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1.1 Canine Distemper Virus
Canine distemper is a disease induced by canine distemper virus (CDV), a
Morbillivirus of the Paramyxoviridae family (Table 1-1). Canine distemper was
described for the first time in Europe in 1761, although there are indications of its
occurrence as early as in the middle ages (FERRY, 1991; BEINEKE et al., 2009).
The viral etiology was proposed by Carré in 1905 (LAMB and KOLAKOFSKY, 2001;
PRINGLE, 1999) and confirmed in 1926 (DUNKIN and LAIDLAW, 1926). The
disease in dogs has been termed canine distemper, canine plaque, canine glanders
or catarrhal fever (FERRY, 1911). CDV may affect several organs and systems
during natural or experimental infection. Up to 30% of the dogs exhibit neurological
signs (RUDD et al., 2006).
Thus far, there is only one serotype but several co-circulating genotypes with
different virulence and cell tropism (HAAS et al., 1999; PRINGLE, 1999). The natural
host spectrum of CDV comprises numerous families of the order Carnivora like
Canidae, Procyonidae, Mustelidae, Mephitidae, Hyaenidae, Ailuridae, Viverridae and
Felidae (APPEL et al., 1994; BEINEKE et al., 2009; HAAS et al., 1999), and other
species, such as phocines and non-human primates (Macaca fuscata) (KENNEDY et
al., 2000; YOSHIKAWA et al., 1989).
Table 1-1: Principal members of the Paramyxovirus family related with Canine
Distemper Virus

Species

Host

Measles Virus (MV)

Human and non-human primates

Rinderpest Virus (RPV)

Cattle, buffalo, goat and sheep

Peste des petites ruminants virus (PPRV)

Goat and sheep

Cetacean Distemper Virus (CMV)

Dolphin and porpoise

Phocine Distemper Virus (PDV)

Seal

Equine morbillivirus (EMV)

Horse and human

BEINEKE et al., 2009; LAMB and KOLAKOFSKY, 2001; PRINGLE, 1999.
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CDV is an enveloped, negative-sense, single-stranded RNA virus (LAMB and
KOLAKOFSKY, 2001) that is composed of six structural proteins, the nucleocapsid(N), the phospho- (P), the matrix- (M), the fusion (F), the hemagglutinin (H), and the
large (L) protein. Additionally the virus has two non-structural proteins the C and the
V protein (Fig 1-1; LAMB and KOLAKOFSKY, 2001; ÖRVELL, 1980). The N protein
acts by catalyzing virus transcription and replication (LAMB and KOLAKOFSKY,
2001). The P gene encodes for several proteins including the P protein and is
essential for viral RNA synthesis (BEINEKE et al., 2009; WANG et al., 1998). The M
protein connects the surface glycoproteins and nucleocapsid during viral maturation
(LAMB and KOLAKOFSKY, 2001). The F protein mediates the fusion of the virus
with the host cells or between cells (LIERMANN et al., 1998). The H protein is the
determinant of viral tropism and cytopathogenicity (VON MESSLING et al., 2001),
additionally, it mediates the attachment of the virus to the host cell (BEINEKE et al.,
2009). The non-structural C and V proteins interact with cellular proteins (LAMB and
KOLAKOFSKY, 2001).
Figure 1-1: Schematic design of the CDV protein components

Legend: N= nucleocapsid protein, P= phosphor protein, V,C= non-structural V and C protein, M=
matrix protein, F= fusion protein, H= hemagglutinin, and L= large protein (BEINEKE et al., 2009
modified).

Due to morphological similarities of the neuropathological changes between
demyelinating leukoencephalitis (DL) and multiple sclerosis (MS), the canine disease
represents an important animal model for human demyelinating disorders
(BAUMGÄRTNER et al., 1989; BAUMGÄRTNER and ALLDINGER, 2005; DAL
CANTO and RABINOWITZ, 1982). In humans the participation of CDV in the
pathogenesis of Paget’s disease of bone and MS has been assumed based on
circumstantial evidence but lacks final confirmation (COOK et al., 1978; GORDON et
al., 1991; HELFRICH et al., 2000; SELBY et al., 2006).
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Although the involvement of several receptors has been described for morbilliviruses
(TATSUO et al., 2001; TATSUO and YANAGI, 2005), the only confirmed receptor for
CDV so far is the signaling lymphocyte activation molecule receptor (SLAM), a
molecule restricted to activated cells of the mononuclear lineage (RIVALS et al.,
2007; TATSUO et al., 2001; VON MESSLING et al., 2006). Additional receptors
could include CD46 and CD9 (LAMB and KOLAKOFSKY, 2001; WENZLOW et al.,
2007). However, since CD46 has only been found in neoplastic lymphoid cells in
dogs (NUSSBAUM et al., 1995; SUTER et al., 2005) it remains to be determined
whether CD46 is in fact involved in CDV infection as a possible alternative viral
receptor, as described in human measles (WENZLOW et al., 2007). Finally, CD9 has
been associated with CDV induced cell-cell fusion and syncytial cell formation, but
not virus-cell fusion (SCHMID et al., 2000). However, since no direct association
between CD9 and CDV could be demonstrated so far, CD9 may play a role as a
cofactor for viral infection, probably as part of a not yet characterized receptor
complex (BEINEKE et al., 2009; LÖFFLER et al., 1997; SINGETHAN et al., 2006).
Following

widespread

infection

of lymphatic organs and

peripheral

blood

mononuclear cells (RUDD et al., 2006; VON MESSLING et al., 2004, 2006), CDV
can access the brain of a host either along the cerebrospinal fluid pathway, thereby
infecting successively ependymal cells and the subependymal white matter
(VANDEVELDE et al., 1985b), or via hematogenous spread by association with
lymphocytes (SUMMERS et al., 1979) and plasma (KRAKOWKA, 1989) infecting
progressively endothelial cells, pericytes and astrocytes (BAUMGÄRTNER et al.,
1989). Recently, it was suggested that CDV may enter the central nervous system
(CNS) by infection of olfactory neurons and by spreading transsynaptically to mitral
cells and deeper CNS areas (RUDD et al., 2006). After invasion of the CNS, CDV
antigen is most frequently found in astrocytes, microglia/macrophages, ependymal
cells and neurons (GRÖNE et al., 2000; MUTINELLI et al., 1989; NESSELER et al.,
1999).
Interestingly, CDV strains display different pathogenic properties. Infection of the
CNS may be associated with polioencephalitis (CDV-Snyder Hill), DL (CDV-R252,
CDV-A75/17; SUMMERS et al., 1984) and an unspecified encephalitis (CDV-Lederle;
LEDNICKY et al., 2004). Thereby, DL represents the main sequel of CDV infection
(BAUMGÄRTNER and ALLDINGER, 2005; NESSELER et al., 1999).
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In addition to the CNS, canine distemper induces lesions in the respiratory, urinary
and intestinal tract as well as in the skin. Due to this broad cell tropism, viral antigens
can

be

found

in

mesenchymal,

epithelial

and

neuroectodermal

cells

(BAUMGÄRTNER and ALLDINGER, 2005; KOUTINAS et al., 2004). Frequently,
lesions in different organs display secondary bacterial infections (BEINEKE et al.,
2009; KRAKOWKA et al., 1985).
1.1.1 In vitro studies
Several CDV strains have been isolated and well adapted in vitro, growing efficiently
in cell cultures from many species, such as African Green Monkey kidney cells (Vero
cells), Madin Darby kidney cells (MDKC, canine), macrophages (DH82; APPEL and
JONES, 1967; BAUMGÄRTNER et al., 1987; CONFER et al., 1975; FRISK et al.,
1999; GRÖNE et al., 2002; SUTER et al., 2005; VON MESSLING et al., 2001, 2004).
Moreover, virulent CDV strains propagate readily in primary canine macrophages,
lymphocytes and bovine cells derived from a proliferative contaminating cell,
occurring in peripheral blood monocyte cultures, of unknown origin (METZLER et al.,
1980). More recently, the use of canine SLAM-expressing Vero cells has found to be
a highly efficient tool for virus isolation (TATSUO et al., 2001; TATSUO and YANAGI,
2002). Once adapted to cell culture, CDV becomes attenuated, loosing both
virulence and the property to proliferate in primary canine pulmonary macrophages
(APPEL, 1978; METZLER et al., 1980). Nevertheless, the virus maintains its capacity
to induce cell-cell fusion, like in vivo, and the ability to infect glial cells, especially
microglia and astrocytes (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN and
VANDEVELDE, 1983).
Interestingly, the reversion to virulence has been demonstrated using an attenuated
CDV strain (CDV-Rockborn). This CDV strain regained its virulence and capacity to
infect primary canine pulmonary macrophages after six sequential passages in CDVsusceptible dogs or ten passages in primary canine pulmonary macrophages
(APPEL, 1978). Moreover, spontaneous reversion to virulence was documented in
vivo (HARDER and OSTERHAUS, 1997; LEDNICKY et al., 2004). However, the
exact mechanisms responsible for virus virulence remain unclear so far. In all cases,
virulence of CDV appears to be associated with its capacity to replicate in dog
macrophages (APPEL, 1978). CDV reaches the CNS secondarily after widespread
infection of lymphatic organs and peripheral blood mononuclear cells (RUDD et al.,
5
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2006; VON MESSLING et al., 2004, 2006). Whether CDV infection of mononuclear
cell lineages represents a prerequisite for activation or amplification of its
neurovirulence remains to be determined.
In vitro studies using neonatal dogs demonstrated a widespread cell tropism of
different CDV strains (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN and
VANDEVELDE, 1983; ZURBRIGGEN et al., 1986, 1987a, 1987b; VANDEVELDE et
al., 1985a). Independently of virulence, most of CDV strains were able to infect
astrocytes, microglia/macrophages and fibroblasts (PEARCE-KELLING et al., 1990,
1991; ZURBRIGGEN and VANDEVELDE, 1983). The percentage of infected
astrocytes and microglia/macrophages was consistently high (PEARCE-KELLING et
al., 1990, 1991; ZURBRIGGEN and VANDEVELDE, 1983). Contrary, infection of
neurons clearly depended upon the virus strain and type of neurons (PEARCEKELLING et al., 1991). The virulent CDV-Snyder Hill and the attenuated CDVRockborn strains were able to infect large, long-lived neurons but not small bipolar
neurons, whereas the virulent CDV-A75-17 did not infect neurons at all (PEARCEKELLING et al., 1991). Furthermore, multipolar oligodendrocytes were rarely
infected, while a subset of bipolar cells identified as oligodendrocytes according to
their galactocerebroside (GalC) expression, frequently contained CDV antigen
(PEARCE-KELLING et al., 1991). Oligodendrocyte degeneration has been well
described in mixed brain cell cultures from neonatal dogs. However, since no CDV
antigen could be detected in these cells, a restricted infection was proposed
(ZURBRIGGEN

et

al.,

1986,

1987a,

1987b,

1998;

VANDEVELDE

and

ZURBRIGGEN, 2005). Additionally, studies on virus dissemination using virulent and
attenuated CDV strains demonstrated virus spread via cell processes and randomly
to adjacent cells (ZURBRIGGEN et al., 1995a).
Establishment of CDV clones genetically engineered to express the enhanced green
fluorescent protein (eGFP), e.g. the mustelid neurovirulent CDV-A75/17eGFP and
the mustelid virulent CDV-5804PeGFP strains, the CDV-rgA75/17-V and the CDVOndeGFP strains allowed direct observation of CDV spread and cell tropism.
Moreover, using recombinant CDV strains it is possible to determine, which part of
the CDV genome is responsible for specific pathogenic properties, such as cell-cell
fusion and syncytia formation (PLATTET et al., 2004; RIVALS et al., 2007; VON
MESSLING et al., 2001, 2004). Furthermore, direct visualization of CDV infected glial
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cells in vivo was performed to reveal the spatiotemporal aspects of neuroinvasion
(RUDD et al., 2006).
Due to the limited number of in vitro studies, and especially the lack of investigations
using adult canine brain cells and purified glial cultures, only limited information
regarding CDV-cell- and cell-cell interactions is available. It was only recently, that in
vitro studies analyzed the susceptibility of adult canine glia in mixed and purified
cultures to CDV infection (ORLANDO et al., 2008; SEEHUSEN et al., 2007).
1.1.2 Pathogenesis of the lesions in the central nervous system
Progression and degree of severity of lesions as well as different types of CNS
changes were documented in experimentally CDV infected dogs and in animals
suffering from spontaneous canine distemper (KRAKOWKA et al., 1980, MORITZ et
al., 2000; SCHWAB et al., 2007). The virus is discharged primarily by oro-nasal
secretion. However, other body fluids such as urine and ocular secretion can carry
the virus too. Susceptible animals can be infected primarily by inhalation of airborne
viruses or via infective aerosol droplets (KRAKOWKA et al., 1980). After a local virus
replication in lymphoid tissues of the respiratory tract and tonsils, the virus is
disseminated to haematopoietic tissues (APPEL, 1970). During this first viremic
phase, there is a widespread infection of all lymphoid tissues including spleen,
thymus, lymph nodes and bone marrow (APPEL, 1970; WRIGHT et al., 1974).
Several days later the second viremic phase, frequently associated with parenchymal
tissue infection throughout the body, occurs (APPEL, 1969; BEINEKE et al., 2009;
OKITA et al., 1997).
The gastrointestinal and respiratory signs are frequently complicated by secondary
bacterial infections and central nervous signs (KRAKOWKA et al., 1985), which
include myoclonus, nystagmus, ataxia, and tetraparesis or –plegia (AMUDE et al.,
2007; BEINEKE et al., 2009). Interestingly, virus strain, age and immune status of the
affected animal influence the character of the CNS lesions (BEINEKE et al., 2009;
KRAKOWKA

and

KOESTNER,

1976).

A

polio-

and

a

leukoencephalitis,

characterized by different distribution patterns of the lesions and pathogenesis, can
be distinguished (BEINEKE et al., 2009; KRAKOWKA and KOESTNER, 1976;
SUMMERS et al., 1984; RAW et al., 1992).
Compared to DL, polioencephalitis is an uncommon manifestation of CDV and is
subclassified into old dog encephalitis (IMAGAWA et al., 1980; VANDEVELDE et al.,
7
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1980), inclusion body encephalitis (NESSELER et al., 1997, 1999), and post-vaccinal
encephalitis (BESTETTI et al., 1978; HARTLEY, 1974;). In contrast, DL represents
the

most

common

neuropathological

change

in

CDV

CNS

infection

(BAUMGÄRTNER and ALLDINGER, 2005; NESSELER et al., 1999). DL lesions can
be found more frequently in the cerebellar than in the cerebral white matter and
spinal cord (BAUMGÄRTNER et al., 1989, BATHEN-NÖTHEN et al., 2008). DL
consists of acute, subacute non-inflammatory, subacute inflammatory, chronic and
sclerotic lesions (ALLDINGER et al., 1993b; GAEDKE et al., 1999; KRAKOWKA et
al., 1985; SUMMERS and APPEL, 1987; SUMMERS et al., 1979). Interestingly,
several plaque types may occur simultaneously in the brain of affected dogs
(ALLDINGER et al., 1993a, 1993b; WÜNSCHMANN et al., 1999).
Demyelination in DL appears to be a biphasic process (ALLDINGER et al., 1993a,
1996, 2000; FRISK et al., 1999; GRÖNE et al., 1998; VANDEVELDE et al., 1985a),
in which the initiation of CNS lesions is ascribed to a direct virus action, including
prominent intralesional expression of viral proteins and mRNA, while plaque
progression seems to be related to immunopathological processes (SUMMERS and
APPEL, 1994). Moreover, early lesions are accompanied by the presence of few
CD8+ lymphocytes and single CD4+ cells, an up-regulation of the major
histocompatibility complex class II (MHCII) with concomitant down regulation of
myelin

gene

transcription

in

oligodendrocytes

and

loss

of

these

cells

(SCHOBESBERGER et al., 1999, 2002; VALDEVELDE et al., 1985b; ZURBRIGGEN
et al., 1987a). In this phase of the disease, tumor necrosis factor α (TNFα), CD44,
and matrix-metalloproteinases (MMPs) as well as their specific tissue inhibitors
(TIMPs) become up-regulated (ALLDINGER et al., 2000; MIAO et al., 2002, 2003).
MMPs may, therefore, play an important role during demyelination, e.g. by disruption
of the blood-brain barrier (BBB; MUN-BRYCE and ROSENBERG, 1999). In addition
to this, MMPs may induce demyelination by direct degradation of the myelin basic
protein (MBP; CHANDLER et al., 1995).
Contrary to the acute phase, a strong reduction or absence of viral protein and mRNA
expression accompanied by a vigorous immune response has been detected in
subacute inflammatory and chronic lesions. The latter are dominated by CD8+
lymphocytes and perivascular CD4+ lymphocytes and B cells (WÜNSCHMANN et al.,
1999). Simultaneously, there is a strong up-regulation of MHC II and the proinflammatory cytokines interleukin (IL)-6, IL-8, IL-12, and TNF, while IL-1β, IL-2, and
8
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interferon- are absent (MARKUS et al., 2002). Moreover, the expression of the antiinflammatory cytokines IL-10 and transforming growth factor-β is not altered upon
CDV infection. In the chronic phase of infection, CD44, TIMPs, and single MMPs are
either strongly down- or up-regulated (GRÖNE et al., 2000; MIAO et al., 2002).
1.2 Cellular elements of the brain
The cellular elements of the brain are mainly divided into two groups, glia and
neurons. Neurons form the basis of the so-called supercomputing system while glial
cells carry out diverse functions necessary for the proper development and function
of the CNS (MALABENDU et al., 2007). Both groups arise from the neuroectoderm
and display parallel differentiation (LIU and RAO, 2004; MALABENDU et al., 2007).
However, gliogenesis persists a long time after neurogenesis has already ceased
(LEE et al., 2000). Although the nervous tissue has a complex structure due to its
variety of cellular interconnections, the isolation of different brain cell populations
from several species including dogs has been achieved successfully (CARSON et
al., 1998; BULTE et al., 1999; KRUDEWIG et al., 2006; MACCARTHY AND DE
VELLIS, 1980; MALABENDU et al., 2007; ORLANDO et al., 2008; PEARCEKELLING et al., 1990, 1991; TECHANGAMSUWAN et al., 2008, 2009; WEWETZER
et al., 2005; ZURBRINGGEN et al.,1984). In primary culture, the CNS tissue is
usually dissociated in single cells that can act as independent units. Cultured cells
have diverse capacities of cellular growth, after which they cease proliferation or
undergo spontaneous immortalization. Although the three-dimensional architecture of
the tissue is lost upon isolation, cultured cells retain several of their functions, which
can be analyzed in the simplified system under well defined conditions. Cell cultures,
therefore, have emerged as an invaluable tool to study a variety of physiological and
pathological phenomena in simplified models recapitulating events that in vivo take
place (LAREUM et al., 1985).
Classical tissue culture studies including the isolation of neurons from frog embryonic
tissue were performed in 1907 by Ross Harrison (cited in: LAREUM et al., 1985;
KESHISHIAN, 2004). This experiment marked the beginning of a new era in
neuroscience. There are several approaches to cultivate neuronal cells, including
dissociation, explants and organotypic as well as maximow double coverslip
assemblies or roller tubes (LAREUM et al., 1985). Dissociation cultures represent the
most extensively used system. In general, brain cell cultures, independently of the
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species, may be composed of microglia, astrocytes and mature oligodendrocytes in
addition to oligodendrocyte precursor cells and different morphological types of
neurons (ORLANDO et al., 2008; MACCARTHY AND DE VELLIS, 1980; PEARCEKELLING et al., 1990, 1991; ZURBRINGGEN et al., 1984). The establishment of
purified glial cell cultures either by mechanical detachment or antibody-based
procedures has facilitated the individual characterization of the glial cells
(KRUDEWIG et al., 2005; ORLANDO et al., 2008; MACCARTHY AND DE VELLIS,
1980; MALABENDU et al., 2007).

1.2.1 Different brain cell populations
1.2.1.1 Glial precursors
Glial precursor cells (GPCs) are distributed throughout the parenchyma of the CNS
to provide replacement of glial cells during development and lifetime (LEE et al.,
2000). Moreover, some of these GPCs may have an important role in reforming the
BBB and remyelinating CNS tracts following injury or disease (BLAKEMORE, 2005;
HAN et al., 2004; LEPORE et al., 2004: LIU and RAO, 2004). GPCs are a
heterogenmous group of immature progenitor cells that can give rise to different
mature glial cells as well as neurons (Fig 1-2). In vitro, GPCs can be distinguished
from each other by antigenic expression, developmental potential and growth factor
responses. However, these criteria have to be analyzed carefully due to the
possibility that some GPCs may turn out to be identical to each other or to represent
different stages of the same cell. Different methods, including clonal analysis and
retroviral constructs are needed and required to improve classification of the different
GPCs (LEE et al., 2000).
Based on the idea to use GPCs as therapeutic agents to treat CNS injury, a variety of
studies have focused on their developmental potential and provided new insights into
the complex process of CNS repair (BLAKEMORE, 2005; HAN et al., 2004; LEE et
al., 2000). It has become apparent, for example, that the CNS contains precursor
cells capable of differentiating into glial cells with a Schwann cell-like phenotype
under appropriate experimental conditions (BLAKEMORE, 2005). Moreover, there is
growing evidence that remyelination of the experimentally demyelinated spinal cord
is not due to Schwann cells invading the CNS from the periphery across a leaky
BBB, as previously thought, but more likely, due to Schwann cell-like glia arising from
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central GPCs (BLAKEMORE, 2005; KEIRSTEAD et al., 1999; MUJTABA et al.,
1998). It has been reported that, CNS glia expressing the Schwann cell prototype
marker neurotrophin receptor (p75NTR) emerge under pathophysiological conditions,
including demyelination (PETRATOS et al., 2004).
The term “Aldynoglia” was introduced to denominate a group of Schwann cell-like
macroglial cells identified by immunostaining for p75NTR. These cells express GFAP
and vimentin and may display axon growth-promoting properties reminiscent on
Schwann cells and olfactory ensheathing cells (OECs; BLAKEMORE, 2005;
GUDIÑO-CABRERA and NIETO-SAMPEDRO, 2000; NIETO-SAMPEDRO, 2003). In
addition, aldynoglia shares characteristics with astrocytes and oligodendrocytes (LIU
and RAO, 2004). This group includes cells from diverse brain areas (Table 1-2) and
is composed of OECs, tanicytes and pituicytes that are located in the olfactory bulb,
hypothalamus-hypophysis, and pineal gland. In these anatomical areas, aldynoglia
are thought to promote a continuous axon renewal throughout the lifetime of the
organism. These types of aldynoglia have the ability to survive and proliferate
efficiently in cultures from adult canine brains (BOCK et al., 2007; KRUDEWIG et al.,
2005; ORLANDO et al., 2008; TECHANGAMSUWAN et al., 2008, 2009), while
aldynoglia from rodents require growth factor stimulation (NIETO-SAMPEDRO, 2003;
YAN et al., 2001; WEWETZER et al., 2001, 2005). This is evidence for a pronounced
species-specific variation in the growth control of aldynoglia (RADTKE and
WEWETZER, 2009).

1.2.1.2 Microglia
Microglia, which is a resident CNS glial cell derived from the hematopoietic lineage
(LING et al., 1980; YOKOYAMA et al., 2004) and macrophages are considered a
common population in histological sections of CNS pathologies (MELCHIOR et al.,
2006). Both cells share many cellular markers making it difficult to distinguish them
from each other (ALOISI, 2001; CARSON et al., 1998; IMAI et al., 1996; MELCHIOR
et al., 2006). Recent studies, however, demonstrated that these cells are
phenotypically distinct and not fully interchangeable in their functions (HANISCH,
2002; MELCHIOR et al., 2006).
Interestingly, it was recently demonstrated that the CNS is populated by two distinct
myeloid cell types: a parenchymal population slowly or only rarely replenished by
bone marrow stem cells and a primarily perivascular, meningeal- and cerebellum11
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associated population that is quickly and frequently replaced by bone marrow stem
cells. The latter appears to have the ability to migrate to the draining cervical lymph
nodes, while the former type may display either a reduced or a complete lack of
migration (CARSON et al., 1999; MELCHIOR et al., 2006).
It is well known that microglia plays opposing roles and may induce through diverse
mechanisms either neuroprotection or neuronal damage (BAUER et al., 2001;
DAVALOS et al., 2005). Yet, even after numerous in vivo and in vitro studies the role
of microglia in the healthy, injured and diseased CNS remains controversial. For
several years it was assumed that microglia is resting under normal conditions and
does not become activated until triggered by environmental stimuli, including
invading pathogens and local cellular damage. Following stimulation the cells
become mobile and change their morphology, as evidenced by increase in cell body
size and microglial processes (MELCHIOR et al., 2006; NAKAJIMA and KOHSAKA,
1993). Interestingly, this concept has been recently challenged, it was observed that
the cell body of vital microglia in the adult murine CNS tissue tended to stay in place,
while the processes were constantly in motion, suggesting a continuous monitoring of
signals from adjacent cells. Furthermore, the enlarged tips of the processes
suggested that microglia was constantly engulfing material of its environment
(DAVALOS et al., 2005; MELCHIOR et al., 2006; NIMMERJAHN et al., 2005).
Although microglia represents about 5-15% of the resident CNS cells, its isolation is
laborious and only low cell numbers are yielded (MELCHIOR et al., 2006;
YOKOYAMA et al., 2004). However, microglia cells has been isolated from the brain
and spinal cord of many species from different developmental stages (CARSON et
al., 1998; DE GROOT et al., 2001; TING et al., 2007; YOKOYAMA et al., 2004)
allowing to characterize several of its functions in normal and under pathological
situations as well as its interactions with other cells, including astrocytes,
oligodendrocytes, and neurons (LONG et al., 2008; MILLER et al., 1994;
OVANESOV et al., 2008; ROCK et al., 2004). Additionally, in vitro studies of isolated
microglia have contributed to a better understanding of microglia-microbe interactions
(ROCK et al., 2004).
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Figure 1-2: Schematic illustration of the different stages of differentiation and
maturation of the principal glial precursor cells (GPCs).

Stem cells/neuroepitelium

Subventricular zone

Glial precursors

GRPs

Oligospheres

MNOPs

WMPs

Polydendrocyte
s
Astrocytes
APCs

Neurons

O2A
Motoneurons

Astrocytes
Oligodendrocyte
precursors

Astrocytes type 2
(Only in vitro)

Oligodendrocytes

Legend: Glial precursors arise from neuroepithelium or the subventricular zone and
may generate glial restricted precursors (GRPs), Oligospheres, motoneuronoligodendrocytes precursors (MNOPs), and white matter progenitors (WMPs).
Oligodendrocytes can be derived from each of these precursors, type-1 and type-2
astrocytes develop from MNOPs/WMPs/GRPs and GRPs/oliogspheres, respectively.
Motoneurons arise from MNOPs while neurons mainly develop from WMPs (LIU and
RAO, 2004 modified).
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Posterior lobe of pituitary

Retina

Cerebellar cortex

Müller glia

Bergmann glia

Sense the activity of synapses

collector in the mammalian eye

Multipotent progenitor cells and acts as a light

Ensheath axons

FRANZE et al., 2007; HARTFUSS et al., 2001; LIU and RAO, 2004; MÜLLER and KETTENMANN, et al., 1995

Olfactory bulb

Olfactory ensheathing cells

ensheath axons

migration and glial- and neuronal-precursor cells

throughout the developing CNS

Pituitary glia

Developmental processes, myelination, neuronal

Spinal cord and widespread

Radial glial
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Function

Ventricular area

In vivo localization

Tanicytes and ependymal cells

Cell type

Table 1-2: Different types of aldynoglia cells, their functions and localization in CNS
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There are three phenotypes of microglia, the amoeboid, the ramified, and the
reactive microglia (NAKAJIMA and KOHSAKA, 1993: ROCK et al., 2004). During
development, amoeboid microglia are active macrophages and precursors of
ramified cells, which can, in response to a variety of stimuli be reactivated in the
postnatal brain, reacquire an amoeboid morphology, and migrate to the site of injury
(ROCK et al., 2004; THOMAS, 1992). After isolation microglia acquires an amoeboid
phenotype (ROCK et al., 2004) and grows on top of other glial cells, such as
astrocytes (CARSON et al., 1998; KUMNOK et al., 2008; ORLANDO et al., 2008).

1.2.1.3 Neurons
Although neurons are difficult to isolate and their cultivation is more demanding
compared to glial cells, many studies reported their maintenance for prolonged
periods either as tissue explants or after dissociation into single cells (LAREUM et
al., 1985; MALABENDU et al., 2007; PETTMANN et al., 1979). Moreover, neural cell
lines have overcome the limitations of primary cell cultures (LAREUM et al., 1985; LU
et al., 2001, 2002, 2008; PETERSON and WALUM, 1983; WONG and
CORTOPASSI, 2002). Likewise, the possibility to cultivate neurons in monocultures
or in co-cultures with other cell populations has allowed the morphological and
biochemical analysis and the characterization of cell-cell interactions (LONG et al.,
2008; PETTMANN et al., 1979). Furthermore, recent studies reported the cultivation
of human embryonic stem cells and their differentiation into neurons this allows the
investigation of early neurogenesis and the establishment of novel therapeutic
approaches

to

treat

neurological

diseases,

including

Parkinson's

disease

(CARPENTER et al., 2001; CHRISTOU et al., 2007; REUBINOFF et al., 2001; RICE
et al., 2004; SCHULZ et al., 2003; ZHANG et al., 2001).
So far, neurons have not been isolated from the adult canine brain (ORLANDO et al.,
2008) while in mixed cell cultures obtained from the neonatal canine brain two
neuron populations that differed in morphology and survival were described
(PEARCE-KELLING et al., 1991). Small bipolar neurons that were very common in
these cultures had typically beaded processes, while the second neuronal cell type,
which was present in low density was characterized by a large cell body and longer
processes containing few distal branches (PEARCE-KELLING et al., 1991).
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1.2.1.4 Astrocytes
Astrocytes represent the predominant cell type within the CNS and about 20 to 50%
of the brain volume (GERHAUSER et al., 2007; LIU and RAO, 2004). The
developmental origin of astrocytes is complex because several glial precursors, such
as GRPs and radial glia can apparently give rise to astrocytes (see Fig 1-2) in vivo as
well as in vitro (LEE et al., 2000; WANG and BORDEY, 2008). Astrocytes play
multiple

roles

in

the

CNS

including

buffering

excess

potassium

and

neurotransmitters, structural support around synapses and contributing to the
integrity of the BBB (LIU and RAO, 2004; WANG and BORDEY, 2008). The one of
the most important process may be the modulation of the intrinsic immune system
that is controlled in concert with microglial cells through complex cell-cell interactions
(ROCK et al., 2004). There is in vitro evidence, for example, that astrocytes control
proliferation and migration of microglia and that they are able to trigger its activation
and morphological transition from a resting into a ramified phenotype (GUILLEMIN et
al., 1990; MALPIERO et al., 1990; REZAIE et al., 2002; ROCK et al., 2004).
Astrocytes can phagocytose cells and may act as antigen-presenting cells. In
addition, they can also express class II major histocompatibility complex antigens
and other costimulatory molecules, that are critical for antigen expression including
B7 and CD40 (WANG and BORDEY, 2008).
Astrocytes in vivo and in vitro are characterized by the expression of the glial fibrillary
acidic protein (GFAP) and vimentin (RAFF et al., 1983a), which are used as cell typespecific markers (LEE et al., 2000; SEEHUSEN et al., 2007; WANG and BORDEY,
2008) depending on their developmental stage (SEEHUSEN et al., 2007;
GERHAUSER et al., 2007) However, a single criterion alone may not be adequate,
since other cell populations, including ependymal cells, fibroblasts and adult stem
cells have been shown to express either GFAP or vimentin. Thus, morphological
characteristics have to be considered together with GFAP/vimentin immunoreactivity
in order to accurately identify this glial cell population (KIMELBERG, 2004: LEE et al.,
2000).
Although the degree of astrocyte diversity is still not clear, it may comprise at least as
many as five distinct subpopulations based on morphological and antigenic criteria
(LEE et al., 2000; MILLER et al., 1994). Two cell types have been identified based on
their morphology and location, fibrous and protoplasmic astrocytes in the white and
gray matter, respectively (GERHAUSER et al., 2007; WANG and BORDEY, 2008).
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Similarly, in culture two phenotypes were described. The type-1 and type-2
astrocytes bear a fibroblast-like and a neuron-like morphology, respectively. Both
types can be found in cell preparations from the white matter, while the type-2 is
absent in gray matter preparations (MILLER and RAFF, 1984; RAFF et al., 1983b).
Astrocytes can be purified easily from mixed brain cultured and cultivated as a
homogeneous population (LAREUM et al., 1985). Moreover, using serum-containing
medium, it is possible to generate astrocytes from neuroectodermal precursor cells
(PRINGPROA et al., 2008; RAFF et al., 1983a).

1.2.1.2.4 Oligodendrocytes
Due to their solid growth in vitro, oligodendrocytes are among the best studied glial
cells. This includes biochemical, morphological and molecular characterisation of
cells from several species, including dogs (PEARCE-KELLING et al., 1991;
ZURBRIGGEN et al., 1984). The role of oligodendrocytes as myelinating cells is well
established. Myelination in the adult, following lesions or disease is thought to arise
from a quiescent population of oligodendrocytes precursors (OPCs) that are recruited
to form myelin (CARROLL et al., 1998; KEIRSTEAD and BLAKEMORE, 1997; LEE
et al., 2000). Purification of oligodendrocytes is done from mixed cultures of OPCs
that are either mechanically detached from the underlying astrocytes (MACCARTHY
and DE VELLIS, 1980; MILNER et al., 1986) or adsorbed to magnetic beads coated
with specific antibodies (BULTE et al., 1999; RAFF et al., 1983b).
Cultured oligodendrocytes have extensively used to study myelination and
demyelination and provided insights into the basic mechanisms of the in situ
processes. The stages of oligodendrocyte development in vivo can be recapitulated
in vitro (Fig 1-2; LIU and RAO, 2004), where the different stages express specific
sets of antigens (PRINGPROA et al., 2008; RAFF et al., 1983b; ULRICH et al.,
2008). OPCs express A2B5 and NG2 antigens (LEVINE and NISHIYAMA, 1996;
SCHNITZER and SCHACHNER, 1982) while oligodendrocytes during maturation
display the expression of O4 and GalC antigens on their surface (RANSCHT et al.,
1982, 1989; SOMMER and, SCHACHNER, 1981). Finally, mature oligodendrocytes
can be identified basically by expression of myelin basic protein (MBP) and the
proteolipic protein (PLP; LEMKE, 1993; ZURBRIGGEN et al., 1984). Two
morphological types of oligodendrocytes have been described in neonatal canine
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mixed brain cell cultures. A bipolar type that growths in high number and a multipolar
type that is present in a low density (PEARCE-KELLING et al., 1991).

1.3 Aims of the study
The first in vitro studies on canine glial cells were performed at the end of the sixties
of the last century using mixed brain cell cultures and cerebellar tissue explants from
neonatal animals. However, due to the lack of specific cell markers at that time,
cultures were characterized morphologically but not antigenically (JOHNSON et al.,
1970; STORTS et al., 1967; STORTS and KOESTNER, 1968). Years later, a more
extended characterisation of brain cell cultures from neonatal dogs, provided new
insights regarding cell composition of the cultures, morphology and antigenic
expression (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN et al., 1984).
These cultures permitted a detailed analysis of CDV-cell tropism and virus spread
(PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN et al., 1986, 1987a, 1995a,
1995b; ZURBRIGGEN and VANDEVELDE, 1983).
Due to the difficulties of establishing cell cultures from the adult brain, the
investigation of CDV infection so far was limited to the analysis of neonatal cells.
However, since CDV is a disease that mainly affects young adult dogs, adult glia
cells might provide data more relevant to CDV infection. Convergent lines of
evidence indicate that the cellular composition of the brain changes throughout
lifetime (LEE et al., 2000; LIU and RAO, 2004; MELCHIOR et al., 2006). It is
therefore hypothesized that the cell composition of the cultures as well as cell
susceptibility, virus spread and tropism may differ depending on the age of the donor.
The aims of the present project were, therefore, (i) to establish mixed brain cell
culture from the young adult canine brain, (ii) to characterize these cultures
morphologically and immunophenotypically and (iii) to investigate their susceptibility
for different attenuated and virulent CDV strains and to obtain new insights into DL
pathogenesis.
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2.1 Abstract
In canine demyelinating encephalomyelitis (DL), caused by canine distemper virus
(CDV), astrocytes represent the main virus target. In these cells, glial fibrillary acidic
protein (GFAP) is the main intermediate filament, whereas vimentin occurs early in
the astrocytic lineage and is replaced gradually by GFAP. To further characterize the
role of astrocytic infection in dogs with DL, an animal model for multiple sclerosis,
formalin-fixed paraffin-embedded cerebella were investigated immunohistochemically
and by immunofluorescence. The expression and morphological alterations of these
intermediate filaments were also determined by immunofluorescence studies of CDVinfected canine mixed brain cell cultures. In acute distemper lesions, the astrocytic
response was mainly composed of GFAP- and CDV-positive cells. In contrast,
vimentin-positive astrocyte-like cells were present in advanced lesions, which
represented the main cell type harboring the pathogen, indicating a change in cell
tropism and/or susceptibility of glial cells during lesion progression in canine
distemper virus encephalomyelitis. Canine cell cultures were composed of GFAPpositive astrocytes, vimentin-positive cells and other glial cells. Following infection
with the CDV-R252 strain, GFAP-positive astrocytes, especially multinucleated
syncytial giant cells, displayed a disrupted cytoskeleton, whereas vimentin-positive
cells though more frequently infected did not show any alteration in the filament
network. This indicates increased vulnerability of mature GFAP-positive astrocytes
compared to immature, vimentin-positive astrocytes. The latter, however, exhibited
increased susceptibility for CDV. Summarized, the present findings indicate a change
in cell tropism of CDV and/or the occurrence of less differentiated astrocytes
representing a permanent source for virus infection and spread in advanced lesions
of DL.

KEY WORDS: Canine distemper virus, demyelination, astrocytic maturation, vimentin

2.2 Introduction
Infection with canine distemper virus (CDV), a single-stranded, negative-sense
Morbillivirus of the family Paramyxoviridae, often results in an affection of the central
nervous system (CNS) (5). Demyelinating distemper leukoencephalitis (DL)
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represents the main sequel of CDV infection in dogs (36). Due to the morphological
similarities of the neuropathological changes, this disease has advanced to an
important spontaneously occurring animal model of human demyelinating diseases
such as multiple sclerosis (MS; 5, 11). Plaques in canine distemper are classified
according to their morphological appearance and are presumed to be related to the
age of the lesion (17, 46). Demyelination in DL is a biphasic process. Initiation of
demyelination has been ascribed to a direct action of the virus, whereas plaque
progression seems to be an immunopathological process (36). In DL, white matter
demyelination is followed by astrocytic hypertrophy (36), and in some cases
astrocytic syncytia have been observed (35). Reactive gemistocytes and isomorphic
gliosis have also been described (40). In acute lesions, demyelination coincides with
viral replication predominantly in astrocytes (42, 49). In addition, astrocytes in acute
and subacute lesions without inflammation produce tumor necrosis factor alpha
(TNF-α). This indicates that demyelination in early canine distemper encephalitis is
not only virus-mediated but also the result of local TNF-α production (19).
Astrocytes may express three types of intermediate filaments such as glial fibrillary
acidic protein (GFAP), vimentin, and nestin. Nestin and vimentin are the main
intermediate filament proteins of immature astroglial cells, whereas maturing
astrocytes express vimentin and adult astrocytes GFAP only. At early development,
radial glia and immature astrocytes express vimentin as intermediate filaments (6).
Around birth, there is a switch from vimentin to GFAP expression and vimentin is
progressively replaced by GFAP in differentiated astroglial cells that transiently
coexpress both proteins (30, 32).
In addition, GFAP and vimentin expression is observed in activated astrocytes of
reactive gliosis in trauma, tumor, or neurodegenerative disorders affecting the CNS
(14, 15). Furthermore, GFAP and vimentin expression are required for glial scar
formation (29). Glial scars constitute both a mechanical and a chemical barrier that
block nerve regeneration and axonal growth (13). The antigenic profile of so called
“scar astrocytes” of chronic MS lesions revealed the expression of various proteins
including GFAP and vimentin (22). In Alzheimer’s disease, Pick’s disease,
amyotrophic lateral sclerosis, and cerebral infarction numerous intensively vimentinimmunopositive astrocytes displaying both protoplasmic and fibrous morphology
were observed (47).

21

CHAPTER 2
___________________________________________________________________
Based on the recent observations of vimentin expression in reactive astrocytes in a
variety of neurodegenerative disorders, the objective of the present study was to
investigate the occurrence of GFAP- and vimentin-positive astrocytes in distemper
leukoencephalitis with respect to lesion progression in dogs naturally infected with
CDV and to substantiate these observations in adult canine mixed brain cell cultures.

2.3 Materials and methods
2.3.1 Animals, histology and neuropathological classification
The cerebella of 4 CDV-negative, healthy control dogs (group 1) and 17 dogs with
spontaneously occurring and immunohistochemically confirmed DL (group 2-5) were
examined. The dogs with distemper represented submissions to the routine
diagnostic service of the Department of Pathology, University of Veterinary Medicine,
Hannover, Germany. Animals died spontaneously or were euthanized. During
necropsy, tissues including CNS were collected and fixed in 10% non-buffered
formalin, embedded in paraffin and serial sections (3 µm thick) were prepared.
Sections for histochemistry and immunohistochemistry were mounted on SuperFrostPlus slides (Menzel Gläser, Braunschweig, Germany). Neuropathological diagnoses
were done on hematoxylin and eosin (HE)- and luxol fast blue-cresyl echt violet
(LFB-CV)-stained sections. In addition, detection of CDV nucleoprotein (NP) by
immunohistochemistry was performed (17). DL white matter lesions were classified
into different types, as described (3, 17, 19, 20). Group 2 changes were defined as
acute lesions consisting of focal vacuolation, mild gliosis with activated astrocytes
and microglia and CDV-NP-positive cells. Group 3 plaques included subacute lesions
without inflammation, characterized by demyelination, moderate gliosis with
gemistocytes and macrophages/microglia and CDV-NP-positive cells. Group 4
lesions were composed of subacute inflammatory changes, with a moderate to
severe demyelination, the presence of gitter cells, and, additionally, a perivascular
lympho-histiocytic infiltration up to 2 or 3 layers of thickness. Group 5 plaques
consisted of chronic lesions, similar to group 4 lesions, albeit with a more prominent
perivascular infiltration of more than three layers of mononuclear inflammatory cells.
Cytoplasmic and intranuclear inclusion bodies could be frequently found in acute and
subacute lesions. Several plaque types may occur simultaneously in the brain of one
individual.
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2.3.2 Immunohistochemistry
In order to detect cellular and viral antigens, a standard avidin-biotin-peroxidase
complex (ABC, Vector Laboratories, Burlingame, USA) method was used as
described (2).
The antibodies used for immunohistochemistry are listed in table 2-1. Briefly,
sections were dewaxed and hydrated through graded alcohols. Endogenous
peroxidase activity was quenched by methanol with H2O2 (0.5 %). Sections were
incubated with a CDV-specific monoclonal antibody (10H3, kindly provided by L.
Haas, Department of Virology, University of Veterinary Medicine, Hannover,
Germany). Additionally, GFAP- and vimentin- (Z0334 and M0725, DakoCytomation,
Hamburg, Germany) as well as nestin- (MMS-570P, Covance, Berkeley, USA) and
smooth muscle actin- (M0851, DakoCytomation, Hamburg, Germany) specific
antibodies were used. Controls included substitution of the specific antibody with
ascites from non-immunized BALB/cJ mice or serum from non-immunized rabbits,
respectively. Brain tissue and skin of an adult dog as well as the cerebellum of a
distemper dog and murine fetal brain and spinal cord served as positive controls for
the various antigens and cell types. The positive antigen-antibody reactions were
visualized by incubation with 3,3’-diaminobenzidine tetrahydrochloride (DAB) with
H2O2 (0.03%, pH 7.2) for 5 minutes followed by slight counterstaining with Maier’s
hemalaun. The obtained brown signal following incubation with GFAP-, vimentin- and
CDV-NP-specific antibodies was evaluated quantitatively by counting the number of
positive cells using a morphometric grid (number of cells/mm²).
2.3.3 In situ hybridization
To demonstrate CDV-NP-mRNA, a digoxigenin-(DIG) labeled strand-specific probe
was used. In situ hybridization was performed as previously described (17, 20).
Briefly, tissue section were dewaxed in xylene, hydrated in graded ethanol and
washed in ultrapure, pyrogen-free, DEPC-treated water. After proteolytic digestion,
postfixation, acetylation and prehybridization, hybridization was performed overnight
in a moist chamber at 52°C with a probe concentration of 100ng/ml. The detection
system consisted of an anti-DIG antibody conjugated with alkaline phosphatase and
the substrates nitroblue tetrazoliumchloride (NBT) and 5-Bromo-4-chloro-3-indolyl
phosphate (BCIP, X-Phosphate), which yielded a bluish precipitate. CDV-infected
Vero cells served as positive control.
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Table 2-1: Used antibodies, sources, pre-treatment, dilution and secondary antibody
for immunohistochemistry and immunofluorescence

Antibody

Mouse antiCDV-NP
(10H3)

Rabbit anti
CDV-NP (#
25)

Antibody
source
L. Haas, University
of Veterinary
Medicine,
Department of
Virology, Hanover,
Germany
C. Örvell, The
National
Bacteriological
Laboratory,
Stockholm,
Sweden

Pretreatment
IHC

Dilution
IHC

Dilution
IF

Secondary
antibody IF

Trypsin 0,25%,
60 minutes,
37°C

1:150

1:150

Goat anti-mouse
Cy2, Jackson
ImmunoResearch,
DIANOVA

none

1:2000

1:2000

Goat anti-rabbit
Cy2, Jackson
ImmunoResearch,
DIANOVA
Goat anti-rabbit
Cy2 and Cy3,
Jackson
ImmunoResearch,
DIANOVA
Goat anti-mouse
Cy3, Jackson
ImmunoResearch,
DIANOVA
Goat anti-mouse
Cy3, Jackson
ImmunoResearch,
DIANOVA

Rabbit antiGFAP

DakoCytomation,
Hamburg,
Germany

none

1:1000

1:1000

Mouse antiGFAP

SIGMA,
Deisenhofen,
Germany

not used

not used

1:400

Mouse antivimentin

DakoCytomation,
Hamburg,
Germany

Triton X-100
0.25%, 15
minutes, room
temperature

1:100

1:100

Mouse antismooth
muscle actin

DakoCytomation,
Hamburg,
Germany

none

1:200

not used

not used

Rabbit antinestin

Covance,
Berkeley, USA

Citrate buffer pH
6,0, 20 minutes,
microwave (800
W)

1:2000

not used

not used

CDV = canine distemper virus; NP = nucleoprotein; GFAP = glial fibrillary acidic protein, IHC =
immunohistochemistry, IF = immunofluorescence, Cy = Cyanine

2.3.4 Immunofluorescence double-labeling
For colocalization analysis of GFAP and vimentin as well as viral antigen and GFAP
or vimentin, respectively, double immunofluorescent labeling of selected lesions was
performed. Briefly, sections were dewaxed in a graded series of alcohol and then
rinsed in PBS/Triton X-100 (0.1%) for 30 minutes. Sections were blocked for 30
minutes at room temperature with normal goat serum (20%) diluted in PBS/0.1%
Triton X-100/1% BSA and then incubated at 4°C overnight with the primary antibody.
The primary and secondary antibodies used in this study are listed in table 1. After
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overnight incubation, slides were washed three times in PBS/Triton X-100 (0.1%) and
incubated in the dark for 1 hour at room temperature with the secondary antibody.
The whole procedure except dewaxing and blocking was repeated for the second
combination of primary and secondary antibody. Counterstaining of nuclei was
performed with bisbenzimide H 33258 (0.01% in bidestilled water, Sigma-Aldrich
Chemical, Germany; 24).
The

sections

were

mounted

in

Dako

Fluorescence

Mounting

Medium

(DakoCytomation GmbH, Hamburg, Germany). Expression of antigen specific
markers was studied by using an inverted fluorescence microscope (Olympus IX-70).
Slides were stored at 4°C in the dark.
2.3.5 Cell culture
Brain cell cultures were obtained from 6-month-old Beagle dogs (n=6). Animals were
maintained as required according to the National Research Council’s Guide. Cell
preparations were done according to Guilian and Baker (21) with modifications.
Briefly, brains were removed under aseptic conditions and transferred to ice-cold
PBS (pH 7.2) supplemented with penicillin (100 units/ml)/streptomycin (100 mg/ml,
Biochrom AG, Berlin, Germany). The meninges were removed carefully and the
tissue was minced using scalpel blades. After washing in ice-cold PBS, the tissue
was mechanically dissociated by passage through a metal sieve (280 µm mesh,
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). The cell suspension was then
treated for 30 minutes at 37°C with trypsin-EDTA (final concentration: 0.025%, PAA
Laboratories GmbH, Cölbe, Germany) and DNase I (0.05mg/ml, Roche Diagnostics
GmbH, Mannheim, Germany). Trypsinization was quenched with 10% fetal calf
serum (FCS, Biochrom AG, Berlin, Germany) and the tissue was dissociated into
single cells using a flame-constricted Pasteur pipette. The cell suspension was
centrifuged (450xg, 10 minutes, 4°C) and the pellet was resuspended in Dulbecco’s
modified Eagle medium (DMEM, Biochrom AG, Berlin, Germany) containing sucrose
(30%) and FCS (20%). Following another centrifugation step (650xg, 15 minutes,
4°C), the resulting pellet was resuspended in DMEM (10% FCS) and centrifuged at
450xg (10 minutes, 4°C). Finally, the pellet was resuspended with DME/F12 medium
with 10% FCS and gentamycin (500mg/l), penicillin/streptomycin (100units/ml,
100mg/ml).
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The cells were seeded in poly-L-lysine (100µg/ml, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) -coated 24 well plates (NuncTM, Nunc GmbH & Co KG,
Wiesbaden, Germany) at a density of 7x104cells/well and maintained under standard
conditions (5% CO2, 37°C, water-saturated atmosphere). An initial medium change
was done 24 hrs after seeding (50% of the medium), further medium changes (100%
of the medium) were done twice a week.
2.3.6 Infection of mixed brain cell cultures
After three weeks, virus infection was performed using the CDV-R252 strain (kindly
provided by S. Krakowka, The Ohio State University, Columbus, Ohio) when cultures
reached 60% confluence. The CDV-R252 virus strain was titrated in Vero cells, as
described (16). For infection, a virus suspension containing a 105 tissue culture
infectious dose 50 (TCID50) per 100 µl was used at a multiplicity of infection (MOI) of
0.1. Briefly, cell plates were washed twice with DME/F12 medium and the virus
inoculum or fresh medium (mock-infected) (300µl/well) was added. Incubation with
the virus was done for 1h under standard conditions (5% CO2, 37°C). After removal
of the inoculum or medium, the cultures were washed twice with DME/F12 medium
and maintained in fresh DME/F12/10% FCS medium. Cultures were monitored for
cytopathic effects (CPE) twice a week for a period of 30 dpi.
2.3.7 Immunofluorescence
For characterization of the cultures, fixed cells were immunostained with antibodies
against GFAP, vimentin and CDV antigen at 10 and 30 dpi. Briefly, cultures were
fixed using paraformaldehyde (4% in PBS, pH 7,4) for 30 minutes and then treated
with PBS/Triton X-100 (0.25%) for 15 minutes for permeabilization and blocking of
non-specific binding. Cells were then incubated with PBS/Tritox X-100 (0.25%)
containing bovine serum albumin (BSA, 1%) at room temperature for 45 minutes.
The primary antibodies were diluted in PBS/Triton X-100 (0.25%) containing 1%
bovine serum albumin (BSA), incubated overnight at 4°C, and washed subsequently
with PBS/Triton X-100 (0.25%). The secondary antibodies (goat anti-rabbit Cy2 and
goat anti-mouse Cy3, Jackson ImmunoResearch, DIANOVA) diluted 1:200 in
PBS/Triton X-100 (0.25%) containing bovine serum albumin (BSA, 1%) were added
depending of the species origin of the primary antibody for 1h at room temperature.
Counterstaining of nuclei was performed with bisbenzimide H 33258 (0.01% in
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bidestilled water, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) for 10
minutes at room temperature (24).
Expression of cell type specific markers was studied by using an inverted
fluorescence microscope (Olympus IX-70). The different cell types were identified
according to their morphological characteristics and antigen expression. The
percentage of the infected cells was determined by studying the overlap in
immunostaining and CDV expression. For quantification of labeled cells, five different
areas from each well were inspected at a 200x magnification, the number of positive
cells was determined, the total number and the percentage of labeled cells per well
was calculated.
2.3.8 Statistical analysis
Data obtained by immunohistochemistry were subjected to statistical analysis using
the “Statistical Analysis System” (SAS) program for Windows (version 8.2, SAS
Institute Inc., Cary, USA) employing the Kruskal-Wallis test as global test and the
Wilcoxon test as group-wise test. A P value of less than 0.05 for both tests was
considered to indicate statistical significant differences.

2.4 RESULTS
2.4.1 Neuropathological findings
Brain tissues from the four healthy control dogs did not show any pathological
alterations (group 1, n = 16). A total of 82 white matter areas from 17 dogs with CDV
infection were analyzed. They were classified into group 2 to 5 (2, n = 16; 3, n = 30;
4, n = 21; 5, n = 11; figure 2-1 a-d).
2.4.2 Immunohistochemical, in situ hybridization and immunofluorescence
findings
All control dogs (group 1) lacked CDV-NP expression, whereas NP antigen was
demonstrated in group 2 to 5 lesions in distemper dogs in varying degrees (figure 2-2
a). Group 2 plaques revealed a moderate number of CDV-positive cells
intralesionally (median value 15.6). The strongest signal was detected in fibrous
astrocytes of white matter lesions in group 3 and 4 (median values 27.9 and 33.3),
whereas group 5 showed a moderate decrease of CDV-positive cells with almost
complete elimination of virus antigen within the center of the lesions (median value
27

CHAPTER 2
___________________________________________________________________
2.4). The difference between the groups was highly significant (global test: P<0.0001;
group wise-test: P<0.05, group 2 to 5 displayed statistically significant differences
compared to group 1).
Figure 2- 1 Histopathology of different distemper lesions.

Legend: a: Acute lesion, characterized by focal vacuolation of the white matter, mild to moderate
gliosis and absence of inflammation. b: Subacute lesion without inflammation displaying a mild to
moderate pallor interpreted as decrease in myelin content and an increased number of reactive
astrocytes, macrophages/microglial cells. c: Subacute inflammatory lesion characterized by a loss of
myelin, a mild perivascular infiltration with lympho-histiocytic cells and scattered lymphocytes and
macrophages throughout the lesion. d: Chronic lesion with prominent perivascular lympho-histiocytic
infiltration of more than three layers thickness and marked demyelination with gitter cells. All figures:
HE stain, bar 50 µm.

The preformed in situ hybridization revealed CDV-mRNA in few astrocytes, microglial
cells and neurons of the gray matter adjacent to advanced white matter lesions. In
subacute lesions with inflammation and chronic lesions, single positive hybridization
signals were found mainly in the lesion periphery, similar to the CDV protein
expression pattern.
Similar numbers of GFAP-positive fibrous astrocytes were found in group 1 and 2. In
the randomly selected white matter areas of group 1, a median value of 282.5
positive cells per mm² was detected (figure 2 b). In group 2 and 3 lesions, the median
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values were 201.6 and 225 cells/mm², respectively. Occasionally, astrocytes in the
center of the lesion showed a marked signal due to an increased amount of
cytoplasm and extended plump astrocytic processes. Few cells displayed
gemistocyte morphology. In group 4, a mild to moderate decrease of the GFAP
expression was observed (median value 183.3 cells/mm²). Chronic plaques (group 5)
showed a moderate reduction of GFAP-positive astrocytes with a median value of
132.3 cells per mm², prominent especially in the center of the lesions. An increased
number of astrocytes was present at the edge of the chronic lesion (figure 3 a). The
difference between the groups was significant (global test: P=0.0136; group wise
test: P<0.05, group 3 and 4 displayed statistically significant differences compared to
group 1).
All box-and-whisker plots show median value, quartils, minimum and maximum of
positive cells. Small circle: extreme value within fourth quartile; small asterisk: outlier.
In control dogs, vimentin expression was detected in endothelial and leptomeningeal
cells only. In acute distemper lesions (group 2), single positive randomly distributed
cells with the morphology of astrocytes were recognized. In subacute group 3 and 4
lesions, a mild to moderate increase of vimentin positive cells compared to acute
lesions was noted (median value 50.6 and 92.2 positive cell per mm², respectively).
These vimentin positive cells showed a strong brown cytoplasmic signal which was
located mainly in the perinuclear region. The chronic plaques of group 5 dogs
showed a moderate upregulation of vimentin in astrocyte-like cells especially in the
center (median value 61.8 cells/mm²). In addition, an accumulation of vimentinpositive cells intermediate between center and periphery of the lesion was seen
(figure 2-3 b and 2-3 c). The difference between the groups was highly significant
(global test: P<0.0001; group wise test: P<0.05, group 2 to 5 displayed statistically
significant differences compared to group 1, additionally, group 4 showed statistically
significant differences compared to group 2; figure 2-2 c).
GFAP/vimentin immunofluorescence double-labeling revealed a moderate number of
astrocytes with a colocalization of both antigens characterized by a yellowish signal
in subacute and chronic lesions (figure 2-4). These cells were located mainly
intermediate between center and periphery of the plaque. The processes of these
cells often showed a green GFAP signal. Other astrocytes in the lesions, mainly
located in the periphery, displayed a green GFAP signal only. In addition, cells in the
center of the lesion showed only a red vimentin-specific signal.
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Figure 2-2 Detection of CDV antigen (a), GFAP- (b) and vimentin-positive cells (c)

Legend: a: Detection of CDV-NP antigen-positive cells in controls (group 1) and distemper dogs
(group 2-5). A significant difference between group 2 to 5 and group 1 (p<0.05) as detected by the
Wilcoxon group-wise testing is marked by a big asterisk. b: Detection of GFAP-positive cells in
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controls (group 1) and distemper dogs (group 2-5). A significant difference between group 3 and 4 and
group 1 (p<0.05) as detected by the Wilcoxon group-wise testing is marked by a cross (1-3) and an
asterisk (1-4). c: Detection of vimentin-positive cells in controls (group 1) and distemper dogs (group
2-5). A significant difference between group 2 to 5 and group 1 (p<0.05) as detected by the Wilcoxon
group-wise testing is marked by a big asterisk. A significant difference between group 2 and 4 is
marked by a cross.

Figure 2-3 GFAP (a) and vimentin (b-c) expression in a chronic distemper lesion
(group 5).

Legend: a: GFAP expression in a chronic distemper lesion in the cerebellar white matter. Loss of
GFAP-astrocytes in the center of the lesion (asterisk) and increased number of GFAP-positive
astrocytes at the periphery of the lesion (arrows; brown: GFAP, ABC method, DAB). Bar 100 µm. b:
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Vimentin-positive cells with an astrocyte-like morphology can be found predominantly intermediate
between center and periphery of the lesion (arrows; brown: vimentin, ABC method, DAB). Single
positive cells are present in the center of the lesion, asterisk = center of the lesion. Bar 100 µm. c:
(insert in figure 3 b at a higher magnification) Note the vimentin-positive astrocyte-like cells (arrow;
brown: vimentin, ABC method, DAB) and vessel walls (asterisks). Bar 25 µm.

Figure 2-4 Detection of GFAP and vimentin coexpression in a chronic distemper
lesion (group 5).

Legend: Colocalization of GFAP (green: GFAP, Cy2-labelled secondary antibody) and vimentin (red:
vimentin, Cy3-labelled secondary antibody) characterized by a yellowish mixed color in the cytoplasm
of astrocytes (arrows). Counterstaining of nuclei with bisbenzimide (blue). Bar 80 µm.

In acute and subacute lesions, CDV-NP/GFAP double-labeling revealed numerous
distemper virus expressing astrocytes intralesionally. In contrast, in subacute to
chronic lesions, the few remaining GFAP-positive/vimentin-negative astrocytes at the
periphery lacked CDV-NP antigen expression. GFAP-negative but vimentinpositive/CDV-NP-positive cells were located mainly in the center of the lesion and
intermediate between center and periphery and showed the morphology of
hypertrophic astrocytes with shortened cell processes. Furthermore, vimentin/CDVNP double-labeling by immunofluorescence, revealed a colocalization of vimentin
and CDV-NP antigen in astrocyte-like cells in subacute to chronic distemper lesions
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(figure 2-5). Smooth muscle actin expression was found in capillary pericytes or in
the tunica media of large blood vessels but not in GFAP- and/or vimentin-positive
astrocytes. The anti-nestin antibody did not show a specific reaction in canine brain
tissue in contrast to the murine control tissue.

2.4.3 CDV infection of astrocytes in vitro
Mixed brain cultures under the present culture conditions grew to 60% confluency
within three weeks after seeding. The cultures mainly contained glial cells and
fibroblast-like cells.
Following virus infection, a mild to moderate CPE was observed. The CPE was
characterized by single detached necrotic cells and syncytial giant cells. At 30 dpi,
nearly 100 % of the vimentin-positive and about 80% of the GFAP-positive astrocytes
were infected. The numbers of GFAP-positive cells in non-infected cultures ranged
from 1.976 to 7.600 cells/well (median value 3.800 cells/well) at 10 dpi and from
4.408 to 32.072 cells/well (median value 17.176 cells/well) at 30 dpi. Non-infected
vimentin-positive cultures showed a median value of 49.856 cells/well at 10 dpi and
of 51.984 cells/well at 30 dpi. The median of CDV-infected GFAP-positive cells was
15.200 cells/well (minimum: 0 cells/well; maximum: 63.688 cells/well) at 10 dpi and a
decreased median value of 6.688 cells/well at 30 dpi. CDV-infected and vimentinpositive cells ranged from 29.032 to 55.328 cells/well (median value 53.960
cells/well) at 10 dpi and from 8.968 to 28.424 cells/well (median value 20.976
cells/well) at 30 dpi. The intermediate filament network of GFAP-positive and CDVinfected astrocytes showed a moderate to severe disruption. The cytoplasmic
filaments were condensed and formed spoke-wheel structures (figure 2-6 a-c). Noninfected cells displayed a fine fibrillary GFAP staining pattern without disruption of the
filamentous network. In comparison to GFAP-positive cells, vimentin-positive and
CDV-infected cells did not show any affection of the intermediate filament network.
The latter appeared as an interwoven composition of fine fibrillary bundles extending
throughout the cytoplasm (figure 2-6 d-f).
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Figure 2-5 Detection of CDV antigen and vimentin coexpression in a chronic
distemper lesion (group 5).

Legend: Colocalization of CDV-NP (a; green: CDV-NP, Cy2-labelled secondary antibody) and
vimentin (b; red: vimentin, Cy3-labelled secondary antibody) characterized by a yellowish mixed color
of the cytoplasm of the cells (c; arrows). Counterstaining of nuclei with bisbenzimide (blue). Bar 80
µm.
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Figure 2-6 Immunostaining of GFAP, vimentin and CDV antigen in adult canine
mixed primary cell cultures infected with CDV R252 at 30 dpi.

Legend: a: GFAP expression of a multinucleated astrocyte with morphological alterations of the
cytoskeleton characterized by condensed intermediate filaments and the formation of spoke-wheel-like
structures (arrow; red: GFAP, Cy3-labelled secondary antibody). Note the adjacent non-infected
GFAP-positive astrocytes which possesses a normal intermediate filament network (arrowheads) b:
CDV antigen was confined mainly to the cytoplasm (arrow; green: CDV-NP, Cy2-labelled secondary
antibody). c: Colocalization of GFAP and CDV-NP in an astrocyte with marked disturbance of the
intermediate filament network (red: GFAP, Cy3-labelled secondary antibody; green: CDV-NP, Cy2labelled secondary antibody; arrows: colocalization characterized by a yellowish mixed color). Note
adjacent uninfected GFAP-positive astrocytes with normal intermediate filament structures
(arrowheads). d: Regular vimentin expression in mono- and multinucleated cells characterized by a
fine fibrillary network (arrows; red: vimentin, Cy3-labelled secondary antibody). e: Localization of CDV
antigen was confined mainly to the cytoplasm (arrows; green: CDV-NP, Cy2-labelled secondary
antibody). f: Colocalization of vimentin and CDV-NP in a cell with a regular formed intermediate
filament network (arrows; red: vimentin, Cy3-labelled secondary antibody; green: CDV-NP, Cy2labelled secondary antibody; colocalization characterized by a yellowish mixed color).All figures:
Counterstaining of nuclei with bisbenzimide (blue). Bar 40 µm.

35

CHAPTER 2
___________________________________________________________________
2.5 Discussion
The expression of GFAP and vimentin was investigated in acute, subacute, and
chronic lesions of distemper encephalitis and in canine glial cells in vitro. The results
of the present study revealed an important role of vimentin-positive cells during the
spatio-temporal development of distemper lesions. A distinct coexpression of GFAP,
the major intermediate filament of mature astrocytes, and vimentin, one of the main
intermediate filaments in immature astrocytes, in subacute and chronic lesions was
noted. CDV antigen could be easily detected in GFAP-expressing astrocytes in early
but not in advanced lesions in vivo. However, CDV antigen was found in vimentinexpressing cells with the morphological appearance of astrocytes in subacute and
chronic lesions. To study associated cytoskeletal changes and susceptibility to viral
infection, canine mixed brain cell culture experiments were included. In contrast to
vimentin-positive cells, infected GFAP-positive astrocytes displayed a disrupted
cytoskeleton.
The observed different types of DL lesions confirmed previous observations about
the cellular composition of plaques and the role of CDV for lesion initiation and
progression in nervous distemper (2, 3, 17, 20, 46). In contrast to MS and its related
animal models like the Thriller’s murine encephalomyelitis virus infection (39), chronic
stages of CDV may still show increased inflammation. Chronic scar-like lesions
without inflammatory changes as described previously (41) were not observed in the
present study. In chronic inflammatory lesions, a decrease of viral protein was
detected, supporting the hypothesis of an immune-mediated and no longer virally
induced demyelinating process in advanced DL (17). In addition, a reduction of
GFAP-positive astrocytes, especially in the center of chronic lesions with numerous
astrocytes still present at the periphery, was observed as previously described (20).
Similarly, numerous hypertrophic astrocytes were observed at the lesion periphery,
but not in the center of chronic active lesions in secondary progressive MS plaques
(38).
In this and in other in vivo studies, vimentin and GFAP coexpression in astrocytes
was only seen in diseased brains and not in controls (7, 17, 34, 44). Accordingly,
GFAP and vimentin coexpressing astrocytes were detected at the perilesional border
of rats after brain injuries (33). However, the role of so-called vimentin-positive
astrocytes in different animal models of demyelinating diseases remains still unclear.
Detection of vimentin in astrocytes could be interpreted as a transient reversion to an
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immature phenotype and might represent a reactive change (18). Like in the present
study, vimentin expression in reactive astrocytes was detected in previous studies
mainly in the perinuclear cytoplasm and to a lesser extent in the astrocytic processes
(37, 45). Vimentin seemed to precede the expression of GFAP in the developing
human and rat spinal cord and a coexpression of both proteins continues to the
mature state of this cell lineage (10, 31). Therefore, vimentin-positive astrocytes
found in DL could be interpreted as activated immature cells. The latter is also
characterized by the presence of nestin, which is expressed by radial glia and
immature

astrocytes

but

is

down-regulated

in

astrocytes

postnatally

(4).

Unfortunately, the above mentioned marker nestin used in this study lacked a
specific immunoreaction in canine tissue. In vitro and in vivo studies showed that
astrocytes might also express smooth muscle actin in their cytoplasm during
postnatal development and maturation (1, 8). Though smooth muscle actin was
found in capillary pericytes or the tunica media of large blood vessels, an expression
of this protein was detected neither in astrocytes within lesions nor in controls in the
present study.
In acute and subacute DL lesions without inflammation, CDV antigen was found
frequently in GFAP-positive astrocytes. Similarly, approximately 95% of CDV
antigen-positive cells were of astrocytic origin in nervous distemper suggesting that
astrocytes represent the main virus target (26) at least in the early phase of infection.
Surprisingly, astrocytes in advanced lesions lacked CDV expression, whereas
simultaneously, viral protein was found in vimentin-positive cells. It seems that
vimentin-expressing glial cells are more susceptible to CDV infection. Whether this is
due to differently expressed virus receptors in astrocytic subpopulations needs to be
investigated further studies. Similarly, only a weak immunoreactivity for the measles
virus receptor CD46 was found in astrocytes of the frontal cortex and hippocampus of
normal human brain tissue, whereas no immunostaining was detected for the
signaling lymphocyte activation molecule (SLAM; 25). In addition, virus infection of
vimentin-positive cells could be related to the occurrence of a new, histogenetically
different cell type or may be related to defects in virus replication, transcription and
translation due to intrinsic and extrinsic factors. A restricted viral infection in
astrocytes, as it has been described in oligodendrocytes and neurons (27, 28, 43)
seems less likely since viral mRNA and protein displayed a similar distribution
pattern. Only few astrocytes in the periphery of the lesions, microglial cells and
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neurons of the gray matter adjacent to white matter lesions were positive for CDVmRNA by in situ hybridization similar to findings presented by Gröters et al. (20).
There was no increased amount of mRNA detected in the center or periphery of the
lesion.
In this in vitro functional study using the R252-CDV strain, it could be shown that the
GFAP network was disrupted after CDV infection while the vimentin cytoskeleton
remained nearly unaffected. A suspected reorganization of the cytoskeleton after
CDV infection was detected by others (23). A similar pattern was found in an in vitro
study with measles virus (12) in which no alterations of the actin, tubulin or vimentin
components of the cytoskeleton were detected, whereas the GFAP network was
disrupted. This destruction could lead to apoptotic processes in the GFAP-positive
astrocytic cell population. The present in vitro data show that GFAP-positive cells are
more vulnerable to CDV infection. In addition, CDV susceptibility of GFAP-positive
cells, though dependent on the virus strain, is reduced compared to vimentin-positive
cells (W. Baumgärtner, personal observation). However, whether a similar
mechanism operates in DL in vivo needs to be investigated in further studies.
Nevertheless, the origin of the vimentin-positive cells in DL and in the mixed brain
cell cultures remained undetermined. It cannot be completely ruled out that vimentinpositive cells in chronic lesions resemble invading leptomeningeal cells including
fibroblasts, as it was shown in rats after spinal cord injury (9, 48).
Summarized, a decrease of GFAP expression and an increased astrocytic
coexpression of GFAP and vimentin as well as vimentin expression alone were
observed mainly in subacute and chronic lesions of DL. The astrocytic expression of
vimentin should be interpreted as a transient reversion to an immature phenotype or
as a recruitment of immature astrocytes in advanced DL lesions. However, infiltration
of a cell type of different histogenesis cannot be ruled out. CDV antigen was found
frequently in GFAP-positive astrocytes in early lesions, whereas in advanced lesions
virus protein was detected predominantly in vimentin-positive and GFAP-negative
cells presumably representing immature astrocytes. The presence of CDV- and
vimentin-positive astrocyte-like cells might indicate a change of cell tropism of CDV
or alterations in virus replication, transcription and translation during disease
progression. Whether this is due to changes in the virus itself or simply a result of the
occurrence of a cell type which is normally not present in the adult CNS needs to be
investigated in future studies.
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Further investigations using lineage-specific cell markers for different developmental
stages of astrocytes are needed to elucidate the complex process of astrocytic
activation and maturation as well as to demonstrate a possible change in cell tropism
of CDV in demyelinating distemper.
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3.1 Abstract
Aims: Canine distemper virus (CDV)-induced demyelinating leukoencephalomyelitis
is a naturally-occurring model for multiple sclerosis. The aim of this study was to
establish primary glial cell cultures from adult canine brain for the analysis of CDV
spread and cell tropism.
Methods: Cultures were inoculated with the CDV-R252 and a CDV-Onderstepoort
strain expressing the green fluorescent protein (CDV-OndeGFP). CDV antigen
expression was studied using cell type-specific antibodies at different days postinfection. Glial cells expressing p75NTR were purified using antibody-based
techniques and characterised with regard to antigen expression and proliferation.
Results: Three weeks after seeding, cultures contained spindle-shaped cells
expressing p75NTR, oligodendrocytic cells, astrocytes, microglia, and fibroblasts. Both
CDV strains induced a mild to moderate cytopathic effect that consisted of single
necrotic and few syncytial giant cells but displayed in part a differential cell tropism.
Whereas CDV-OndeGFP expression in microglia and astrocytes did not exceed 1%
and 50%, respectively, CDV-R252 infected 100% and 80% of both cell types,
respectively. The cells most early infected by both CDV strains expressed p75NTR and
may correlate to cells previously identified as aldynoglia. Treatment of p75NTR+ cells
with Schwann cell mitogens and serum deprivation increased proliferation and A2B5
expression, respectively, indicating common properties compared to Schwann cells
and oligodendrocyte precursors.
Conclusions: Infection of adult canine astrocytes and microglia revealed CDV
strain-specific cell tropism. Moreover, this is the first identification of a glial cell type
with Schwann cell-like properties in adult canine brain and, more importantly, these
cells displayed a high susceptibility to CDV infection.

Keywords:
Canine distemper virus, p75NTR, precursor, remyelination, aldynoglia

3.2 Introduction
Infection with canine distemper virus (CDV), a single-stranded, negative-sense
Morbillivirus of the family Paramyxoviridae frequently results in an affection of the
central nervous system (CNS) [1,2,3]. The host spectrum comprises a wide range of
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the order Carnivora [4]. Demyelinating distemper leukoencephalitis (DL) in contrast to
polioencephalitis represents the main sequel in dogs [5]. Due to morphological
similarities between multiple sclerosis (MS) and lesions in demyelinating nervous
distemper, the latter has advanced to an important spontaneously-occurring animal
model of this human disease [6,7]. Early lesions have been ascribed to a direct
action of the virus, whereas plaque progression seemed to be a virus-mediated
immunopathological process [5]. Initial changes are characterized by a prominent
expression of viral proteins and mRNAs [8,9], increased expression of the major
histocompatibility complex class II (MHC II) and CD44, a hyaluronate receptor, as
well as pro-inflammatory cytokines, like interleukin (IL)-6, IL-8, IL-12, and tumor
necrosis factor-α (TNF-α) [10-12]. Chronic demyelinating lesions display a reduction
or loss of viral proteins and mRNA [8,9], a strong MHC class II up-regulation and a
massive infiltration of CD8+, CD4+, and B cells [13,14]. Additionally, a phasedependent increased expression of matrix metalloproteinases (MMPs) and their
inhibitors, the tissue inhibitors of matrix metalloproteinases (TIMPs), was observed
[15,16]. In addition to the CNS, distemper lesions can be found in the respiratory,
urinary and intestinal tract as well as in the skin. Due to the broad cell tropism of
CDV, viral antigens can be found in mesenchymal, epithelial and neuroectodermal
cells [6,17,18].
In vivo studies on CNS lesions showed that CDV antigen can be found more
frequently in plaques without inflammation [9,11]. Viral antigen was frequently
detected in astrocytes, microglia/macrophages, ependymal cells and neurons,
whereas perivascular cells remained negative [11,19,20]. Chronic lesions, however,
exhibited a reduction or a complete loss of viral mRNA and antigen, supporting the
hypothesis of an immune-mediated demyelinating process in nervous distemper
[8,9].
Different CDV strains well adapted for in vitro studies, grow efficiently in cell cultures
from many species, e.g. African Green Monkey kidney cells (Vero cells), Madin
Darby kidney cells (MDKC, canine), macrophages (DH82, canine), primary canine
macrophages and lymphocytes [21-28]. This fact reveals that, like in vivo, CDV has a
broad cell tropism in vitro too. It has been demonstrated in vitro that the H protein is
the major determinant of the CDV tropism [27].
So far, in vitro studies used exclusively neonatal dogs for the preparation of primary
brain cell cultures [29-36]. It was shown that various virulent and attenuated CDV
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strains, such as the CDV-A75-17, the Snyder Hill (CDV-SH), the Rockborn (CDVRO), and the Onderstepoort strain infect astrocytes, microglia, fibroblasts and
macrophages in vitro [29,30,34]. Irrespective of the virus strain used, the percentage
of infected astrocytes and microglia was consistently about 100% [29,32]. Contrary to
this, infection of neurons clearly depended upon the virus strain used. Both the CDVSH and CDV-RO but not the CDV-A75-17 infected neurons [30]. Multipolar
oligodendrocytes were rarely infected, whereas a subset of bipolar oligodendrocytes
characterised by galactocerebroside (GalC) expression contained frequently CDV
antigen. Macrophages were among the first cell types to be infected in vitro using
canine neonatal brain cell cultures [30]. Oligodendrocyte degeneration has been
described in mixed brain cell cultures following CDV infection. However, due to the
lack of detectable CDV antigen in these cells, a restricted infection was assumed
[36]. In addition, investigations of attenuated and virulent CDV strains revealed that
virus spread occurred through cell processes in the latter, whereas attenuated strains
disseminated randomly to adjacent cells [37].
Due to the limited numbers of in vitro studies and especially the lack of investigations
using adult canine brain cells, information about early infection of CNS cells and
CDV-cell interactions is limited. The aim of the present study was, therefore, to
investigate cell tropism, virus spread and associated cytopathic effects (CPE) of two
different attenuated CDV strains (CDV-OndeGFP, CDV-R252) in adult canine brain
cell cultures.

3.3 Materials and methods
3.3.1 Cell culture
Brain cell cultures were obtained from 6 month-old dogs (Beagle, n=11). Tissue was
prepared from animals not suffering from a CNS disease, as determined by
histopathologic examination and collected at necropsy under sterile conditions at the
Department of Pathology according to the institutional regulation and ethics of the
University of Veterinary Medicine Hannover (Germany). The isolation was done
according to previous protocols with modifications [38]. Briefly, brains were removed
under aseptic conditions and transferred to ice-cold phosphate buffer (PBS, pH 7.2)
supplemented with penicillin (100units/ml)/streptomycin (100 mg/ml, Biochrom AG,
Germany). The meninges were removed carefully and the tissue was minced using
scalpel blades. After washing in ice-cold PBS, the tissue was mechanically
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dissociated by passage through a metal sieve (280µm mesh, Sigma-Aldrich
Chemicals, Germany). The cell suspension was then treated for 30min. at 37°C with
trypsin-EDTA (final concentration: 0.025%, PAA Laboratories, Germany) and DNase
I (0.05mg/ml, Roche, Germany). Trypsinization was quenched with 10% fetal calf
serum (FCS, Biochrom, Germany) and the tissue was dissociated into single cells
using a flame-constricted Pasteur pipette. The cell suspension was centrifuged
(450xg, 10min., 4°C) and the pellet was resuspended in Dulbecco's modified Eagle
medium (DMEM, Biochrom AG, Germany) containing sucrose (30%) and FCS (20%).
Following another centrifugation step (650xg, 15min., 4°C), the resulting pellet was
resuspended in DMEM (10% FCS) and centrifuged at 450xg (10min., 4°C). Finally,
the pellet was resuspended with DME/F12 medium with 10% FCS and gentamycin
(500mg/l), penicillin/streptomycin

(100units/ml,

100mg/ml).

To study antigen

expression of purified Schwann cell-like glia, cultures were alternatively maintained
under serum-free conditions and DME/F12 medium (Gibco Life Technologies,
Eggenstein, Germany) containing the supplements as described previously [38].
The cells were seeded at a density of 7.5x104 cells/cm2 in poly-L-lysine (PLL
100µg/ml, Sigma-Aldrich Chemical, Germany) -coated 24 well plates (NuncTM, Nunc
GmbH & Co KG, Wiesbaden, Germany) and 25cm2 flasks (NuncTM) for infection and
expansion, respectively. Cells were maintained under standards conditions (5% CO2,
37°C, water-saturated atmosphere). Initial medium change was done 24hrs after
seeding (50% of the medium), further medium changes (100% of the medium) were
done twice a week.
3.3.2 Antibody-based purification of Schwann cell-like glia from adult canine
brain
Purification of Schwann cell-like glia was done using magnet-activated cell
separation (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) essentially as
described previously [39,40]. Cells that reached confluency were detached
enzymatically from the culture plate and incubated sequentially with anti-p75NTR
antibodies (hybridoma supernatant, 1:5) and goat-anti-mouse IgG MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany, 1:20) in ice-cold PEB (PBS w/o Ca2+
and Mg2+, 2µM EDTA, 0.5% BSA, fraction V, Sigma, Munich, Germany) for 15min.
each. The dissociated cells were washed in PEB, pelleted by centrifugation (450xg,
5min). and passed over a PEB-equilibrated MiniMACS column (Miltenyi Biotec,
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Bergisch Gladbach, Germany). After elution, cells were pelleted by centrifugation
(450xg, 5min.) and seeded in complete medium (see above) onto 96-well microtiter
plates (Nunclon, Nunc, Germany) for further analysis.
3.3.3 Cell proliferation assays
Proliferation of purified Schwann cell-like glia was assayed in 96-well microtiter plates
(Nunclon, Nunc) by using neutral red [40-42] and 5-bromo-2´deoxy-uridine (BrdU-Kit;
Roche Diagnostics, Germany). Cells were seeded in quadruplicate at a density of
6,000 cells/well on PLL-coated (0.5mg/ml) 96-well microtiter plates and maintained in
the absence of growth factors for at least 48hrs in either serum-containing medium
(DME,

10%FCS)

or

serum-free

medium

(DME/F12

medium,

Gibco

Life

Technologies) supplemented by additives as described previously [38]. Recombinant
human fibroblast growth factor-2 (FGF-2), epidermal growth factor (EGF), ciliary
neurotrophic factor (CNTF, all from Peprotec, Tebu, Frankfurt, Germany) and
heregulin-1ß (HRG-1ß, EGF domain, R&D Systems, Germany) were applied at a
concentration of 40ng/ml for 3 days [40]. Cultures were maintained under standard
conditions and were fixed and processed for enzyme-linked immunoadsorbent assay
(ELISA) as described previously [42]. Plates were read at 570nm using a Dynex
ELISA reader (Dynes Revelation 4.24). In parallel cultures, cell proliferation was
directly assayed by BrdU incorporation in 96-well microtiter plates according to the
manufacturer’s instructions. BrdU was applied at 10µM for 12hrs and nuclei were
counterstained by using bisbenzimide H 33258 [40] (0.01% in bidestilled water,
Sigma-Aldrich Chemical, Germany). Experiments were repeated at least twice and
the percentage of BrdU+ cells was determined by counting a strip across the 96-well
plate, and four wells were used to calculate the mean.

3.3.4 Infection of mixed brain cell cultures
Virus infection was done after three weeks when cultures were 60% confluent using
two different CDV strains, a canine distemper virus Onderstepoort strain expressing
green fluorescent protein [26] (CDV-OndeGFP; kindly provided by Dr. von Messling)
and the CDV-R252 (kindly provided by Dr. S. Krakowka). Preparations from 7 and 4
dogs were infected with CDV-OndeGFP and CDV-R252, respectively. Both the CDVOndeGFP and the CDV-R252 strain were grown in normal Vero cells, harvested and
stored at -80°C, virus suspension containing 105.5 and 106.25 tissue culture infectious
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dose 50 (TCID50) per ml, respectively, were used at a multiplicity of infection (MOI) of
0.1. Briefly, the cell culture plates for infected and mock-infected cultures were
washed twice with DME/F12 medium and the inoculum or fresh medium (mockinfected) (300µl/well) was added. Incubation with the virus was done for 1h under
standard conditions (5% CO2, 37°C). After removal of the inoculum or medium, the
cultures were washed twice with DME/F12 medium and maintained in fresh
DME/F12/10% FCS medium. Cultures were monitored for cytopathic effect (CPE)
twice a week for a period of 60 dpi.

3.3.5 Immunofluorescence
For characterization of the cultures, cells were immunostained with a panel of cell
type-specific antibodies (Table 2-1) at 3, 10, 30, and 60 dpi. Detection of cell surface
markers (A2B5; O4; p75NTR; Galactocerebroside, GalC) and intracellular antigens
(glial fibrillary acidic protein, GFAP; vimentin; neurofilament 200kD, ionized calciumbinding adapter molecule 1, Iba1) was done using viable and fixed cells, respectively.
For cell surface staining, live cells were washed with DME/F12 medium and the
primary antibodies diluted in DME/F12 medium with 10% FCS were added for 20
min. at 37°C. After washing with DME/F12 medium with 10% FCS, secondary
antibodies (goat anti mouse Cy3, Jackson ImmunoResearch, DIANOVA) diluted
1:200 in DME/F12 medium with 10% FCS were added for 30min. at 37°C. Following
a washing step with PBS, cells were fixed using paraformaldehyde (4% in PBS, pH
7.4) for 30min. and the nuclei were counterstained using bisbenzimide H 33258. For
simultaneous visualization of monoclonal anti-p75NTR- (IgG1) and A2B5-antibodies
(IgM), IgM- (1:100, TRITC, Southern Biotechnology Associates, Biozol, Germany)
and IgG1-specific (1:100, Alexa 488, Invitrogen Molecular Probes, Germany)
secondary antibody conjugates were used [51]. For visualization of intracellular
antigens, cultures were fixed as described above and treated with PBS-Triton-X100
0.25% (PBST) for 5min. for permeabilization and blocking of non-specific binding.
Cells were then incubated with serum (horse/sheep, 5%) at room temperature for
45min. The primary antibodies were diluted in serum (horse/sheep, each 3%),
incubated overnight at 4°C, and washed subsequently with PBST. The secondary
antibodies

(goat

anti-mouse

Cy3

and

goat

anti-rabbit

Cy3,

Jackson

ImmunoResearch, DIANOVA) diluted 1:200 in serum (horse/sheep, each 3%) were
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1:500

Neurons

Neurofilament 200kD Monoclonal

CA. USA

Chemicon, International,

CA. USA

Chemicon, International,

1:100

Mature oligodendrocytes

DakoCytomation GmbH,

Galactocerebroside Monoclonal

1:100

Wako Chemicals GmbH,
Neuss, Germany

Hamburg, Germany

Astrocytes and fibroblasts

1:250

SIGMA,
Deisenhofen, Germany

ATCC, USA

Jacqueline Trotter,
Mainz, Germany

ATCC, USA

Source

clone V9

Anti- Vimentin Monoclonal

Anti-Iba1 Polyclonal

Macrophages and microglial

1:400

p75NTR positive glia

Anti-GFAP Monoclonal

clone G-A-5

1:5

Astrocytes

1:2

1:2

Dilution

Anti-p75NTR Monoclonal

Immature oligodendrocytes

type II precursor cells

clone 1520 HB-29

O4 (sulfatide) Monoclonal

Oligodendrocytes and astrocytes

Cell target

A2B5 Monoclonal

Marker

Table 3-1: List of the used antibodies
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added depending of the species origin of the primary antibody for 1h at room
temperature. Counterstaining of nuclei was done as described above.
To identify CDV antigen following infection with the CDV-R252 strain, two antibodies
directed against the CDV nucleoprotein (NP) were used. The polyclonal antibody anti
CDV-NP (batch #25) and the monoclonal anti CDV-NP (clone 3.991, both kindly
provided by Dr. C. Örvell, Central Microbiological Laboratory of Stockholm, Sweden)
were used at a dilution of 1:2,000 and 1:6,000, respectively. Colocalisation studies
were used to determine the percentage of the different cell types expressing CDV
antigen at 3, 10, 30 and 60 dpi.
Expression of cell type specific markers was studied in infected and Mock-infected
control cultures, using an inverted fluorescence microscope (Olympus IX-70). The
different cell types were identified according to morphological characteristics and
positive immunostaining. The percentage of the infected cells was determined by
studying the coexpression of the cell type-specific markers and CDV antigen. One
well per time point and marker molecule was used and the experiments were
repeated 7 (CDV-OndeGFP) and 4 (CDV-R252) times. For quantification of the
labeled cells, five different areas from each well were analyzed at a 200x
magnification and the number of positive cells, the total number and the percentage
of labeled cells per well was calculated.
3.3.6 Virus titration assay
To calculate the TCID50 in the supernatant of the infected culture, virus titration
experiments were performed in African Green Monkey Kidney cells (Vero cells) using
the supernatants from two independent dog brain cell preparations per CDV strain,
as described previously [24]. Briefly, medium from 12 wells (CDV-OndeGFP) and 8
wells (CDV-R252) was collected 1h and 3, 10, 30, and 60 dpi. The medium was
centrifuged at 700xg for 10 min. at 4°C and the supernatant was aliquoted and stored
at -80°C until used. For virus titration, the supernatants were pooled and diluted
logarithmically from 10-1 to 10-7 in Eagle's Minimal Essential Medium/10% FCS
(EMEM, PAA Laboratories, Germany). Vero cells were seeded in 96-well microtiter
plates (Falcon, Omnilab GmbH & Co KG, Gehrden, Germany) at a density of
1.5x104/well in 100µl medium and 100µl of diluted culture supernatant was added in
quadruplicate following incubation under standard conditions. After four days, the
cells were checked for CPE. The TCID50 was calculated according to the Reed and
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Muench method [52]. Results are reported as the mean of two experiments for each
CDV strain.
3.3.7 Statistical analysis
The percentage of CDV-infected cells was calculated at 3, 10, 30, and 60 dpi for
each cell type and the absolute number of positive cells per well was determined.
Student's t-Tests were calculated to analyze these data using SPSS for Windows
(version 14.0). p values of <0.05 were considered to indicate statistically significant
differences. BrdU (p<0.01) and Neutral red (p<0.01) assay data were statistically
evaluated with dependent Student's t-Test and A2B5 expression in purified culture
was analyzed with Wilcoxon´s rank-sum-test (p<0.05) using SAS Online Doc®
Software, version 8 (SAS Institute Inc., 1999). All data were expressed as median,
maximal and minimal.

3.4 Results
3.4.1 Characterisation of adult non-infected canine brain cell cultures
Mixed brain cell cultures under the present culture conditions required three weeks to
reach 60% confluency. This time point was defined as day 0. The cultures were
immunostained after 3, 10, 30 and 60 dpi and the absolute number of each cell
population defined by specific markers was determined. Immunostaining for cell typespecific markers revealed that the cultures mainly contained glial cells and fibroblastlike cells, neither GalC+ nor neurofilament+ cells could be detected (Figure 3-1a).
During the observation period, two cell subpopulations were altered substantially in
number. p75NTR+ cells significantly increased in number from about 9,000 cells/well at
3 dpi up to 130,000 cells/well at 60 dpi (p<0.05; Figure 3-1a). Among the studied cell
populations, these cells were the predominant cell type at 60 dpi (p<0.05). The
median values of cells reactive with anti-O4 antibodies increased during culture from
1,500 cells/well at 3 dpi to 33,000 cells/well at 60dpi. However, these differences
were not statistically significant. Contrary to this, Iba1+ microglial cells decreased in
number from about 7,000 at 3 dpi to zero at 60 dpi (p<0.05, Figure 3-1a). The
number of GFAP+ astrocytes was stable throughout the experiment with about
15,000 cells/well, whereas the number of vimentin+ fibroblast-like cells declined
markedly from about 45,000 at 10 dpi to 18,000 at 60 dpi (p<0.05).
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The different cell populations grew in patches of positive cells. Figure 3-2 depicts
representative areas occupied by each cell type. Antibodies against A2B5 (Figures 32a,b) O4 (sulfatide, Figures 3-3e,f) and p75NTR (Figures 3-3i,j) labeled bi- to tripolar,
spindle-shaped cells with the typical morphology of Schwann cells (Figures 33a,b,e,f,i,j). Microglial cells (Figures 3-3c,d) were evenly distributed and grew on top
of the other cells. They were ameboid and displayed a round morphology witth either
short and stump or thin and filopodia-like processes. Astrocytes and fibroblasts
visualized by anti-GFAP- (Figures 3-3g,h) and anti-vimentin-staining (Figures 3-3k,l),
respectively, displayed a similar morphology characterized by an extensive
cytoplasm and ovoid nuclei.
3.4.2 In vitro infection of adult canine brain cells with CDV-OndeGFP and
CDV-R252: qualitative determinations
The use of a GFP-expressing virus in combination with immunostaining permitted the
direct evaluation of cellular morphological alterations and virus spread, while infection
with CDV-R252 was investigated using mono- and polyclonal antibodies against the
nucleoprotein of CDV. Infectious virus (TCID50/ml) was present throughout the
experiment as determined by virus titration of cell culture supernatant. CDVOndeGFP supernatants contained 102.84 (1h), 101.44 (3d), 102.39 (10d), 102.37 (30d),
and 102.47 (60d) TCID50, while CDV-R252 supernatants contained 101.18 (1h), 101.12
(3d), 101.5 (10d), 103.87 (30d), and 103.12 (60d) TCID50.
Following virus infection, a mild to moderate CPE was observed for both virus
strains. Single CDV-OndeGFP-expressing cells were observed as early as 24 hrs
after infection (data not shown). Continuous virus spread to surrounding cells was
noted subsequently. At 3 dpi, the number of infected cells increased and patches of
positive cells were found in different areas of the culture. These patches increased
progressively in size from 10 dpi to 60 dpi. CDV antigen was found both in the
cytoplasm and in the nucleus of infected cells (Figures 3-3,3-4) The CPE was
characterized by single to numerous, detached necrotic cells and syncytial giant cells
(Figures 3-3, arrowhead in c, f). A few GFAP+ astrocytes (Figure 3-3c) and many
fibroblast-like cells displayed the morphology of multinucleated syncytial giant cell,
while the morphology of the Schwann cell-like p75NTR+, A2B5+, O4+ cells (Figure 3-4)
as well as Iba1+ microglial cells (Figures 3-3d-f) remained unaltered.
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Detection of CDV-R252 virus using poly- and monoclonal antibodies revealed no
morphological alterations of GFAP+ astrocytes and microglial cells/p75NTR+ cells at
day 10 and 3, respectively (Figures 3-5). At day 30, some astrocytes were observed
to display a moderate to severe disruption of GFAP+ intermediate filaments (data not
shown).

3.4.3 In vitro infection of adult canine brain cells with CDV-OndeGFP and CDVR252: quantitative determinations
The numeric determination of the subpopulations reactive with a certain antibody at
different time points post infection and comparison to control cultures (Figures 33a,b) revealed virus-induced alterations in cell numbers and CPE. In addition,
infectious virus was detected in the supernatant throughout the experimental period.
A complete loss of cells was observed in some wells at 60 dpi. Similar to control
cultures (Figure 3-1a), p75NTR+ glia represented the predominant cell type in virusinfected cultures at day 30 and 60 dpi (p<0.05, Figure 3-1b). Although not statistically
significant, the median values of the p75NTR+ cells at 3, 10, and 30 were higher in the
infected cultures than in the controls (Fig.3-1a,b). The number of O4+ cells declined
from 6,500 cells /well to zero at 60dpi (p<0.05). A reduction in the cell number was
also observed for GFAP+ astrocytes between 30 and 60dpi (p<0.05), implying that
declined cell numbers towards the end of the experiment was a general phenomenon
(Fig.3-1b).
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Figure 3-1: Absolute number of cell types from adult canine brain identified by
immunostaining in mock-infected (A) and CDV-OndeGFP- (B) and
CDV-R252- (C) infected cultures at different time points.

Legend: Iba1+ and vimentin+ cells disappeared in mock-infected cultures at day 30 (**, p<0.05) and
decreased in cell number until 60 day (***, p<0.05), respectively. There was a statistically significant
difference in cell number at 60 dpi between p75NTR- positive cells compared A2B5+, GFAP+, O4+,
+

+

+

Iba1 , and vimentin cells (*, p<0.05) (A). The number of O4 cells declined from 6,500 at 3 dpi to zero
at 60 dpi in CDV-OndeGFP-infected cultures (**, p<0.05) (B) Infection with CDV-OndeGFP and CDVR252 did not alter the cellular composition of the cultures substantially (B,C). Similarly, p75NTR+ cells
were the predominant cell population at 30 and 60 dpi (*, p<0.05) (B,C). Data are expressed as
median, maximal and minimal.
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Figure 3-2: Primary cell cultures from adult canine brain immunostained with
antibodies against A2B5 (a,b), iba1 (c,d), O4 (e,f), GFAP (g,h),
p75NTR (i,j) and vimentin (k,l) 24 days after seeding.

Legend: With the exception of microglial cells (c,d), cell populations were not evenly distributed within
the wells and grew in patches. Whereas anti-A2B5- (a,b), anti-O4- (e,f) and p75NTR-antibodies (i,j)
labeled cells of a spindle-shaped morphology reminiscent of Schwann cells, anti-GFAP- (g,h) and antivimentin-antibodies (k,l) labeled astrocytic and fibroblast-like cells, respectively. Scale bar: 160µm.

Analyzing the coexpression of CDV-OndeGFP and cell type specific markers
identified the Schwann cell-like p75NTR+ glia as the subpopulation most early
expressing CDV antigen (Figure 3-6A). At 3 dpi there was a significant difference in
the number CDV-infected p75NTR+ compared to the other subpopulations (p<0.05)
and about 35% of these cells expressed virus protein. 7 days later almost 100% of
p75NTR+ cells expressed CDV antigen compared to 41% of A2B5+ and only 15% of
vimentin+ fibroblasts-like cells (Figure 3-6A). At 30 dpi, infection of O4+ and
A2B5+/p75NTR+ cells was 92% and 100% respectively. Values for these three
subpopulations stayed at 100% till 60 dpi. Less than 1% of microglial cells expressed
CDV antigen at 3 and 10 dpi, while the cells disappeared from the infected cultures
thereafter (Figure 3-6a). GFAP+ astrocytes expressing CDV antigen increased from
about 1% (10 dpi) and 4% (30 dpi) to 46% (60 dpi). The number of fibroblast-like
cells expressing CDV antigen increased continuously from less than 10% at 3 dpi to
about 55% at 60 dpi (Figure 3-6a).
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Figure 3-3: Immunostaining for GFAP (a-c), iba1 (d-f) and vimentin (g-i) of adult
canine primary cell cultures infected with CDV-OndeGFP at 10 (iba1)
and 30dpi (GFAP, vimentin).

Legend: CDV antigen expression was confined to both the cytoplasm and the nuclei of cultured cells
(b,e,h). Merging of immunostaining and CDV-OndeGFP expression (c,f,i) revealed a varying degree of
CDV expression in the different cell types. While microglial cells lacked, iba1-positive cells (f, arrows)
in the vast majority did not contain CDV antigen. The arrowhead in f indicates a multinucleated iba1positive microglial cells that contained CDV antigen. Only a minority of astrocytes (c) and fibroblastlike cells (i) contained CDV antigen at 30dpi. The arrowhead in c indicates a multinucleated astrocyte
containing CDV antigen. Scale bar: 120µm.
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Figure 3-4: Immunostaining for p75NTR (a-c), O4 (d-f) and A2B5 (g-i) of adult canine
primary cell cultures infected with CDV-OndeGFP at 30dpi.

Legend: CDV antigen was localized in both the cytoplasm and the nuclei of cultured cells (b,e,h).
Merging of immunostaining and CVD-OndeGFP expression (c,f,i) revealed an almost complete coexpression of cell type specific marker and virus expression indicating that cells stained by an
antibody were infected by this CDV strain. Scale bar: 120µm.
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Figure 3-5: Immunostaining for GFAP (a-c) at 10 dpi, Iba1 (d-f) and p75NTR at 3dpi
(g-i) of adult canine primary cell cultures infected with CDV-R252 strain.

Legend: Merging of immunostaining and CVD-R252-NP antigen expression (c,f,i) revealed a varying
degree of CDV expression in the different cell types. Only some microglial cells expressed CDV
antigen (f, arrows), there was an almost complete co-expression between CDV antigen and GFAP (c)
NTR+

and p75

cell type specific markers (i). Scale bar: 120µm.

Infection of adult canine brain cells with the demyelinating CDV-R252 strain revealed
significant differences compared to CDV-OndeGFP infection. Firstly,

CDV-R252

antigen was found in a higher percentage of Iba1+, A2B5+, O4+, and p75NTR+ cells at
3 dpi (p<0.05, Fig.3-6B). Secondly, there was a dramatic increase in the percentage
of GFAP+ cells infected CDV-R252 (Fig.3-6B). At day 10 and 30 12% and 80% of
GFAP+ cells, respectively, were infected with the CDV-R252 strain compared to 1%
(10dpi) and 4% (30dpi) after incubation with the CDV-OndeGFP strain (p<0.05).
Thirdly, unlike in CDV-OndeGFP-treated cultures, there was a complete loss of
GFAP+ cells at day 60 in cultures incubated with the CDV-R252 strain (Fig.3-6B).
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Figure 3-6: Percentage of adult canine brain cells expressing CDV-OndeGFP (A)
and CDV-R252-NP antigen (B) at different time points post infection.

Legend: As early as 3dpi, about 34% of p75NTR-positive cells already contained CDV-OndeGFP (A).
There was a statistical significant difference between the number of p75NTR+ cells compared to the
other cell populations at 3dpi (*, p<0.05). At 10 dpi, 40% and 96% of p75NTR- and A2B5-positive cells,
respectively contained CDV-OndeGFP antigen. Values for both populations reached 100% at day 30
and 60dpi. Compared to this profile, the percentage of astrocytes and fibroblast-like cells expressing
CDV-OndeGFP antigen increased continuously. However, this increase was delayed and, more
importantly, values never reached 100%. Only 45% and 55% of astrocytes and fibroblast-like cells,
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respectively, expressed CDV-OndeGFP antigen at 60dpi (A). CDV-R252-NP revealed a similar
infection of p75NTR+ glia. Compared to CDV-OndeGFP, however, there was early infection (3d) of
microglia (15%), astrocytes (12%), A2B5+ and O4+ (about 75% both) cells (B). almost all of the cell
populations reached 100% at day 30. Unlike in CDV-OndeGFP cultures, astrocytes completely
vanished from the cultures at day 60 (B).The data are expressed as median, maximal and minimal.

3.4.4 In vitro characterization of purified p75NTR+ glia
To further elucidate the identity of adult brain Schwann cell-like glia, cells were
purified using MACS and assayed both for proliferation and cell type-specific marker
expression after treatment with different growth factors under serum-containing and
serum-free culture conditions. Both HRG-1β and FGF-2 significantly increased the
proliferation glia in the presence and absence of serum as determined by BrdU- and
neutral-red incorporation (Figures 3-7a,b). Neither CNTF nor EGF altered
proliferation rates compared to controls (Figures 3-7a,b). As determined in mockinfected control cultures (see above), almost all of the purified Schwann cell-like glia
stained positive for p75NTR both under serum-containing and -free conditions (Figures
3-8b,f). No changes in the percentage of labeled cells were observed after growth
factor-induced (FGF-2, HRG-1β) increase in proliferation (Figures 3-9b). Expression
of p75NTR, therefore, was indicative of the high purity of the cultures. Anti-A2B5antibodies labelled about 60% of purified glial cells under serum-free conditions
(Figure 3-8a), whereas the addition of serum significantly lowered the number of
A2B5+ cells to 5-10% (Figures 3-8e,g). The different growth factors, irrespective of
their proliferative effects, did not alter the percentage of A2B5+ cells (Figures 3-9a).
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Figure 3-7: Proliferation of purified adult canine brain Schwann like-cell glia as
determined by BrdU (A) and neutral-red (B) incorporation assay in
serum-containing and serum-free medium.

Legend: FGF-2 and HRG-1ß but not CNTF and EGF significantly increased proliferation (p<0.01).

Figure 3-8: Double immunostaining for p75NTR and A2B5 of purified adult canine
brain Schwann cell-like glia maintained in the absence (a-d) and
presence (e-h) of serum.

Legend: p75NTR expression was identical under both conditions and confined to almost all of the cells.
A2B5 expression was high in the absence (a-d) and low in the presence of serum (e-h). Scale bar:
160µm.
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Figure 3-9: Percentage of A2B5+ (A) and p75NTR+ (B) adult canine brain Schwann
like-cell glia treated with different growth factors under serum-free und
serum-containing conditions.

Legend: Serum deprivation increased A2B5 expression (p<0.05) but had no effect on the percentage
of p75NTR+ cells, which consistently was close to 100%. HRG-1ß, CNTF, EGF and FGF-2 did not alter
the percentage of A2B5+ and p75NTR+ cells.

3.5 Discussion
The present study introduces for the first time adult canine glia cell cultures as an in
vitro model to study cell tropism and spread of CDV strains. The two main results are
that the used CDV strains (CDV-OndeGFP, CDV-R252) differentially infected
microglia and astrocytes, and that a novel glial cell type was identified that did not
only display the typical morphological and molecular characteristics of Schwann cells
but was also heavily infected by both CDV strains. Whereas infection of microglia
and astrocytes by the CDV-OndeGFP did not exceed 1% and 50%, respectively, the
CDV-R252 strain infected 100% and 80% of both cell types at 30dpi, respectively.
Expression of p75NTR by CNS glia reminiscent of Schwann cells has not been noted
until recently. Macroglial cell populations with Schwann cell properties were identified
in different areas of the brain and have been termed “Aldynoglia” to define a family of
growth-promoting glia cells including the olfactory ensheathing cells [53,54].
Moreover, it has been shown that Schwann cell-like glia can arise from central
precursors [55,56,57] and that these cells are capable of myelinating the CNS in the
absence of astrocytes [43,55,56]. In the light of this evidence, the identification of
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Schwann cell-like CNS glia preferentially infected by CDV may provide new insights
into the pathogenesis of this disease. Future studies, therefore, have to address the
role of p75NTR-expressing glia during CDV infection in vivo.
3.5.1 Characterization of primary cultures from adult canine brain
The lack of in vitro data on adult canine glia prompted us to perform a thorough
characterization and immunophenotyping of the cultures prior to infection with CDV
strains. To reveal putative development- and species-specific properties of adult
canine glia, the obtained data were then compared to those of neonatal canine brain.
Immunostaining for p75NTR, A2B5/O4, GFAP, and Iba-1 demonstrated that the
cultures consisted mainly of Schwann cell-like-glia, multipotential glial progenitors,
astrocytes and microglia, respectively. Cells identified as fibroblasts by morphological
criteria displayed vimentin immunoreactivity. No staining was detected for
neurofilament and O1/myelin basic protein (MBP)/GalC (data not shown) indicating
that the cultures did neither contain neurons nor mature oligodendrocytes,
respectively. This is contrast to previous in vitro studies on early postnatal canine
brain tissue that detected mature oligodendrocytes using antibodies against MBP
and myelin-associated glycoprotein (MAG) [33] and described two neuron
populations that differed in morphology and survival in vitro [30]. Although the
possibility that minor variations in the isolation procedure may account for the
observed differences cannot be ruled out, it appears likely that these differences
were due to development-dependent properties of the cultured cells.
This is the first demonstration of p75NTR+ glia in adult canine CNS cultures. The cells
did not only display the bi- to tripolar morphology typical of Schwann cells and
olfactory ensheathing cells [40,42,59], they also proliferated in response to typical
Schwann cell mitogens, like FGF-2 and HRG-1β. Schwann cell-like macroglia was
previously identified in the rodent CNS and termed aldynoglia based on its growthpromoting properties [53,54,60]. Aldynoglia has been isolated from brain regions that
display axonal growth throughout lifetime, e.g. the hypothalamus/hypophysis and the
pineal gland and includes olfactory ensheathing cells of the olfactory bulb [53,40].
Since p75NTR+ glia has not been described in neonatal dog cultures so far, it remains
to be elucidated whether their presence reflects specific characteristics of the adult
system or whether the cells may simply have been overlooked previously. In a
separate study aiming to compare the in vitro properties of adult brain-derived
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Schwann cell-like glia with olfactory bulb-derived olfactory ensheathing cells, we
found that both cell types differ with respect to GFAP expression (Imbschweiler et al.,
in preparation). This may suggest that there is heterogeneity within the population of
p75NTR-expressing glia.
The morphology of the p75NTR+ cells was reminiscent of bipolar cells identified
previously in neonatal canine CNS cultures [30]. These cells were not tested for
p75NTR expression and classified as oligodendrocyte precursors based on their
reactivity with anti-GalC-antibodies [55]. Since it is known that oligodendrocyte
precursor cells may up-regulate p75NTR expression under pathophysiological
conditions [61,62,63,64] we tested whether the adult canine Schwann cell-like glia
expressed molecular markers typical for the oligodendrocytic lineage. We found that
purified preparations of p75NTR-expressing glia co-expressed the ganglioside GQ
(A2B5), which is considered a specific marker for glial progenitor cells of the
subcortical white matter of the rodent and human brain (WMPCs) [43,51,65,66]. GQ
expression has also been observed in immature neurons [67]. Since no staining of
neuronal markers was noted in the present cultures, it can be ruled out, that A2B5
immunoreactivity arose from immature neurons. Using purified cultures of p75NTRexpressing glia, we were able to show that A2B5 expression was promoted by serum
deprivation in a way similar to what has been observed for oligodendrocyte precursor
cells [69,70]. Taken together, our data showed that the Schwann cell-like glia shared
properties with both Schwann cells and oligodendrocyte precursor cells.
Contrary to neonatal canine cell cultures where astrocytes were the predominant cell
type and displayed substantial proliferation properties [30,33], the number of adult
GFAP+ astrocytes was low and remained unaltered during the experiment. Microglial
cells continuously decreased in number and completely disappeared from the
cultures at day 60. The loss of microglia might be causally related to the low number
of adult astrocytes. Survival and proliferation of microglia in vitro is known to be
dependent

on

specific

astrocyte-derived

growth

factors

(e.g.

Granulocyte-

macrophage colony-stimulating factor, GM-CSF) [70,71].

3.5.2 Adult canine astrocytes and microglia display differential susceptibility to
infection with different CDV strains in vitro
Several in vivo and in vitro studies demonstrated that astrocytes are among the first
targets of CDV following CNS infection [72,19,29,31,32]. In demyelinating distemper
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lesions, 65% of the astrocytes expressed CDV antigen representing 95% of all
infected cells [19]. This observation suggested that astrocytes play an important role
in development of the CNS lesions. In addition, the susceptibility of astrocytes has
been demonstrated in different in vitro studies using attenuated (CDV-RO, CDV-Ond)
and virulent (CDV-A75-17, CDV-SH) CDV strains and neonatal brain cultures. In
vitro, astrocytes displayed morphological cytopathic changes including syncytial
formation and abnormal distribution of GFAP+ fibrils following CDV infection. The
percentage of infected astrocytes consistently reached 100% [29,30,32].
The observation that the CDV-R252 strain infected the populations of microglia and
astrocytes is in agreement with previous studies [29,30,32,73]. Surprisingly, CDVOndeGFP infected only a small minority of microglia and not more than 50% of
astrocytes. This may indicate a differential susceptibility of adult canine glia to
infection with different CDV strains, so far reported only for neonatal neurons [30].
However, it cannot be excluded that the molecular engineering of the CDV-Ond
strain to express GFP and/or the adaptation of this CDV strain to Vero cells may
have altered its cell tropism. Additional comparative studies using non-recombinant
CDV Onderstepoort strains, as well as other attenuated and virulent CDV strains,
have to be performed to investigate the question whether susceptibility depends
upon development-dependent cellular differentiation, virus strain or genetic
modifications.
3.5.3 Adult canine p75NTR+ glia represents a prominent target to CDV in vitro
Both the identification of p75NTR+ cells and the determination of their high
susceptibility for both CDV strains represent unexpected and so far not described
findings. P75NTR+ glia were the first cells to be infected by CDV. As early as 3 dpi,
34% 100% of p75NTR+ cells contained CDV-OndeGFP and CDV-R252, respectively.
Contrary to microglial cells that vanished from the cultures at day 30 (CDVOndeGFP) and 60 (CDV-R252) and astrocytes not detectable at 60dpi in CDV-R252infected cultures, p75NTR+ glia remained present throughout the culturing period.
Previously, in vitro CDV infection of a cell population expressing GalC and displaying
a similar morphological phenotype like the p75NTR+ Schwann cell-like glia was
described [30]. In how far both cell populations are related to each other has to be
clarified by future studies.
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There are no data available on CDV infection of p75NTR-expressing glia in vivo. As
already discussed above with regard to the presence of p75NTR+ cells in control
cultures, two possible explanations for the lack of in vivo data about this cell type are
conceivable. Either p75NTR+ glia is infected in vitro only, or infection of these cells in
vivo has been overlooked so far. A prequisite for defining the role of p75NTR+ glia
during infection is the elucidation of their in situ localization under normal conditions.
This, however, requires specific molecular markers. Whether p75NTR is such a marker
identifying Schwann cell-like glia in situ remains to be shown. It was demonstrated
that cells of the subventricular zone of the adult rat express p75NTR together with
nestin, implying that these cells display precursor-like properties [74] However, we
previously demonstrated that the majority of the closely-related OECs are p75NTR- in
situ and do not up-regulate p75NTR expression until cultured [39,75]. Moreover,
p75NTR+ glia in vitro and in vivo might arise from central precursor cells. It was shown
that Schwann cell-like remyelination following experimental demyelination of the
spinal cord in the rat is due to Schwann cell-like glia that originates from central
precursor populations [55]. Based on these data, it was hypothetised that there is a
common CNS precursor that gives rise to oligodendrocytes in astrocyte-containing
areas and to Schwann cells in astrocyte-free areas of the brain [55]. Whether the
Schwann cell-like CNS glia identified in our study may correlate with such a
population is an interesting speculation and needs to be substantiated in future
studies.
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4.1 Abstract
Aims: Recently, we reported the preferential infection of a novel glial cell type from
adult canine brain, termed Schwann cell-like brain glia (SCBG) with CDV. To further
characterize virus-cell and cell-cell interactions, SCBG in purified and mixed brain cell
cultures was infected with different CDV strains.
Methods: Cell cultures were infected with the attenuated CDV-Ond, CDV-2544,
CDV-OndeGFP, CDV-R252 and the mustelid virulent CDV-5804PeGFP strain.
Cytopathic effects (CPEs) and the percentage of infection was monitored daily and at
3 and 10 days post-infection (dpi), respectively.
Results: At 10dpi, the CDV strains induced mild to moderate and severe CPEs in
purified SCBG and fibroblasts, respectively, while both cell types displayed mild to
moderate CPE in mixed brain cell cultures. Comparative analysis of CDV infection
revealed that the virulent CDV-5804PeGFP strain caused a delayed infection of
SCBG in mixed culture. Independent of the virus strain, infection of purified SCBG
was significantly compared to mixed brain cell cultures. Contrary to this, fibroblasts
were infected to the same extent in both culture conditions.
Conclusions: There are two main findings of the present study. Firstly, CDV strains
displayed differential infection of SCBG in purified cultures. This is a confirmation and
extension of previous findings in mixed culture. Secondly, a dramatic decrease in the
extent of CDV infection was observed after purification of SCBG. This was
independent of the CDV strain used and implies that undetermined interactions
between SCBG and other cells, eliminated during purification, crucially determine the
susceptibility of SCBG to CDV infection in vitro.
Keywords: CDV, Schwann cell-like brain glia, Cell-cell interaction

4.2 Introduction
Canine distemper virus (CDV), a single-stranded negative sense RNA morbillivirus of
the family Paramyxoviridae, is closely related to measles virus and can cause
epidemic infection in a variety of carnivores especially in the dog [1-4]. Demyelinating
distemper leukoencephalitis (DL) appears as a main sequel of central nervous
system (CNS) infection of dogs and is considered a naturally-occurring translational
animal model to study multiple sclerosis (MS) in humans [5-7]. The pathological
findings in the CNS can be categorized as acute, subacute non-inflammatory,
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subacute inflammatory, chronic and sclerotic lesions [3,8]. Factors contributing to
lesion development include age of the animal at the time of infection, immune status
of the host and the virulence of the virus strain [3,5,9].
During natural or experimental CDV infection, up to 30% of the dogs exhibit
neurological signs [10]. Interestingly, the development and progression of CNS
lesions depend among other factors on the CDV strain. While some strains (CDVA75/17 and CDV-R252) induce a demyelinating leukoencephalomyelitis others, such
as the CDV-Snyder Hill [4] and the CDV-Lederle strain [11] induce a polioencephalitis
or a non-specified encephalitis, respectively. Recently, recombinant CDV clones
expressing the enhanced green fluorescent protein (eGFP), e.g., the mustelid
neurovirulent CDV-A75/17eGFP and the mustelid virulent CDV-5804PeGFP strain,
the rgA75/17-V and the CDV-OndeGFP strains were used to study CDV
pathogenesis [10,12-14]. More importantly, some of these constructs, such as the
CDV-A75/17eGFP strain, retained their virulence at least for ferrets. These
recombinant strains allow the direct visualization of CDV infected glial cells either in
vivo or in vitro and can be applied to document viral spread, neuroinvasion and viral
cell tropism [10,12-16]. Moreover, using CDV recombinant strains it is now possible
to determine which part of the CDV genome contributes to viral virulence, cell-cell
fusion and syncytia formation [12-14,17].
Thus far, the only known receptor for CDV is the signaling lymphocyte activation
molecule receptor (SLAM), a molecule restricted to activated cells of the
mononuclear lineage [17-21]. Nevertheless, since the wild type CDV-A75/17 strain, a
demyelinating strain, was successfully used for infection of cells lacking the SLAM
receptor, such as canine footpad keratinocytes [17,22] it must be assumed that other
so far unknown receptors are involved in the infection of cells from diverse lineages.
Thus, CDV displays a broad cell tropism and thereby affects various organs including
skin, respiratory, gastrointestinal, and urinary tract as well as the CNS, frequently
associated with the formation of characteristic inclusion bodies [5,23,24].
The cytopathic effect caused by attenuated CDV in permissive cells such as the
African green monkey kidney cell line (Vero cells) includes single cell necrosis, and
multinucleate giant cell formation [14,25,26]. Once CDV is adapted to the in vitro
conditions, it looses its in vivo virulence and the property to proliferate in primary
cultures including canine pulmonary macrophages [27,28]. However, the virus will
maintain its capacity to induce cell-cell fusion, like in vivo, and the ability to infect glial
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cells, e.g., microglia and astrocytes [29-31]. The possibility of reversion to virulence
exists [11,27]. This has been achieved for the attenuated CDV-Rockborn strain after
six sequential passages in CDV-susceptible dogs or ten passages in primary canine
pulmonary macrophage cultures [27]. In addition, spontaneous reversion to virulence
must be considered. Similarly, a vaccine escape virus has been proposed as the
cause of distemper in a dog in Belfast, Northern Ireland [32]. Moreover, a similar
mechanism has been proposed for the CDV-Lederle strain that was used as a
vaccine strain in the past [11]. It has been assumed that the 1998 CDV lineage could
also be a vaccine escape virus from a dog vaccinated with CDV-Lederle vaccine
strain [11]. The exact mechanisms involved in these processes, however, remained
undetermined so far. In all cases, the virulence of CDV appears to be associated with
the capacity of the virus to replicate in dog macrophages [27] since it is well known,
that contrary to primary neurotropic viruses, CDV reaches the CNS only secondarily
after widespread infection of lymphatic organs and peripheral blood mononuclear
cells [10,13,21]. Circumstantial evidence indicated that infection of microglia might
also be related to (Baumgärtner, personal observation). However, further studies are
necessary to determine the possible role of peripheral macrophages and microglial
cells as determinants of virulence. Furthermore, whether infection of certain glial cells
or the lack of it is related to virus virulence or specific receptors remains to be
determined.
Recently, we established glial cell cultures from the adult canine brain as an in vitro
model to study CDV pathogenesis [15,16,33,34]. Moreover, we identified a novel cell
type with Schwann cell-like properties [15], now designated Schwann cell-like brain
glia (SCBG) [3]. SCBG cells represented the main constituent in the cell cultures
obtained from young adult dogs and displayed a high susceptibility to CDV infection
[15]. The term “aldynoglia” was introduced by Nieto-Sampedro to denominate a
group of CNS macroglia with axonal regeneration-promoting properties expressing
the typical Schwann cell marker neurotrophin receptor p75 (p75NTR) [35,36].
Aldynoglial cells are found in diverse brain areas of the adult brain that promote the
continuous axon renewal throughout lifetime [36] . Moreover, it was reported that glial
cells expressing the Schwann cell prototype marker p75NTR, may emerge under
pathophysiological conditions, including demyelination, to lesioned areas [37-39].
It has been postulated and demonstrated that lesions in DL are strongly associated
with oligodendrocyte damage [40-43]. However, the fact that SCBG shows high
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susceptibility to CDV infection in vitro indicates that damage of theses cells during
CDV infection in vivo might also contribute to the development and progression of
DL. At present, cell-cell interactions relevant for CDV infection and virus spread of
these cells remain to be determined. The aim of the present study was, therefore, to
characterize cell-cell interactions during in vitro CDV infection in more detail. For this
purpose, SCBG in mixed brain cell cultures and after purification were exposed to
different attenuated and a mustelid virulent CDV strain in order to substantiate the
hypothesis that SCBG represents a crucial glial cell population within the CNS for
CDV infection and virus spread CNS as well as its possible involvement in the
development of CDV demyelinating lesions. Here, we report a dramatic reduction in
the susceptibility of purified SCBG to CDV infection in contrast to cells maintained in
a mixed glial cell environment. This suggests that so far undetermined cell-cell
interactions and/or factors of non-SCBG are crucial for CDV susceptibility of SCBG in
vitro.
4.3 Materials and methods
4.3.1 Mixed cell cultures from the adult canine brain
All cultures were obtained from 6-month-old Beagle dogs (n=8) not suffering from
nervous systemic disease, as determined by clinical and histopathological
examination. For mixed brain cell cultures, brains were collected at necropsy under
sterile conditions at the Department of Pathology according to the institutional
regulations and ethics of the University of Veterinary Medicine Hannover (Germany).
The cells were isolated as described previously [15,16]. Briefly, after careful removal
of meninges, olfactory bulb and medulla oblongata, the brain was minced and
mechanically dissociated. The cell suspension was then treated for 30 min at 37°C
with trypsin-EDTA (final concentration: 0.025%, PAA Laboratories, Marburg,
Germany) and DNase I (0.05mg/ml, Roche, Germany). Mechanical dissociation into
single cells was done using a flame-constricted Pasteur pipette. Finally, after a series
of centrifugation steps, cells were seeded in DME/F12 medium containing fetal calf
serum (FCS, 10%, PAA), gentamycin (500mg/l, PAA) and penicillin/streptomycin
(100 units/ml, 100mg/ml, Biochrom AG, Germany) at a density of 7x104 cells/cm2 in
poly-L-lysine (PLL, 100µg/ml, Sigma-Aldrich Chemical, Taufkirchen, Germany) coated 24-well plates (NuncTM, Nunc GmbH & Co KG, Wiesbaden, Germany) and
25-cm2 flasks (NuncTM) for infection and expansion, respectively. Cultures were
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maintained under standard conditions (37oC, 5% CO2 incubator, water-saturated
atmosphere) and medium was changed twice a week.
4.3.2 Establishment of pure fibroblast cultures from the adult canine skin
For cultivation of canine dermal fibroblasts, small pieces of subcutis were collected
under sterile conditions. Tissues was cut into small pieces (1mm3), transferred to
100-mm petri dishes (NuncTM) and fixed to the bottom of the dish using heated
forceps. Cultures were maintained in minimum essential medium Eagle´s salts
(MEME, PAA) medium containing FCS (10%) and penicillin/streptomycin (1%) under
standard conditions (see above). Medium was replaced every 3 days. After
cultivation of explants for about one week, remaining tissue pieces were removed
and the outgrowing fibroblasts were detached from the dish using trypsin. Fibroblasts
were seeded onto 25cm2 culture flasks for expansion. The purity of the cultures was
confirmed using conventional microscopy and immunostaining for vimentin (Clone
V9;

dilution

1:100; DakoCytomation GmbH,

Hamburg,

Germany).

Cultures

reproducibly consisted of more than 95% fibroblasts (data not shown).

4.3.3 Antibody-based purification of Schwann cell-like brain glia (SCBG)
Purification of SCBG from confluent brain cell cultures was performed by using
antibody based separation (MACS, Miltenyi Biotec) as previously described
[33,44,45]. The anti-human-p75NTR antibody (supernatant hybridoma, dilution 1:5,
American Tissue Culture Collection, USA) and goat-anti-mouse IgG MicroBeads
(dilution 1:20, Miltenyi Biotec) were used as primary and secondary antibodies,
respectively. Following labeling with anti-p75NTR antibodies and adsorption to
antibody-coated magnetic beads, cells were seeded in PLL-coated culture flasks and
expanded in DME/F12 medium supplemented with 10%FCS under standard
conditions. Immunostaining with anti-p75NTR antibodies after 7-14 days demonstrated
that the purity of the cultures exceeded 95% (data not shown).
4.3.4 CDV infection of mixed brain cell cultures and purified SCBG and
cutaneous fibroblasts
For virus infection, SCBG (passage 5) and fibroblasts (passage 5) were seeded at a
density of 8x103 cells/well in 96-well PLL-coated microtiter plates (NuncTM) while
infection of mixed brain cultures was performed in 24-well plates as described
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previously [15]. Infection was done at 3 weeks and 3 days after seeding of mixed
cultures and the purified cultures, respectively, and 3 days following antibody-based
purification for the SCBG. Cultures were infected at a multiplicity of infection (MOI) of
0.1 using different CDV strains, including the CDV Onderstepoort strain (CDV-Ond,
TCID50/ml=106.25, kindly provided by Dr. Metzler, Institute of Virology, Veterinary
Medical Faculty, University of Zürich, Switzerland), the Ond strain with eGFP
expression (CDV-OndeGFP, TCID50/ml=104.5, kindly provided by Dr. von Messling,
Institute Armand-Frappier, University of Quebec, Canada), the CDV-R252 strain
(TCID50/ml=106, kindly provided by Dr. Krakowka, Ohio State University, USA), the
CDV-2544 strain (TCID50/ml=106.5, kindly provided by Dr. Haas, Institute of Virology,
University of Veterinary Medicine Hannover, Germany), and the recombinant
mustelid virulent CDV-5804PeGFP strain (TCID50/ml=106, kindly provided by Dr. von
Messling). The fluorescent CDV strains were generated by the introduction of the
eGFP gene as an additional transcription unit in the CDV genome [46,13]. All
attenuated CDV strains and the mustelid virulent CDV-5804PeGFP strain were
propagated in normal Vero cells and in Vero cells expressing dog SLAM receptor
(Vero.DogsSLAM, kindly provided by Dr. von Messling), respectively. The virus
containing supernatant (SNT) of infected cell cultures was harvested, aliquoted and
stored at -80°C until used. Virus infection was done as described [15,16]. Briefly,
mixed brain cultures, purified SCBG and cutaneous fibroblast cultures were washed
twice with FCS-free medium and incubated with the virus inoculum in FCS-free
medium or FCS-free medium alone (mock-infection) for 2 h under standard
conditions. Thereafter, cultures were washed twice with FCS-free medium and
maintained in DME/F12 (mixed cultures, purified SCBG) or MEME (purified
fibroblasts). Cultures were monitored daily for CPE until 10dpi.

4.3.5 Immunofluorescence assays
For the antigenic characterization of the cells and for expression of CDV antigen,
cultures were immunostained with cell type-specific monoclonal antibodies (mAb)
such as p75NTR, (dilution 1:5; ATCC); A2B5 (clone 1520 HB-29, dilution 1:2; ATCC)
and O4 (dilution 1:2; kindly provided by Dr. J. Trotter, Mainz, Germany) for SCBG,
anti-glial fibrillary acidic protein (clone G-A-5, GFAP; dilution 1:400; SIGMA,
Deisenhofen, Germany) for astrocytes and anti-vimentin (clone V9, dilution 1:100;
DakoCytomation GmbH, Hamburg, Germany) for fibroblasts. A polyclonal antibody
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(pAb) directed against the anti-ionized calcium-binding adapter molecule 1 (Iba1;
dilution 1:250; Wako Chemicals GmbH, Neuss, Germany) was used to identify
microglia. CDV nucleoprotein (CDV-NP) antigen detection following infection with
non-eGFP expressing CDV strains (CDV-Ond, CDV-R252, CDV-2544) was
performed by using the pAb #25 (1:2000) and the mAb (clone N° 3.991, dilution
1:6000) [15,16] (both kindly provided by Dr. C. Örvell, Central Microbiological
Laboratory of Stockholm, Sweden). Co-expression of cell type and virus-specific
markers was used to determine the percentage of infected cells at 3 and 10dpi.
Detection of cell surface markers (A2B5, O4, p75NTR) and intracellular antigens
(GFAP, vimentin, Iba1) was done using viable and fixed cell cultures, respectively
[15]. Expression of cell type specific markers was studied both in CDV-infected and
mock-infected cultures using an inverted fluorescence microscope (Olympus IX-70,
Hamburg, Germany). The different cell types were identified according to their
morphological characteristics and immunoreactivity. The percentage of infected cells
was determined by double-staining for CDV antigen and specific cell markers and by
counting displaying colocalization of two antigens in five different high-power fields
per well cells. Each experiment was done in triplicates for each cell preparation.

4.3.6 Virus titration assay
To calculate the tissue cultures infectious dose (TCID50) of released virus of CDVinfected culture, the SNT was harvested at 2h, 3 and 10dpi and titrated in
quadruplicates in Vero.DogsSLAM (1.5x104/well) [15]. After 5days of incubation
under standard conditions, cells were examined for CPE and the TCID50/ml was
calculated according to the Reed and Muench method [47,48].
4.3.7 Statistical analysis
Statistic analyses were carried out using the statistical software SAS, version 9.1
(SAS Institute, Cary, NC) and significance was defined as P ≤ 0.05. The percentage
of `infected cells´ revealed a right skewed distribution and a test of lognormal
distribution was not rejected. Therefore, logarithmic transformation was performed
prior to the analysis; however results are presented after retransformation to the
original scale. The percentage of CDV infection of SCGB and fibroblasts in mixed
brain cell cultures, and purified SCBG and cutaneous fibroblasts were compared to
each other by using two-way analysis of variance with `virus-strain´ as independent
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effect and `time post infection´ as repeated measures with the Tukey's post-hoc test
for multiple pair wise comparisons. For the analysis of the linear model, the
procedure MIXED was used. In figures, data were diagrammed as median, maximum
and minimum. The virus titration data were included into a descriptive analysis and
the normal distribution of the data was confirmed by visual assessment of normal
probability plots. Finally, these virus titration data were compared using three-way
analysis of variance with `virus strain´ as independent effect and ´time post infection´
and `cell type´ as repeated measures. Analysis of this linear model was also
calculated with the MIXED procedure with the Tukey's post-hoc test for multiple pair
wise comparisons. For these parameters the arithmetic means ( x ) and standard
deviation (s) were calculated.
4.4 Results
4.4.1 Infection of mixed brain cell cultures with different CDV strains
Brain cell cultures reached 60% confluency 3 weeks after seeding. This time point
was defined as day 0 of the infection experiments. The mock-infected and CDV
infected cultures were immunostained at 3 and 10dpi by using cell type-specific
antibodies. Infection with CDV-Ond and CDV-2544 strains was visualized using
mono- and polyclonal antibodies against CDV-NP while the CDV-5804PeGFP strain
could be directly observed due to its genetic modification that allowed the virus to
induce eGFP expression. CDV antigen was found both in the cytoplasm and nucleus
of infected cells (Figure 4-1). Infectious virus (TCID50/ml) was present throughout the
experiments in all CDV-infected cultures, as determined by virus titration of cell
culture SNTs (Figures 4-2;F). The CDV strains induced different degrees of CPE,
ranging from mild to moderate, consisting of single necrotic cells and cell loss of
more than 60% of the monolayer (Table 4-1). In contrast, infection of fibroblasts with
CDV-Ond and CDV-2544 resulted in an increased number of multinucleated cells at
10dpi.
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Mild

-

Mild
-

Moderate

Moderate

Moderate1

Moderate1

10 dpi

-

-

Mild

-

Mild

3 dpi

Mild

Mild

Moderate

Moderate

Moderate

10 dpi

SCBGpure

-

Mild

Mild

Mild

Mild

3 dpi

(n.d.) = not determined due to a complete cellular detachment at 7dpi, presumable due to advanced CPE

(-)= No CPE was observed.

(1)= Extracted from Orlando et al., 2008.

(dpi) = days post infection

(Pure)= Cells in purified cultures.

(Mixed)= Cells in mixed brain cell cultures.

n.d.

Severe

Severe

n.d.

Severe

10 dpi

Fibroblastpure

Classification of CPE: Mild (5-20% dead cells, single cell necrosis); Moderate (20-60% dead cells, cellular

-

CDV-5804PeGFP

Mild

Moderate

Mild1

Mild1

3 dpi

Fibroblast mixed

detachment); Severe (more than 60% of dead cells, cellular detachment).

a

-

CDV-2544

Moderate

Mild1

-1

CDV-OndeGFP
Mild

Mild1

-1

CDV-R252

CDV-Ond

10 dpi

3 dpi

Virus strain

SCBGmixed

brain cell cultures and purified Schwann cell-like brain glia and cutaneous fibroblastsa

Table 4-1: Cytopathic effect (CPE) in canine Schwann cell-like brain glia (SCBG) and fibroblasts from mixed
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Figure 4-1: Mixed brain cell cultures infected with CDV-2544 (A), CDV-5804PeGFP
(B) and CDV-Ond (C) immunostained for p75NTR (red) and CDV-NP
(green) using a CDV specific polyclonal antibody (#25) at 3dpi.

Legend: At this time point, a lower number of SCBG expressing CDV antigen was detected following
infection with the mustelid virulent CDV-5804PeGFP strain (B) compared with the attenuated CDV
strains (A,C). Bar represents in A-C ~ 200µm.

Figure 4-2: TCID50 in the supernatants from adult canine brain cell cultures, purified
Schwann cell-like brain glia (SCBG) and cutaneous fibroblasts infected
with the CDV-R252 (A), CDV-2544 (B), CDV-Ond (C), CDV-5804PeGFP
(D), CDV-OndeGFP (E) as well as CDV-2544, CDV-Ond and CDV5804PeGFP in mixed brain cultures (F) at 2h, 3, and 10dpi.
Legend: At 3dpi, the TCID50 was significantly higher in the SNT from CDV-R252- (A;p<0.01), CDV2544- (B;p<0.05) and CDV-5804PeGFP- infected (D;p<0.01) purified SCBG compared to mixed brain
cell cultures. The same time point, TCID50 in the SNT from CDV-R252-infected fibroblasts was
statistically significantly higher (A;p<0.01) compared to mixed brain cell cultures. At 10dpi, the TCID50
of purified cultures infected by CDV-R252 was significantly higher (A;SCBG;p<0.01 and fibroblast;
p<0.05, respectively) compared to mixed brain cell cultures. There was no statistically significant
difference between the TCID50 from CDV-infected mixed brain cell cultures (F), Data are expressed as
means ( x ) ± standard deviation (s). n.d= not determined.
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The CDV-Ond-induced CPE increased from mild to moderate at 3 and 10dpi,
respectively.

Compared to this, a mild CPE was not observed until 10dpi in

CDV5804PeGFP- and CDV-2544–infected cultures. Virus detection using virusspecific poly- and monoclonal anti CDV-NP antibodies or eGFP expression and cell
type-specific antibodies (p75NTR, O4, A2B5, GFAP, Iba1, vimentin) revealed no
substantial

morphological

alterations

of

SCBG

and

its

O4+

and

A2B5+

subpopulations, astrocytes and microglial cells following infection.
The percentage of each cell type susceptible to CDV infection differed substantially
between CDV strains and dpi (Figures 4-3;A-C). Differences in the percentage of
infected cells were monitored already at 3dpi. The mustelid virulent CDV5804PeGFP strain was detected only in microglial cells (Figure 4-3;B). In contrast,
both attenuated CDV strains (CDV-Ond, CDV-2544) infected a significantly higher
number of SCBG and its O4+ and A2B5+ subpopulations compared to the CDV5804PeGFP strain (Figures 4-3;A-C), while no significant differences were detected
among the CDV strains with regard to the infection of microglial cells, astrocytes and
fibroblasts. Until 10dpi, the percentage of infected SCBG and its O4+ and A2B5+
subpopulations increased independently of the virus strain used and reached about
50-100%. Despite the increased number of infected cells, their morphology remained
unaltered. Significant differences in the percentage of infected cells between the
virulent CDV-5804PeGFP and the attenuated CDV-Ond and CDV-2544 strains were
only observed for astrocytes and fibroblasts. The CDV-Ond and the CDV-2544 strain
infected less than 1% and approximately 65% of astrocytes, respectively (Figures 43;A-C), whereas the virulent CDV-5804PeGFP strain infected an intermediate
percentage of about 35% of this macroglial cell population (Figures 4-3;B). The
attenuated CDV-Ond and CDV-2544 strains exhibited a significantly (p<0.0001)
higher percentage of infection of fibroblasts with 33 and 58%, respectively, (Figures
4-3;A,C) compared to the low percentage (2%) observed by the CDV-5804PeGFP
strain (Figure 4-3;B).
4.4.2 Infection of purified cultures from adult canine Schwann cell-like brain
glia (SCBG) and cutaneous fibroblasts with different CDV strains
Three dpi, purified SCBG and fibroblasts displayed a mild CPE characterized by a
single cell necrosis in SCBG cultures independently of the used virus strain and,
additionally, multinucleated syncytial cells in fibroblasts (Table 4-1). The degree of
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severity of the CPE was augmented during the observation period. SCBGs showed a
moderate CPE when infected with CDV-R252, CDV-OndeGFP, CDV-Ond and a mild
CPE when inoculated with CDV-2544 and CDV-5804PeGFP. In contrast, infected
fibroblasts demonstrated a severe CPE and associated syncytial cell formation
regardless of CDV strain applied (Table 4-1). Moreover, a total cell loss was
observed in CDV-OndeGFP- and CDV-5804PeGFP-infected fibroblasts at 10dpi.
Figure 4-3: Percentage of CDV-infection of adult canine mixed brain cultures
infected with CDV-Ond (A), CDV-5804PeGFP (B) and CDV-2544 (C) at
3 and 10dpi.
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Legend: There was a statistically significant difference between the percentage of p75

NTR+

+

, O4 and

+

A2B5 cells infected with the CDV-Ond and the CDV-2544 strain compared to the CDV-5804PeGFP
strain at 3dpi (A,C, *, p<0.0001) while there was no statistical significant difference between the
percentage of infected microglial cells by the different CDV strains (A,B,C). However, at this time point
the mustelid CDV-5804PeGFP infected only these cells to a considerable amount (B). At 10dpi, the
percentage of infected p75

NTR+

+

+

and its O4 , A2B5 subpopulation cells increased in all cultures (A-C).

+

Additionally, only few GFAP astrocytes were found following CDV-Ond infection compared to CDV5804PeGFP (~ 35%) and CDV-2544 (~ 65%) strain (B,C, *, p<0.0001). Furthermore, at this time point
both attenuated strains (A,C) infected significantly (A,C, **, p<0.0001) more fibroblast compared to
CDV-5804PeGFP strain (B), Data are expressed as median, maximum and minimum.

Cultures were characterized by immunostaining for p75NTR and vimentin to visualize
SCBG and fibroblasts, respectively. Expression of both antigens was above 95% and
remained unaltered after CDV infection compared to mock-infected controls.
Furthermore, infectious progeny virions were detected in both culture systems
throughout the observation period with the exception of fibroblasts cultures infected
with CDV-OndeGFP and CDV-5804PeGFP at 10dpi (Figures 4-2;D,E). Overall, virus
titers of infected SCBG were higher compared to CDV-2544- and CDV5804PeGFPinfected fibroblast cultures at 3dpi and CDV-R252-infected cells at each time point
(p<0.01).
At 3dpi, the percentage of SCBG and fibroblasts infected by the different virus strains
were similar and below 10% (Figure 4-4;A) except for the CDV-Ond strain which
exhibited an statistically significantly increased infection rate of 17% of fibroblasts
compared to less than 5% of SCBG. At 10dpi, the percentage of CDV infected SCBG
and fibroblasts increased in cultures infected by the CDV-2544, CDV-Ond and CDVR252 strain, but not following infection with the virulent CDV-5804PeGFP and the
CDV-OndeGFP strain (Figure 4-4;B). Fibroblasts infected by the CDV-5805PeGFP
and the CDV-OndeGFP could not be evaluated numerically because of complete
cellular detachment. CDV-Ond and CDV-R252 infected both significantly more
fibroblasts than SCBG at 10dpi, while there was no difference with respect to the
infection rate using the CDV-2544 strain (Figure 4-4;B).
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Figure 4-4: Percentage of adult purified canine Schwann cell-like brain glia (SCBG) and cutaneous
fibroblasts infected with CDV-5804PeGFP, CDV-2544, CDV-Ond, CDV-R252 and CDVOndeGFP at 3 (A) and 10dpi (B).

Legend: At 3dpi, less than 5% of SCBG were infected by any virus strain. The CDV-Ond and the CDVOndeGFP induced a higher percentage of infection in the fibroblast cultures compared to SCBG
cultures (*, p<0.01). At 10dpi, the percentage of infection of SCBG remained unaltered for the mustelid
virulent CDV-5804PeGFP, CDV-Ond and CDV-OndeGFP strain, while following infection with CDV2544 and CDV-R252 the percentage of SCBG infected cells increased up to about 64% and 22%,
respectively. In contrary, fibroblasts were substantially infected by the CDV-2544, CDV-Ond, and
CDV-R252 strain. In addition, at this time point, the CDV-Ond and CDV-R252 reached a higher
percentage of infection in fibroblast cultures compared to SCBG cultures (*, p<0.01). For fibroblast
cultures, no data of CDV-5804PeGP and the CDV-OndeGFP could be determined due to the total cell
loss at 7dp, Data are expressed as median, maximum and minimum.
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4.4.3 Comparative analysis of CDV infection between mixed and pure glial
cultures
Comparing the number of infected SCBG and fibroblasts in mixed brain cell and
purified cultures, several important aspects became evident (Table 4-2; Figures 45;A-D). In mixed brain cell culture, there was a significant difference between the
extent of SCBG infection at 3dpi but not at 10dpi between the different CDV strains.
CDV-Ond and CDV-R252 infected almost 100% of SCBG as early as 3dpi. At 10dpi,
all viruses infected between 80-100% of the SCBG. Contrary to this was the infection
rate of purified SCBG (Table 4-2). Here, about 22 and 67 % of SCBG were infected
by CDV-R252 and CDV-2544, respectively, at 3dpi (Figure 4-4;B). The percentages
of infected SCBG in purified and mixed brain cell cultures were similar following CDV2544 infection. Generally, the percentage of infection of the fibroblasts in mixed and
purified cultures was lower compared to SCBG in mixed brain cell cultures. Contrary
to SCBG, no significant difference in the percentage of infected fibroblasts was noted
between mixed brain cells and purified cutaneous fibroblast cultures. However, the
percentage of infection of the fibroblasts in purified cultures could not be determined
due to advanced CPE at 10dpi. Interestingly, the pattern of virus spread differed
between both viruses expressing eGFP but not between mixed and purified cultures
for each virus. CDV-OndeGFP infected individual cells displaying a random
distribution, whereas CDV-5804PeGFP infected patches of cells that continuously
increased in size from 3 to 10dpi.
SNTs from mixed brain cell cultures as well as purified SCBG and cutaneous
fibroblasts were collected at 2h, 3 and 10 dpi. In general, the obtained TCID50 differed
between CDV strains from the mixed brain cell cultures and purified SCBG and
cutaneous fibroblast cultures (Figures 4-2;A-E). At 3 dpi, the TCID50 was significantly
higher in the SNT from CDV-R252- (p<0.01) CDV-2544- (p<0.05) and CDV5804PeGFP-infected (p<0.01) SCBG cultures compared to the SNT of the mixed
brain cell cultures (Fig 4-2;A,B,E). At the same time point, the TCID50 from CDVR252-infected fibroblasts was statistically significantly higher (p<0.01) compared to
mixed brain cell cultures (Figure 4-2;A). Finally, at 10 dpi the TCID50 from the CDVR252-infected purified SCBG and fibroblast cultures was significantly higher (p<0.01
and p<0.05, respectively) compared to mixed brain cell cultures (Figure 4-2;A).
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(38.0-18.0)

*

96.5
(100-38.0)

*

34.4
(47.2-14.8)

*1

*1

100

3 dpi

1.6
(2.1-0.4)

82.0
(100-0)

2.9
(3.8-2.2)

67.1
(80.5-55.6)

0.4
(0.6-0.2)

1

0

11.5
(27.07.4)
6.9
(16.0-0)

The data are expressed as median, maximum and minimum.
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Table 4-2: Percentage of CDV infection of canine Schwann cell-like brain glia (SCBG) and fibroblasts from mixed
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Figure 4-5: Schwann cell-like brain glia (SCBG) (A,B) and fibroblasts (C,D) in mixed
(A,C) and purified cultures (B,D) infected with CDV-2544 strain at 3dpi.

Legend: The number of p75NTR+ SCBG (red) expressing CDV antigen determined by using the
polyclonal antibody directed against CDV nucleoprotein (25NP, green) in mixed cultures was higher
compared to SCBG in purified cultures (A,B). In contrast there was no difference between the number
of CDV-infected vimentin+ fibroblasts observed (vimentin; red, CDV; 25NP, green) in mixed and
purified cultures (C,D). Bar represents in A-D ~ 140µm.

4.5 Discussion
The two major findings of the present study are (i) that adult canine glial cells,
including SCBG, astrocytes, and microglia display a differential susceptibility to
different CDV strains and (ii) that after purification the susceptibility of SCBG to CDV
infection in vitro is drastically reduced. The first observation confirms and extends
previous findings on the susceptibility of SCBG for attenuated CDV strains (CDVR252, CDV-OndeGFP) [15]. The infection of SCBG with two other attenuated CDV
strains used in the present study (CDV-2544, CDV-Ond) reveals a similar mode of
infection of this glial cell population in mixed adult canine brain cell cultures of SCBG.
The mustelid virulent CDV-5804PeGFP strain caused a delayed infection of SCBG
but not of microglia. The second observation, that infection of SCBG is dependent
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upon the presence of other cell populations was unexpected and represents a novel
aspect of CDV infection. It points towards the relevance of cell-cell interactions as a
crucial factor of CDV infection, susceptibility and virus spread. Whether these
microenvironmentally related factors also enhance or contribute to virus virulence
needs to be investigated in futures studies.
During recent years it has become apparent that the central nervous system contains
precursor cells capable of differentiating into glial cells with Schwann cells-like
properties under appropriate conditions [35,36]. There is growing evidence, for
example, that remyelination of the experimentally demyelinated spinal cord is not
only due to Schwann cells invading the CNS from the periphery across a leaky bloodbrain barrier, as previously thought, but presumably due Schwann cell-like glia
arising from central precursors [37-39]. Moreover, it was reported that glial cells
expressing the Schwann cell prototype marker p75NTR, may emerge under
pathophysiological conditions, including demyelination, to lesioned areas [49].
Recently, we reported a preferential infection of p75NTR+-precursor glia from the adult
canine brain, which we now term SCBG, with CDV [3,15]. SCBG was not only a
major constituent of adult canine cultures, but was also the cell type being most
rapidly infected with CDV. After 10 days in vitro, CDV was detected in almost 100%
of SCBG. Furthermore, we reported CDV strain-specific differential susceptibility
among glial cell populations, such as astrocytes and microglia [15]. Moreover, in vivo
studies revealed phenotypical changes of glial cells characterized by increased
vimentin expression in nervous distemper lesions [16]. Though the role of SCBG in
CDV brain lesions has not been investigated yet, the occurrence of vimentin
expression in astrocytic cells indicates a disease-stage dependent phenotypical
change of glial cells or recruitment of progenitor cells of unknown origin or a transient
reversion to an immature phenotype. The increased expression of CDV in these cells
indicated either a change of cell tropism of CDV or an alteration in virus replication,
transcription and translation during disease progression [16]. Taken together, these
results indicated that CDV tropism and spread might be influenced by diverse virus
properties as well as cellular factors.
These novel results prompted us to extend our in vitro studies by using other CDV
strains and to infect mixed and purified brain cell cultures. Interestingly, a dramatic
reduction in the susceptibility of SCBG to CDV infection was observed in the virtual
absence of other glial cells indicating that probably interactions of SCBG with not yet
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identified cells or factors is required for increased CDV infection. It is well known that
cellular mechanisms, such as contact-mediated transfer of virus are an important
mode of virus transmission and dissemination in vivo. Cell to cell viral transmission
has been documented for many different viruses, e.g, Human Immunodeficiency
Virus (HIV) [50,51].
Moreover, the potential role of macrophages as a source for viral infection and
systemic spread in cell to cell virus transmission has been documented in Simian
Immunodeficiency Virus (SIV) [50,52]. It was concluded that this macrophage-dependent
mechanism may be a prerequisite for efficient dissemination of the infection and pathogenic

consequences [52]. Moreover, recent studies revealed striking similarities between
the basic mechanism of CDV host invasion and those sustaining acute phase of HIV
and SIV [21]. Thus, it is reasonable to postulate that during CDV infection of
mononuclear cell lineages the virus acquires activation or amplification of its
neurovirulence since CDV reaches the CNS only after infection of these cells [10]
and a reversion to virulence has been achieved through virus passages in these cells
in vitro [27]. Additionally, this hypothesis may explain the observation that the
mustelid virulent CDV-5804PeGFP strain infected microglial cells and subsequently
the other glial cell populations, while the attenuated CDV strains that are tissue
culture adapted infected the same cells more efficiently. However, whether SCBG
infection is related to virus virulence or not remains undetermined. Similarly, the role
of p75NTR as a potential virus receptor needs to be addressed in futures studies.

4.5.1 The differential susceptibility of astrocytes and microglia to CDV strains
in vitro may help to explain the course of demyelinating CDV lesions in vivo
Adult canine brain cell cultures were infected with the attenuated CDV-Ond, CDV2544 and the virulent CDV-5804PeGFP. The virus strains displayed a different
degree of CPE during the experimental period. Moreover, the virulent CDV5804PeGFP strain exhibited a delayed infection of the cells compared to the
attenuated CDV strains and induced only a mild non-cytolytic CPE at 10 dpi. These
characteristics appear to be a determinant for CDV persistence, since in the CNS,
the virus is found in the periphery of demyelinating lesions indicating that CDV
persistence in the CNS depends on a non-cytolytic spread of the virus and a
restricted infection of certain cells [53,54]. This particularity of virulent CDV strains
has been described in experiments using brain cell cultures from neonatal dogs
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[29,30] as well as in cell lines, such as Vero cells, where virulent CDV strains are not
able to replicate efficiently due to their lack of adaptation in vitro [12,17]. Contrary to
the in vitro findings in neonatal cultures [29], where infection of astrocytes and
microglia occurs independently of the virus strain, the present study reveals a straindependent infection of both cell types. At 3dpi, the mustelid virulent CDV5804PeGFP strain infected microglial cells at considerable extent, whereas at 10dpi
the attenuated CDV-2544 and the mustelid virulent CDV-5804PeGFP infected
significantly more astrocytes than the attenuated CDV-Ond. These results are in
agreement with our previous study and substantiate the conclusion that the
differential susceptibility in vitro depends on cellular determinants rather than on
methodological problems caused by genetic modifications of GFP-expressing CDV
clones [15]. Whether the higher percentage of microglia infection by CDV is related to
a higher virulence of some of the used strains remains speculative and would require
animal experiments.
There is consensus on the fact that astrocytes and microglia are the main CDV
targets in vivo and in vitro [3,16,29,31,55]. Consequently, an important role of these
cells in the pathogenesis of demyelinating lesions has been assumed [3]. Although
demyelinating distemper lesions depend upon the CDV strain, some CDV strains
induce a demyelinating leukoencephalomyelitis (CDV-A75/17 and CDV-R252) while
other induce either a polioencephalitis (CDV-Snyder Hill) [6]. The fact that astrocytes
and microglia were differently infected in vitro in the present study, indicated that, in
addition, cellular factors seemed to contribute substantially to the course of lesion
development and myelin loss. In addition, other cells including SCBG represent key
players in this already highly complex system of cell-cell and virus-cell interactions.
4.5.2 The reduction of the susceptibility to CDV appears to be a particular
property of purified SCBG
The isolation of SCBG from confluent mixed brain cell cultures and cutaneous
fibroblasts allowed us to perform comparatively virus infection assays, to investigate
cell susceptibility and virus tropism and spread of different CDV strains in both
purified cell populations. Until 3 dpi, a minimal to mild CPE was observed regardless
of the CDV strain used, while at 10 dpi the degree of CPE varied between different
CDV strains and cell types. Interestingly, cutaneous fibroblasts were more
susceptible to the different CDV strains. Moreover, purified SCBG showed less
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pronounced morphological changes than the purified fibroblasts. The latter displayed
severe CPE at 10 dpi after infection with CDV-5804PeGFP and CDV-OndeGFP with
complete cell loss, whereas the other CDV strains induced only moderated changes
in purified SCBG. These results indicate a cell type specific CPE and could explain
organ or tissue specific alterations following CDV infection. Additionally, although
fibroblast reached a higher percentage of infection, the number of infectious viral
particle was higher in the SNTs of purified SCBG cultures, as determined by virus
titration, indicating that in these glial cells a selective non-cytolytic virus spread and
release similar to persistent infection may have taken place [54] suggesting an
important role of SCBG for viral persistence.
The parallel infection of mixed brain cell cultures and purified SCBG and cutaneous
fibroblasts allowed us to determine the possible role of cell-cell interactions during
CDV infection. The fact that purified SCBG cultures did not reach a high percentage
of infection is in contrast to the high percentage of susceptibility of these glial cells in
CDV-infected mixed brain cell cultures in this and previous studies [15].
The differential susceptibility argues for the presence of so far undetermined cell-cell
interactions or cell-released factors that may influence individual cell susceptibility to
CDV infection in vitro. It is well known that during CDV infection of mixed brain cell
cultures from neonatal dogs, cells are able to interact which each other.
Oligodendrocytes are refractory to CDV infection and only a few of these cells
contain CDV antigen due to a restricted infection characterized by viral transcription
without translation and a marked down-regulation of myelin gene transcription [7,4042]. Moreover, oligodendrocytes suffer morphological changes probably due to a
secondary process following infection of other glial cells [31,40,43]. Similar
secondary cell-mediated mechanisms may occur within SCBG when exposed to CDV
in mixed brain cell cultures. Non-SCBG might activate so far undetermined
mechanisms that induce morphological and molecular changes that increase the
susceptibility of SCBG to CDV. At present, this process seems to be applicable to
SCBG only and not to fibroblasts in mixed brain cultures.
In summary, the provided data indicate that SCBG, like astrocytes and microglia
represent an important target cell for CDV. Moreover, SCBG may play a crucial role
for viral infection initiation, maintenance and persistence during the course of
demyelinating encephalomyelitis. However, so far there is no in situ evidence for the
presence of SCBG in nervous distemper lesions, therefore, further studies are
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needed to elucidate the pathogenic role of this glial cell population during nervous
distemper.
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Brain cell cultures are considered a valuable tool for studying patho-physiological
processes of the CNS under controlled conditions (LAERUM et al., 1985). A variety
of in vitro studies has focused on the infection of myelinating cells with different
viruses, such as MV, CDV and Theiler’s virus (ECKER et al., 1995; KUMNOK et al.,
2008; ORLANDO et al., 2008; PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN
and VANDEVELDE, 1983). Although CDV is a disease that affects adult dogs
(KRAKOWKA and KOESTNER, 1976; VANDEVELDE et al., 1980), in vitro studies so
far were limited to the analysis of neonatal cells due to methodological problems. It
was shown by immunofluorescence that the neonatal cell cultures contained two
types of neurons in addition to astrocytes, oligodendrocytes, microglia and fibroblasts
(PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN et al., 1984). Independent of
the CDV strain, microglia and astrocytes but not oligodendrocytes became infected at
high percentage (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN and
VANDEVELDE, 1983). Since identification of cell types in these studies was done
using markers for differentiated cells, it remained unclear in how far immature
precursor populations were affected by CDV. Moreover, it is well known that the
cellular composition of the CNS and of the cultures established undergo changes
during lifetime (LEE et al., 2000; LIU and RAO, 2004; MELCHIOR et al., 2006).
Whether data from neonatal animals are, therefore, true representatives of the in vivo
situation and suitable as a model for the analysis of CDV infection in vivo remained to
be established.
The principal aim of the present study was, therefore, to establish an in vitro model
including adult glial cells suitable for the analysis of CDV susceptibility. During
preparation of these cultures, a novel glial cell type with a Schwann cell-like
phenotype, designated Schwann cell-like brain glia (SCBG, BEINEKE et al., 2009)
was identified and shown to be preferentially infected by different CDV strains.
Contrary to neonatal brain cell cultures, a CDV-strain specific cell tropism could be
observed (ORLANDO et al., 2008). Though some strains, like in the neonate,
infected all glial cells to the same extent, other strains displayed a selective target
spectrum (ORLANDO et al., 2008). Another major finding of the study refers to the
relevance of cell-cell interaction for the determination of the cells´ susceptibility,
which in SCBG dropped dramatically after depletion of other cell populations from the
culture. This implies that cell-cell interaction between different cell types is a crucial
factor for the determination of CDV susceptibility.
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5.1 Adult canine brain cell cultures display a specific cellular composition
compared to neonates
Cell cultures from the adult canine brain were established successfully (ORLANDO et
al., 2008; SEEHUSEN et al., 2007). The cultures consisted mainly of SCBG that
expressed p75NTR and to a lower percentage O4 and A2B5 in addition to astrocytes,
microglia, and fibroblasts, reactive with anti GFAP-, anti-Iba1-, and anti-vimentin,
respectively (ORLANDO et al., 2008). This cellular composition is clearly different
from neonatal cultures, where neurons and oligodendrocytes but not SCBG were
detected (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN et al., 1984).
Although no numeric determinations of the different cell populations were done in
these studies (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN et al., 1984),
there seems to be a quantitative difference between adult and neonatal cultures. This
observation may imply that adult cells, such as oligodendrocytes and neurons, may
suffer more from the isolation procedure than neonatal cells and/or have distinct
growth factor requirements. The presence of SCBG in adult but not in neonatal
cultures may be due to differences in the cellular composition of the brain. Contrary
to the neonatal canine cultures where astrocytes displayed substantial proliferation
and represented the predominant cell type (PEARCE-KELLING et al., 1990;
ZURBRIGGEN et al., 1984), the number of astrocytes in adult brain cultures was low
and remained unaltered throughout the experiment (ORLANDO et al., 2008).
Although microglia seemed to be present in similar quantities, cells vanished from
cultures of adult dogs after 2 months post-seeding (ORLANDO et al., 2008;
PEARCE-KELLING et al., 1991). This loss of microglia might be causally related to
the low number of astrocytes. It is well known that survival and proliferation of
microglia in vitro is promoted by astrocyte-derived growth factors, including
granulocyte-macrophage colony-stimulating factor (GM-CSF; GUILLEMIN et al.,
1997; MALIPIERO et al., 1990).
5.2 Differential infection of astrocytes and microglia by different CDV strains in
vitro
Several in vivo and in vitro studies demonstrated that astrocytes and microglia are
among the first targets of CDV following CNS infection (HEADLEY et al., 2001;
MUTINELLI et al., 1989; PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN and
VANDEVELDE, 1983). This observation suggested that both cell types play an
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important role in the development of the CNS lesions. In vitro, astrocytes displayed
morphological cytopathic changes, including syncytial formation and abnormal
distribution of GFAP+ fibrils following CDV infection as demonstrated in this, and
previous studies (PEARCE-KELLING et al., 1991; ORLANDO et al., 2008;
SEEHUSEN et al., 2007; ZURBRIGGEN and VANDEVELDE, 1983). In adult canine
cultures, these cellular changes appeared to be related to the virus strain since only
the CDV-OndeGFP and the CDV-R252 strain induced similar changes at a mild and
moderate degree, respectively (ORLANDO et al., 2008; SEEHUSEN et al., 2007).
In the present study, a CDV strain-specific infection of astrocytes and microglia was
found. Whereas the CDV-Ond strain infected approximately 20% of microglia but no
astrocytes at 10dpi, the CDV-OndeGFP did no infect microglia and only 5% of
astrocytes (ORLANDO et al., 2008). Compared to this, the CDV-R252, CDV-2544,
and the CDV-5804PeGFP strain infected more than 50% of both cell populations at
the same time point (ORLANDO et al., 2008). This CDV strain-specific infection is in
striking contrast to findings in neonates, where all the strains tested infected almost
100% of both populations (PEARCE-KELLING et al., 1990, 1991; ZURBRIGGEN and
VANDEVELDE, 1983)
This differential susceptibility of adult canine glia in vitro is most likely due to
differences in the cellular determinants and development-dependent properties.
Methodological problems, such as the alteration of virus properties caused by the
genetic modification of the GFP-expressing CDV clones can be ruled out, because
the non-modified CDV-Ond strain did also not infect astrocytes and only a few
microglial cells.
5.3 CDV infection disrupts GFAP neurofilament in astrocytes in vitro
Phenotypic changes of glial cells characterized by increased vimentin and
concomitant lack of GFAP expression in CDV chronic lesions were observed in the
present study (SEEHUSEN et al., 2007). The occurrence of vimentin-positive
astrocytic cells may indicate either a disease-stage dependent phenotypical change
of glial cells or the recruitment of progenitor cells of unknown origin. Moreover, a
transient reversion of the mature cells to an immature phenotype cannot be excluded
(SEEHUSEN et al., 2007). There is evidence from in vivo and in vitro studies, that a
decrease in the number of GFAP-positive cells, the prevalence of astrocytic
processes, and GFAP expression in some cells take place following CDV infection
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(SEEHUSEN et al., 2007; VALDEVELDE et al., 1983; ZURBRIGGEN and
VANDEVELDE, 1983). Neither of these studies, however, linked this diminution in
GFAP expression with a disruption and reorganization of the GFAP cytoskeleton.
In the present study, infection of astrocytes with the CDV-R252 strain in vitro resulted
in the disruption of the GFAP network while the vimentin cytoskeleton remained
almost unaltered (SEEHUSEN et al., 2007). The disruption of the GFAP filaments
has been discussed as a cytopathic effect induced in vitro by some neurotropic
viruses, including paramyxoviruses (DUPREX et al., 2000; KENNEDY et al., 1994;
ORLANDO et al., 2008; PEARCE-KELLING et al., 1990; SEEHUSEN et al., 2007;
ZURBRIGGEN and VANDEVELDE, 1983). Whether this is a passive or active
phenomenon and in how far the decrease in GFAP expression recapitulates the in
vivo situation as well as its involvement in the development of DL lesions remains to
be established.

5.4 Schwann cell-like brain glia (SCBG) is the predominant cell type in adult
canine brain cell cultures and represents a prominent target to CDV infection in
vitro
The present study is the first demonstration of a novel glial cell type with a Schwann
cell-like phenotype, as a major component of adult canine CNS cultures. These cells
did not only display the bi- to tripolar morphology typical of Schwann cells and OECs
(KRUDEWIG et al., 2005; WEWETZER et al., 2001, 2002), but also proliferated in
response to typical Schwann cell mitogens, including FGF-2 and HRG-1β
(ORLANDO et al., 2008). SCBG has not been detected in neonatal canine brain cell
cultures (PEARCE-KELLING et al., 1990, 1991; ZURBIGGEN et al., 1984). Since in
these studies, p75NTR was not used as a marker, it is possible that the cells have
simply been overlooked. Bipolar cells of a similar morphology were shown to express
GalC identifying them as oligodendrocytes (PEARCE-KELLING et al., 1991). Another
possible explanation for this discrepancy might be that in the neonatal brain, this
population is not found or it is expressing distinct markers.
Adult canine purified SCBG displayed expression of A2B5, which was downregulated by addition of serum (ORLANDO et al., 2008). The A2B5 antibody is
directed against the ganglioside Q (GQ) and considered a specific marker for GPCs
including subcortical white matter precursor cells of the rodent and human brain
(GENSERT and GOLDMANN, 2001; ROY et al., 1999; SCOLDING et al., 1999; SHI
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et al., 1998). GQ expression has also been observed in immature neurons
(EISENBARTH et al., 1979; SCHNITZER and SCHACHNER, 1982). Since no
staining of neuronal markers was noted in the present cultures, it can be ruled out,
that A2B5 immunoreactivity arose from immature neurons (ORLANDO et al., 2008). It
is known that oligodendrocyte precursor cells may up-regulate p75NTR expression
under pathophysiological conditions (HANBURY et al., 2002; NATAF et al., 1998;
ODERFELD-NOWAK et al., 2001; PETRATOS et al., 2004). Thus, it is conceivable to
postulate that the SCBG identified in adult canine cultures is related to this cell
lineage. Recently, it was demonstrated that cells of the subventricular zone of the
adult rat express p75NTR together with nestin, implying that these cells display
precursor-like properties (GIULIANI et al., 2004). Based on these data, it was
hypothesized that there is a common CNS precursor that gives rise to
oligodendrocytes in the presence of astrocytes and to Schwann cells in astrocytefree areas of the brain (BLAKEMORE, 2005).
Interestingly, SCBG cells were frequently infected by all CDV strains used
(ORLANDO et al., 2008). The susceptibility of SCBG to CDV strains represented an
unexpected finding. Infection of SCBG has so far neither described in vitro nor in
vivo. Two possible explanations for the lack of in vivo data about this cell type are
conceivable. Either SCBG is infected in vitro only, or infection of these cells in vivo
has been overlooked so far. The prequisite for defining the role of SCBG during CDV
CNS infection is, therefore, the elucidation of their in vivo localization under normal
conditions. This, however, requires specific molecular markers. Whether p75NTR is
such a marker in vivo remains to be shown. Interestingly, in vitro CDV infection of a
cell population expressing GalC and displaying a similar morphological phenotype
like the SCBG was previously described in cultures from neonatal donors (PEARCEKELLING et al., 1991). Whether both cell populations are related to each other has to
be clarified by future studies.
5.5 Cell-cell interaction may determine the susceptibility of Schwann cell-like
brain glia (SCBG) to CDV infection in vitro
To study the relevance of cell-cell interaction for susceptibility of SCBG to CDV,
SCBG in mixed brain cell cultures and after purification was exposed to the
attenuated CDV-R252, CDV-Ond, CDV-OndeGFP, CDV-2544 and the mustelid
virulent CDV-5804PeGFP strain. Surprisingly, in contrast to the high percentage of
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CDV-infection of mixed brain cell cultures, purified SCBG was infected to a low
percentage. Additionally, purified SCBG showed less pronounced morphological
changes compared to cutaneous fibroblasts. The latter were more susceptible to the
different CDV strains and displayed severe cytopathic effects at 10dpi.
The low susceptibility of purified SCBG argues for the presence of so far
undetermined cell-cell interactions and/or soluble mediators that may influence
individual cell susceptibility to CDV infection in vitro. Since neonatal oligodendrocytes
not infected in vitro were shown to suffer morphological changes probably due to a
secondary process following infection of other glial cells, a complex interaction of
infected and non-infected cells in vitro was proposed (VANDEVELDE et al., 1985b;
VANDEVELDE and ZURBRIGGEN, 2005; ZURBRIGGEN et al., 1987a, 1987b,
1998). It is well established that cellular mechanisms, such as contact-mediated
transfer of viruses are an important mode of virus transmission and dissemination in
vivo. Cell to cell viral transmission has been well documented for many different
viruses, including human immunodeficiency virus (HIV; CARR et al., 1999; PHILLIPS,
2004). The potential role of macrophages as a source for viral infection and systemic
spread using cell to cell virus transmission was documented in simian
immunodeficiency virus (SIV; CARR et al., 1999; HIRSCH et al., 1998). Recently, it
was proposed that striking similarities exist between the basic mechanisms of CDV
host invasion and those sustaining the acute phase of HIV and SIV infection (VON
MESSLING et al., 2006). It is, therefore, reasonable to suggest that similar
mechanisms may occur during infection of SCBG in vitro. The fact that SCBG but not
fibroblasts displayed a reduced infection following purification suggests that this is
not a general phenomenon independent of the cell type and implies that a novel
aspect of CDV infection, the mechanisms of which remain to be elucidated, has been
described.
The present results could help to explain organ- or tissue-specific alterations
following CDV infection. Additionally, although fibroblast reached a higher percentage
of infection, the number of virus particle progeny was higher in the SNTs of purified
SCBG cultures, as determined by virus titration, indicating that in these glial cells a
selective non-cytolytic virus spread and release similar to persistent infection may
have taken place (MÜLLER et al., 1995). Therefore, SCBG cells may play an
important role for CDV persistence and spread in the CNS as demonstrated
previously for other neuroglia precursors cells (FEUER et al., 2003).
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In summary, the obtained data of the present study indicate that adult canine brain
cell cultures displayed development-dependent qualitative and quantitative properties
that differed from the neonate. These characteristics may explain the diverse degree
of susceptibility observed for the different glial cells present in cultures and probably
might similarly occur in CNS lesions. Importantly, in this complex pathogenic process
the novel canine SCBG cells seemed to play an apparently crucial role in concert
with astrocytes and microglia due to yet unknown cell-cell interactions. Furthermore,
individual SCBG cells apparently may play an important role for viral infection
initiation, spread, and persistence during the course of DL. However, so far there is
no in vivo evidence of the presence of SCBG in nervous distemper lesions, further
studies are, therefore, needed to elucidate the pathogenic role of this glial cell
population during the CNS infection of CDV.
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In vitro susceptibility of glial cells obtained from the adult canine brain for
different strains of canine distemper virus.

Enzo A. Orlando D.

Canine distemper virus (CDV) induces a demyelinating leukoencephalomyelitis (DL)
in dogs. Due to morphological similarities of the neuropathological changes found in
DL and multiple sclerosis, the canine disease represents an important naturallyoccurring animal model for human demyelinating disorders. Though there exists only
one serotype of CDV, several co-circulating genotypes with different virulence and
cell tropism have been described. Although CDV is a disease that affects adult dogs,
in vitro studies so far were limited to the analysis of neonatal cells due to
methodological problems. In addition, it is well known that the cellular composition of
the CNS and of obtained cultures undergoes changes during lifetime. Whether data
from neonatal animals are, therefore, true representatives of the in vivo situation and
suitable as a model for the analysis of CDV infection in vivo remained to be
established. The principal aim of the present study was, therefore, to establish an in
vitro model using glial cells from adult dogs suitable for the analysis of CDV
susceptibility and cell tropism.
Cell cultures from the adult canine brain were established successfully and consisted
mainly of cells that expressed p75NTR designated Schwann cell-like brain glia
(SCBG). In addition, astrocytes, microglia, and fibroblasts, reactive with anti GFAP-,
anti-Iba1-, and anti-vimentin, respectively, were found. This cellular composition is
clearly different from neonatal cultures, where neurons and oligodendrocytes but not
SCBG were detected. Interestingly, SCBG was the predominant component of the
cultures. These cells did not only display the bi- to tripolar morphology typical of
Schwann cells and OECs, but also proliferated in response to typical Schwann cell
mitogens, such as FGF-2 and HRG-1β.
Cultures were infected with the attenuated (CDV-OndeGFP, CDV-R252; CDV-Ond;
CDV-2544) and a mustelid virulent (CDV-5804PeGFP) strain. Contrary to neonatal
brain cell cultures, a CDV-strain specific cell tropism could be observed. Though
some strains, like in the neonate, infected all glial cells to the same extent, others
displayed a selective target spectrum. This differential susceptibility of adult canine
glia in vitro is most likely due to differences in the cellular determinants and
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development-dependent properties of the cells. Methodological problems, such as
alteration of virus properties caused by the genetic modification of the GFPexpressing CDV clones can be ruled out, because the non-modified CDV-Ond strain
did also not infect astrocytes and only a few microglial cells were virus positive.
Surprisingly, SCBG were frequently infected by all CDV strains used. This result
represented an unexpected novel finding since infection of these cells by CDV has so
far neither described in vitro nor in vivo. Two possible explanations for the lack of in
vivo data about this cell type are conceivable. Either SCBG is infected in vitro only, or
infection of these cells in vivo has been overlooked so far. It seems that SCBG
apparently may play an important role for viral infection initiation, spread, and
persistence. Further studies are, therefore, needed to elucidate the pathogenic role
of this glial cell population during the CNS infection of CDV.
To study the relevance of cell-cell interactions of SCBG susceptibility to CDV, SCBG
in mixed brain cell cultures and after purification were exposed to different CDV
strains. In contrast to the high percentage of CDV-infection of mixed brain cell
cultures, purified SCBG was infected at a low percentage only. Additionally, purified
SCBG showed less pronounced morphological changes following CDV infection
compared to cutaneous fibroblasts. The latter were more susceptible to the different
CDV strains used and displayed a severe CPE. The low susceptibility of purified
SCBG argues for the presence of so far undetermined cell-cell interactions and/or
soluble mediators that may influence individual cell susceptibility to CDV infection in
vitro. The fact that purified SCBG but not fibroblasts displayed a reduced infection
rate following purification suggests that this is not a general phenomenon dependent
on the cell type and implies that a novel aspect of CDV infection has been observed.
Further studies have to demonstrate, however, the exact role of SCBG in the
development of DL lesions and its possible interaction with other glial cells. Similarly,
the role of p75NTR as a potential virus receptor needs to be addressed in futures
studies.
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In vitro Empfänglichkeit glialer Zellen des adulten Hundegehirns für
verschiedene StaupevirusStämme.

Enzo A. Orlando D.

Das kanine Staupevirus (Canine distemper virus, CDV) induziert häufig eine
demyelinisierende

Leukoenzephalomyelitis

(DL)

beim

Hund.

Aufgrund

morphologischer Ähnlichkeiten der neuropathologischen Veränderungen bei DL und
Multipler Sklerose wird die kanine Erkrankung als ein wichtiges natürliches
Tiermodell für die Untersuchung demyelinisierender Erkrankungen des Menschen
angesehen. Es existieren ein Serotyp und mehrere kozirkulierende Genotypen des
Staupevirus mit unterschiedlicher Virulenz und Zelltropismus. Obwohl die Staupe
vorwiegend jung-adulte Hunde betrifft, waren bislang Zellkulturstudien aufgrund
methodischer Schwierigkeiten auf die Analyse neonataler Zellen angewiesen.
Darüber hinaus ist bekannt, dass die zelluläre Zusammenstzung des ZNS und
gewonnener ZNS-Kulturen einem lebenslangen Wandel unterliegt. Inwiefern in vivo
Daten von neonatalen Hunden extrapolierbar für ältere Tiere sind und somit ein
adäquates Modellsystem zum Studium der CDV-Infektion in situ darstellen wurde bis
jetzt nicht näher untersucht.
Das Hauptziel der vorliegenden Studie war es daher, Zellkulturen des adulten
Hundegehirns als Modellsystem für die Untersuchung des Zelltropismus bei der
Staupevirus-Infektion

zu

etablieren.

Zellkulturen

des

adulten

Hundegehirns

bestanden aus Mikroglia, Astrozyten und Fibroblasten, die jeweils mit Antikörpern
gegen Iba1, GFAP und Vimentin identifiziert werden konnten. Hauptbestandteil der
Kulturen waren jedoch bipolare, im weiteren Verlauf als Schwann-Zellähnliche
Gehirnglia (Schwann cell-like brain glia, SCBG) bezeichnete Zellen, die den
Neurotrophinrezeptor p75 (p75NTR) exprimierten. Die Zusammensetzung der Kulturen
vom adulten Hundegehirn unterscheidet sich damit deutlich von der des neonatalen
Hundegehirns, die Neuronen und Oligodendrozyten nicht aber SCBG enthalten.
SCBG besaßen hierbei nicht nur die bi- und tripolare Morphologie von SchwannZellen, sondern proliferierten auch auf typische Schwann-Zellmitogene wie z.B. FGF2 und HGR-1β.
Adulte Hundegehirnzellkulturen wurden mit attenuierten Staupevirus-Stämmen
(CDV-OndeGFP, CDV-R252; CDV-Ond; CDV-2544) und einem Nerz-virulenten
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Virusstamm (CDV-5804PeGFP) infiziert. Im Gegensatz zu den bislang ausnahmslos
analysierten neonatalen Zellkulturen, konnte eine Virusstamm-spezifische Infektion
bzw. ein stammabhängiger Zelltropismus beobachtet werden. Während einige der
Stämme, wie in neonatalen Zellkulturen, alle gliale Zellen infizierten, zeigten andere
eine selektive Gliazell-Infektion. Diese differentielle Empfänglichkeit adulter kaniner
Glia ist sehr wahrscheinlich auf unterschiedliche zelluläre Determinanten und
entwicklungsabhängige Eigenschaften der Zellen zurückzuführen. Methodische
Probleme, wie z.B. die Veränderung viraler Eigenschaften, ausgelöst durch die
genetische

Modifikation

des

GFP-exprimierenden

CDV

Klones,

können

ausgeschlossen werden, da der nicht-modifizierte CDV-Ond Stamm ebenfalls nicht
zu einer Infektion von Astrozyten und lediglich zu einer Infektion weniger
Mikrogliazellen führte. Interessanterweise zeigte sich SCBG stark empfänglich für
alle Virustämme. Diese Beobachtung ist neu und unerwartet, da SCBG oder ähnliche
Zellen bislang im Zusammenhang mit der Staupeinfektion nicht untersucht wurden.
Zwei mögliche Erklärungen sind hier denkbar. Entweder werden SCBG lediglich in
vitro infiziert oder aber diese Zellpopulation ist bislang bei der Analyse aufgrund nicht
verfügbarer Zelltyp-spezifischer Marker übersehen worden. SCBG könnte eine
wichtige Rolle bei der Infektion und Ausbreitung sowie der Persistenz des
Staupevirus spielen. Zukünftige Studien müssen daher das Ziel haben, die
pathophysiologische Rolle dieser Zellpopulation bei der Staupevirus-Infektion des
ZNS näher zu beleuchten.
Zur Untersuchung der Bedeutung von Zell-Zell-Interaktionen für die VirusEmpfänglichkeit glialer Zellen, wurden SCBG in Mischkultur und in gereinigter Form
mit verschiedenen Staupevirus-Stämmen infiziert. Interessanterweise wiesen SCBG
in gereinigten Kulturen eine im Vergleich mit der Mischkultur deutlich verringerte
Empfänglichkeit für das Virus auf. Darüber hinaus zeigten gereinigte SCGBs weniger
ausgeprägte morphologische Veränderungen nach eine CDV-Infektion als kutane
Fibroblasten. Letztere waren empfänglicher für die unterschiedlichen CDV-Stämme
und zeigten einen ausgeprägten CPE. Diese Beobachtung lässt vermuten, dass
bislang

noch

nicht

genauer

charakterisierte

Zell-Zell-Interaktionen

die

Empfänglichkeit glialer Zellen für das Staupevirus beeinflussen. Die Beobachtung,
dass Fibroblasten in Misch- und Reinkultur die gleiche Empfänglichkeit für das Virus
aufwiesen, deutet daraufhin, dass es sich bei dem beobachteten Phänomen nicht um
einen generellen Effekt handelt, sondern dass zelltypspezifische Mechanismen bei
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der Infektion von SCBG, deren pathophysiolgische Bedeutung in weiteren Studien
geklärt werden muss,

eine Rolle

spielen. Welche Bedeutung hierbei dem

Neurotrophinrezeptor p75 zukommt sollte in zükintigen Studien untersuchet werden.
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