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Leukoencephalopathies in dogs encompass presumably inherited conditions such as leukodystrophies,
hypomyelination or spongiform degeneration, but other causes, such as virus infections and toxic or nutritional
factors, might also play a contributory role. In this report, we provide evidence of parvovirus infection and
replication in the brains of five 6-week-old Cretan hound puppies suffering from a puppy shaker syndrome and
leukoencephalopathy. Although these puppies belonged to two different litters, they were closely related,
tracing back two generations to the same sire. Histologically, a mild to moderate lymphohistiocytic meningitis,
with focal lymphohistiocytic leukoencephalitis in two animals, and a mild to moderate vacuolation with myelin
loss, mainly in the white matter of the cerebellum was detected. Vacuolation was also found in the corpus
callosum, fimbria hippocampi, mesencephalon, capsula interna, basal ganglia, and hypothalamus. By immu-
nohistology and in situ hybridization, either parvoviral antigen, DNA, mRNA, or replicative intermediate DNA
were detected in the cerebellum, hippocampus, periventricular areas, corpus callosum, cerebral cortex, me-
dulla oblongata, and spinal cord. Parvovirus antigen, DNA, and mRNA were present in cells of the outer
granular layer of the cerebellum and in periventricular cells, most likely representing spongioblasts, glial cells,
neurons, endothelial cells, occasional macrophages, and ependymal cells. Sequencing revealed canine parvo-
virus type 2 stretches. Thus, an association of parvovirus infection with the leukoencephalopathy seems likely,
possibly facilitated by a genetic predisposition due to the mode of inbreeding in this particular dog breed.

Leukoencephalopathies include a variety of different condi-
tions of the central nervous system (CNS) that have been
variously designated as leukodystrophies, hypomyelination, or
spongiform degeneration (38, 52). Leukodystrophies refers to
a series of primary, progressive neurological diseases of unde-
termined but presumably inherited etiology and are character-
ized by disturbances of myelin synthesis and maintenance, lack
of inflammation, and symmetrical lesions in the brain. In dogs,
they have been described in various breeds such as dalmatians,
afghan hounds, miniature poodles, and rottweilers (6, 8, 13, 20,
61). Hypomyelination represents one end of the spectrum of
leukodystrophies characterized by almost complete myelin
loss, accumulation of abnormal myelin, or the presence of
inadequate amounts of physiological myelin. Canine hypomy-
elination has been described for chows, lurcher hounds,
springer spaniels, samoyeds, weimaraner dogs, Bernese moun-
tain dogs, and dalmatians (8, 14, 22, 34, 37, 39, 52, 58). The
most representative form of white matter spongy degeneration
in humans is Canavan’s disease, while in veterinary medicine
comparable conditions have been described in Labrador re-
trievers, samoyeds, silkie terriers, and Shetland sheepdogs (36,
45, 60, 62). The hallmark of these conditions is vacuolization in
the CNS, which is most likely due to myelin alterations and/or
astrocytic swelling and gliosis often associated with myelin loss.
A few congenital leukodystrophies are caused by viruses that

act as fetal teratogen in these cases, e.g., border disease in
sheep and parvovirus B19 infections in humans (3, 4, 27, 52).
Parvovirus infection as a cause of leukoencephalopathy in the
dog has not yet been described, whereas cerebellar hypoplasia
represents a common sequelae of congenital parvovirus infec-
tion in the cat (32, 44, 50, 52).

Canine parvovirus is normally associated with enteritis pri-
marily in two to 6-month-old puppies. Canine parvovirus type
2 (CPV-2) was first identified in the late 1970s and was re-
placed few years after its emerging by two antigenetic variants,
CPV-2a and CPV-2b (9, 55). More recently, a new antigenetic
variant, CPV-2c, was reported in Italy (10). In general, parvo-
viruses replicate in the nucleus. However, this depends on
certain helper functions of the host cells, such as DNA poly-
merase, which is expressed in mammalian cells during the S
phase (5). Subsequently, parvovirus replication is mainly seen
in highly mitotically active cells that progress through the S
phase of the cell cycle, such as lymphoid tissue, bone marrow,
and the intestine. Surprisingly, parvovirus replication has also
been found in the feline brain (56). Similarly, mRNA of par-
vovirus in brains of dogs could be amplified by using real-time
reverse transcription-PCR (RT-PCR), indicating the presence
of parvovirus also in the canine brain (16, 18). In contrast, in
another study no evidence of parvovirus antigen was found in
the central nervous systems of dogs using polyclonal antiserum
against canine parvoviruses (57). Furthermore, in a canine case
report of necrotizing myocarditis and diffuse leukoencephalo-
malacia, parvovirus antigen was only detected in the heart and
not in the brain (1). In the latter case, leukoencephalomalacia
was interpreted as a secondary change as a sequel of cardio-
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vascular disturbances caused by the massive alterations in the
heart. Similarly, malacia due to vascular necrosis following
canine parvovirus infection has been described previously (35).
In summary, the detection of parvovirus in the CNS of dogs is
still discussed controversially. Furthermore, although mRNA
of parvovirus was amplified in canine brain tissue using real-
time RT-PCR, this technique does not allow the identification
of the cellular source of the viral mRNA from the brain.

To date, an association of parvovirus infection with menin-
gitis, encephalitis, leukoencephalopathies or peripheral neu-
ropathies has only been described in humans infected with
parvovirus B19 (3, 4, 25, 30, 54). Most frequently immunocom-
promised patients seem to be affected. Interestingly, there is an
increasing number of reports on immunocompetent humans
with parvovirus B19 infection and associated neurological signs
(7, 25). Brain cell susceptibility for parvovirus infection and the
underlying pathogenesis still awaits further understanding. It is
assumed that direct viral toxicity, autoimmune processes, and
cytokine upregulation could represent contributory factors.

In this report, a leukoencephalopathy in Cretan hound pup-
pies suffering from a puppy shaker syndrome and exhibiting
parvovirus infection of the CNS is described (49). Further-
more, the cellular source of parvovirus replication in the brain
was investigated in order to provide insights in the pathogen-
esis of leukoencephalopathies and the possible impact of as-
sociated virus infections of the CNS.

MATERIALS AND METHODS

Animals. Two litters of Cretan hound puppies, a dog breed popular in the
Greek island of Crete, presented with a history of neurological signs that ap-
peared at the age of 2 to 3 weeks. The first litter included four puppies (two
males and two females), and the second litter included two puppies (one male
and one female). Efforts from the local breeders to establish the desired phe-
notypic characteristics of the breed resulted in an intensive inbreeding, using a
limited number of dams and sires. The parents of these two litters, although
different, were closely related, had repeatedly produced affected puppies in the
past, and were clinically normal. Although all dogs were born uneventfully and
appeared normal at birth, one puppy from the first and two puppies from the
second litter failed to thrive and died of unknown causes within the perinatal
period. The remaining puppies were then referred to the Clinic of Companion
Animals, Faculty of Veterinary Medicine, Aristotle University of Thessaloniki,
by the local attending veterinarians for further evaluation. All litter 1 puppies
(four animals) were unvaccinated, whereas those of litter 2 (two animals) had
been administered one vaccination (Nobivac Puppy DP; Intervet, Netherlands)
with vaccine containing two live attenuated strains of canine distemper and
parvovirus days prior to their transportation to the clinic.

The animals were euthanized due to the poor prognosis even after the attempt
to treat resistant neurological deficits. A postmortem examination was per-
formed in the four puppies. The entire CNSs (brains and spinal cords) were
collected from litter the 1 and 2 dogs.

In addition, the brains of seven dogs between 2 and 6 months of age suffering
from parvovirus enteritis were used to obtain more data on the presence of
parvovirus antigen in the brain.

Diagnostic investigation. Complete physical, neurological (according to the
method of Thomas and Dewey [53]), and clinicopathological studies, including
complete blood counts (CBC), serum biochemistry profiles, and urinalysis, were
performed for all puppies. A fecal test for parvovirus antigen was done using the
Idexx Snap Parvo test.

Histology. All tissue samples were fixed by immersion in 10% buffered neutral
formalin and processed for routine histopathological, histochemical, and immu-
nohistochemical examination. Briefly, CNS sections from each case, using at
least seven different brain areas (cerebral cortex, hippocampus, thalamus, hypo-
thalamus, mesencephalon, cerebellum, and medulla oblongata) and spinal cords
were embedded in paraffin wax, cut at �3 �m, and stained with hematoxylin and
eosin (H&E) for evaluation of the histological alterations. Furthermore, special
stains were applied for the demonstration of myelin loss (Luxol fast blue [LFB]),

neuronal degeneration (cresyl violet), and storage of lysosomal substances (pe-
riodic acid-Schiff [PAS]) according to the method of Romeis and Böck (46).

Immunohistochemistry. Immunohistochemistry to detect parvovirus antigen
was performed using a monoclonal mouse anti-CPV1-2A1 antibody (Custom
Monoclonal Antibodies International, Sacramento, CA) according to the
method of Kipar et al. (33). Briefly, after incubation with the primary antibody,
a biotin-conjugated goat anti-mouse antibody (Vector Laboratories, Inc., Bur-
lingame, CA) was applied. The antigen-antibody complex was visualized by using
the avidin-biotin-complex (ABC) method (Vector Laboratories). Tissue sections
were counterstained with Mayer’s hematoxylin. To exclude other infections,
additional immunohistological investigations were carried out against rabies
virus, canine distemper virus, canine herpesvirus, canine adenovirus 1, canine
parainfluenza virus, tick-borne encephalitis virus, West Nile virus, Borna disease
virus, and Prion proteinSc as described previously (49). Furthermore, polyclonal
rabbit antibodies specific for S-100 (Sigma, Taufkirchen, Germany) and glial
fibrillary acidic protein (GFAP; Dako, Glostrup, Denmark) were used to further
characterize the reactive cells within the CNS, as previously described (47).

ISH. Two different in situ hybridization (ISH) assays were carried out on
paraffin-embedded tissue sections. First, ISH was performed with a 315-bp
digoxigenin (DIG)-labeled DNA-probe directed against the VP1 gene (48),
which served to confirm the presence of parvoviral DNA. The second approach
was performed to visualize a potential parvoviral replicatory activity in the CNS
by using 222-bp DIG-labeled sense and antisense specific RNA probes, which
labeled specifically the VP2 gene. RNA probes were synthesized as previously
described (23). Briefly, DNA was extracted from a commercially available par-
vovirus vaccine (Virbagen canis SHAPPi; Virbac, Bad Oldesloe, Germany). PCR
was performed with capsid protein VP-2 specific primers (GenBank accession
number NC001539; forward primer, GAAAACGGATGGGTGGAAAT; re-
verse primer, AGTTGCCAATCTCCTGGATT [51]). Subsequently, PCR prod-
ucts were cloned by using a TOPO TA cloning kit for sequencing (Invitrogen
GmbH, Karlsruhe, Germany) according to the protocol provided by Invitrogen.
Thereafter, templates were generated by PCR using VP2 forward and reverse
specific primers in combination with primers complementary to the M13 forward
and M13 reverse priming sites of the vector, respectively. These templates con-
tained the T3 or T7 RNA polymerase binding site and the specific fragment of
the parvovirus gene VP2. After purification, RNA probes were DIG labeled and
transcribed in vitro using T3 and T7 RNA polymerase (Roche Diagnostics,
Mannheim, Germany) in order to obtain strand-specific RNA probes. The RNA
probes transcribed by the T3 RNA polymerase were directed against the parvo-
virus genome, whereas the RNA probe synthesized by the T7 RNA polymerase-
labeled viral mRNA and antigenome.

ISH using the DNA probe was performed according to the method of Gaedke
et al. (19). For the RNA probes the protocol described by Gröters et al. (23) was
used. The detection systems of both ISH procedures consisted of an anti-DIG
antibody conjugated with alkaline phosphatase (1:200; Roche Diagnostics)
and the substrates nitroblue tetrazolium chloride (NBT) and BCIP (5-
bromo-4-chloro-3-indolylphosphate; X-Phosphate; both from Sigma-Aldrich,
Taufkirchen, Germany).

PCR detection of CPV-2 in brain tissues of affected puppies. Formalin-fixed
and paraffin-embedded cerebellar tissue was used from one animal to perform
PCR. Briefly, DNA was extracted from 10 sections of 10-�m thickness of par-
affin-embedded brain tissue. After dewaxing, tissue was digested and DNA ex-
tracted and purified by using an ENZA tissue DNA minikit (Peqlab, Erlangen,
Germany) according to the manufacturer’s protocol. Two different real-time
PCR were performed to obtain PCR products using the Mx3005 multiplex
quantitative PCR system (Stratagene, La Jolla, CA) and fluorogenic Sybr green
(Stratagene, La Jolla, CA) as DNA-binding dye. Primers used for the first PCR
were AAAGTGAAAATTATAGAAGAGTGGTTG (forward) and CATGAAT
ATCATCTAAAGCCATGTT (reverse), producing an 84-bp product of the
VP-2 gene; the primers used for the second PCR were TGCCTCAATCTGAA
GGAGCTA (forward) and CCAACCTCAGCTGGTCTCAT (reverse), produc-
ing a 130-bp product of the VP-2 gene. The reaction buffer of both PCRs
contained 2.5 mM MgCl2, 150 nM forward and reverse primer, 8.0% glycerol,
and 3.0% dimethyl sulfoxide. The thermal profile was set as follows: 95°C for 10
min (1 cycle) and then 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s (45 cycles).
DNA extracted from a commercially available parvovirus vaccine (Virbagen
canis SHAPPi) served as a positive control. As nontemplate control water was
used. The specificity of each reaction was controlled by melting curve analysis, as
well as gel electrophoresis. Subsequently, PCR products were cloned by using the
TOPO TA cloning kit for sequencing according to the protocol provided by
Invitrogen. A second standard PCR with plasmid specific primers was per-
formed; the amplicons obtained were purified by using a NucleoSpin extract kit

3170 SCHAUDIEN ET AL. J. CLIN. MICROBIOL.



(Macherey-Nagel, Düren, Germany) and sequenced at SeqLab laboratories,
Göttingen, Germany.

Nucleotide sequence accession numbers. The sequences obtained in the first
and second PCRs are available in GenBank under accession numbers HM582864
and HM582865, respectively.

RESULTS

Clinical signs. In all six puppies neurological signs became
evident at the age of 2 to 3 weeks, during their first attempts to
ambulate, and appeared static and nonprogressive. No other
abnormalities were observed. In addition, the most severely
affected puppies were ca. 30% smaller compared to less se-
verely disturbed puppies. In particular, in litter 1 two of the
least affected puppies weighed 2 and 1.8 kg, whereas the two
severely affected ones weighed 1 and 1.2 kg, respectively. In
addition, in litter 2 the less affected dog weighed 2.2, and the
severely affected dog weighed 2 kg. This was probably due to
their difficulty in feeding properly. During the first week of
hospitalization, all unvaccinated first litter puppies developed
acute gastrointestinal signs (anorexia, vomiting, and hemor-
rhagic diarrhea) and were diagnosed with parvoviral enteritis
(positive fecal antigen test). Symptomatic and supportive treat-
ment was administered immediately, and the signs subsided
progressively within 3 to 4 days.

Neurological signs varied in severity and were characterized
by excessive pelvic limb bouncing, intention, and generalized
coarse body tremors. Signs were exacerbated by excitement of
the dogs during feeding or handling but subsided during rest or
sleep. Two puppies from litter 1 and one from litter 2 exhibited
severe neurological dysfunction, being completely unable to
ambulate, eat, and drink unassisted. In another two dogs, one
from each litter, the signs were less debilitating and of mod-
erate intensity, allowing the animals to walk with a wobbling
gait but still preventing normal feeding and drinking. The more
mildly affected male puppy from litter 1 showed only muscle
tremors in the posterior limbs and was in a much better body
condition, being almost twice the size of his affected litter-
mates.

Histology. Histopathologically, all dogs showed a mild to
moderate lymphohistiocytic meningitis that was accompanied
by a focal lymphohistiocytic leukoencephalitis in two animals.
Furthermore, a mild to moderate vacuolization of the white
matter of cerebellum, corpus callosum, fimbria hippocampi,
mesencephalon, capsula interna, basal ganglia, and hypothal-
amus was noted (Fig. 1A). White matter areas contain typical
fibrous astrocytes, but in spongiform areas an increase of as-
trocytes was not detected by GFAP immunostaining. In two
animals, there were fewer GFAP-positive astrocytes in the
vacuolated areas and few cells resembling apoptotic cell death.
In all animals, S-100 expression was low in white matter areas
and, occasionally, small astrocytes resembling plump polygonal
astrocytes might be S-100 positive (21). In the gray matter,
satellitosis and only few vacuoles were present.

As determined by LFB staining, mild to moderate myelin
loss, especially in the white matter of the cerebellum, was
noted (Fig. 1B), whereas myelin staining was unaltered in
other vacuolated brain areas. PAS staining did not reveal ab-
normal storage products in neurons or glial cells in any of the
puppies. In the spinal cord and peripheral nerves no significant
changes were observed.

Immunohistochemistry for parvovirus antigen. Using im-
munohistochemistry, parvovirus antigen was demonstrated in
the brains of all five dogs, especially in the cerebellum, hip-
pocampus, periventricular areas, corpus callosum, cerebral
cortex, and medulla oblongata (Fig. 2A and B). The distribu-
tion pattern varied among the five animals; however, the cer-
ebellum and hippocampus were the most constantly affected.
In the cerebellum, parvovirus antigen was most frequently
present in cells of the outer granular layer (Fig. 2B). Occasion-
ally, the cells of the inner granular and molecular layer, as well
as Bergmann glia cells and single neurons, were also infected.
In the hippocampus, small positive cells could be found in the
dentate gyrus. Interestingly, periventricular cells, most likely
representing spongioblasts, glial cells, neurons, endothelial
cells, and occasionally macrophages and ependymal cells con-
tained parvovirus antigen in various brain areas (Fig. 2A).
Parvovirus antigen was either present in the cytoplasm and/or
nuclei of infected cells in all brains investigated.

As determined by immunohistochemistry, none of the other
above-mentioned infectious agents could be detected in the
CNS of any puppy.

Of the seven control dogs suffering from parvovirus enteritis,
virus antigen was detected in the brains in the cerebellum,

FIG. 1. Histological changes in the brains of the Cretan hound
puppies. (A) Vacuolization of the white matter of the cerebellum
(arrows). H&E staining was performed. Bar, 50 �m. (B) Luxol fast
blue (LFB) staining of vacuolated area of the white matter of the
cerebellum. Note the decreased LFB staining in this area (arrows).
Bar, 50 �m.
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dentate gyrus, and in periventricular areas of the lateral ven-
tricles in four animals. In two of the seven control animals only
single positive cells were found.

ISH for parvovirus DNA and mRNA. ISH for the detection
of parvoviral DNA revealed positive signals in similar brain
areas, as found with immunohistochemistry. Viral DNA was
found in the cerebellum, hippocampus, periventricular areas,
corpus callosum, cerebral cortex, and medulla oblongata. In
the spinal cord, only parvoviral DNA was detected, mostly in
endothelial cells. Moreover, viral DNA was found in similar
cells as a viral antigen. In detail, parvovirus DNA was found
predominantly in the nuclei of cells in the outer and inner
granular and molecular layer of the cerebellum, single neu-
rons, periventricular cells, glial cells, neurons, endothelial cells,
and a few macrophages and ependymal cells. In addition, faint
cytoplasmic staining could be noted in neurons. Similar results
were obtained by using the T3 transcribed RNA probe detect-
ing intranuclear parvovirus genomic DNA (Fig. 2C and D).

Active parvovirus replication was confirmed by the presence
of positive signals using the second ISH approach by applying
the T7 transcribed probe that binds specifically to the cytoplas-
mic viral mRNA or monomer replicative intermediate strands
during parvovirus replication. A positive signal was found
within the cytoplasm of cells predominantly in the outer and
inner granular and molecular layers of the cerebellum and in
the periventricular area (Fig. 2E and F). In addition, single
glial cells showed a positive staining within the cytoplasm.
However, fewer cell were positive overall using the T7 tran-
scribed probe compared to using the T3 transcribed probe.

PCR. The positive control DNA from the vaccine revealed a
detectable signal (critical threshold) after 30 cycles for the first
PCR and after 26 cycles for the second PCR. Using the DNA
from the cerebellum of the affected puppy, both PCR assays
showed a detectable signal of the sample after 36 cycles. In con-
trast, there was no signal after 45 cycles in the negative controls
(Fig. 3 and 4). After successful cloning of the amplicons, DNA

FIG. 2. Demonstration of parvovirus antigen, DNA, and mRNA or replicative intermediate in the brain of the Cretan hound puppies. (A and
B) Immunohistochemical labeling of parvovirus antigen within cells (arrows) in the periventricular area (A) and cerebellum (B). (C to F) ISH using
the T3 (C and D) or the T7 (E and F) RNA probe directed against the parvovirus DNA to detect positive cells (arrows) in the periventricular area
(C and E) and cerebellum (D and F). Bar, 50 �m.
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sequencing, and analysis, the sequences obtained from the CNS
of the affected puppy were classified as CPV genome stretches.
The sequence obtained from first PCR (GenBank accession no.
HM582864) showed 100% similarity to sequences from canine
parvovirus type 2 (FJ197845), type 2a (GU569948), type 2b
(GU569944), and type 2c (GQ865519). The sequence from the
second PCR (GenBank accession no. HM582865) showed 98%
similarity to canine parvovirus type 2 (GU212791), type 2a
(EU441280), and type 2b (GU212792).

DISCUSSION

In this study, the brains of five Cretan Hound puppies suf-
fering from a puppy shaker syndrome were investigated in
detail to explore the cause-and-effect relationship between
parvovirus infection and the neurological signs. Interestingly,
parvovirus antigen, as well as parvovirus DNA and mRNA, was
detected within the brains of all five dogs. Therefore, an asso-
ciation between parvovirus infection and leukoencephalopathy
must be considered. Histologically, all five dogs exhibited a
mild mononuclear meningitis and a mild-to-moderate vacuol-
ization of white matter areas, especially in the cerebellum. The
spongy degeneration is comparable with the idiopathic, most
presumably inherited spongy form of leukoencephalopathies;
however, the inflammatory reaction is usually lacking in the
inherited condition. In the latter, lesions are also typically
more severe. Spongy degeneration has thus far only been de-
scribed for the Labrador retriever, samoyed, silky terrier and
Shetland sheepdog (36, 45, 60, 62). In these breeds, widespread
white matter vacuolization in various areas of the CNS, often
accompanied by astrogliosis and myelin loss has been reported.
Due to the close relationship of the parent generation and the
mode of inbreeding in the Cretan hound population, a genet-
ically based disorder cannot be excluded. Pre- or perinatal
hypoxia-ischemia has been described as other cause of myelin
loss in the periventricular and subcortical white matter in two
dachshund puppies (43).

Surprisingly, parvovirus of CPV2 group was detected in the
brains of all five puppies regardless of prior parvovirus enteritis
or vaccination. Moreover, neurological signs started already at
3 weeks of age prior to parvovirus vaccination at the age of 5

FIG. 3. Gel electrophoresis of the real-time PCR. L, 20-bp ladder.
Tested sample (lane 1) and positive control (lane 2), both at an 84-bp
length, and a negative control (lane 3) of the first PCR are shown.
Tested sample (lane 4) and positive control (lane 5) both at a 130-bp
length, and negative control (lane 6) of the second PCR are also
shown.

FIG. 4. Melting curve of the real-time PCR. The tested sample (arrow 1) and positive control (arrow 2), both at an 84-bp length, and a negative
control (arrow 3) of the first PCR are indicated. The tested sample (arrow 4) and positive control (arrow 5), both at a 130-bp length, and a negative
control (arrow 6) of the second PCR are also indicated.
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to 6 weeks. This might argue for a perinatal or intrauterine
infection as described for the cat (32, 44, 50, 52), or it could
further indicate the presence of an inherited primary leukoen-
cephalopathy and a secondary parvovirus infection. In humans,
an association between parvovirus infection with demyelinat-
ing processes and distinct HLA-DR alleles has been described
(29, 30). Thus, an inherited predisposition of the Cretan hound
puppies to develop white matter vacuolization and myelin loss
after parvovirus infection could be possible.

In the Cretan hound puppies parvovirus antigen was found
predominantly in cells of outer granular layer of the cerebel-
lum and in periventricular spongioblasts, other glial cells, neu-
rons, endothelial cells, occasional macrophages, and ependy-
mal cells (49). The possible role of parvovirus infection for the
shaker syndrome was detailed by characterization of the dif-
ferent brain cell types that can (i) be infected by parvovirus and
(ii) are capable of maintaining active virus transcription and
replication. To date, canine parvovirus mRNA from the CNS
of dogs has been amplified (16, 18), but whether canine brain
cells can support parvovirus transcription and replication, as
reported for the feline brain (56), remained elusive. As deter-
mined by ISH in the Cretan hounds, the cell types containing
parvovirus antigen were also positive for viral DNA by apply-
ing the T7, as well as the T3 RNA probe, confirming at least
active parvovirus transcription and translation in the canine
brain. Replication of parvovirus depends on the helper func-
tions of the host cell such as DNA polymerase. It is known that
canine and feline cells from the external germinal layer con-
tinue to divide for as long as 10 weeks postnatally, hence
offering favorable conditions for virus replication (17). More-
over, it is widely accepted that the brain is not a completely
irreversible postmitotic tissues as previously thought and that
even neurogenesis lasts until adulthood of various species in
some brain regions (2, 11, 28). Replication of parvovirus in
neurons has already been demonstrated in cats (56) and mice
(42), and it is known that certain types of neurons, e.g., cere-
bellar Purkinje cells, can express the transferrin receptor that is
used by canine and feline parvoviruses for viral entry (40, 59).
In the present study, parvovirus antigen and DNA were de-
tected in a few neurons, including Purkinje cells. This is in
contrast to a previous report, wherein parvovirus antigen was
not detectable in 40 canine brains of dogs with parvovirus
enteritis (57). In the present study, in four of seven control
dogs suffering from parvovirus enteritis and lacking CNS le-
sions, virus antigen was found in the brain, albeit in two of
them only in single cells. The reason for the different results
might be either due to infection with different parvovirus
strains, the use of different antibodies, or the time point of
infection. Recently, it has been shown that the parvovirus type
2 variants 2a, 2b, or 2c exhibit antigenic differences (12), but no
differences in tissue tropism have been found thus far (16).
However, tropism and host range of parvoviruses is controlled
by defined viral capsid structures and canine parvovirus
emerged successfully from the feline parvovirus by acquisition
of the canine transferrin receptor so that further adaptation of
parvoviruses seems possible (26, 40, 59). Decaro et al. (16) also
found considerable amounts of parvoviral DNA in the brain by
real-time PCR, further supporting the possibility of infection
of the canine brain during systemic parvovirus infections.

In humans infected with parvovirus B19 the immune re-

sponse, autoimmunity, or direct viral toxicity of the NS1 par-
vovirus protein is assumed to be involved in the pathogenesis
of CNS lesions (4). It should be noted that infection of the
brain with B19 of humans is considered controversial and that
B19 infections have been associated with certain human auto-
immune diseases (24, 30, 31, 41). In some cases with B19-
associated meningoencephalitis B19 virus could not be de-
tected in the brain (30, 54), and an inappropriate host immune
response is assumed as the cause of the brain lesion. In the
Cretan hound puppies, a mild-to-moderate lymphohistiocytic
meningitis accompanied by a focal lymphohistiocytic leukoen-
cephalitis was present, indicating that inflammatory processes
triggered by the parvovirus infection might also play a role in
the development of the lesions. For instance, neurogenesis
seems to be influenced by the release of proinflammatory me-
diators (15), and cytokine upregulation has been proposed as a
possible pathogenetic mechanism in human B19 infections of
the CNS (4). As observed by light microcopy, no obvious neu-
ronal loss was detected in the brains of the Cretan hound
puppies. In other infectious conditions, including feline parvo-
virus infection, a direct infection of the outer granular cells in
the cerebellum causes cell death (38, 42, 52). Interestingly, in
the puppies, in the vacuolated areas few apoptotic cells and no
increase of GFAP- or S100-positive astrocytes were detected,
probably indicating a disturbance of glial cell reaction or dif-
ferentiation as described for hypomyelination in dogs (8).
Thus, in the Cretan hound puppies, it remains to be elucidated
whether parvovirus infection and associated inflammation can
affect glial cell differentiation or neurogenesis.

In summary, the puppy shaker syndrome in the Cretan
hound puppies is due to a leukoencephalopathy and concur-
rent parvovirus infection. The determination of whether a con-
genital parvovirus infection was the primary cause or whether
a genetic predisposition to develop a leukoencephalopathy
served as a presensitizing event warrants further investigations.
Nevertheless, we unequivocally show here that (i) parvovirus
can replicate in distinct cell types in the young canine brain and
that (ii) parvovirus infection may be associated with leukoen-
cephalopathies and must therefore be considered as a differ-
ential diagnosis for such conditions in young dogs.
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