizures which were refractory to treatment with antiepi-
leptic drugs. The other nine dogs were still alive at study conclusion (age 2.8 to 11 years; median
6 years). The ataxia was non-progressive in all nine dogs and improvement was reported in six
dogs (Table 1). Video documentation was obtained from two dogs which had shown severe atax-
ia as puppies (S3 Video) and considerable improvement of the ataxia in adulthood (S4 Video).
Four dogs developed epileptic seizures. No change in behavior, attitude or mental status was
appreciated by the owners in any of the dogs, and all dogs were considered completely

functional pets.

Discussion

Cerebellar hypoplasia resembling DWLM was diagnosed in 14 closely related purebred Eura-
sier dogs with familial non-progressive ataxia. The similar imaging phenotype, the existence of
multiple affected dogs in several litters, and the fact that all cases were traced to a common
founder suggested an inherited developmental defect. A VLDLR receptor mutation was subse-
quently identified in these dogs [27].

Affected Eurasier dogs displayed non-progressive ataxia with an early onset when the dogs
began to ambulate. Other clinical signs were nystagmus, an absence of the bilateral or unilateral
menace reaction beyond 10-12 weeks of age, and epileptic seizures occurring later in life in some
dogs. Thus the clinical phenotype of the dogs reflects VLDLR-associated cerebellar hypoplasia in
humans, who display severe truncal ataxia (dysequilibrium syndrome) as the main clinical mani-
festation [29-35]. Similar to our dogs peripheral ataxia of the limbs, loss of smooth pursuit eye
movements and epileptic seizures occur in some humans with VLDLR-associated cerebellar
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Fig 1. Midsagittal MR brain images. Midsagittal MR brain images (T2-weighted) of the affected Eurasier dogs. In all dogs, a uniform cerebellar
malformation was identified, characterized by absence of the caudal portions of the cerebellar vermis and, to a lesser degree, the caudal aspects of the
cerebellar hemispheres and large caudal (posterior) fossa fluid accumulations (S2 —-S6 Figs.). The fourth ventricle appeared enlarged on midsagittal views
and continuous with large retrocerebellar fluid accumulations (large arrow). Tissue remnants in the rostrodorsal caudal fossa correspond to the rostral
portions of the cerebellar vermis (small arrow). Note the cyst-like appearance of the fourth ventricle in D. A: dog 6; B: dog 7; C: dog 9; D: dog 10.

doi:10.1371/journal pone.0117670.g001

hypoplasia [29,33]. More clinical heterogeneity is recognized in human patients with DWM and
its variants; these individuals may exhibit a variety of clinical features ranging from none to neu-
rocognitive deficits, motor delay, hypotonia, speech delay, autistic features, ocular symptoms in-
cluding nystagmus and strabismus to cerebellar ataxia, dizziness, and epileptic seizures [6,36-39]
It is of interest that the dogs® carers did not recognize any relevant neurobehavioral signs or men-
tal retardation in their dogs while neurocognitive deficits are frequently associated with VLDLR-
associated cerebellar hypoplasia and also with DWM and its variants. Specifically, individuals
with VLDLR-receptor associated cerebellar hypoplasia may never gain the ability to speak and re-
main mentally retarded [29-35]. While this is in contrast to the observations in our dogs, we can-
not exclude that the dogs" carers did not appreciate mild to moderate mental retardation in their
dogs or that mental retardation was missed in dogs of the retrospective study part.

In some dogs, the gait abnormalities persisted throughout life, while marked improvement
was noted in others that had displayed severe cerebellar ataxia of the trunk and limbs as pup-
pies (S3 Video) and showed only subtle gait abnormalities in adulthood (S4 Video). These
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Fig 2. Dorsal MR brain images. Dorsal MR brain images (T2-weighted) of the affected Eurasier dogs reveal a prominent midline defect with absent
caudal portions of the cerebellar vermis (midline) and cerebellar hemispheres (lateral) in association with a large retrocerebellar fluid accumulation. A: dog 6;
B: dog 7; C: dog 9; D: dog 10. Images A and D are located more ventrally than B and C.

doi:10.1371/journal pone.0117670.9002

findings support the presence of compensatory mechanisms or plasticity of the remaining cere-
bellum. The quadrupedal locomotion in some humans with VLDLR-associated cerebellar hy-
poplasia is explained by behavioral adaptation to the severe orthostatic instability [33,35]. As
dogs walk on their four legs with a lower center of gravity, dogs may be able to adapt more easi-
ly. Repeated measurements of the degree of the ataxia should be highly valuable in future cases
of cerebellar malformations in dogs and humans but were not assessed as part of this study. An
absent menace reaction was considered an important indicator of cerebellar disease in affected
Eurasier dogs older than twelve weeks with mild symptoms or barely visible ataxia. Thus the
menace reaction should be carefully evaluated in any Eurasier dog that has a subtle gait distur-
bance and has not yet undergone genetic testing or MR screening for identification of a cerebel-
lar malformation. Epileptic seizures developed later in life in some affected dogs. The seizures
appeared unrelated to the presence of hydrocephalus and partial agenesis of the corpus callo-
sum and we did not appreciate lissencephaly. Detailed assessment for other MR correlates of
seizures was impaired due to lack of appropriate breed and age-matched MR controls. Epileptic
seizures occur in a proportion of humans with VLDLR-associated cerebellar hypoplasia
[29,33], and also with DWM and related malformations [6,36-39].
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Fig 3. Transverse MR brain images. Transverse MR brain images (T2-weighted) of four affected Eurasier dogs at the level of the cerebellar peduncles (B)
and medulla oblongata (A, C, D). The myelencephalon appears unremarkable. The fourth ventricle has a cyst-like appearance in the rostral sections (B) and
is continuous with retrocerebellar cerebrospinal fluid accumulations in the more caudal sections (A, C, D). A: dog 6; B: dog 7; C: dog 9; D: dog 10.

doi:10.1371/journal.pone.0117670.g003

Fig 4. CT brain images. Computed tomographic images of dog 11, featuring transverse views of the brain at the level of the tympanic bullae, midsagittal and
dorsal views. Images show hydrocephalus of the lateral ventricles, supracollicular fluid accumulation (“quadrigeminal cyst”) and large fluid accumulations in
the caudal fossa dorsal to the brainstem. The cerebellar remnant tissue in the caudal fossa has a butterfly shape consistent with the loss of midline cerebellar
vemis structures. The caudal fossa appears enlarged.

doi:10.1371/journal.pone.0117670.g004
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Fig 5. Midline caudal fossa ratio in Eurasier dogs with (1) and without (2) cerebellar hypoplasia.
Boxplots demonstrate wide variations in midline caudal fossa ratio in Eurasier dogs with inferior cerebellar
hypoplasia resembling DWLM (1: range 0.191-0.441; n = 9) compared to Eurasier dogs with unremarkable
brain images (2: range 0.2645-0.3300; n = 10). Midline caudal fossa ratio was increased in three dogs with
inferior cerebellar hypoplasia resembling DWLM (S1 Table).

doi:10.1371/journal.pone.0117670.g005

Abscence of the caudal portions of the cerebellar vermis and the caudal portions of the cere-
bellar hemispheres in association with large caudal fossa fluid accumulation were the main im-
aging finding in each Eurasier dog. There was close correlation between the specific
malformation and the clinical signs because all affected dogs showed signs of non-progressive
cerebellar disease, mainly ataxia and dysmetria. Additional vestibular signs like head tilt in one
dog and nystagmus may be explained by flocculondular lobe involvement. The menace reac-
tion may be abolished by diffuse cerebellar disorders [1,22]. Thus the cerebellar hypoplasia in
our dogs mirrors closely the inferior cerebellar hypoplasia described in humans in association
with VLDLR mutations [29-35]. The very low-density lipoprotein receptor is part of the reelin
pathway which modulates neuronal migration in the cerebral cortex and cerebellum [1,40].
The different types of VLDLR mutations in humans share a unique pathologic picture charac-
terized by inferior cerebellar hypoplasia with absence of the caudal (posterior) portions of the
cerebellar vermis and the cerebellar hemispheres. Other pathological features are a small pons
and a simplified cortical sulcation pattern in humans [33]. Yet additional pathologic features
with resemblance to classic DWM were present in a proportion of dogs. We observed wide var-
iation in caudal fossa size with an enlarged caudal fossa supportive of classic DWM in three
dogs, a normal sized caudal fossa in others and both phenotypes within the same litter (Fig. 5,
S1 Table). Enlargement of the posterior fossa is required for the diagnosis of classic DWM in
humans and differentiates classic DWM from isolated vermis agenesis/hypoplasia and general-
ized hypoplasia of the cerebellar vermis and hemispheres [14,15]. In humans, controversy ex-
ists regarding when the posterior fossa should be considered large enough to qualify as DWM
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Fig 6. Eurasier dog breed.

doi:10.1371/journal.pone.0117670.g006

rather than vermian hypoplasia [14], and some authors have recommended abandonment of
the term “DW variant” [10-12,15,41,42]. Furthermore, genetic studies have demonstrated that
the loss of a specific gene or interstitial deletion of a chromosome can lead to variable pheno-
types, ranging from mild cerebellar vermis hypoplasia to classic DWM [43,44], and their classi-
fication within the group of mesenchymal-neuroepithelial signaling defects is suggested
[16,17]. Concurrent supratentorial anomalies were identified in a proportion of our dogs.
Among these, hydrocephalus, which was severe in some cases, was the most common finding,
followed by a subjectively thinned corpus callosum or an incomplete septum pellucidum. En-
larged lateral ventricles attributed to persistence of the fetal ventricular system rather than true
hydrocephalus were reported in human reelin mutations [40], but neither hydrocephalus nor
agenesis of the corpus callosum have been described in humans with VLDLR-associated cere-
bellar hypoplasia, while ventriculomegaly and agenesis of the corpus callosum are the most
commonly identified supratentorial malformations in humans with DWM [15,42], Other mal-
formations, such as inter-hemispheric cysts or encephaloceles, gray matter heterotopias, mal-
formations of the dentate nucleus and brainstem, hamartomas, and lissencephaly are also
described with DWM [10,15,37,38,45,46]. In the past, hydrocephalus has frequently been

PLOS ONE | DOI:10.1371/joumal.pone.0117670 February 10, 2015 13/19
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Fig 7. Pedigree. Pedigree of Eurasier dogs with familial non-progressive ataxia and cerebellar hypoplasia resembling a Dandy-Walker like malformation
(DWLM). Female dog, ¢; male dog, o; black, confirmed cases; the numbers refer to the dog numbers in Tables 1 and 2; gray, suspected cases, based on
clinical signs, not confirmed by imaging. All cases could be traced to a common female founder.
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recognized in dogs in association with agenesis of the cerebellar vermis and a Dandy-Walker
malformation was frequently suggested [18-20,22,23,24].

The data presented in our dog families suggested autosomal recessive inheritance and ex-
cluded X-linked or dominant inheritance because both sexes were affected, and both parents of
one affected dog were healthy as assessed by MRI. The percentage of affected littermates was
most compatible with autosomal recessive inheritance and with the observed high frequency of
the VLDLR gene mutation in the population [27]. Up to now, seven different VLDLR muta-
tions are recognized in humans. These are phenotypically and neuroanatomically indistin-
guishable and inherited in an autosomal recessive fashion population [33,35]. Mutations in
WDR&1 and the CAS8 cause a similar phenotype in humans [35,47]. In contrast, the genetic
basis of DWM in humans has not been completely clarified. DWM can occur as an isolated
syndrome or together with clinically recognizable genetic syndromes (Meckel-Gruber and
Walker-Warburg Syndrome); alternatively, DWM can have a multifactorial origin [15,48-50].
Familial cases of DWM have been described and several candidate genes for DWM have
been recently uncovered. These include the cerebellar genes ZIC1 and ZIC4, FOXC1, a de novo
2.3-Mb deletion of chromosome 8p21.2-p21.3 associated with down regulation of the FGF17
gene, and ZIC2 and ZIC5 on the long arm of chromosome 13 [51-57]. In addition to these
findings, DWM has been reported in a wide variety of other chromosomal anomalies

PLOS ONE | DOI:10.1371/joumal.pone.0117670 February 10, 2015 14/19
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[15,49,57-59]. The etiological heterogeneity and yet undefined genetic basis of DWM impair
current prenatal and genetic counselling [60,61].

The outcomes of the dogs with cerebellar hypoplasia resembling DWLM varied in the pres-
ent investigation. Some dogs were euthanatized as puppies presumably due to severe ataxia,
but in those that continued to live with their carers the ataxia was non-progressive and did not
interfere with the dogs' normal activity and behavior. Many of these affected dogs appeared to
develop normally and showed a learning capacity and behavior that were normal for the breed.
One dog was euthanized because of epileptic seizures that were refractory to standard antiepi-
leptic therapy. The functional outcome of children with DWM is still poorly defined because of
disease heterogeneity [15,37]. DWM usually presents as an isolated case of hydrocephalus in
pediatric patients but occasionally presents clinically in adults [14,56]. Mental retardation is
common in cases of a severely abnormal lobulated vermis [37]. The introduction of shunts asa
surgical treatment to reestablish the posterior fossa architecture has dramatically improved the
prognosis of DWM [10,14,15,56].

In summary, an inferior cerebellar hypoplasia resembling DWLM was diagnosed in pure-
bred Eurasier dogs with early-onset, non-progressive ataxia. Pedigree data suggested autosomal
recessive inheritance. Most recently, we identified a deletion in the VLDLR receptor gene based
on the information provided by the dogs from the present study [27]. Eurasier dogs with cere-
bellar hypoplasia resembling DWLM provide a spontaneous animal model that may help to in-
vestigate the long-term consequences and cogniti-ve outcomes of this disease and provide
insights into the mechanisms of cerebellar development.

Supporting Information

S1 Fig. MRI of dog 4. Midsagittal, dorsal and transverse T2ZW MR brain images of the caudal
fossa. Corresponding levels are outlined by green lines.
(TIF)

S2 Fig. MRI of dog 6. Midsagittal, dorsal and transverse T2ZW MR brain images of the caudal
fossa. Corresponding levels are outlined by green lines.
(TTF)

$3 Fig. MRI of dog 7. Midsagittal, dorsal and transverse T2ZW MR brain images of the caudal
fossa. Corresponding levels are outlined by green lines.
(TIF)

S4 Fig. MRI of dog 8. Midsagittal T2W MR brain image (littermate of dog 7; dorsal and trans-
verse MR views are unavailable from this dog).
(TIF)

S5 Fig. MRI of dog 9. Midsagittal, dorsal and transverse T2ZW MR brain images of the caudal
fossa. Corresponding levels are outlined by green lines.
(TIF)

§6 Fig. MRI of dog 10. Midsagittal, dorsal and transverse T2ZW MR brain images at the level of
the caudal fossa. Corresponding levels are outlined by green lines.
(TIF)

§1 Table. Morphometric measurements.
(DOCX)

§1 Video. Cerebellar ataxia in the puppies (dogs 12-14).
(MP4)
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§2 Video. Dog 6—Subtle dysmetria and truncal sway. Dog 6 displayed only a subtle dys-
metric gait, which was barely detectable. The neurologic examination revealed an absent men-
ace response and a subtle delay in medial eye movements on examination of oculocephalic
movements. This dog was followed for two years. Repeat examinations showed a still absent
menace response.

(MP4)

83 Video. Dogs 7 and 8—Cerebellar ataxia in the puppies. Dogs 7 and 8 showed cerebellar
ataxia of the trunk and limbs with hypermetria as puppies on initial examination.
(MP4)

$4 Video. Dogs 7 and 8—Improved ataxia in the adult dogs. Reevaluation of dogs 7 and 8 at
one year of age: The ataxia was barely visible when the dogs were running or walking. The dogs
still had problems calculating distance and easily lost balance when jumping. Some difficulty
ascending and descending stairs was observed (shown at the end of the video sequence). The
menace reaction was still absent, and an intermittent spontaneous horizontal nystagmus was
recorded during the neurologic examination.

(MP4)

§5 Video. Dog 10—Subtle incoordination while navigating stairs. Dog 10 was presented be-
cause of a recent onset of epileptic seizures at four years of age. The owner complained about
non-progressive pelvic limb ataxia since the dog was a puppy. The dog exhibited subtle thoracic
limb incoordination when walking downstairs and “bunny-hopping” of the pelvic limbs when
walking upstairs.

(MP4)

§6 Video. Dog 11—Mild ataxia and head tilt. Dog 11 showed a mild dysmetric gait with lean-
ing to the left and a head tilt to the left. Positional nystagmus was evident in this dog during the

neurologic examination.
(MP4)

§7 Video. Dog 10—Postural reactions. Dog 10 exhibited delayed initiation of movements
(hemiwalk and wheelbarrowing). The pelvic limbs appeared more impaired.
(MP4)

§8 Video. Dog 10—Nystagmus. Dog 10 displayed episodes with alternating directions of nys-
tagmus and horizontal jerk nystagmus.
(MP4)
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V. DISCUSSION

Cerebellar vermian hypoplasia resembling DWLM was confirmed in 14 Eurasier
dogs presented with non progressive ataxia. Multiple affected dogs in each litter
and a close relationship between litters suggested an inherited disorder in the
Eurasier dog breed. To our knowledge, this study was the first confirming the
existence of an inherited congenital cerebellar hypoplasia in dogs. To date,
confirmed genetic etiology was limited to the inherited progressive cerebellar
ataxias, also known as cerebellar cortical abiotrophy or cerebellar cortical
degeneration (O’BRIEN, 1993; CHIETTO et al., 1994; STEINBERG et al., 2000;
DE LAHUNTA & GLASS, 2009; URKASEMSIN et al., 2010; SHEARMAN et
al., 2011; FORMAN, et al., 2012; KYOSTILA et al., 2012; AGLER et al., 2014;
URKASEMSIN & OLBY, 2014). Evidence for inheritance of cerebellar
hypoplasia resembling DWLM in dogs has been limited to descriptions in three
Boston Terriers (DOW, 1940; NOUREDDINE et al., 2004). Subsequently based
on the results of this study and blood collected from the affected Eurasier dogs of
the present study, a mutation in the VLDLR gene was identified in these dogs
(GERBER et al., 2015). Thus, an autosomal recessive mode of inheritance, which
was already suspected by the median percentage of affected littermates, and the
fact that an X-linked or dominant inheritance could be excluded because both
sexes were affected, and both parents of one affected dog were healthy as assessed
by MRI, was confirmed.

Clinical presentation

Affected dogs presented clinically variable degrees of non-progressive cerebellar
ataxia when the dogs began to ambulate. The severity of the cerebellar ataxia
ranged from barely visible, to moderate cerebellar ataxia characterized by a
hypermetric gait or severe cerebellar ataxia with rolling and falling. In some
cases, a symmetrical truncal ataxia was observed. Interestingly, cerebellar ataxia
considerably improved with time and was barely visible in some of the adult dogs
or only evident when walking stairs. Nystagmus, absence of the bilateral or
unilateral menace reaction beyond 10" to 12" week of age, intention tremors, and
epileptic seizures were also observed. Thus phenotype as some similarities with

the autosomal recessive VLDLR-associated cerebellar hypoplasia (VLDLR-CH)
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in humans, also known as dysequilibrium syndrome (DES), displaying severe
truncal ataxia, peripheral ataxia of the limbs, strabismus, intentional tremors, and
epileptic seizures (BOYCOTT et al., 2005; GLASS et al., 2005; MOHEB et al.,
2008; OZCELIK et al., 2008; TURKMEN et al., 2008; BOYCOTT et al., 2009;
SARAC et al., 2012). It also shares some of the clinical features, such as the
nystagmus, the cerebellar ataxia, and epileptic seizures, of DWM in humans
(STOLL et al., 1990; KLEIN et al., 2003; ECONOMOU & KATSETOS, 2012).
In humans, the phenotype (clinical and neuroimaging) of VLDLR-CH patients is
highly specific (ALI et al.,, 2012), whereas DWM and its variants are
characterized by more clinical and neuroimaging heterogeneity (STOLL et al.,
1990; KLEIN et al., 2003; ECONOMOU & KATSETOS, 2012). Human patients
with DWM display extreme clinical heterogeneity, varying from completely
asymptomatic with normal cognition and motor development, to severe mental
retardation and impaired motor development characterized by motor delay,
cerebellar ataxia and hypotonia, speech dysarthria, nystagmus, strabismus,
dizziness and epileptic seizures (STOLL et al., 1990; KLEIN et al., 2003;
ECONOMOU & KATSETOS, 2012). The neurocognitive deficits (moderate to
severe mental retardation and dysarthric speech) observed in all VLDLR-CH
patients (GLASS et al., 2005; OZCELIK et al., 2008; TURKMEN et al., 2008;
BOYCOTT et al., 2009; SARAC et al., 2012), as well as in some DWM human
patients (several degrees of mental retardation, speech delay, autistic features)
(STOLL et al., 1990; KLEIN et al., 2003; ECONOMOU & KATSETOS, 2012),
were not observed in our dogs. According to the owners affected dogs showed
unchanged learning capacity, as well as normal social behaviour for the breed
standards. However, a limitation is that no specific assessment was performed
through questionaires about cognition and life quality of the affected dogs.
Therefore, it is possible that mild to moderate mental retardation may have been
missed with the subjective evaluation made by the dogs’ owners. This finding is
in accordance with the observation in the VLDLR-deficient mouse model, that
appear neurologically normal (BOYCOTT et al., 2005; OZCELIK et al., 2008;
TURKMEN et al., 2008), and as well with some human patients with DWM, who
present with normal neurocognitive development (NOTARIDIS et al., 2006; JHA
et al., 2012). Careful evaluation of the menace reaction beyond 12 weeks of age
should be considered an important indicator of cerebellar disease in this breed.

Some dogs of this study improved considerably, and in the adulthood the main
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neurological deficit observed was the absence of the menace reaction and a barely
visible ataxia, which sometimes was only evident when walking stairs. The
epileptic seizures observed in some affected dogs were not associated with any
concurrent supratentorial anomalies, such as hydrocephalus or partial agenesis of
the corpus callosum. Since idiopathic epilepsy was diagnosed in three dogs that
present with neurological symtoms in the prospective investigation, it remains
unclear if the epileptic seizures are associated with supratentorial malformations,
which were not identified due to the use of CT images in some, or MRI of low
resolution in others, or the absence of protocols with age-matched MRI, or if the
dogs in this study may, additionally, suffer from idiopathic epilepsy. Other
diagnoses, such as isolated hydrocephalus and caudal fossa arachnoid cyst were
also observed in this breed. Dogs with these diagnosis were not included in further
genetic investigations. Thus, it remains unclear if these different pathologies are

related to the identified VLDLR mutation. Further investigation is required.

Diagnostic procedure methods: magnetic resonance imaging versus computer

tomography

Imaging was proposed for dogs presenting with any neurological signs, mainly
cerebellar ataxia, and any previous imaging data were collected and reviewed.
Various imaging protocols were applied in this study because of the partial
retrospective design. The main neuroimaging findings in each Eurasier dog were
an absence of the caudal portions of the cerebellar vermis and the caudal portions
of the cerebellar hemispheres and a large caudal fossa fluid accumulation.
Magnetic resonance imaging was far superior to CT for detailed assessment of the
caudal fossa and identification of the anatomical structures of the cerebellar
vermis and hemispheres, as well as any concurrent supratentorial malformation. In
the dorsal view, computed tomography identified the partial or complete absence
of the cerebellar vermis, as well as of the cerebellar hemispheres, although
without anatomical accuracy. In the midsagittal view, the reduced size of the
cerebellar hemispheres, cyst-like dilation of the fourth ventricle, caudal fossa size,
position of the tentorium cerebelli osseum, and presence or absence of
hydrocephalus were preferably evaluated. Computed tomography was able to
confirm the diagnosis of cerebellar hypoplasia associated with large caudal fossa
fluid accumulation. In humans, CT is not precise enough to evaluate the cerebellar

vermis or identify concurrent malformations, such as partial or complete corpus
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callosum agenesis (SPENNATO ET AL., 2011). Even CT scans with sagittal
reconstruction were inadequate because of insufficient definition. Therefore, T2-
weighted and FLAIR MR imaging with sagittal and dorsal views are necessary to
accurately diagnose DWM and concurrent malformations in human patients
(KLEIN et al., 2003; SHEKDAR, 2011). Furthermore, evaluation of the vermian
anatomy, with identification of the two main fissures and characterization of the
vermis lobulation, is critical in human patients (BODDAERT et al., 2003),
because vermis anatomy is statistically correlated with neurological and
intellectual outcome (KLEIN et al., 2003; BOLDUC & LIMPEROULOS, 2009).

Neuroimaging findings

The neuroimaging findings, mainly the absence of the caudal portions of the
cerebellar vermis and hemispheres in our dogs, resembled the inferior cerebellar
hypoplasia described in humans in association with VLDLR mutations
(BOYCOTT et al., 2005; GLASS et al., 2005; OCZELIK et al., 2008; MOHEB et
al., 2008; TURKMEN et al., 2008; BOYCOTT et al., 2009; KOLB et al., 2010;
ALl et al., 2012). However, a wide variation in the caudal fossa size with an
enlarged caudal fossa supportive of classic DWLM in three dogs and a normal-
sized caudal fossa in others were also observed. Interestingly, both phenotypes
were identified within the same litter. In some of our dogs, hydrocephalus, which
was severe in some cases and was the most common supratentorial anomaly,
subjectively thinned corpus callosum or incomplete septum pellucidum, were
concurrently observed. Neither hydrocephalus nor agenesis of the corpus callosum
nor enlargement of the posterior fossa have been described as in humans with
VLDLR-CH (BOYCOTT et al., 2005; GLASS et al., 2005; OCZELIK et al.,
2008; TURKMEN et al., 2008; BOYCOTT et al., 2009; KOLB et al., 2010; ALI
et al., 2012), while in humans with DWM, these are commonly identified
(PARISI & DOBYNS, 2003; BOLDUC & LIMPEROPOULOS, 2009).
Simplified cortical gyration (lissencephaly), as well as a small brainstem, mainly
in the area of the pons, are part of the characteristic imaging features of VLDLR-
CH in humans (BOYCOTT et al., 2005; GLASS et al., 2005; OCZELIK et al.,
2008; TURKMEN et al., 2008; BOYCOTT et al., 2009; KOLB et al., 2010; ALI
et al., 2012), but these features were not observed in our dogs. Identification of
lissencephaly may have been impaired in our dogs, due to lack of age-matched

controls. In the past, hydrocephalus has frequently been identified in dogs in
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association with partial or complete agenesis of the cerebellar vermis and a
DWLM has been suggested (Dow, 1940; PASS et al., 1981; KORNEGAY, 1986;
NOUREDDINE et al., 2004; CHOI et al., 2007; LIM et al., 2008; SCHMIDT et
al., 2008). Nevertheless, the size of the caudal fossa was never considered or

investigated ih these dogs, which is an essential criterion in humans.
Differential Diagnosis

Enlargement of the posterior fossa, which is required for the diagnosis of classic
DWM in humans, has been described with other cyst like lesions of the posterior
fossa including arachnoid cysts, choroid plexus cysts in the fourth ventricle
(described in two dogs) (MACKILLOP, 2011; SHEKDAR, 2011), persistent
Blake’s pouch characterized by tetra-ventricular hydrocephalus, mega-cisterna
magna (PARISI & DOBYNS, 2003; ADAMSBAUM et al., 2005; GUIBAUD &
DES PORTES, 2006; BOLDUC & LIMPEROULOS, 2009; SHEKDAR, 2011)
and epidermoid/dermoid cyst (STEINBERG et al., 2007; SHEKDAR, 2011);
conversely, differential diagnosis for cases without enlargement of the posterior
fossa include non-cystic malformations such as, inferior vermian hypoplasia,
Joubert syndrome, rhombencephalosynapsis, (PATEL & BARKOVICH, 2002,
PARISI & DOBYNS, 2003; ADAMSBAUM et al., 2005; MALINGER et al.,
2009; SHEKDAR, 2011; SPENNATO et al, 2011) and tectocerebellar
dysraphism with occipital encephalocele (SPENNATO et al.,, 2011). Using
conventional MRI, arachnoid cysts, mega cisterna magna (lined by arachnoid),
and Blake’s pouch (lined by ependyma) cannot be distinguished because their
signals are similar to the signal of the CSF (SHEKDAR, 2011; PARISI &
DOBYNS, 2003). However, these cysts and epidermoid/dermoid cysts (lined by
epidermal tissue) can be distinguished by FLAIR imaging (PARISI & DOBYNS,
2003). Although not applied in this study, CT cisternography can be used to
distinguish between DWM and arachnoid cysts (SHEKDAR, 2011). An arachnoid
cyst should not produce enhancement or should only produce enhancement after a
delay, because no communication exists with the surrounding subarachnoid space
or fourth ventricle (SHEKDAR, 2011). Cysts that fill immediately with contrast
are regarded as diverticula of the subarachnoid space (SHEKDAR, 2011). Modern
MRI software permits not only morphological evaluation but also the study of
CSF flow dynamics (SPENNATO et al., 2011). The use of this software may be

warranted.
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Controversy about the classification

In human medicine specific size criteria to measure posterior fossa size have not
yet been clearly established in the literature. Rather, differentiation between
classic DWM, DWV and IVH is based on to the experience of the
neuroradiologists (BOLDUC & LIMPEROPOULOS, 2009). In reviewing the
literature, particularly when referring to prenatal diagnosis of cerebellar
malformations, the term DWV was often used synonymously with isolated
vermian hypoplasia, inferior vermian hypoplasia and even with vermian
dysgenesis/agenesis as part of the molar tooth syndromes (ADAMSBAUM et al.,
2004; MALINGER et al., 2009). The use of this inaccurate terminology led to the
question of, when the posterior fossa in humans should be considered large
enough to qualify as classic DWM (NIESEN, 2002; MALINGER et al., 2009;
MACKILLOP, 2011; SPENNATO et al., 2011). Consequently recomendation to
abandon the term DWV appeared in the literature with increasing frequency
(NIESEN, 2002; PARISI & DOBYNS, 2003; BOLDUC & LIMPEROPOULOS,
2009; MALINGER et al., 2009; GAREL et al., 2011; SPENNATO et al., 2011).
Genetic investigation demonstrated that these different phenotypes may
potentially share a common genotype, e.g. loss of a gene or deletion of a
chromosome, and thus may also share a common pathogenesis (MILLEN &
GLEESON, 2008; ALDINGER et al., 2009). Consequently they have been
recently classified within the same group of mesenchymal-neuroepithelial
signaling defects (BARKOVICH et al., 2009; BARKOVICH, 2012). We observed
the two different phenotypes in the same litter sharing the same genotype, a
mutation in the VLDLR gene. This supports the hypothesis that IVH, DWV and
DWM share the same pathogenesis in at least some affected individuals. Instead
of being different entities, they represent different phenotypes of the same

mutation.
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Etiology of Dandy-Walker malformation and very low density lipoprotein

receptor associated cerebellar hypoplasia

In this study we propose autosomal recessive inheritance. Subsequently, a
VLDLR mutation was identified (GERBER, 2015) based on the results and the
blood samples of affected and control dogs collected by the author of this study.
The etiology of VLDLR-CH in humans is very well characterized with an
autosomal mode of inheritance and seven different mutations identified
(BOYCOTT et al.,, 2009; ALI et al., 2012). These multiple mutations share a
unique phenotype and neuroanatomically features (BOYCOTT et al., 2009; ALI
et al.,, 2012). Mutations in WDR81 and the CA8 which also belong to the
CAMRQ group, also cause a similar phenotype in humans (TURKMEN et al.,
2009; GULSUNER et al., 2011). The three types of CAMRQ belong to reelin
pathway, responsible for the modulation of neuronal migration in the cerebral
cortex and cerebellum (HONG et al., 200; DE LAHUNTA & GLASS, 2009). On
the other hand, the etiology of DWM in humans is characterized by a complex
heterogeneity, involving environmental factors (e.g. rubella, toxoplasmose,
cytomegalovirus) (NIESEN, 2002; PARISI & DOBYNS, 2003; SPENNATO et
al., 2011), Mendelian disorders or chromosomal anomalies (STOLL et al., 1990;
NIESEN, 2002; WAKELING et al., 2002; PARISI & DOBYNS, 2003; WEIMER
et al., 2006; IMATAKA et al., 2007; SPENNATO et al., 2011). An autosomal
recessive (STOLL et al., 1990; ABDEL-SALAM et al., 2006), X-linked recessive,
multifactorial (WAKELING et al., 2002), and autosomal dominant inheritance
have been described (JALALI et al., 2008). However it remains to be determined
which genes are responsible for this malformation (PATEL & BARKOVICH,
2002). Several candidate genes for DWM have been recently identified. These
include the genes ZIC1 and ZIC4, FOXC1 gene, FGF17 gene, and ZIC2 and ZIC5
genes (MCCORMACK ET AL., 2012; GRINBERG et al., 2004; MADEMONT-
SOLER et al., 2010; BLANK et al., 2011; ZANNI et al., 2011; LIM et al, 2012;
FERRARIS et al., 2013). Dandy-Walker malformation has also been reported in a
wide variety of other chromosomal anomalies (NIESEN, 2002; PARISI &
DOBYNS, 2003; WEIMER et al., 2006; IMATAKA et al., 2007; SASAKI-
ADAMS et al., 2008), and the most common chromosomal defects observed are
trisomy 18, triploidy and trisomy 13 (IMATAKA et al., 2007).
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Outcome

The outcomes of the dogs in the study varied considerably. Three dogs were
euthanized as puppies presumably due to severe ataxia; one because of epileptic
seizures refractory to standard antiepileptic drugs, and another for unknown
reasons. From the surviving dogs, some presented subtle cerebellar ataxia which
persisted throughout life, while in others a marked improvement was noted. The
physiological quadrupedal walk of the canine specie, which decreases the gravity
center, may be the reason for the efficient and fast adaptation of our dogs. These
findings support the presence of compensatory mechanisms or plasticity of the
remaining cerebellum. The quadrupedal gait in some humans with VLDLR-CH
may also be explained by behavioural adaptation to the severe orthostatic
instability during the transition from crawling to bipedal walking (OZCELIK et
al., 2008; TURKMEN et al., 2008; SARAC et al., 2012), or even the adaptation to
environmental conditions, like uneven surfaces in rural areas and lack of adaptive
devices, which would promote walking in four legs with a lower gravity centre,
thus increasing stability (TURKMEN et al., 2008; BOYCOTT et al., 2009).
Although, some agree with the theory that the quadrupedal gait results from
special environmental influences (TURKMEN et al., 2008; BOYCOTT et al.,
2009; SARAC et al., 2012), others consider extremely unlikely that social or
environmental influences play any role in this adaptation (OZCELIK et al.,
2008). The obligatory bipedal gait is a unique characteristic feature of primates,
however the molecular and genetic pathways involved in this evolution
mechanism are still unclear (OZCELIK et al., 2008). As referred previously, the
cognition of the affected dogs appeared unchanged. Conversely, the functional
outcome of children with DWM is still poorly defined because of disease
heterogeneity (KLEIN et al., 2003; PARISI & DOLBYNS, 2003), but several
cases of asymptomatic patients have been described (NOTARIDIS et al., 2006;
JHA et al., 2012). When comparing DWV with classic DWM, some differences in
the outcomes were noted, with isolated DWYV patients appearing to have a better
outcome when compared to those with classic DWM (SASAKI-ADAMS et al.,
2008). Mental retardation is common in cases of a severely abnormal lobulated
vermis in DWM patients (BODDAERT et al., 2003; KLEIN et al., 2003), as well
as in VLDLR-CH patients (BOYCOTT et al.,, 2005; GLASS et al., 2005;
OCZELIK et al., 2008; TURKMEN et al., 2008; BOYCOTT et al., 2009; KOLB
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et al., 2010; ALI et al., 2012). The association with other CNS anomalies or
systemic malformations was a negative factor for the outcome in patients with
classic DWM or DWYV patients (BODDAERT et al., 2003; KLEIN et al., 2003;
SASAKI-ADAMS et al., 2008). The introduction of shunts (SPENNATO et al.,
2011; MCCLELLAND et al. 2015) and more recently the use of endoscopic third
ventriculostomy with or without cauterization of the choroid plexus, as surgical
treatment to re-establish the posterior fossa architecture, has dramatically
improved the prognosis in patients with hydrocephalus associated with DWM
(WARF et al., 2011).

Limitations of the sutdy

This study has several potential limitations, mainly because of its retrospective
part. The dogs of the retrospective part were not adequately evaluated
neurologically by a board certified neurologist. Consequently, some important
information may have been missed, which would have been helpful in a more
accurate phenotypically characterization of the disease, as well as recognition of
important indicators of this condition in this dog breed (e.g. absent menace
reaction beyond twelve weeks of age). The lack of standardized imaging due to
the multicentre nature of the study was a limitation of the study. The use of CT in
some dogs and MRI in others, sometimes with lower image resolution, may have
been responsible for missing some important information, such as associated
malformations. It would have also been important that age matched-MR images
have been used, to identify subtle alterations, such as lissencephaly, which is a
feature of VLDLR-CH in humans. Detailed longitudinal studies on threadmills to
accurately assess the degree, progression and regression of cerebellar ataxia, as
well as the use of standardized questionaries to assess cognition, would have been
important. Even more blood samples from healthy or even suspected dogs could
have been collected, but there were some restrictions related to owner compliance
and sometimes difficulty in reaching some of the patients living very far away

from the points of blood collection.
Perspectives

A DNA test has been developed allowing for the identification of affected

Eurasier and is available at www.generatio.de. These tests are particularly useful

in the breeding programs to improve the genetic health of the breed


http://www.generatio.de/
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(MELLERSCH, 2014). However a judicious use of DNA tests is critical and
veterinarians should be aware, that phenotypically similar conditions can be
caused by different mutations, even when dogs belong to the same breed, because
genetically distinct forms of a disease can segregate within the same breed.
(MELLERSCH, 2014). DNA testing only confirms a single, specific mutation and
absence of the mutation is not a guarantee that the dog will never have a clinically
similar disease, although dogs with a negative result for a specific autosomal
recessive mutations, can be considered at low risk for disease development
(MELLERSCH, 2014). These tests play an important role in the control and
eventual elimination of inherited diseases - mainly recessive diseases - which can
be extremely difficult for the breeder to eliminate because of the clinically healthy
carriers (MELLERSCH, 2014). Autosomal recessive inheritance and clinically
healthy carriers were found in the Eurasier breed dogs presented in our study. As
a conseguence genetic testing prior to breeding will identify heterozygous animals
and avoid breeding between them. Another very important role of these DNA
tests, is to help the veterinarian diagnose a specific disease (MELLERSCH, 2014).
However, one additional factor that should always be considered alongside the
DNA test result is the age of onset. Since inherited disorders always have a
specific age of onset (MELLERSCH, 2014). Congenital cerebellar malformations
are usually evident when the puppy starts to walk, while cerebellar cortical
degenerations present specific age of onset, characteristic for the disorder. In
conclusion, DNA tests are definetely a valuable tool for diagnosis and like all test
results, they should always be consider as a part of a complete clinical history of
the patient. They are also particularly useful to breeders to improve the genetic
health of the breed (MELLERSCH, 2014). Hopeffully genetic tests will be
cautiously and judiciously implemented in the breeding programs, allowing the
genotype of each individual to be considered in first place, instead of the “ideal”
phenotype, which has led to a decreasing genetic pool and the accumulation of

variable genetic diseases within dog breeds.
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V. SUMMARY

Cerebellar malformations result from insults during embryogenesis or are
inherited. Inherited cerebellar abiotrophies are frequently recognized in dogs and
usually result in progressive ataxia. Evidence for inherited cerebellar hypoplasia is
rare in the veterinary literature. Therefore the aim of this study was to describe the
clinical and neuroimaging phenotype of a potentially inherited cerebellar
malformation in Eurasier dogs. Clinical and imaging data of 32 Eurasier dogs
with neurological signs were collected retrospectively and prospectively. An
uniform cerebellar malformation characterized by absence of the caudal parts of
the cerebellar vermis and the caudal parts of the cerebellar hemispheres in
association with large retrocerebellar fluid accumulations was identified in 14
closely related purebred Eurasier dogs. Diagnosis was based on MRI (n = 8), CT
(n = 3), or post-mortem examination (n = 3). A wide variation in caudal fossa size
as well as hydrocephalus and thinning of the corpus callosum were observed in
some dogs. Clinically the dogs showed non-progressive cerebellar ataxia, which
was observed for the first time when the puppies began to walk. Variable degrees
of ataxia were observed, varying from mild truncal sway, mild dysmetria,
dysequilibrium and pelvic limb ataxia to severe cerebellar ataxia with episodic
falling or rolling. Other clinical signs observed in some dogs were nystagmus, an
absence of the bilateral or unilateral menace reaction beyond 10-12 weeks of age,
head tremors and epileptic seizures with an age of onset between 5 months and 4
years of age. Follow-up examinations showed a pronounced improvement of the
cerebellar ataxia in adult dogs. Detailed pedigree analyses, which included
confirmation of the phenotype by MRI of littermates and parents of multiple

litters suggested an autosomal recessive inheritance.

In conclusion, the neuroimaging phenotype observed in the Eurasier breed dogs is
characterized by an autosomal recessive inherited inferior cerebellar hypoplasia
with some resemblance to a Dandy-Walker-like malformation.
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VI. ZUSAMMENFASSUNG

Missbildungen des Kleinhirns kénnen durch die Einwirkung von Noxen in den
verschiedenen Entwicklungsstadien des Kleinhirns oder genetisch bedingt sein.
Genetisch  bedingte Kleinhirndegenerationen wurden haufig beim Hund
beschrieben. Diese zeigen sich mit progressive Ataxie und Kleinhirnatrophie. Es
gibt in der Literatur jedoch nur wenige gesicherte Hinweise auf das VVorkommen
einer erblichen Kleinhirnmissbildung beim Hund. Das Ziel dieser Studie war
daher, den klinischen Phanotyp und die Befunde der bildgebenden Diagnostik
einer potentiell vererbten Kleinhirnmissbildung beim Eurasier im Detail zu
beschreiben. Klinische Befunde, Videoaufzeichnungen des Gangs und die
Befunde der bildgebenden Diagnostik mit CT und MR von 32 Eurasiern mit
neurologischen Symptomen wurden retrospektiv und prospektiv erhoben. Bei 14
Hunden wurde eine uniforme Kleinhirnmissbildung nachgewiesen, die durch
Fehlen der kaudalen Anteile des cerebelldren Vemis und der kaudalen Anteile der
Kleinhirnhemisphiren sowie grofe retrocerebelldre Fliissigkeitsansammlungen
charakterisiert war. Die Diagnose basierte auf den Befunden im MR (n = 8), CT
(n = 3) und histopathologischen Befunden (n = 3). Zusatzlich fiel eine erhebliche
Variabilitdt in der Grope der hinteren Schidelgrube sowie bei einigen Hunden
auch Hydrocephalus und eine unterschiedliche Auspragung des Corpus callosum
auf.

Klinisch zeigten die betroffenen Hunde eine nicht-progressive cerebellare Ataxie,
die sich erstmals zeigte wenn die Welpen zu laufen begannen. Der Grad der
Ataxie variierte von mildem Schwanken des Rumpfes, milder Dysmetrie,
Dysequilibrium und Ataxie der Hintergliedmal3en bis zu hochgradiger cerebell&rer
Ataxie mit episodischem Fallen oder Rollen. Andere klinische Symptome waren
Nystagmus, persistierend fehlende Drohreaktion eines Auges oder beider Augen
bei Hunden, die &lter als 10-12 Wochen waren, Kopftremor und epileptische
Anfélle, die erstmalig in einem Alter von 5 Monaten bis zu 4 Jahren auftraten.
Folgeuntersuchungen zeigten eine deutliche Verbesserung der cerebelldaren
Ataxie. Detaillierte Untersuchungen der Pedigrees und die eindeutige Erfassung
des Phénotyps von Geschwistern und Eltern betroffener Hunde aus mehreren
Wirfen auf der Basis von MR Untersuchungen wiesen auf das Vorliegen einer

autosomal rezessiv vererbte Kleinhirnmissbildung hin.
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Zusammenfassend wurde in dieser Arbeit eine autosomal rezessiv vererbte
Kleinhirnhypoplasie bei der Hunderasse Eurasier nachgewiesen, die auch einzelne
Aspekte einer Dandy-Walker Malformation aufwies.
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