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Newborn BALB/c mice intranasally inoculated at birth with a lethal dose of the immunosuppressive strain
of the parvovirus minute virus of mice (MVMi) developed motor disabilities and intention tremors with a high
incidence by the day 6 postinfection (dpi). These neurological syndromes paralleled the synthesis of virus
intermediate DNA replicative forms and yield of infectious particles in the brain, with kinetics that peaked by
this time. The preferred virus replicative sites in the brain were established early in the infection (2 dpi) and
at the onset of clinical symptoms (6 dpi) and were compared with major regions of cellular proliferative activity
found after intraperitoneal injection of bromodeoxyuridine 24 h before encephalons were subjected to immu-
nohistochemistry detection. At 2 dpi, viral capsid antigen was located in the laterodorsal thalamic and the
pontine nuclei but not in the extensive proliferative regions of the mouse brain at this postnatal day. At 6 dpi,
however, the neurotropism of the MVMi was highlighted by its ability to target the subventricular zone of the
ventricles, the subependymal zone of the olfactory bulb, and the dentate gyrus of the hippocampus, which are
the three main germinal centers of the cerebrum in mouse postbirth neurogenesis. Unexpectedly, in the
cerebellum, the MVMi capsid antigen was confined exclusively to cells that have undergone mitosis and have
migrated to the internal granular layer (IGL) and not to the proliferative external granular layer (EGL), which
was stained with antiproliferative cell nuclear antigen antibody and is the main target in other parvovirus
infections. This result implies temporal or differentiation coupling between MVMi cycle and neuroblast
morphogenesis, since proliferative granules of the EGL should primarily be infected but must migrate in a
virus carrier state into the IGL in order to express the capsid proteins. During migration, many cells undergo
destruction, accounting for the marked hypocellularity specifically found in the IGL and the irregular align-
ment of Purkinje cell bodies, both consistent histopathological hallmarks of animals developing cerebellar
symptoms. We conclude that MVMi impairs postmitotic neuronal migration occurring in the first postnatal
week, when, through the natural respiratory route of infection, the virus titer peaks in the encephalon. The
results illustrate the intimate connection between MVMi neuropathogenesis and mouse brain morphogenetic

stage, underscoring the potential of parvoviruses as markers of host developmental programs.

The genus Parvovirus of the family Parvoviridae includes a
large group of nondefective small viruses containing a linear
single-stranded DNA genome with a nonenveloped 25-nm-
diameter icosahedral capsid (46). A general feature of parvo-
virus multiplication is the requirement for functions expressed
during the S phase of the cell cycle (2, 49, 51). This explains
why a common characteristic in the pathogenesis of these vi-
ruses is the infection of mitotically active cells and why clinical
courses are more severe in developing hosts, in which many
tissues are undergoing proliferation. Thus, parvoviruses are
primarily teratogenic agents causing fetal and neonatal abnor-
malities, osteolytic syndromes, dwarfism, abortion, and malfor-
mations, although in adults they may attack tissues such as
intestinal epithelium and hemopoietic system that undergo
proliferation throughout life (45, 48). Parvovirus tropism is
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also constrained by factors expressed at certain differentiation
stages (33, 47, 50), such as the receptor for the human B19
parvovirus expressed in erythroid cells (4), which accounts for
the specifity of the hemopoietic disorders caused by this virus
(53, 55).

Among the variety of parvovirus-caused diseases, the clinical
manifestations accompanying cerebellar damage are among
the most characteristic because of the essential role that this
part of the central nervous system (CNS) plays in limb move-
ment and motor control and the nonrepairability of the lesions,
which leads to long-term behavioral sequelae. In mammals, an
intense proliferative activity of cortical neurons at the perinatal
or early postnatal period is found in the developing cerebellum
(10). Precursors of granule cell neurons proliferate in the ex-
ternal granular layer (EGL) at a high rate, and then the soma
of postmitotic daughter cells migrates inward through the mo-
lecular layer (ML) along the radial Bergmann glial fibers, ex-
tending a T-shaped axon. Postmigratory cells settle in the in-
ternal granular layer (IGL) deep in the Purkinje cell layer
(PCL) and extend short dendrites (see, for example, references
1, 8, 35, and 39). The knowledge of the structure and histo-
genesis of the cerebellar cortex (40) provides the anatomical
basis for understanding motor syndromes associated with par-
vovirus infections. Hence, early studies on natural infections of
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newborn cats with the feline panleukopenia virus (FPV) led to
the association of this virus with ataxia (17), the clinical con-
sequence of viral replication in the dividing cells of the EGL
and in scattered cells of the ML and PCL (7). The infection
produced lysis of the affected cell population and cerebellar
hypoplasia in the kittens (17, 48).

Neurological manifestations can also be induced in experi-
mental infections with rodent parvoviruses (reviewed in refer-
ences 23 and 30) and particularly following rat virus (RV)
inoculation in several hosts. Chronic ataxia with hypoplasia of
the EGL could be reproduced by intracraneal inoculation of
RV in newborn hamsters (18); severe granuloprival cerebellar
hypoplasia occurred in newborn and suckling rats inoculated
by different routes (11, 15, 20), while a lesser depletion of outer
germinal cells of the cerebellum was found in cats and mice
(19, 23). Hemorrhagic encephalopathy and necrotizing vascu-
litis, the two characteristic lesions of the CNS vascular bed,
were found only in RV infections of the natural host (29). But
it is poorly documented whether this or another parvovirus can
replicate in CNS neural cells outside the cerebellum. More
limited CNS studies have been conducted with the minute
virus of mice (MVM), a common parvovirus pathogen of
mouse colonies (52). The cerebellum was unaffected in trans-
placental infections of pregnant mice (22), and the virus in-
duced moderate lesions in the cerebellar EGL after intracra-
neal and intraperitoneal inoculations of mice at birth (21).
However, it is unclear whether MVM has a neuropathogenic
potential in mice via more natural routes of infection.

The pathogenicity of the several mouse parvovirus isolates in
infections via the more natural oronasal route has been ad-
dressed only in recent years. The prototype strain of MVM
(MVMp), which infects fibroblastic cells (6), remained con-
fined to the oropharynx of newborn mice, and the infection
remained asymptomatic (24). Mouse parvovirus 1, isolated
from a mouse CD8" T-cell clone (31), replicates in the intes-
tine and lungs but does not provoke any clinical signs in orally
inoculated young adult BALB/c mice (16). The immunosup-
pressive strain MVMi (3), which interferes with a number of
T-cell functions (9) and suppresses the clonogenic capacity of
different hemopoietic precursors in vitro (43), demonstrated a
higher pathogenicity in oronasal infections of newborn mice.
At a low dose, MVMIi spread to many organs and induced a
runting syndrome (24), while at a high dose, it caused a lethal
infection in some inbred strains of mice, with renal papillary
hemorrhage and involution of hepatic erythropoietic foci (5),
as well as myeloid depression in the bone marrow and spleen
(42). Despite the virulence of MVMi for neonatal mice, no
CNS pathology has been found in MVMi infections.

In our latest studies on MVMi infection of susceptible new-
born BALB/c mice (42), we observed neurological symptoms
consistently arising in the inoculated animals. These findings
suggested an inherent capacity of MVMi to target the CNS
from the natural oronasal route of infection and thus to pos-
sess a clinically relevant neuropathogenic potential previously
unrecognized for this virus. This issue prompted us to under-
take the characterization of MVMi neurotropism with regard
to CNS viral invasion, the sites of virus multiplication, and
their spatial correlation with neuroblast proliferation, as well
as the anatomical alterations caused by MVMi infection in the
developing newborn mouse brain.

MATERIALS AND METHODS

Cell lines and virus. The EL-4 mouse C57BL T-cell lymphoma line and
NB324K human simian virus 40-transformed newborn kidney cells were cultured
in Dulbecco modified Eagle medium supplemented with 5% heat-inactivated
fetal calf serum. MVMIi was generously provided by B. Hirt (Epalinges, Switzer-
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land) and grown by a minimal number of passages. Infectious virus was quanti-
fied by plaque assay on NB324K monolayers. Viral stocks were obtained by
infection at low multiplicity of infection of EL-4 lymphoma cultures from which
it was originally isolated (3). For inoculation of the mice, and in order to
minimize the immune recognition of input particles, only virus purified by CsCl
gradients (43) devoid of empty capsids was used.

Mice and viral inoculations. The mouse C57BL/6 and BALB/c inbred strains
were originally purchased from the Jackson Laboratory (Bar Harbor, Maine) and
bred in our animal facility under standard conditions. Pregnant mice 8 to 12
weeks of age were individually housed in environmental isolated cabinets (IFFA-
CREDO) to prevent contamination during analysis of the offspring. Dams were
routinely proved to be seronegative to MVM capsid antigens by an enzyme-
linked immunosorbent assay as described previously (42).

Because the susceptibility to lethal infection of the sensitive mouse strains
relies greatly on the age of newborn mice, dams were observed twice daily for
parturition and infected as soon after birth as possible and never later than 24 h
postbirth. To improve homogeneity, infected as well as control litters were
normalized to seven animals. Mice were inoculated intranasally by carefully
placing over the animal nostrils 5 1 of viral suspension containing 10° PFU in
phosphate-buffered saline (PBS). Control animals were inoculated with 5 pl of
PBS. Complete inhalation of virus inocula was carried out. When indicated, mice
were injected intraperitoneally with bromodeoxyuridine (BrdU) at a dose of 20
mg/kg of body weight to label brain cells in S phase.

Analysis of virus multiplication in the CNS. Neonatal mice were euthanized at
various times under an ether atmosphere, and the brains were aseptically re-
moved. The portion caudal with respect to the corpora quadrigemina, containing
the cerebellum and the brain stem, was separated from the forebrain and mid-
brain through a dorsoventral section. For practical purposes, the rostral portion
is referred to as cerebrum and the caudal portion is referred to as cerebellum.
Cerebra and cerebella of infected mice were dissected aseptically, weighed, and
disrupted in 10% (wt/vol) PBS (0.1 M NaPO, [pH 7.2], 0.875 g of NaCl per liter),
using an ULTRA-TURRAX T25 homogenizer. The homogenate was frozen and
thawed twice and centrifuged to remove debris, and the infectious virus titer in
the supernatant was determined by plaque assay. Under these conditions, the
limit of the assay was 2.5 PFU/g of tissue.

To determine viral DNA in the brain, homogenates were quickly adjusted to
50 mM Tris (pH 8)-10 mM EDTA-1% sodium dodecyl sulfate and digested with
100 wg of proteinase K (Merck) per ml for 2 h at 37°C. Digested tissues were
processed for low-molecular-weight DNA enrichment by a modified Hirt method
(32), supplementing with 20 ug of carrier tRNA (Boehringer) to ensure quan-
titative recoveries. DNA was subjected to electrophoresis on a 1.0% agarose gel
and alkali blotted to nylon Hybond-N* membranes (Amersham). The mem-
branes were baked to affix the DNA, prehybridized, probed with a 3?P-labeled
full-length cloned MVM DNA (specific activity, 10° cpm/pg), and washed as
previously described (38). The filters were dried and exposed to X-ray film for
the indicated period of time.

Histological preparations. For brain fixation, deeply anesthetized mice were
perfused transcardially for 20 min with paraformaldehyde fixative (4% parafor-
maldehyde, 0.1 M NaPO, [pH 7.2], 0.875 g of NaCl per liter). Alternatively,
whole organs were rapidly and aseptically removed from euthanized mice, rinsed
in PBS, and maintained in the same buffer for no longer than 1 week before
processing for histochemistry.

Tissues were embedded in melted 4% agar (Merck), cooled, and cut into
100-pwm-sections in coronal or sagittal orientation on a Vibratome under 0.1 M
phosphate buffer (pH 7.2). The free-floating sections were processed for immu-
nohistochemistry in glass scintillation vials the same day. Alternatively, fixed
organs were dehydrated through increased graded alcohol, embedded in paraffin,
sliced in 14-um-thick sections, and stained in standard Harris hematoxylin and
eosin for histopathology examination.

Immunohistochemistry. An immunoperoxidase procedure was chosen for de-
tection of primary bound antibodies. Endogenous peroxidase was inactivated by
pretreatment of sections with 3% (vol/vol) H,O, and 10% (vol/vol) methanol in
0.1 M phosphate buffer (pH 7.2) for 15 min. Sections were treated for 30 min in
PBS containing 0.25% (wt/vol) gelatin-0.1 M lysine, rinsed twice in PBS, and
incubated with the corresponding primary antibody.

Viral structural proteins were detected with a polyclonal hyperimmune rabbit
anti-MVM capsid antiserum that stains denatured structural MVM proteins (41)
and also neutralizes infectivity (43). The antiserum was enriched in immuno-
globulin G by affinity purification through a protein A-Sepharose column and
used at 1/100 dilution in PBS-gelatin. As the secondary antibody, a biotinylated
goat anti-rabbit (Jackson Laboratory) at 1/100 dilution was used, and the signal
was amplified with avidin-biotinylated horseradish peroxidase complex (Vec-
tastain Elite ABC kit; Vector Laboratories) as instructed by the manufacturer.
Bound peroxidase was revealed with 0.05% (wt/vol) diaminobenzidine tetrahy-
drochloride and 0.01% (vol/vol) H,O, in PBS. Method specificity was controlled
by incubating sections from infected mice with rabbit preimmune sera and
secondary antibody.

Incorporated BrdU on brain cell DNA was detected by using an undiluted
mouse monoclonal antibody (Boehringer) reactive to the BrdU ligand and pro-
cessed for immunoperoxidase as described above, with addition of a step of
denaturation of double-stranded DNA with 2 N HCI in PBS for 30 min and
further neutralization with 0.1 M NaB,O, after inactivation of endogenous
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FIG. 1. Time course of MVMi multiplication in the brains and kidneys of
intranasally infected newborn mice. (A) Infectious virus production. The virus
titers present in the cerebrum (circles), cerebellum (triangles), and kidney
(squares) at the indicated days postinoculation are shown. Mice were sampled
from at least two normalized litters. Each point is the average value of two
independent titrations of each sample. Filled symbols represent the mean value
for each day and organ. D.L., detection limit of the assay. (B) Analysis by
Southern blotting of MVMi DNA replication in the indicated organs of two mice
at day 6 postinoculation. Low-molecular-weight DNA isolated from 5 mg of
organ was loaded per slot. The positions of the dimeric and monomeric repli-
cative intermediates (dRF and mRF) and genomic (single-stranded [ss]) DNA
forms were determined from markers run on the same gel (42) and are indicated
at the right. The exposure time for brain samples (96 h) was 10 times that for
kidney samples.

peroxidase. Neuroblasts containing proliferating cell nuclear antigen (PCNA)
were detected by incubation with mouse monoclonal anti-PCNA immunoglob-
ulin (Boehringer). Sections were air dried on gelatinized slides and mounted with
DPX (BDH).

RESULTS

Clinical disease and course of MVMi infection in the CNS of
oronasally inoculated newborn mice. BALB/c mice inoculated
intranasally within the first 24 h of life with a lethal dose of 10°
PFU of purified MVMi developed neurological symptoms
commonly from day 4 postinfection. The behavioral symptoms
exhibited by the mice included sluggishness, intention tremors,
and ataxic gait, which are motor disabilities characteristic of
cerebellar dysfunction. We have observed these symptoms in
70% of the infected animals from a total of six litters normal-
ized to seven mice each. These neurological syndromes lasted
until the death of the animals, and in some cases (around 8%)
the animals showed aggravated symptoms together with dwarf-
ism and a darker skin. In the whole infected population, the
mortality was slightly higher than previously reported (42); the
average day of death was day 8 = 1.5 postinfection, and all of
the inoculated mice were dead by 12 days postinfection (dpi).

To initially study whether the neurological symptoms could
be accounted for by an ability of MVMi to access and multiply
in the mouse CNS, we determined the extent of infectious virus
presence in the caudal and rostral parts of the brains (cerebel-
lum and cerebrum, respectively) of the infected mice. The
kidney was taken from each of the same animals as a reference
because of the previously described high MVMi multiplication
in this organ (5). Infectious virus was detectable in the brain as
early as 2 dpi, with a titer fivefold lower in the cerebellum than
in the cerebrum (Fig. 1). At 4 dpi, infectivity titers in the brain
reached a maximum, remained essentially stable from 4 to 7
dpi, and then declined by 8 dpi. These kinetics paralleled those
found for the kidney at values 20- to 50-fold higher (Fig. 1A)

MVMi NEUROTROPISM IN NEWBORN MICE 8111

and the results found for other organs in similar MVMi infec-
tions of newborn mice (5, 42).

The infectious particles isolated from the brain homoge-
nates may correspond to a viremia in the blood vessels of the
CNS and not to virus produced in neural tissue. To determine
whether MVMi actually replicates in the brain, we isolated
low-molecular-weight DNA from the cerebella and cerebra of
the animals during week 1 postinfection and analyzed by blot
hybridization the synthesis of viral DNA. Figure 1B shows one
analysis of this type performed for two animals at 6 dpi. As
shown in Fig. 1B, MVMi could synthesize DNA in the mouse
brain, as judged by the accumulation of monomeric and
dimeric intermediate replicative DNA forms. Moreover, sin-
gle-stranded genomic forms corresponding to encapsidated
molecules were also reliably detected, an indication that viral
maturation also takes place in the brain.

The sites of parvovirus MVMi multiplication within the
developing mouse brain. Even with the low levels of infectious
virus and DNA replication found in the brain, the limited areas
where neural cells undergo proliferation after birth may limit
MVMi multiplication to specific CNS centers, where a local
accumulation of virus antigens could cause extensive cellular
damage. Thus, we explored MVMi neuropathogenic potential
by determining the CNS sites where MVMi multiplies and its
relationship with cellular proliferation at two stages of the
infection: (i) 2 days after intranasal inoculation, when infec-
tious virus in the brain was already detectable, and (ii) at the
peak of virus multiplication at 6 dpi, when neurological symp-
toms were evident in many inoculated animals.

For studying virus multiplication and cell proliferation at
early times of the infection, mice oronasally infected at birth
were injected with a single dose of BrdU 24 h postinfection and
sacrificed 24 h later. Brains were removed, and serial parasag-
ittal sections were stained with specific antibodies for MVMi
capsid and BrdU. Selected regions representative of the entire
analysis are shown in Fig. 2. The preferential areas of MVMi
antigen expression were found in the laterodorsal thalamic
nuclei and in the pontine nuclei (Fig. 2d and f), even though
relatively few proliferative cells were found in these regions
(Fig. 2c and e). In contrast, regions with a high density of cells
undergoing proliferation, such as the EGL of the cerebellum
(not shown) or the lining of the lateral ventricle and the hip-
pocampal formation (Fig. 2a), were consistently negative for
viral antigens (Fig. 2b). Therefore, proliferative structures are
not preferentially targeted by MVMi at early time of CNS
infection. This result suggests a selective route of invasion by
MVMi into the brain, as well as a restricted traffic of infectious
particles to areas where proliferative cells accumulate.

For the analysis at 6 dpi, BrdU was administered at 5 dpi and
brain samples were processed similarly. At the height of the
infection at 6 dpi, by the time when most animals became
clinically symptomatic, a completely different pattern of viral
capsid antigen distribution was found in the mouse brain. Be-
sides many blood vessels with positive staining of endothelial
cells across the brain parenchyma (Fig. 3e), major areas of
positively stained cells included the following: in the hip-
pocampal formation, the viral antigens localized preferentially
in cells of the dentate gyrus (Fig. 3a) and not in the structures
that compose the Ammon’s horn; the olfactory bulb also shows
abundant cells stained for viral antigens in the subventricular
zone as well as scattered positive cells in the surrounding
granular cell layer (Fig. 3b); a third main area of viral replica-
tion was the lateral ventricle, the positive cells being located in
the subventricular zone (Fig. 3d). All of these structures are
germinal centers in mouse postbirth neurogenesis on postnatal
day 6 (P6) (reference 14 and references therein) and as such



8112 RAMIREZ ET AL.

J. VIROL.

FIG. 2. Localization of MVMi antigens in the mouse brain at early stages of infection in relation to the regional proliferative activity of neuroblasts. Mice infected
with MVMi at birth were in vivo labeled 24 h later with a single dose of BrdU. At 2 days of age, the animals were sacrificed and Vibratome serial slices (100-pm
thickness) were probed for virus capsid antigens (b, d, and f) or BrdU (a, c, and e). Areas with virus-positive cells are marked by arrows. Scale bars indicate 100 wm
for the hippocampal region (a and b), 50 wm for the thalamus (c and d), and 50 pum for the pons (e and f). Abbreviations: H, hippocampus; LV, lateral ventricle; LD,

laterodorsal thalamic nuclei; Pn, pontine nuclei.

were labeled by BrdU administered at 5 dpi and developed
24 h later in sections contiguous to those where the viral
antigens were found (not shown). Outside the cerebrum, the
major concentration of positive cells was found in the cerebel-
lum, but surprisingly, the stained cells were confined to the
outer half of the IGL all along the folia (Fig. 3c) and not to the
EGL, where BrdU labeling, denoting proliferative activity, ac-
cumulated (see below).

Expression of MVMi capsid proteins along young neurons
migrating between cerebellar layers. The fact that MVMi an-
tigen expression was detected in the IGL rather than in the
postnatal proliferatively active EGL contradicted the known
requirement of cell proliferation for parvovirus multiplication.
Therefore, we undertook a new set of experiments to study
MVMIi multiplication in the context of the pattern of division
and migration that governs morphogenesis of the cerebellar
layers on P6. For this purpose, BrdU labeling to stain prolif-
erative cells was administered in the infected mice either 24 h
(as described above) or 48 h before analysis at 6 dpi. In the
24-h BrdU labeling (Fig. 4, left), the entire thickness of the
EGL was stained, and some labeled cells were also seen in the
white matter. When BrdU labeling was performed 48 h before
analysis (Fig. 4, right), most labeled cells had migrated inward
to the IGL, and only scattered cells remained in the EGL.
However, a parallel staining for PCNA, a universal marker of
cellular DNA synthesis (34), indicated that cells traversing the
S phase of the cell cycle remained restricted to the EGL (Fig.
4, right), and so cells settled in the IGL were not proliferative
by the time of analysis. Therefore, there is apparently no self-
renewing of proliferative cells in the EGL, since most cells
undergoing DNA synthesis are committed to migrate through
the ML. Significantly, throughout these experiments we found
again the virus-positive cells confined to the IGL irrespective
of the timing of BrdU administration (results of 24-h labeling

are shown in Fig. 4). These data demonstrate that the produc-
tively infected cerebellar neuroblasts must have undergone
DNA synthesis in the EGL as well as migration inward to the
IGL. Both events are required for MVMi capsid protein syn-
thesis to occur.

Histopathological findings in MVMi-infected newborn
mouse brain. The neuropathological symptoms found in the
animals may result from a local injury in those brain regions
where MVMi multiplication was confined. To explore the his-
topathological bases of this disease, brains from P6 mice show-
ing impaired motor coordination were fixed, embedded in par-
affin, and thin sectioned, and the slides were subjected to
microscopic examination for comparison with uninfected
brains of age-matched mice. Neither hemorrhagic encephalop-
athy nor aplasia or gross malformations were observed in the
whole encephalon of the infected mice compared with con-
trols, although a small reduction in the overall size was often
noted. At high magnification, however, some anatomical alter-
ations were found in the infected P6 cerebellar cortex (Fig. 5).
The major change in cell structure was a hypoplastic IGL, with
a much lower cell density and width than in the control. This
feature was consistently accompanied by a slightly narrower
ML and a PCL with uneven cellular alignment and less appar-
ent cell bodies (Fig. 5, bottom). Nevertheless, no changes were
found in the cellular composition of the EGL, since the thick-
ness and the number of rows of granule cells (approximately
eight in the first postnatal week of the mouse [10]) were com-
parable in control mice and mice showing clinical signs. Alto-
gether, these findings demonstrate that MVMi impairs cere-
bellum morphogenesis by infecting and lysing migratory
granule cells. These cerebellar lesions may account for the
behavioral and motor coordination alterations found in the
infected mice.
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FIG. 3. Pattern of MVMi infection in the brains of newborn mice at 6 dpi. Bright-field photomicrographs show immunoperoxidase staining of MVMi-infected cells
in the brains of mice at 6 dpi. Vibratome sections (100 um thick) were used to detect viral capsid antigens. (a) Hippocampus with a magnification of the dentate gyrus;
(b) olfactory bulb; (c) cerebellum; (d) lateral ventricle; (e) blood vessel with stain of virus-positive endothelial cells (arrows); (f) sagittal schematic representation of
the mouse brain depicting the CNS distribution of MVMi-positive cells by 6 dpi (shaded areas). Abbreviations: CA1, CA2, and CA3, Ammon’s horn; DG, dentate gyrus;
GCL, granular cell layer; IGL, internal granular layer; wm, white matter; LV, lateral ventricle; SVZ, subventricular zone; OB, olfactory bulb; V, ventricle; Hp,
hippocampus; Cb, cerebellum. Scale bars: 50 pm in the coronal sections (a, b, and c); 25 wm in panel e; 100 pm in the parasagittal section (c).

DISCUSSION

We have studied the in vivo neurotropism of the parvovirus
MVMi in BALB/c mice, determining the viral spread, distri-
bution, and neuropathology in the newborn. MVMi naturally
inoculated onto the oronasal cavity was able to reach and
replicate in neural tissue of newborn mice and should there-

fore be classified as a true neurotropic virus. Via respiratory
infection, MVMi entered the bloodstream and multiplied in
most organs of the newborn (5, 42). The common finding of
virus-positive vascular endothelial cells scattered throughout
the brain parenchyma (Fig. 3) favors this route as the one
followed by the virus to invade the CNS. In previous studies,
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FIG. 4. Proliferation and cell migration in the cerebellar granular layers of MVMi-infected newborn mice. BALB/c mice infected at birth with MVMi were
intraperitoneally injected with BrdU either 24 or 48 h before analysis at 6 dpi. Brains were removed, and serial parasagittal Vibratome sections (100 wm thick) were
probed with a monoclonal antibody against BrdU (a-BrdU) or PCNA (a-PCNA) or with an antiviral capsid polyclonal antibody (a-MVM). Scale bar, 25 pum. wm, white

matter.

some inbred strains of mouse were susceptible, and the animals
died a few days postinoculation with histopathological findings
in the kidney not seen in the resistant strains (5). In this work,
the CNS is added as another vital system in which MVMi
multiplies, and causing neurological motor symptoms and de-
population of the IGL of the cerebellum in susceptible
BALB/c mice. Significantly, we were unable to demonstrate
any of these features in resistant C57BL/6 mice (37), in agree-
ment with the reported lack of infectious virus in the brains of
mice of this strain (5). Therefore, neurotropism seems to be a
relevant factor of MVMIi virulence and a major determinant of
the lethal outcome of the infection in susceptible strains.

In the context of parvovirus-host interactions, the common
tropism of MVMIi and FPV for hemopoietic and neuronal cells

UNINFECTED

(7, 17, 26, 43) raises the question of whether the also hemato-
tropic human B19 parvovirus (53, 55) may be involved in neu-
rological damage. Evidence for an association between B19
intrauterine infections and CNS disease with potential long-
term sequelae in liveborn infants has been reported (54), al-
though the pathogenesis is unclear since B19 infection of non-
erythroid cells has not been described. In this regard, it may be
worth stressing that MVMi neuropathogenicity was demon-
strated in mice inoculated at birth with a high virus load, that
the low number of cells targeted by the virus was seen only in
thick histological sections, and that these cells were restricted
to specific sites giving a pattern of spatial distribution changing
as development progressed.

We have focused our study on the cerebellum because of the

INFECTED
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FIG. 5. Cerebellar histopathology of MVMi-infected newborn mice. Newborn mice were inoculated at birth and sacrificed at day 6 with the onset of tremors.
Paraffin embedded brains were parasagitally sectioned at 14 pm and hematoxylin-eosin stained. Photomicrographs of uninfected and infected animals are shown; the
squared areas in the low-power photographs are magnified at the bottom. Scale bars indicate 200 pm (upper panels) and 40 um (lower panels). wm, white matter.
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FIG. 6. MVMi capsid expression in the migratory cerebellar granule cells.
The drawing shows the main features of granule cell development in the cere-
bellum, including proliferation in the EGL, extension of parallel fibers in the ML,
and the postmitotic descending process of the cell body into the IGL with
dendritic branching. The expression of MVMi capsid is localized in the differ-
entiated neurons of the IGL (shadowed cells indicated by number 2) and not in
the proliferating precursor cells of the EGL (number 1). PC, Purkinje cell.
Modified from reference 40.

detailed information available on the morphogenesis of the
germinal layers and the possibility to compare the effects of
MVMi infection with other parvovirus infections. Unlike nat-
ural FPV infections or experimental inoculations with rodent
parvoviruses in which viral multiplication occurred mainly in
the EGL (17, 30), MVMi structural protein synthesis after
oronasal inoculations of newborn mice was detected only in the
IGL (Fig. 6). This result may be explained by the timing of
CNS invasion by MVMIi with respect to cerebellar histogenesis.
During the first postnatal week, an intensive proliferative ac-
tivity of the neuroblasts increases the width of the EGL (13),
but at 2 dpi, the MVMI capsids were strictly confined to areas
of the cerebrum with limited proliferative activity (Fig. 2),
suggesting that at this time postinfection, the viral load in the
CNS may be insufficient to reach the EGL. The titer of virus in
the CNS and in other organs reached a peak by 4 to 6 dpi (Fig.
1A), when a significant migration of granule cells from the
EGL to their final destination in the IGL had started (10). In
fact, the BrdU label at 6 dpi remained in the EGL 24 h after
injection but was in the IGL 48 h later (Fig. 4). Therefore,
when the higher viral load invades the cerebellum, neuroblastic
cells that undergo DNA synthesis are committed to migrate.
The fact that capsids are detected only in the IGL may thus
indicate a coincidence between the timing of MVMi late gene
expression and the transit time of the postmitotic neurons
traversing the ML toward the IGL. Alternatively, a require-
ment for a certain differentiation stage could underlie MVMi
protein expression, if EGL neuroblasts are not susceptible to
MVMi before they migrate inward. During migration, granule
cells undertake a complex differentiation program that in-
cludes the cessation of DNA synthesis (10), morphological
changes (40), the concurrence of multiple molecular events
(35), and a pattern of gene expression (25, 56). Migratory
infected neurons may synthesize MVMi capsids only at a pre-
cise step of this morphogenetic pathway, in analogy to the
requirement for developmentally regulated factors proposed
for in vitro MVM infections (33, 47, 50).

The different cerebellar layer where MVMi capsids localize
compared with the site of multiplication of other parvoviruses
is reflected in the characteristic histopathology of each infec-
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tion. FPV and RV replicate in the EGL, leading to the de-
struction of the proliferative neuroblasts and to a global cere-
bellar hypoplasia in the surviving animals (17, 18). MVMi
oronasal infection neither macroscopically perturbs the cere-
bellum anatomy nor reduces the number of cell rows of the
EGL. But the IGL, where the capsid antigen was localized at
6 dpi, showed a lower cell density than in the uninfected mice
and the PCL was less strictly aligned (Fig. 5), both suggesting
a destruction of the postmitotic granule cells either as they
move across the ML or once they have settled in the IGL. It is
noteworthy that these two grades of cerebellar cortex histopa-
thology parallel the cytoarchitecture found in mutant mice
harboring different gene dosages of the autosomal recessive
weaver mutation. This gene seems to function in the local
interactions among progenitor cells required for the extension
of neurites and migration (12). In the homozygous weaver
mouse (44), the neurons die close to the sites of genesis in the
EGL during the first 2 weeks after birth, leading to degener-
ation of the EGL and to a drastic cerebellar hypoplasia, which
resembles the FPV and RV infections as previously noted (30).
In the weaver heterozygote, the major defect is an abnormality
of postmitotic granule cell migration (36), and the cerebellar
phenotype in this mouse is remarkably similar to the patho-
logical features of MVMi infection. Therefore, the MVMi-
infected neuroblasts fail in their morphogenetic program at the
same state at which the dose of the weaver gene becomes
limiting in the heterozygote. In both situations, but through
different mechanisms, the migratory neurons would be unable
to proceed with the cellular recognitions required for promot-
ing processes and synaptic connections (40), accounting for the
thinner IGL and the loss of alignment of the PCL.

Although not addressed in this work, the death of migratory
postmitotic neurons is also expected to occur in the other sites
of the cerebrum that undergo postbirth proliferation and
where MVMi multiplies. In the target areas of the hippocam-
pus and of the olfactory bulb, it is likely that MVMi infection
lowers cell density and impairs neuronal interactions, leading
to neuroanatomical alterations. Moreover, the fact that MVMi
infection mimics the above-mentioned genetic migration fail-
ure allows us to hypothesize that this parvovirus may be used
as a selective ablative agent to trace patterns of proliferative
activity and pathways of migration of ventricular cells (27, 28),
paralleling the data shown here for the cerebellar layers.
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