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This study focused on the in vitro infection of mouse and human neuroblastoma cells and the in vivo
infection of the murine central nervous system with a recombinant measles virus. An undifferentiated mouse
neuroblastoma cell line (TMN) was infected with the vaccine strain of measles virus (MVeGFP), which
expresses enhanced green fluorescent protein (EGFP). MVeGFP infected the cells, and cell-to-cell spread was
studied by virtue of the resulting EGFP autofluorescence, using real-time confocal microscopy. Cells were
differentiated to a neuronal phenotype, and extended processes, which interconnected the cells, were observed.
It was also possible to infect the differentiated neuroblastoma cells (dTMN) with MVeGFP. Single autofluo-
rescent EGFP-positive cells were selected at the earliest possible point in the infection, and the spread of EGFP
autofluorescence was monitored. In this instance the virus used the interconnecting processes to spread from
cell to cell. Human neuroblastoma cells (SH-SY-5Y) were also infected with MVeGFP. The virus infected these
cells, and existing processes were used to initiate new foci of infection at distinct regions of the monolayer.
Transgenic animals expressing CD46, a measles virus receptor, and lacking interferon type 1 receptor gene
were infected intracerebrally with MVeGFP. A productive infection ensued, and the mice exhibited clinical
signs of infection, such as ataxia and an awkward gait, identical to those previously observed for the parental
virus (Edtag). Mice were sacrificed, and brain sections were examined for EGFP autofluorescence by confocal
scanning laser microscopy over a period of 6 h. EGFP was detected in discrete focal regions of the brain and
in processes, which extended deep into the parenchyma. Collectively, these results indicate (i) that MVeGFP
can be used to monitor virus replication sensitively, in real time, in animal tissues, (ii) that infection of
ependymal cells and neuroblasts provides a route by which measles virus can enter the central nervous system
in mouse models of encephalitis, and (iii) that upon infection, the virus spreads transneuronally.

Measles virus (MV) infects over 40 million individuals each
year. Encephalomyelitis can occur as part of the acute infec-
tion, while subacute sclerosing panencephalitis (SSPE) and
measles inclusion body encephalitis (MIBE) are two rare se-
quelae of central nervous system (CNS) infections (1, 42).
SSPE is invariably fatal and occurs an average of 8 years after
the acute infection. There is no evidence to suggest that a
variant virus is involved in the primary infection, nor has any
vaccine virus has been implicated in the establishment of
SSPE. The virus appears to persist in the body at an unknown
site (37). In SSPE, CNS infection develops in the presence of
high titers of antiviral antibodies, and the isolated viruses are
defective in budding (12). Mutations accumulate in the virus
genome, especially in the fusion and matrix genes, and tran-
scription of envelope genes is reduced by an altered transcription
gradient (3, 8, 41, 43). MIBE is observed in immunosupressed
patients, for example, in some of those with human immunode-
ficiency virus type 1 infection and those undergoing immunosup-
pressive therapy. It has become more prevalent in recent years
and leads to the death of the individual within a few weeks.

Two approaches have been used to study MV neurotropism
in efforts to generate a small-animal model for CNS infection.

First, following the identification of the complement cofactor
CD46 as a receptor for the Edmonston strain of MV (11, 30)
a number of groups have produced transgenic animals which
express the receptor (6, 16, 28, 29, 32, 34). The inflammatory
response in the CNS of transgenic animals has been investi-
gated. CD41 and CD81 T lymphocytes, B lymphocytes, and
macrophages were observed to infiltrate the brain parenchyma,
major histocompatibility complex class I and class II molecules
were upregulated, and the abundance of certain chemokine
mRNAs increased. Apoptosis of neurons was also observed
(25). The role of the immune system in the protection of
CD461 mice from MV-induced encephalitis has also been
examined in this transgenic model (21). Immature mice and
immunologically compromised immature and adult mice were
shown to be susceptible to neurological disease. Immunocom-
petent adult mice were efficiently protected from virus infec-
tion, indicating that lymphocytes have an important role in
disease progression. A second approach has been to isolate
rodent brain-adapted strains of MV by repeated passage in the
CNS (10, 20, 23, 24, 35). The majority of sequence alterations
in these strains reside in the H gene (38), and it is possible that
these changes allow MV to infect rodent neural cells using a
different receptor. We have recently demonstrated, using the
MV rescue system (33), that the H gene is sufficient to permit
the transfer of neurovirulence determinants from a rodent
brain-adapted strain to a nonneurovirulent vaccine strain (13).

The precise mechanism of MV spread in the CNS is un-
known, although it has been suggested that the virus spreads

* Corresponding author: Mailing address: School of Biology and
Biochemistry, The Queen’s University of Belfast, Medical Biology
Centre, 97 Lisburn Rd., Belfast BT9 7BL, Northern Ireland, United
Kingdom. Phone: 44-28-90272060. Fax: 44-28-90236505. E-mail:
p.duprex@qub.ac.uk.

7972



transneuronally (2, 22, 32, 46). We have recently used a re-
combinant MV which expresses enhanced green fluorescent
protein (EGFP) (19) to infect human astrocytoma cells and
observed spread from cell to cell via the interconnecting as-
trocytic process (14). The recombinant virus, MVeGFP, is
based on the Edmonston vaccine strain. This strain is nonneu-
rovirulent in the rodent model of MV encephalitis, in which
suckling C57/BL/6 mice are infected intracerebrally with 200
50% tissue culture infective doses (TCID50) of virus. Recently
a transgenic mouse (Ifnarko-CD46Ge) has been generated
which expresses CD46 with human-like tissue specificity and
contains a targeted mutation that inactivates the alpha/beta
interferon receptor (28, 29). Intracerebral challenge of wean-
ling mice (6 to 8 weeks old) with 3 3 103 or 105 PFU of
Edmonston virus resulted in similar levels of mortality in these
animals (approximately 90%). However, incubation times were
prolonged in the mice infected with lower doses of virus. In this
study we begin to address the unresolved question of how the
virus might spread from cell to cell in the CNS and show, in an
MV-rodent model of encephalitis, that virus-infected cells do
not have the morphological characteristics of neurons. This is
the first investigation that has indirectly observed MV in ex
vivo brain tissue using a recombinant virus which expresses an
autofluorescent protein. MVeGFP is therefore a useful virus
which may substantially augment and enhance our understand-
ing MV neuropathogenesis.

MATERIALS AND METHODS

Cells and virus. Vero cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) containing 8% newborn calf serum (NCS; Gibco) and penicil-
lin-streptomycin (100 mg/ml). These were used routinely for the growth of MV,
which was propagated in DMEM containing 2% NCS. Murine neuroblastoma
cells (TMN) were obtained from Carvell Williams (The Queen’s University of
Belfast). TMN cells were grown in growth medium consisting of DMEM (64%),
nutrient mixture Ham’s F-12 with Glutamax (25%), minimal essential medium
alpha (5%), supplemented with 1% fetal calf serum (FCS; Gibco), 4% NCS, and
antibiotics as above. Human neuroblastoma cells (SH-SY-5Y) were obtained
from Janet Johnston (The Queen’s University of Belfast). SH-SY-5Y cells were
grown in growth medium consisting of DMEM supplemented with 10% FCS and
antibiotics as above. MVeGFP virus was rescued from a modified full-length
infectious antigenomic clone of MV generated by Lars Hangartner (19) using the
MV helper cell line 293-3-46, which was maintained as previously described (33).
MVeGFP was propagated as described previously (14). Virus stocks were pro-
duced in Vero cells following plaque purification, and titers of approximately 5 3
105 TCID50/ml were obtained. Fluorescence microscopy was used routinely to
ascertain that EGFP expression was retained upon virus passage and to ensure
that mutants which had lost the ability to express EGFP were present below the
limit of detection. Titers were obtained by 50% endpoint dilution assays and are
expressed as TCID50, determined by the method of Reed and Muench (36).

Differentiation of TMN cells. TMN cells were differentiated over a period of
8 days using cyclic AMP (cAMP; Sigma) and 59-bromo-29-deoxyuridine (Sigma).
Differentiation medium (TMN growth medium supplemented with 1 mM cAMP
and 3.7 mM 59-bromo-29-deoxyuridine), was prepared freshly prior to differen-
tiation and stored for no longer than 4 weeks at 4°C. TMN cells were seeded in
24-well plates (105 cells/well) in differentiation medium and incubated for 5 days
at 37°C in 5% (vol/vol) CO2. Cells were examined daily by phase contrast
microscopy for the appearance of neurites. Fresh differentiation medium was
then added, and the cells were incubated for a further 3 days. After this time,
based on the resultant morphological changes, the TMN cells were considered to
be differentiated.

Immunofluorescence and confocal microscopy. TMN cells were grown on glass
coverslips to 80% confluency. Monolayers were rinsed with maintenance me-
dium (DMEM [67%], nutrient mixture Ham’s F-12 with Glutamax [25%], MEM
alpha [5%], supplemented with 1% FCS, 1% NCS, and penicillin-streptomycin
[100 mg/ml]). Cells were infected with MVeGFP at a multiplicity of infection
(MOI) of 0.01 and incubated for 1 h at 37°C. After this time unadsorbed virus
was removed, maintenance medium was added, and cells were incubated at 37°C.
EGFP autofluorescence, observed by UV microscopy, was used to monitor the
progress of MVeGFP infection. Cells were fixed for 10 min in 4% paraformal-
dehyde. Propidium iodide solution (6 mg/ml) was used to counterstain the nuclei.
Cells on coverslips were incubated in propidium iodide solution for 5 s at room
temperature. Unbound propidium iodide was removed by three rinses in phos-
phate-buffered saline. A Leica TCS/NT confocal microscope equipped with a
krypton-argon laser as the source for the ion beam was used to examine the
samples for fluorescence. EGFP was visualized by virtue of its autofluorescence

by excitation at 488 nm with a 506-nm to 538-nm band-pass emission filter, and
propidium iodide-stained samples were imaged by excitation at 568 nm with a
564-nm to 596-nm band-pass emission filter.

Vital fluorescent microscopy. Differentiated TMN (dTMN) cells cultured in
24-well trays were infected at an MOI of 0.01 with MVeGFP. SH-SY-5Y cells,
grown to 80% confluency in 25-cm2 tissue culture bottles, were infected at a
similar MOI. An inverted UV microscope was used to monitor the monolayers
for the appearance of EGFP autofluorescence, and single infected cells were
identified. Bottles and trays were oriented on the microscope stage, which was
marked to permit repeated observation of the chosen foci in the differentiated
cells. Images of EGFP autofluorescent cells were collected by confocal scanning
laser microscopy (CSLM) as previously described (14). Observations were made
over a period of 90 h at intervals of between 4 and 8 h.

Infection of transgenic mice and observation of MVeGFP-infected cells ex
vivo. Transgenic mice (Ifnarko-CD46Ge) contain the complete gene sequence
and surrounding flanking regions of human CD46 and lack the interferon type 1
receptor gene (28). Four-day-old suckling IfnarkoCD46Ge mice were obtained
from in-house breeding colonies in the Laboratory Service Unit, The Queen’s
University of Belfast. Animals were kept in a barrier system with light negative
pressure and a 12-h day (artificial light). Mice were infected into the right
cerebral hemisphere under mild halothane anesthesia with 200 TCID50 of
MVeGFP in a total volume of 20 ml. Negative control mice were injected with an
equivalent volume of tissue culture medium. Mice were checked for clinical
symptoms daily. At 3 days postinfection (d.p.i.), mice were sacrificed under
narcosis. The whole brain was removed and placed in a petri dish containing
Optimem (Gibco). Brains were sectioned sagittally, and the tissue was main-
tained at 37°C in 5% CO2 for a period of 6 h. During this time, repeated
observations were made of EGFP autofluorescent cells within the tissue using an
inverted UV microscope. Image stacks (ca. 20 to 150 mm) were collected through
relatively large sections of the tissue by CSLM. Brain tissues were kept in the
same orientation throughout the observation period to permit reidentification of
infectious centers.

Immunopathology and histology. MV was detected in 8-mm brain sections as
previously described, using a monoclonal antibody which recognises the nucleo-
capsid protein (13, 26).

RESULTS

MVeGFP infection of murine neuroblastoma cells. In order
to ascertain whether a derivative of the attenuated Edmonston
vaccine strain of MV can infect TMN cells, undifferentiated
TMN cells grown to a confluency of 80% were infected at an
MOI of 0.01 with recombinant MVeGFP. Infected cells were
located using phase contrast and UV microscopy. Fewer in-
fected cells than expected were observed, based on the MOI
used, indicating that the infection occurred relatively infre-
quently. Nevertheless, the infection spread from cell to cell by
fusion, and syncytia were generated. Confocal microscopy was
used to visualize EGFP autofluorescence, and Fig. 1A shows a
representative focus of infection at 90 h postinfection (h.p.i.).
Cells were fixed and permeabilized using paraformaldehyde,
which has no effect on EGFP autofluorescence. Propidium
iodide was used to counterstain the nuclei. The nuclei were
large compared to the overall size of the cells. Remarkably,
MVeGFP was observed to spread from cell to cell by fusion.
The relatively large nuclei clustered in the center of syncytia.
EGFP was dispersed throughout the cytoplasm of both single
infected cells, observed earlier in the infection, and syncytia.
Some accumulation of EGFP was observed in the nuclei of
infected cells. This phenomenon has been noted previously in
astrocytoma cells and is assumed, at present, to be nonspecific.

MVeGFP infection of differentiated TMN cells. In order to
observe whether differentiation of TMN cells affected their
ability to be infected by MVeGFP, TMN cells were differen-
tiated for 8 days in the presence of 1 mM cAMP and 3.7 mM
59-bromo-29-deoxyuridine. The morphology of the cells was
observed routinely by phase contrast microscopy throughout
the procedure. At the outset a small proportion, approximately
0.5%, of the cells had extended processes. Many more projec-
tions, which were approximately the length of a single cell,
were observed after 3 days. By this stage almost all of the cells
possessed at least one process. Ramified processes, which in-
creased in number throughout the differentiation procedure,
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were seen to connect neighboring cells. Cell numbers did not
increase over the 8 days. No significant numbers of additional
neurites were observed to develop after this time period.

dTMN cells were infected at an MOI of 0.01 with MVeGFP.
Cells were infectable, but only small numbers of EGFP-posi-
tive cells, approximately 1 in 1,000, were detected. Single
MVeGFP-infected cells were observed by their autofluores-
cence at 40 h.p.i. A number of these infectious centers were
located and marked to assist in their relocation over the time
course. Cells were observed every 4 to 8 h. Representative
images are shown in Fig. 1B to E at 48, 66, 72, and 90 h.p.i. In
this instance, because the cells were observed in real time, the
nuclei are unstained and therefore uninfected cells are not
visible. EGFP autofluorescence was detected throughout the
cell cytoplasm and accumulated in the nucleus. Phase contrast
microscopy indicated that fusion occurred between infected
cells (data not shown). Two infected cells are shown in Fig. 1B.
A process, terminating in a bouton, extends from the infected
cell on the left. When phase contrast microscopy was used to
examine the uninfected cells, it was noted that this neurite
seemed to interact intimately with a neighboring cell. Interest-
ingly, this cell remained uninfected throughout the period of
observation. By 66 h.p.i., two newly infected cells were ob-
served along with a large number of interconnecting, ramified
processes (Fig. 1C). At 72 h.p.i. the first two observed infected
cells were fused; this was verified at higher magnifications
using phase contrast microscopy, and further processes ex-
tended from the cell bodies (Fig. 1D). Uninfected cells sur-
rounding this focus seemed to be in close contact with infected
cells, as observed by phase contrast microscopy. Two more
infected cells were observed at 90 h.p.i. (Fig. 1E). The upper
outlying infected cell is clearly connected to the main body of
infected cells by a process. At later time points, more of the
interconnecting processes were observed to show EGFP
autofluorescence. Cell-to-cell spread appears to occur rapidly,
and cells in which EGFP influx occurred immediately at the
site of fusion and spread from this site, increasing in intensity
to fill the whole cell, were never observed. Rather, as in the
case of the undifferentiated TMN cells, the nuclei were the first
subcellular structures to exhibit EGFP autofluorescence.

MVeGFP infection of human neuroblastoma cells. SH-
SY-5Y is a human neuroblastoma cell line which expresses
well-characterized neuronal markers such as neurofilament
protein (data not shown). Phase contrast microscopy indicated
that some cells developed long neuronal processes, which were
many times the length of single cells. We were therefore in-
terested to ascertain if these processes could be used to permit
MVeGFP to infect neighboring cells in a similar manner to the
process-mediated spread observed previously in the dTMN
cells. In order to determine if the recombinant, EGFP-express-
ing MV could infect the human neuroblastoma cell line SH-
SY-5Y, cells were grown to 95% confluency and infected at an
MOI of 0.01. Cells were infected at the level expected from the
MOI, and EGFP autofluorescence was readily observed at
48 h.p.i. Due to the confluence of the cells, large syncytia were
formed by 60 h.p.i. When processes were available, the virus
was observed to utilize these to infect neighboring cells. A
typical example is shown in Fig. 2. At 80 h.p.i. a long process
was observed to extend from the large EGFP-positive syncy-
tium, and a single cell is infected. The process traverses many
uninfected, underlying SH-SY-5Y cells, and a number of bou-
tons (arrowed) are visible along its length (Fig. 2A). Six hours
later, a small syncytium was observed to develop from this
single infected cell. During this time, the original syncytium has
increased in size (Fig. 2B). As the outlying syncytium increased
in size, the connecting process remained intact and brightly

FIG. 1. Cell-to-cell spread of MVeGFP in undifferentiated and differentiated
murine neuroblastoma cells. TMN cells at a confluency of 80% were infected
with MVeGFP at an MOI of 0.01. Undifferentiated TMN cells were fixed and
examined by CSLM for fluorescence. (A) Syncytium of infected undifferentiated
TMN cells at 90 h.p.i. Nuclei were counterstained using propidium iodide, and
micrographs represent a 10-mm composite optical section. Infected dTMN cells
were identified by UV microscopy, and the positions of infectious centers were
marked to aid in their reidentification throughout a time period of 42 h. (B) Two
infected dTMN cells, one of which has an extended process (48 h.p.i.). (C) A
number of newly infected cells with interconnecting autofluorescent processes
(66 h.p.i.). (D) No additional fluorescent cells were observed by 72 h.p.i., but a
number of additional autofluorescent processes were visible. By 90 h.p.i., further
TMN cells became infected via these processes (E). Autofluorescent images (B
to E) were collected as single optical sections by CSLM.
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autofluorescent (Fig. 2C). Both syncytia increased in size as
time progressed, and other processes were observed to ema-
nate from the edge of the syncytia at 104 h.p.i. (Fig. 2D). By
this stage the secondary syncytium comprised approximately
100 infected cells.

Infection of CD46 transgenic animals. EGFP autofluores-
cence is a very sensitive indicator of MVeGFP infection in
neuroblastoma cells. Having observed the cell-to-cell spread of
MVeGFP in vitro, we tested if this virus would be useful for the
in vivo observation of MV. Intracerebral injection into the
CNS of neonatal rodents is the only animal model available

which permits extensive exploration of MV neuropathogen-
esis. We therefore chose to use Ifnarko-CD46Ge transgenic
animals to investigate whether MVeGFP could be detected by
virtue of the EGFP autofluorescence in the CNS.

A litter of six 5-day-old Ifnarko-CD46Ge transgenic mice
were infected intracerebrally with MVeGFP (200 TCID50).
Animals were monitored daily for clinical symptoms. In pre-
liminary experiments we used the parental virus, Edtag (33), at
similar titers. As early as 4 d.p.i. neurological illness, defined by
ataxia and paralysis of the hind limbs, was observed (data not
shown). We therefore sacrificed the MVeGFP-infected ani-

FIG. 2. Process-mediated cell-to-cell spread in human neuroblastoma cells infected with MVeGFP. SH-SY-5Y cells at a confluency of 95% were infected with
MVeGFP at an MOI of 0.01. (A) Syncytium with a number of extended processes (arrows) was identified by UV microscopy (80 h.p.i.). A single infected cell is visible
at the end of one of the processes. This infectious center was observed for a further 24 h. (B) By 86 h.p.i., a new syncytium had developed from the single infected cell.
The connecting process remained visible and is indicated by an arrow. (C) By 87 h.p.i., the autofluorescence in a number of cells on the periphery of the secondary
syncytium increased in intensity. (D) The two syncytia increased in size by 104 h.p.i. Autofluorescent images were collected as single optical sections by CSLM and are
shown in “false” white.
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mals at 3 d.p.i. to ascertain if EGFP autofluorescence could be
detected at this time point in the infection and to observe the
type of neural cells infected. Brains were removed and sec-
tioned along the sagittal plane. Sections were placed in a petri
dish containing serum-free medium under a 5% (vol/vol) CO2
atmosphere. CSLM was used to collect image stacks through
the tissue. Uninfected brains were also obtained to ascertain
the overall level of background tissue-specific autofluores-

cence. A low level of tissue-specific autofluorescence was ob-
served in these image stacks. This was, however, diffuse, and
EGFP autofluorescence was clearly distinguishable in a num-
ber of discrete foci in the infected brain sections. Figure 3A
shows a composite of 64 separate images of a typical focus of
infection through 140.5 mm of brain tissue with spacing of
approximately 2 mm. This focus of infection was located in the
outer cortex of the brain. The parenchyma of the brain was

FIG. 3. Detection of EGFP autofluorescence in brain tissue from MVeGFP-infected Ifnarko-CD46Ge transgenic animals. Suckling animals were infected intra-
cerebrally with MVeGFP (200 TCID50). Animals were sacrificed 3 d.p.i., and brains were removed for observation by CSLM. (A) Focus of MVeGFP infection in the
outer cortex of the brain. Arrows indicate a single process which extends from this focus into the brain parenchyma. (B) Neuronal process (arrowed) within an area
of infection. (C) Infected ependymal and neuroblast cells surrounding a ventricle (V). This region of the brain tissue was observed after 6 h, and more cells were seen
to be infected (D). Inset E is the equivalent region selected from C and aligned for comparison. An open arrow indicates the same cell (C, D, and E). Autofluorescent
images were collected as before and are shown in “false” white.
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readily observed due to the low level of background tissue-
specific autofluorescence. What became apparent upon gener-
ation of the composite images was the presence of long,
EGFP-positive processes which extended into the tissue from
the foci of infection (Fig. 3A and B, arrows). These processes
were observed in other image stacks and were never observed
in single images, as they would have had to be present entirely
within one confocal plane. Therefore, the processes, which are
transected by the individual focal planes of an image stack,
appear as rows of dots. They were similar in appearance to
those observed in the in vitro studies using the SH-SY-5Y and
TMN cells. Figure 3B shows another example, this time within
the tissue through an optical section of 150 mm. The process
(arrow) can be seen to extend from an area of infection within
the tissue.

The presence of EGFP within the MV genome allows the
observation of CNS cells in very early stages of infection (14).
EGFP autofluorescence was also observed in brain cells which
did not have the morphology of neurons. Structures were ob-
served which resembled a ventricle, as confirmed by light mi-
croscopy. Sixteen images were collected through a 21.9-mm
optical section immediately after dissection (Fig. 3C). Based
on the morphology and location of the EGFP-positive cells, we
believe these are cells of the ependyma and surrounding neu-
roblasts. Hematoxylin and eosin (H&E) staining of sections
from infected transgenic animals was used to confirm this. A
projection was also observed to extend from the ventricle.
Again based on morphology and with reference to H&E-
stained sections, this is most likely the area of the brain which
contains the developing neuroblasts. This area of the sections
was observed 6 h later, and it was apparent that, during this
time, more cells became positive (Fig. 3D). The inset (Fig. 3E),
duplicated from Fig. 3C, shows the equivalent position in the
tissue 6 h previously for comparison, and the same cell is
indicated by an open arrow. The cells remained strongly pos-
itive for EGFP throughout the observation period, suggesting
that MV replication was still occurring ex vivo.

We have not previously observed either infected ependymal
or neuroblast cells in the mouse model of MV encephalitis
using standard immunohistochemical techniques. Sections
were therefore obtained from CAM/RB (rodent brain-adapted
MV)-infected Ifnarko-CD46Ge animals at 6 d.p.i. to ascertain
if it was possible to detect infected ependymal and neuroblast
cells using this approach at this late stage of infection. Figure
4A shows cells of the ependyma and surrounding neuroblasts
which are clearly positive for MV nucleocapsid antigen. Once
again H&E staining was used to confirm the identity of the
cells (Fig. 4B).

DISCUSSION

We have demonstrated here, both in vitro and in vivo, that
MV is capable of utilizing neuronal processes to spread from
cell to cell. This observation gives a clear indication of how
discrete foci of infection may arise in the transgenic (Ifnarko-
CD46Ge) model of MV CNS propagation. We have also
shown appreciable levels of infection in cells of the ependyma
and in the surrounding neuroblasts. This illustrates how MV
establishes an infection in the transgenic model, and it is very
possible that the same mechanisms may underlie MV spread in
the more often used nontransgenic C57/BL/6 model. We have
recently used this model to demonstrate that the H gene con-
tains molecular determinants necessary for mouse neuroviru-
lence (13) and are currently interested in determining if this
observation is relevant to the human situation. In particular,
we wish to elucidate how these alterations may affect virus

spread in the CNS. It is apparent that the H gene permits MV
to enter and spread within the rodent CNS, although no clear
model exists for the mechanism or site of entry. Many viruses,
such as canine parainfluenza virus and mumps virus, are known
to infect the ependymal cells which line the ventricles of the
brain (5, 45). We have used MVeGFP to demonstrate that
many of the cells which surround the ventricles exhibit EGFP
autofluorescence upon infection by the recombinant virus.
Based on their location and morphological characteristics, we
believe that these are ependymal and neuroblast cells. Infec-
tion of these two cell types by the rodent brain-adapted virus
CAM/RB has also been confirmed by immunohistochemistry
and H&E staining. It is known that MV can bind to murine
ependymal cells (40). In previous studies using transgenic and
nontransgenic systems, we and others have either failed to
detect (13, 32) or observed only small numbers (31) of either
infected ependymal cells or neuroblast cells using immunohis-
tochemistry or in situ hybridization. Infected ependymal cells
have been previously described in this model using higher titers
of input virus (28). In this study a relatively small number of
virus particles (200 TCID50) were used for intracerebral infec-
tion, indicating that, following entry and replication, MVeGFP
efficiently spreads to the neighboring cells surrounding the
ventricle and thence to neuroblasts in the subependymal layer.
At this stage many more of these cells were infected than
neurons. These observations shed some light on how MV es-

FIG. 4. Immunohistochemistry and H&E staining of brain sections from
Ifnarko-CD46Ge suckling animals infected intracerebrally with the rodent brain-
adapted virus CAM/RB. Sections were formalin fixed, and MV antigen was
detected with an antinucleocapsid monoclonal antibody; positive staining ap-
pears brown. (A) Virus-infected neuroblasts and ependymal cells surrounding
the ventricle. (B) H&E staining was used to confirm the identify of the infected
cells. Magnification, 3100.

VOL. 74, 2000 RECOMBINANT MV INFECTION OF NEURAL CELLS 7977



tablishes an infection in the mouse model of encephalitis.
However, it is difficult to imagine that they mimic the process
by which MV enters the CNS in human infections. Neverthe-
less, they are relevant for the interpretation of data obtained in
any subsequent studies which use rodent models of MV en-
cephalitis.

One common observation made in all studies of MV infec-
tion, using both transgenic and rodent brain-adapted models, is
the correlation between age of infection and extent of disease
progression in the CNS (18, 23). This situation also exists in
other experimental animal systems and humans (4, 34, 45). It is
known that brain barriers mature postnatally, and it has been
suggested, from studies on mumps virus, that this may be a
major factor governing the overall progression of the infection
in experimental animals (45). It has not, however, been estab-
lished whether neuronal maturity has a role in slowing virus
progression in the CNS. The contribution of the immune re-
sponse to the protection of adult mice from CNS disease has
been reported in a transgenic model, and it is clear that lym-
phocytes have an important role in modulating disease pro-
gression in adult animals (21). Only low levels of viral antigen
were detected in brains of infected immunocompetent ani-
mals, whereas when the transgenic animal was back-crossed to
T- and B-cell-deficient RAG-22 knockout mice, significantly
higher levels of infected neurons were observed.

These studies using MVeGFP virus therefore raise interest-
ing questions in relation to the cell-to-cell spread of MV in
particular and neurovirulent viruses in general in the CNS. The
presence of CD46 is known to support virus entry (11, 30). In
this study we have shown that MVeGFP, an Edmonston de-
rivative, can infect murine cells at low levels. A previous study
has also reported the infection of mouse neuroblastoma cells
with the Edmonston strain of MV (17). It therefore seems that
MV can infect cells in a CD46-independent manner, using an
as yet unknown, possibly receptor-independent mechanism. It
has been suggested that the virus spreads in the brain without
budding (3, 22, 43), and the question of the precise role of
CD46 in cell-to-cell spread in the CNS remains open. Recently
Lawrence and colleagues have shown that cell contact but not
CD46 expression is required for interneuronal spread (22).
Undifferentiated and differentiated human neuroblastoma
cells, primary murine neurons, and CD46-expressing primary
murine neurons were used to demonstrate that MV spreads in
the absence of budding. We have also differentiated the same
neuroblastoma cell line and shown that the CAM/RB strain of
the virus can enter CD46-negative differentiated neuroblas-
toma cells via CD46-positive neuroepithelial cells (27). It is
therefore apparent that CD46 can support MV spread (28),
although concomitant mechanisms may exist. Clearly rodent
brain-adapted strains, such as CAM/RB, HNT, and Edtag-
CAMH, can enter and spread in the absence of CD46. Cur-
rently it is most likely that a different receptor could be used to
gain access to the CNS. Again, the role of this as yet unchar-
acterized receptor in the subsequent cell-to-cell spread of MV
in the rodent CNS is unclear. Whether this is the same recep-
tor(s) as for wild-type MV is not known.

In both SSPE and MV rodent models of encephalitis, little is
known about the precise mechanism of MV spread in the CNS,
although its anatomical distribution has suggested that the
virus spreads transneuronally (2). This idea is substantiated by
the frequent detection of antigen in neuronal processes in
brain tissue from SSPE patients and the cell-associated nature
of viruses isolated from SSPE cases (43). Viral antigen has also
been detected in neuronal processes in infected rodents using
immunohistochemistry and electron microscopy (13, 28, 32,
47). Axonal spread has been examined using the HNT virus in

a study in which 8- to 10-week-old mice were injected in the
right olfactory bulb (46). A low level of virus was detected in
the brain in one of four animals 14 d.p.i. It was necessary to use
mice which were deficient in the transporter associated with
antigen presentation to achieve appreciable levels of infection
in this model, and it is possible that this may be due to the age
of the animals used. SSPE strains frequently have altered M
proteins and mutations in the cytoplasmic tail of the F proteins
(8, 39). Viruses which lack M protein and have alterations in
the cytoplasmic tail of the F protein have been generated using
the MV rescue system. These viruses lost acute pathogenicity
but penetrated more deeply into the brain parenchyma of
transgenic mice than standard MV, substantiating the notion
that the ability to fuse efficiently rather than produce infectious
virus modulates MV spread in the CNS (7). Recently it was
proposed, based on the alignment of nucleocapsids near pre-
synaptic membranes, that a novel mechanism of MV spread
exists in mouse neurons which involves transynaptic spread
(22). In this study we believe that we have demonstrated pro-
cess-mediated spread, but at present, no evidence is available
for the transmission of nucleocapsids through the synapse. In
this context it should be considered that the glycoproteins of
MV replicating in the brains of SSPE patients do maintain
fusion functions, suggesting a role for the envelope proteins in
cell-to-cell spread (9). Using MVeGFP, we have observed
autofluorescence, and thereby detected virus indirectly, in neu-
ronal processes which would be difficult to observe in embed-
ded tissue sections at these early stages of infection. At this
stage only small numbers of neurons were infected. This cell-
to-cell, process-mediated spread is mirrored by the in vitro
neuroblastoma model systems in which fusion is operative. It is
clear from this study that the neurites which were generated
upon differentiation of the TMN cells are utilized by MV to
infect new cells and that MV makes use of these neurite-
neurite connections to rapidly infect neighboring cells in the
absence of virus budding. This confirms previous observations
in other systems (22, 34). A similar situation occurs in the
SH-SY-5Y infected cells. Interestingly, some cells remained
uninfected even though they appeared to be in close proximity
to the EGFP-positive and therefore virus-infected cells. This
was also observed in recent studies using MVeGFP-infected
astrocytoma cells (14).

This study has demonstrated the usefulness of MVeGFP for
the study of MV cell-to-cell spread in vitro and in vivo. Utili-
zation of neuronal processes in cell-to-cell spread has been
demonstrated, but the precise mechanisms at the process-cell
junctions are not yet clear. The high level of neuroblast cell
infection has not been observed previously. This gives the first
clear indication as to how an infection is established in the
rodent models of MV encephalitis. The models developed in
this study will aid in the dissection of the infection process of
this neuropathogenic virus and may shed light on the precise
mechanisms involved in transneuronal cell-to-cell spread. This
is relevant for MV infections of the human CNS and may have
wider implications for the study of other persistent neurotropic
viruses. Alphaherpesviruses have been extensively used to
study transneuronal spread and analyze neuronal circuitry (15,
44), and it may now be possible to use MVeGFP in similar
studies.
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