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A new recombinant vesicular stomatitis virus (rVSV) that expresses green fluorescent protein (GFP) on the
cytoplasmic domain of the VSV glycoprotein (G protein) was used in the mouse as a model for studying brain
infections by a member of the Mononegavirales order that can cause permanent changes in behavior. After nasal
administration, virus moved down the olfactory nerve, first to periglomerular cells, then past the mitral cell
layer to granule cells, and finally to the subventricular zone. Eight days postinoculation, rVSV was eliminated
from the olfactory bulb. Little sign of infection could be found outside the olfactory system, suggesting that
anterograde or retrograde axonal transport of rVSV was an unlikely mechanism for movement of rVSV out of
the bulb. When administered intracerebrally by microinjection, rVSV spread rapidly within the brain, with
strong infection at the site of injection and at some specific periventricular regions of the brain, including the
dorsal raphe, locus coeruleus, and midline thalamus; the ventricular system may play a key role in rapid rVSV
dispersion within the brain. Thus, the lack of VSV movement out of the olfactory system was not due to the
absence of potential for infections in other brain regions. In cultures of both mouse and human central nervous
system (CNS) cells, rVSV inoculations resulted in productive infection, expression of the G-GFP fusion protein
in the dendritic and somatic plasma membrane, and death of all neurons and glia, as detected by ethidium
homodimer nuclear staining. Although considered a neurotropic virus, rVSV also infected heart, skin, and
kidney cells in dispersed cultures. rVSV showed a preference for immature neurons in vitro, as shown by
enhanced viral infection in developing hippocampal cultures and in the outer granule cell layer in slices of
developing cerebellum. Together, these data suggest a relative affinity of rVSV for some neuronal types in the
CNS, adding to our understanding of the long-lasting changes in rodent behavior found after transient VSV

infection.

The Mononegavirales order of viruses includes the rhabdovi-
ruses (rabies virus and vesicular stomatitis virus [VSV]),
paramyxoviruses (mumps virus and measles virus), filoviruses
(Marburg and Ebola viruses), and Borna disease virus. Many
members of this order can invade the central nervous system
(CNS) with neurological complications that may persist long
after the virus is eliminated. Lack of in vivo models for such
infections has hampered neurovirology studies in this field.

VSV has a very wide host range, from vertebrates, including
humans, to insects, including sand flies, house flies, and mos-
quitoes, which may spread the virus among mammals (42). It is
a natural pathogen in a wide range of animals, including live-
stock. Infected animals develop vesicles in the mouth, partic-
ularly on the tongue and also on the hooves and udders of
mares and cows; VSV symptoms in livestock are similar to
those seen with hoof and mouth disease, caused by a different
virus. Animals produce a strong humoral and cellular immune
response to VSV, and most animals quickly recover from the
disease. VSV is distantly related to rabies virus; however, un-
like rabies virus, VSV is highly cytopathic.

VSV is a bullet-shaped, enveloped virus and replicates and
directs gene expression in the cytoplasm. Its genome is a single
negative-sense, nonsegmented strand of RNA that contains
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only five genes encoding structural proteins (N, L, P, M, and
G) and has a total size of 11.161 kb. The single envelope
glycoprotein (G) is responsible for attachment of the virus to a
cell surface receptor and fusion of the viral to endosomal
membranes, allowing entry of the viral RNA into the cell (42).

Previous work has suggested that VSV is neurotropic. The
virus can gain entry to the CNS from the outside environment
by infecting the olfactory receptor neurons in the nasal passage
(1, 18, 23, 25, 30). After intranasal inoculation, VSV can be
found in the CNS, but little is found outside the brain (18, 30),
as studied in mice and rats. If VSV disperses within the brain
before it is eliminated by the immune system, it can result in
permanent behavioral alterations, neurological complications,
or death. Of considerable interest is the possibility the virus
may show a selective affinity for some neuron types. For in-
stance, VSV infections of the brain affect the locus coeruleus
and dorsal raphe, two neuronal loci that synthesize norepi-
nephrine and serotonin, respectively (18, 21). Animals that
survive VSV infection show a permanent reduction in seroto-
nin and also show permanent behavioral alterations, including
hyperactivity and poor performance on the Morris water maze
(21), which last long after the virus has been eliminated by the
immune system. VSV infections of the CNS thus may provide
an important model of transient viral infections of the brain
leading to neurological or mental dysfunction.

In the present study, we used a recombinant VSV (rVSV)
engineered to express a GFP reporter gene fused to the cyto-
plasmic domain of the VSV G protein that allows the active
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virus to be tracked in brain and in vitro. To clearly define cell
preferences in vivo and in vitro, with a focus on neurons, and
given the high mutation rate of the virus and the different
strains of virus used in previous work from several different
laboratories, we have examined both in vitro and in vivo con-
ditions of rVSV infection with a single virus whose sequence is
defined (7). One advantage of this recombinant virus is that
live infected cells can be detected at an early stage (3 h) by the
appearance of the G-GFP protein, and after 6 h, the morphol-
ogy of the infected cells is defined in exquisite detail by GFP at
the plasma membrane of the entire dendritic arbor.

MATERIALS AND METHODS

rVSV. The rVSV was made from reconstitution of the Indiana strain of VSV
from DNA (15) coding for a positive-sense strand of RNA, as described in detail
elsewhere (7). Briefly, the coding sequence for an enhanced redshifted and
mammalian codon-corrected GFP (EGFP; Clontech) was fused to the coding
sequence of the VSV G protein and incorporated as an extra gene downstream
of the unmodified VSV gene. VSV particles contain about 1,200 molecules of the
G protein on the viral surface (39). A recombinant virus that expresses GFP
fused to the VSV G protein was generated from a combination of four plasmids
that were cotransfected (29) into baby hamster kidney cells (BHK-21) to gener-
ate rVSV. vIF7-3, a recombinant vaccinia virus, was used to provide T7 RNA
polymerase, an enzyme necessary for gene expression. rVSV from plates showing
a cytopathic effect and GFP expression was titrated on BHK-21 cell monolayers,
individual green plaques were isolated, and virus from them was grown on
BHK-21 cells. This virus expresses both wild-type G and G-GFP fusion proteins,
which form heterotrimers. The heterotrimers are transported to the cell surface
and incorporated into budding virions.

Intracerebral and transnasal infection. Adult mice, 35 to 40 days old at the
time of inoculation, were used for intracerebral injections (n = 8) and nasal
application (n = 9). After anesthetizing the mouse with Nembutal (60 mg/kg of
body weight), a small hole was made in the top of the skull. A Hamilton
microsyringe was used to deliver a small volume (0.1 to 0.5 pl) of sterile buffer
containing VSV (10% PFU/ml). The tip of the injection needle was lowered 3 mm
down from the top of the skull, 1.5 mm lateral to right of the midline, and the
VSV was administered by slow application of pressure. Four mice received
injections aimed at the rostral part of the brain (striatal area), and four mice
received injections aimed more caudally at the hippocampal area.

After the mice had been anesthetized with pentobarbital (Nembutal;60 mg/
kg), 15 pl of sterile medium containing VSV was applied to each of the external
nares, resulting in infection of the nasal cavity. At 2 (n = 2), 5 (n = 2), or 8 days
(n = 5) postinoculation (p.i.), mice were given an overdose of anesthetic (Nem-
butal; 100 mg/kg) and perfused transcardially with physiological saline followed
by freshly prepared 4% paraformaldehyde. Serial sections with a thickness of 10
to 20 wm were cut on a freezing sledge microtome through the entire brain. From
the serial sections, 1 of every 20 sections was mounted in a cryoprotectant buffer
on glass slides, giving a representative view of the entire brain. After a coverslip
was added, sections were saved in a freezer until studied.

Primary mouse brain culture. Embryonic brain tissue was used for primary
neuronal culture. Cells were plated on glass coverslips that had been pretreated
with polylysine to enhance the affinity of cells to the substrate. In some experi-
ments, we used cultures of whole brain, and in others, we used selective cultures
of single brain regions, often the hippocampus. More details of the culture
methodology can be found elsewhere (41). In some experiments, we used cul-
tures of various organs to compare relative VSV infection and production.
Animal use in these experiments was approved by the University Committee on
Animal Use.

Human primary culture. Tissue from human cerebral cortex was used for
primary culture. Tissue was removed solely for medical reasons and for the
patient’s benefit. Tissue was from brain tumors that included both part of the
tumor and tissue at the edge of the tumor. Use of the tissue after surgical
removal was approved by the Human Investigations Committee of the Univer-
sity.

Live brain slices. After animals were given an overdose of Nembutal, brains
were removed and cut into 200-pm-thick slices. Slices were maintained at the
gas-fluid interface on a Millipore membrane at 37°C with 5% CO.,. Brain slices
were fed with Neurobasal (Gibco/BRL). Slices were infected with rVSV by
placing a drop of virus-containing medium on the slice (10° PFU per slice).
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Ultrastructural analysis. To study the fine structure of VSV in infected cells,
mouse hippocampal cultures were used after 7 days in vitro. Six to 8 h p.i,,
cultures were fixed with 3% glutaraldehyde in a 0.1 M cacodylate buffer for 1 h,
washed with the same buffer, postfixed in1% osmium tetroxide, dehydrated
through an ascending ethanol series that included uranyl acetate in the 70%
ethanol, and then treated with propylene oxide and embedded in Epon. The glass
substrate was removed with liquid nitrogen, and ultrathin sections were cut and
stained with uranyl acetate and lead citrate. Photomicrograpths were taken on a
Phillips or JEOL electron microscope.

Microscopy. Most photomicrographs from cultures or slices were taken of live
cells. Micrographs of tissue sections were made from fixed brain material. Nikon
or Olympus IX70 or SZX12 microscopes with xenon or mercury illumination
were used to examine infected material. A variety of excitation and emission
filters (Chroma, Brattleboro, Vt.) were used to detect the GFP-G fusion protein
and ethidium homodimer. Differential interference contrast (DIC) or phase-
contrast images were also used to examine fields of cells for control purposes to
give an idea of the relative number of cells showing expression of the viral
reporter gene. A Spot or RT digital camera (Diagnostic Imaging, Ann Arbor,
Mich.) interfaced with a Macintosh computer was used. Contrast and saturation
were corrected digitally with Photoshop. Images were printed on an Epson 870
or 900 printer or a Kodak 8650 printer. When several micrographs on a single
plate are shown to compare levels of infection, identical parameters of image
acquisition and processing were used.

RESULTS

By using a recombinant virus that expresses GFP attached to
its G protein, we examined rVSV infection of cells from mouse
and human CNS. Previous work with VSV has been done in
vitro and in vivo, but often by different laboratories with dif-
ferent strains of VSV leading to varying results. Because VSV
has a high rate of mutation (1 in 10,000 nucleotides, or 1/viri-
on), different VSV strains may vary considerably in their nu-
cleotide and amino acid sequences, particularly in the G pro-
tein that mediates virus attachment and fusion to host cells.
Previous work has suggested that VSV is nonselective in its
target cell (42), or that, in the brain, it may be very selective for
subsets of neurons (30). To study viral entrance and infection
of the brain, we first examined mouse brains after intranasal
inoculations and compared these results with those from brains
infected intracerebrally or from brain slices infected with VSV.
To further examine VSV cellular tropism, we next studied
VSV infections of mouse and human cells in culture and then
compared VSV infections in developing and mature neurons in
vitro. These studies are important both to characterize this
recombinant VSV, which has not previously been used to study
brain cells, and to study virus dispersal and infection in the
CNS.

Intranasal inoculation. A number of viruses, including those
in the mononegavirales family such as rabies (14) and Borna
disease virus (34), can enter and infect the brain through the
nasal path. VSV may gain access to the brain through the
olfactory nerve (17, 25, 30). To verify this with the recombinant
virus used in the present study, we administered VSV (10,000
PFU) into each of the external nares. By 2 days p.i., GFP
expression could be found in the olfactory nerves within the
olfactory bulb (Fig. 1A). Green fluorescence was found in
some, but not all, regions of the olfactory nerve, including the
olfactory axons that terminated in the glomeruli of the olfac-
tory bulb (Fig. 1C and D). In regions of the bulb in which the
GFP-expressing olfactory nerves terminated, GFP-expressing
periglomerular cells were found (Fig. 1B to D). Strong expres-
sion of green fluorescence was found in the presynaptic den-
drites of the periglomerular cells, particularly on the plasma
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FIG. 1. Nasal infection 2 to 5 days p.i. (A) Two days after nasal inoculation, VSV-GFP can be found in the olfactory nerves innervating the
surface of the olfactory bulb (arrows). Scale bar, 30 pm. (B) A periglomerular cell and its dendrites show GFP fluorescence. Adjacent glomeruli
show no sign of infection. Scale bar, 25 wm. (C) A single glomerulus shows strong infection, with many cells expressing GFP. Adjacent glomeruli
show only a small amount of infection in one or two cells. Scale bar, 25 wm. (D) Higher magnification of panel C showing dense packing of infected
periglomerular cells. Scale bar, 12 um. (E) Near the center of the bulb, a high level of infection is found. Scale bar, 15 pm. (F) More caudally,
a group of cells near the subventricular zone are infected. Scale bar, 15 wm. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external
plexiform layer.
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membrane at the cell surface (Fig. 1B). Infection of the glo-
merular layer was quite heterogeneous. Some glomeruli were
full of infected green fluorescent neurons (Fig. 1C and D),
whereas others showed few infected cells (Fig. 1B). In mice
treated with VSV nasally, both left and right olfactory bulbs
showed similar levels of VSV infections. Many glomeruli
showed no signs of VSV infection.

By 5 days p.i., many of the cells in some glomeruli showed
signs of cell death. Cells showed fragmentation and lost the
smooth GFP expression at the cell surface, and GFP product
became granular as infected cells degenerated. GFP expres-
sion in the periglomerular layer was attenuated. As at the
shorter time interval of 2 days p.i., many glomeruli showed no
signs of infection and no sign of cell death. As suggested by
immunostaining for VSV antigens (12), VSV G-GFP expres-
sion was attenuated in the mitral cells compared with the
strong expression in the glomerular and granule cell regions of
the bulb. Clusters of granule cells showed expression of GFP.
Also infected was a region of granule cells near the center of
the bulb and the rostral extension of the ventricle, as well as
caudally along this cell group (Fig. 1E and F). The two cell
types that show the strongest levels of VSV infection, the
periglomerular and granule cells, are both interneurons that in
most cases use y-aminobutyric acid (GABA) as their inhibitory
neurotransmitter (35).

Interestingly, at 8 days after nasal inoculation, little fluores-
cence indicative of viral infection of live cells was detectable in
the olfactory bulbs or the brains, suggesting a considerable
depression in VSV infection in the olfactory bulb (Fig. 2A and
B). That the lack of active infection was not the result of
inadequate inoculation a priori was indicated by several fac-
tors. A pathway of dead cell debris could be found in the
olfactory bulb and in the rostral brain. At this stage, no evi-
dence for live infected cells was detected, and no GFP re-
mained in the olfactory bulb in five of five brains. However,
GFP-labeled debris from recently dead cells could be found as
far caudal as the region just medial to the rostral nucleus
accumbens in the area of the subventricular zone in four of five
brains (Fig. 2C to E). This region is a source of neuronal
precursor cells that migrate into the olfactory bulb, even in the
adult, and give rise to interneurons within the bulb (16, 19).

In contrast to the four mice that showed no sign of active
infection 8 days p.i., one mouse brain showed strong infection
in the preoptic area restricted to one side of the third ventricle
(Fig. 3A and B). This was highlighted by strong GFP fluores-
cence in many cells here and by a region in the ventral preoptic
area where GFP expression had been lost, but degenerating
cells were found that had a granular appearance and showed a
dull red fluorescence, a by-product of the degeneration of cells
infected with the GFP-expressing virus (Fig. 3C). No GFP, no
cellular degeneration, and no red fluorescence were found on
the contralateral side of this brain, either in the neuropil or in
the cell bodies (Fig. 3). Little GFP was found in the ependymal
cells on the side of the preoptic area contralateral to the
infected side of the brain. Despite the neuronal death in these
nasally infected mice, they appeared healthy and showed no
obvious signs of poor health. Control experiments (n = 4) were
also done with nasal administration of a GFP-expressing re-
combinant mouse cytomegalovirus (CMV) (41) in adult mice,
using the same number of PFU as used for VSV. No infection
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by CMV was found in the mouse olfactory bulb 2 to 4 days p.i.
These data indicate that viral movement into the brain through
the olfactory path is a unique port of entry for some viruses,
but not others.

Thus, with one exception, VSV dispersal appeared to be
limited to regions of the olfactory system, particularly with a
direct relationship to the olfactory bulb. No obvious signs of
retrograde transport of VSV to cells of the brain that send
fibers into the bulb were found in these studies: these negative
areas include the olfactory cortex, the diagonal band, locus
coeruleus, and raphe. Similarly, little evidence of anterograde
transport and release of the virus in those regions of the brain
that receive direct axonal input from the mitral cells was found.
Areas that receive afferent input from the projection neurons
of the bulb include the piriform cortex, olfactory tubercle, and
entorhinal cortex (35); none of these areas showed signs of
infection in the present study. Similarly, no infection was found
in the lateral olfactory tract, the pathway by which mitral and
tufted cells project caudally to the brain. These data suggest
that although VSV may move in the olfactory nerve from the
mucosa to the olfactory bulb, this transport may not generalize
to retrograde or anterograde axonal transport in all neurons
related to the olfactory system. Because the cells in the differ-
ent laminae of the bulb communicate by dendrodendritic syn-
apses, axonal transport would not be required for transcellular
movement of the virus within the bulb. Instead, VSV could
move between synaptically coupled dendrites or between ad-
jacent cells to move from the bulb periphery into the center of
the bulb. This would be consistent with our ultrastructural
analysis that revealed VSV budding from both perikarya and
dendrites, as well as uptake by both perikarya and dendrites.

Intracranial inoculation. In the preceding section, we found
that dispersal of VSV after intranasal inoculation was limited
primarily to the olfactory system. This could be due to an
immune response that reduced virus spread or to a lack of viral
affinity (including attachment, uptake, protein synthesis, and
replication) for neurons outside the immediate olfactory sys-
tem, or it could be due to local interferon responses. To test
the hypothesis that rVSV can infect a broad spectrum of cells
in the brain not restricted to olfactory neurons, we used a
microsyringe to deliver 0.5 pl of VSV (10° PFU/ml) directly
into the brain (n = 8), thereby bypassing the olfactory system.
Two days p.i., mice appeared to be in poorer health and
showed less evidence of grooming and less activity. Infection
was detected both at the site of injection and at sites a consid-
erable distance from the injection site. All mice receiving di-
rect intracerebral injections showed GFP expression at the
injection site and in other regions of the brain. Cells with a
neuronal morphology were found in the cerebral cortex, stri-
atum, thalamus, substantia nigra (Fig. 4A and B), hypothala-
mus (Fig. 4C), hippocampus (Fig. 4D), thalamus (Fig. 4E,F),
hindbrain, and other regions. Some cells showed punctate la-
beling within the cell body and dendrites (Fig. 4E and F),
suggestive of an early stage of VSV infection, as correlated
with time-lapse analysis of VSV infections in culture (de-
scribed below). Other cells showed strong labeling of the
plasma membrane of the soma and dendrites, correlating with
later stages of infection. In addition, particularly at the site of
infection, GFP-labeled cellular debris could be found indica-
tive of cellular degeneration after infection.
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FIG. 2. Nasal infection 8 days p.i. (A) Eight days after infection, no trace of GFP remains in the olfactory bulb. (B) DIC image of the same
section shown in panel A. (C) Caudal to the bulb, GFP-labeled cellular debris is found in the subventricular zone. Scale bar, 60 pm. (D) Higher
magnification of panel C. (E) Aligned DIC image of the fluorescent section shown in panel C. The midline is on the left. ONL, olfactory nerve

layer; GL, glomerular layer; EPL, external plexiform layer.

In mice in which the injection site was close to a ventricle, we
noted that the virus diffused into the ventricular system, and
from there to other ependymal cells lining the ventricles. VSV-
infected neurons were found at a number of sites near the

ventricles, in particular the locus coeruleus (Fig. 5A to C) and
dorsal raphe. In these cases, the corresponding nuclei on both
sides of the brain were infected. Although many other types of
neurons were situated within the same distance from the ven-
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FIG. 3. Nasal infection-preoptic area infiltration. (A) Cellular de-
bris showing GFP label of the preoptic area in the single animal
showing viral dispersion outside the olfactory system. Only the left side
of the brain shows VSV infection of the preoptic area. In this section,
no infection of the ependymal cells that line the ventricle is detected.
(B) DIC image of the same field shown in panel A. (C) In a caudoven-
tral direction in the preoptic area, GFP-labeled cells are seen at the
top of the micrograph, and reddish cells indicative of degenerated cells
are seen more ventrally. Scale bar, 30 pm.
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tricular surface (for instance, the granule cells of the cerebel-
lum), strong levels of VSV infection of these cells were not
detected (Fig. SA to C). In some mice, small injections were
made, and the virus did not diffuse into the ventricle. For
instance, when VSV administration was confined to the hip-
pocampus (Fig. 5D), no infection of the ventricular lining was
found. In mice showing no infection of the ventricular lining,
no infection was found in the dorsal raphe or in the locus
coeruleus (Fig. 5E and F), despite the fact that both regions
send axonal projections to the hippocampus. Parallel data exist
for transnasal infections of the olfactory bulb, which also re-
ceives direct axonal projections from the raphe and locus co-
eruleus, but these areas also showed no sign of viral infection
from 2 to 8 days p.i. We found no direct evidence for retro-
grade axonal transport of VSV and in fact found a lack of viral
infection in brain regions that send axons to the infected ol-
factory bulb. It is possible that retrograde axonal transport may
contribute to viral dissemination under some conditions. How-
ever, our data do support the hypothesis that VSV movement
through the cerebrospinal fluid may play an important role in
dissemination.

Rapid infection and expression of transgene. To examine
the time course and cellular distribution of VSV infections and
transgene expression, we studied CNS cultures at 60-min in-
tervals after inoculation. One remarkable aspect of VSV in-
fection is the very rapid expression of VSV G-GFP after viral
inoculation. At 1 h p.i. with 10° PFU per culture, no GFP
expression was found. Similarly, in cells not inoculated with
VSV, green fluorescence typical of GFP was not found at any
time. By 3 h p.i., the Golgi apparatus of infected neurons had
already turned bright green (Fig. 6C to E). During the next 1
to 2 h, small green vesicles containing VSV G-GFP were trans-
ported out of the Golgi apparatus and into the somatic cyto-
plasm and proximal dendrites (Fig. 6F and G), and the plasma
membrane began turning green. By 6 to 8 h p.i., the plasma
membrane of the entire dendritic arbor and neuron cell body
was fluorescent. From a morphological perspective, the expres-
sion of GFP in the plasma membrane revealed the dendritic
structure in striking detail and could be found in proximal and
distal dendrites, in dendritic spines, and, in young cells, in
dendritic growth cones (Fig. 7). The detail of the neuronal
surface was clearer with incorporation of the VSV G-GFP in
the plasmalemma than was apparent with other recombinant
viruses, such as CMV, that generated GFP expression in neu-
ronal cytoplasm (41). VSV G-GFP fluorescence was minimal
in long, fine processes of constant diameter, a morphology
typical of axons, consistent with previous suggestions of selec-
tive transport of VSV G protein to dendrites (9, 10). Most
(98%+) cells in culture showed GFP expression at later stages
of infection.

The relative time of expression of VSV G-GFP in different
regions of the cell (i.e., Golgi, dendritic membrane vesicles,
and plasma membrane) was dependent on the titer of inocu-
lated virus. With low levels of virus (10* PFU; multiplicity of
infection [MOI] <1), the time taken to reach a particular state
might be 6 h longer. Neurons showed early signs of infection.
Cells with a typical astrocyte morphology, characterized by a
flat, sheet-like morphology with neurons growing on top, were
also infected by VSV; these cells showed a lower level of VSV
G-GFP fluorescence, and fluorescence appeared later than
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FIG. 4. Intracranial administration of VSV. Widespread infection, including substantia nigra, hypothalamus, hippocampus, and thalamus, is
shown. (A) Two days after intracranial injection of VSV, cells of the pars compacta are infected with VSV. A few cells in the pars reticulata are
also infected. Scale bar, 40 wm. (B) Higher magnification of the infected cells of the substantia nigra. Neurons of the medial hypothalamus (C;
scale bar, 13 wm), hippocampus (D; scale bar, 20 pm), and thalamus (E and F) are infected with VSV. An inset in panel C shows dendritic spines
(arrrows). (E and F) Granule appearance of VSV G-GFP in the cell body and dendrites of thalamic neurons indicative of an early stage of
infection. (E) Scale bar, 6 pm. (F) Scale bar, 5 pm.
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FIG. 5. Locus coeruleus (LC) selective neurotropism. (A) After intracerebral injections of VSV into rostral brain regions where VSV was found
in the ependymal cells of the ventricular system, the LC showed a high level of infection. Scale bar, 40 wm. (B) A lower magnification shows the
same field, with infection of the nearby GFP-expressing ependymal cells. Other neurons also adjacent to the ventricular system show only relatively
low levels of infection. The LC was infected bilaterally, but only the left LC is shown here. Scale bar, 125 pm. (C) DIC micrograph of the same
area shown in panel B. (D) A small injection into the hippocampus shows infection of CA1 and the dentate gyrus and hilus. On other sections,
not shown here, part of CA3 was also infected. Scale bar, 225 pm. (E) In the absence of VSV in the ventricular system, no infection of the LC
is detected. Scale bar, 125 wm. (F) DIC micrograph of the same field shown in panel E.
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FIG. 6. Time course of VSV G-GFP expression after inoculation. (A) By 1 h p.i., no GFP reporter expression was detected. Scale bar, 20 pm.
(B) The same field as in panel A, but with DIC. (C) At 3 h p.i., VSV G-GFP expression begins to show in the Golgi apparatus. Scale bar, 25 pm.
(D) DIC image of the same field shown above in panel C. (E) High magnification of the neurons in which the primary organelle expressing GFP
is the Golgi apparatus. Scale bar, 10 um. (F) At 5 h p.i., large numbers of large vesicles containing VSV G-GFP are found in the dendrites. Scale
bar, 3 pm. (G) Higher magnification of the dendrite cated by an arrow in panel F. (H) At 8 h p.i., strong expression of VSV G-GFP is found
on dendritic and somatic membranes. Scale bar, 25 pm.
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FIG. 7. VSV G-GFP in plasma membrane. This color figure depicts the rVSV genes with the added G-GFP at the top, as well as a schematic
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that seen in cells with a neuronal morphology. Although some
previous reports based on immunocytochemistry had sug-
gested the VSV G immunoreactive protein was patchy (9), the
VSV G-GFP showed a smooth expression throughout the
plasma membrane on both glial cells and neurons. Patchy
expression of GFP was seen only during early stages of infec-
tion when GFP-labeled large vesicles were transported in the
dendritic cytoplasm, visualized by time-lapse video microscopy,
or when cells began to degenerate (see below). An advantage
of the rVSV used in the present paper is that it allows easy
detection of infected cells within a short time after infection
and while the infected cells are still living. The rapid and robust
signal generated by the rVSV in culture suggest that it is less
likely that CNS cells were infected but not detected after in-
tranasal inoculation, as described above.

CNS cultures compared with other cell types. VSV has been
called a neurotropic virus (30). This was initially based on
experiments with intranasal and intracerebral injections, fol-
lowed by a bioassay based on the response of test mice to
intracerebral injections of tissue homogenate and the sugges-
tion that the virus selectively targeted CNS cells, with relatively
little infection of other types of cells. We compared mouse
CNS cultures with cultures of heart, skin, bone, and kidney,
and with a hamster cell line, BHK-21, used to grow the virus.
Cultures of all cell types showed robust infections, as demon-
strated by GFP expression in infected cells 8 h p.i. (Fig. 8A to
F) The BHK-21 cell line showed the highest level of GFP
expression, and skin cells showed the lowest. Figure 8A and F
show representative examples of infections in these cultures,
with the GFP expression on the left and the corresponding
DIC micrograph of the same area on the right. From these
data, we calculated the relative percentage of neurons showing
VSV infection, as indicated by the GFP expression in the
infected cell (Fig. 9). In sister cultures, 1 h after inoculation,
the medium was washed three times and then maintained
overnight. The next day, the infected cells were harvested and
tested for virus proliferation by using a standard plaque assay.
In general, the level of GFP fluorescence correlated with virus
production, with BHK-21 cells showing the highest level of
productive infection and skin cells showing the lowest level.
Brain cells were similar to bone, heart, and kidney cells with
respect to GFP fluorescence and virus replication (Fig. 9).
Thus, in culture, no preference for cells of the CNS was de-
tected relative to heterogeneous mixtures of cells from other
organs. These data suggest that, in vitro, VSV does not dem-
onstrate any preference for CNS cultures over non-CNS cells,
but does show a productive infection of CNS after inoculation.

VSV affinity for young CNS cultures. In the course of exam-
ining VSV inoculations of cultures of different in vitro ages,
GFP expression was detected sooner and was stronger in
young cultures than in old cultures. Hippocampal cultures of
cells 6 and 21 days in vitro (DIV) were compared. As shown in
Fig. 10, the young cultures showed strong GFP fluorescence
6 h p.i. (5 X 10° cells, done in triplicate), whereas only a low
level of fluorescence was seen in the older cultures. Similar
differences were found at 12 h p.i. This difference is interesting
in that previous reports have suggested that older mice are
more resistant to VSV infections in the brain than younger
mice (30). These culture data suggest that some of the devel-
opmental sensitivity to VSV infections may be due to some

VSV GLYCOPROTEIN-GFP IN BRAIN 1319

intrinsic resistance in older CNS cells. This would be indepen-
dent of the maturation of the immune system, often considered
to be the primary factor attenuating viral infections of the adult
CNS.

Ultrastructural examination of rVSV budding. Electron mi-
croscopy was used to examine rVSV-infected mouse CNS cul-
tures derived from P1 hippocampus, and maintained in vitro
for 7 days prior to inoculation. Because cultures had been
washed several times after inoculation, viral particles found
outside cells were probably progeny virus from infected cells.
Cultures fixed 6 to 8 h after inoculation showed signs of viral
replication and budding. Viral particles were found between
cultured cells: the shape of the VSV at the ultrastructural level
was similar to that reported for the wild-type virus, with a
bullet-shaped structure, one short end rounded, and the other
flat; some particles had the shape of a cucumber, with both
ends being slightly rounded (Fig. 11A). Virus particles budded
from neurons with the round end of the virus pointing out from
the plasma membrane initially, followed by the blunt end (Fig.
11B). VSV budding from the plasma membrane was found
both in perikarya and in dendrites. Signs of viral endosomal
uptake in both cell bodies and dendrites were also found. At
this stage of infection, although VSV was already replicating in
host cells, the infected cells show a fairly normal morphology
without obvious signs of degeneration or death that would
overtake the culture in the succeeding few hours. We found no
obvious signs of VSV uptake or release from processes that
were determined to be axons based on clusters of synaptic
vesicles and synaptic membrane specializations, based on 15
electron micrographs.

VSV causes cell death in human and mouse CNS cultures.
CNS cultures (n = 60) were used to study VSV infections in
vitro. Cells from each area, including hypothalamus, hip-
pocampus, olfactory bulb, cortex, spinal cord, and whole brain,
showed high levels of infection and G-GFP expression. With
an MOI of 5 or greater, VSV was cytopathic for all cells from
all regions of the mouse brain. The cytopathic effect of VSV
was confirmed with ethidium homodimer (Molecular Probes),
a stain that reveals dead cells by their red nuclear fluorescence
(Fig. 12). In early stages of infection, neurons that were in-
fected with VSV had a normal morphology. However, within
10 to 15 h, neurons showed substantial signs of degeneration.
By 20 h p.i. (MOI = 10), GFP labeling progressed from the
continuous label on the cell membrane to a more punctate
staining indicative of neuronal degeneration (Fig. 12A). Al-
most all cells in culture showed GFP fluorescence indicative of
VSV infection and later showed a breakdown in the plasma
membrane and nuclear membrane, indicated by red nuclear
staining with ethidium homodimer that labels dead cells (Fig.
12A to C). In addition, as cells degenerated, they often lost
their adhesion to the substrate and floated up into the medium.

Pieces of human cortex removed in the course of surgical
treatment for brain tumors were dispersed in monolayer cul-
tures. Most of the cells in these cultures had the morphology of
glial cells, with a small number of cells showing neuronal mor-
phology with long processes arising from the cell body. Within
22 h of VSV infection (MOI = 10), all inoculated cultured cells
expressed the GFP viral transgene (Fig. 13A and D). Red
staining with ethidium homodimer revealed that all cells from
inoculated cultures appeared to be dead or dying (Fig. 13B and
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FIG. 8. Multiple cell types are infected by VSV. Primary cultures were made from skin (A), brain (B), bone (C), kidney (D), and heart (E).
(F) BHK-21 cells that are used to propagate the virus were used for the purpose of comparison. Cultures were fixed with paraformaldehyde 8 h
p-i. The expression of VSV G-GFP is shown on the left, and the same microscope field is shown on the right side with DIC. Scale bar, 30 pm.

C). Sister cultures of noninfected control human CNS cells
remained healthy and showed no green fluorescence and al-
most no staining with ethidium homodimer: less than 2% of
the control cells showed red labeling (Fig. 13E and F). These
data indicate that in the absence of an intact immune system,
VSV produces a cytopathic infection in all cultured human
CNS cells. A good percentage of the cells in the human CNS
cultures may be abnormal, given that the source was from the
area of a tumor. Previous reports have suggested that VSV
may have an affinity for rapidly dividing cells typically found in
tumors (2, 38) and may have potential as an oncolytic virus.

Mouse brain slice infection cell preference. Infection of sub-
sets of neurons within the brain could be dictated in part by the
ability of the virus to have access to a particular set of cells.
Inoculation of living brain slices in vitro allows direct rVSV
access to cells in the mouse slice. Thick brain slices (200 pm)
were maintained on a suspended membrane, and VSV was
applied to the surface of the slice. Infected cells were found in
slices from all areas studied, including hippocampus, cerebral
and cerebellar cortex, and hypothalamus.

Cerebellar granule cells go through their final cell division
around postnatal days 6 to 9. After mitosis in the external
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FIG. 9. Bar graphs showing number of infected cells and VSV
replication. (A) Tissue-specific infection with VSV. Based on the VSV
infections shown in the preceding micrographs, the relative number of
GFP cells (fluorescence) and total cells (DIC) was determined in eight
microscope fields. Means and standard errors of the mean are shown
in the top bar graph. (B) VSV replication in different cell types. To
determine the rate of replication in the different cells, sister cultures
were harvested (three cultures per cell type), and the viral titer was
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granule cell layer, they migrate down through the Purkinje cell
layer and settle in the internal granule cell layer. Thus, in a
single postnatal section, one can compare the relative levels of
infection of VSV for cells undergoing mitosis compared with
the same class of cells after completion of their migration and
during the outgrowth of the dendritic processes. Both internal
and external granule cell layers showed green fluorescence,
indicative of VSV infection (Fig. 14). In seven of eight cere-
bellar slices, the external granule cell layer showed a greater
level of fluorescence (Fig. 14), suggesting a higher level of VSV
infection. Granule cells in the outer granule cell layer had no
dendrites, and strongly fluorescent neurons appeared tightly
packed together. Cell bodies and the short dendrites of the
granule cell neurons in the internal granule cell layer showed a
less intense level of virally mediated fluorescence. As a control,
we also tested a recombinant mouse CMV, a member of the
herpesvirus family, that contains a GFP coding sequence (41)
in sister slices of the same brains. CMV showed relatively less
infection of the cerebellar granule cells, but did infect some of
the large cells in the Purkinje cell layer. These experiments
show that VSV may show relative cell preferences in brain
slices in vitro and may have an affinity for some developing
neurons even in the absence of an intact immune system.

DISCUSSION

The severity of CNS damage caused by a neurotropic virus
can be viewed as a race between virus dispersal and immune
system detection and response to curb the infection. A virus
that spreads quickly may do a greater degree of damage than
one that spreads slowly. VSV infection is rapid. We show here
that within 3 h of neuronal infection, the VSV G protein is
already synthesized and transported to the Golgi apparatus,
and by 4 h postinfection, viral proteins have been transported
to the dendritic and somatic plasma membrane. Within 6 h of
neuronal infection, progeny viruses begin budding off from the
infected cell. Yet despite the rapid rate of VSV infection and
replication, the mouse brain still restricts the VSV to an olfac-
tory compartment after nasal inoculation.

rVSV G protein appears to be transported anterogradely to
the terminal ends of olfactory nerves in the olfactory bulb, a
critical requirement for budding of infectious VSV from the
nerve ending. The virus spreads from the olfactory nerve cen-
trally, through the periglomerular and granule cells, and then
centrally in the bulb to the ventricular zone. Release of VSV by
the cell body and dendrites may account for local spread of the
virus. Of relevance to this is the fact that the periglomerular,
mitral, and granule cells are connected by dendrodendritic
synapses (35), and as ultrastructurally verified with the rVSV,
new virus buds from, and is taken into, dendrites and somata.
Axons are not required for much of the intercellular commu-
nication within the bulb, and therefore may not be involved in
VSV transcellular movement between the synaptically con-
nected cells. In most cases, the recombinant virus did not
escape from the olfactory system; neither anterograde nor ret-

determined by incubating the culture medium with BHK-21 cells and
determining the virus concentration by plaque assay. The mean level of
viral replication is shown here.
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FIG. 10. Immature cultures show enhanced VSV infection. Hippocampal cultures after 6 or 21 days in vitro (DIV) were infected with VSV (10°
PFU), and photomicrographs were taken at 6 h p.i. (A) A number of cells show infection indicated by the GFP fluorescence in 6 DIV cultures.
(B) The same field as in panel A, shown with phase contrast. (C) Only a low level of infection was found in older cultures 21 DIV. (D)
Phase-contrast image of the same field shown in panel C. Scale bar, 45 pm.

rograde axonal transport led to infection outside the bulb, and
in most mice, the virus was eliminated from the bulb 8 days p.i.
VSV entry into the brain is more likely via a nasal route than
after intravascular administration, and the virus is more likely
to target the olfactory system over the trigeminal system as a
port of entry into the brain (25).

Transient VSV infections in the brains of immature mice
and rats may cause permanent changes in behavior, perhaps
from loss of raphe serotonin or locus coeruleus norepinephrine
neurons (1, 18, 21). After intracerebral administration, infec-
tion of the locus coeruleus and dorsal raphe occurred only
when evidence of viral infection of the adjacent ventricular
lining was present. The raphe and locus coeruleus send strong
axonal projections to the bulb and hippocampus. However,
when local infection of bulb or hippocampus was generated
experimentally and no evidence of VSV was detected in the
ventricles, then no infection was found in either the locus
coeruleus or dorsal raphe, findings inconsistent with retro-
grade axonal transport of VSV in these systems. Thus, these
data favor a conservative interpretation that the rVSV used

here has an intrinsic affinity for neurons of these brain regions
and reaches them by dispersal through the CSF. Our data do
not preclude anterograde or retrograde axonal transport as an
additional mechanism of movement of VSV within the CNS,
but suggest it may not be the primary mode of dispersal to
some regions for which the virus has an affinity and which may
play a key role in the behavioral disturbances found long after
viral infection is eliminated. Analysis of published immunocy-
tochemical micrographs from other work (12) suggesting ret-
rograde VSV transport shows consistent infection of the ven-
tricular system adjacent to the infected neurons.

The developing brain is more susceptible to VSV infections
than the adult brain (18). Although this developmental differ-
ence is generally attributed to the maturation of the immune
system, our finding of a VSV preference in vitro, with no
immune system, for developing hippocampal neurons and
newly divided premigratory cerebellar granule neurons sug-
gests that VSV may also have an intrinsic affinity for develop-
ing neurons. VSV cell selectivity was also demonstrated by
Lundh et al. (17), who showed a selective infection of olfactory
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FIG. 11. Ultrastructure of infected cultures. Hippocampal neurons were infected with VSV and fixed 8 h later. VSV can be found in the
extracellular space between cells and budding from the cell body (long black arrow). VSV particles are elongated, with a bullet-shaped morphology.

The ultrastructure of infected cells at this stage appears relatively normal.

receptor neurons with little infection of respiratory cells with
VSV application to the nose, in contrast to control experiments
with Sendai virus that showed the opposite cell preference. In
parallel, we found no infection of the olfactory bulb after nasal
inoculation of CMV, confirming the selectivity of this pathway
for VSV. Selective infection of the brain was found after VSV
nasal administration, with little infection of other peripheral
organs (30).

Different strains of herpes simplex virus (43) or pseudora-

bies virus (4) may have affinities for different neuronal pheno-
types. The same may be true for different strains or mutants of
VSV (6, 8). Previous work has suggested a permanent reduc-
tion in serotonin (20, 21) after VSV infection. We found a
direct infection of these cells with the rVSV used in the present
study, indicating that the loss of serotonin neurons is not an
indirect consequence of viral infection (e.g., is not due to loss
of axonal target or trophic factors needed for survival), but
rather is due to a cytopathic effect of direct and selective viral
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FIG. 12. Cell death of mouse CNS cells in culture. (A) GFP ex-
pression in cultures of mouse CNS. (B) Staining with ethidium ho-
modimer reveals that most of the cells shown in panels A and C are
dead. (C) Phase-contrast image of the same field, showing degenerated
cells. Scale bar, 50 pm.
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infection, and that the rVSV has similar cellular affinities to
wild-type virus. In contrast to the restricted spread of rVSV
within the CNS described here, more widespread CNS infec-
tions after intranasal administration have also been reported
(11, 18, 25). Factors that may play a role in the spread of VSV
within the CNS include age, gender, virus strain, mouse strain,
species, and viral titer (18, 25). In addition, rVSVs derived
from DNA (e.g., G protein fused with GFP [this study] or with
influenza virus hemagglutinin) are less pathogenic in mice than
wild-type VSV (27).

Having shown that the recombinant VSV has a similar af-
finity for brain regions previously demonstrated for the wild-
type virus and a preference for developing neurons, an unan-
swered question remains—why does the virus show an affinity
for these cells? It could be due to a number of factors. One
possibility is that the virus has a preferential affinity for a viral
receptor on the surface of these cells. If so, the affinity would
not be absolute, because we find that virtually all cells in vitro
are infected by the virus. Previous work has suggested the viral
receptor is not a protein, is present on a wide variety of cells,
and may be phosphatidylserine (31). VSV is very promiscuous
in which cells it infects in dispersed cells in vitro, as demon-
strated by the infections of different cells from the mouse
heart, skin, kidney, and bone in the present paper and from the
wide dispersal of this virus across an unusually wide spectrum
of host species, including most mammals, sand flies, house
flies, and mosquitoes. Differences could also exist in cellular
factors required for viral replication, assembly, transcription,
or budding from the plasma membrane. The reason that nasal
VSV infections stop within the olfactory system is probably not
due simply to the cellular or humoral immune response gen-
erated by the virus, because when intracerebral injections of
the virus are made at the time the virus is being eliminated
from the olfactory system, a lethal response is found (30).
Although cellular and humoral immunity may control VSV
infections in the periphery, interferon may play an important
role in the CNS (13, 22, 37, 40). That the cells of the olfactory
system may use interferon or related antiviral molecules to
reduce spread of VSV into the rest of the brain merits further
exploration.

Other members of the Mononegavirales order can infect
CNS cells and lead to neurological deficits. Some can be quite
dangerous in the laboratory and require high levels of biosafety
containment (Marburg and Ebola viruses), whereas others,
such as measles virus, only infect primates, making some lab-
oratory work difficult or impractical. Rabies, which can also
lead to CNS infection after intranasal inoculation (14), is
highly neurotropic and replicates in many mammals, but it is
also deadly. VSV thus has substantial utility as a model for
studying viral invasions of the CNS. We show that VSV pro-
duces a cytopathic and productive infection of all cultured
mouse and human CNS cells. Although not considered a seri-
ous health hazard to humans, VSV infections may cause fever,
weakness, nausea, and vomiting and are more prevalent in
tropical than temperate climates. Rare cases of VSV-mediated
encephalitis have been reported (24, 28). Both mouse and
human immune systems are particularly responsive to VSV,
and outside the brain, efficiently eliminate it within 7 days of
infection. Recombinant VSV may be useful as a robust antigen
delivery system for generating high-titer immune responses to
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FIG. 13. VSV infection of human CNS cells in culture. Panels A to D show the same microscope field, but with different types of photic
excitation. (A) VSV G-GFP. (B) Ethidium homodimer stains dead cells red. (C) Combination of GFP and ethidium homodimer. Overlap of GFP
green and ethidium homodimer gives an orange coloration. (D) Phase-contrast image showing cellular debris after infection. (E and F) Normal
noninfected control cultures. No GFP and no ethidium homodimer staining is seen in this field, shown in phase contrast in panel F. Scale bar, 35 pum.
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FIG. 14. Enhanced infection in younger neurons in cerebellar slice.
(A) Postnatal day 6 thick slices were infected with VSV (10° PFU/
slice). Many cells of the developing cerebellum were infected, but the
highest level of infection is found in the external granule cell layer
(EGCL), a region of dividing granule cell neurons. A lower level of
infection is also found in the internal granule cell layer (IGCL) and in
a few cells of the Purkinje cell layer (PCL). Scale bar, 35 pm.

other viruses, including HIV, respiratory syncytial virus, and
influenza virus, based on recombinant VSV that contains genes
from the other viruses fused to the gene coding for VSV G
protein (3, 26, 32, 33).

rVSV infection of the mouse brain is a useful model for
studying the neurological and behavioral consequences of tran-
sient CNS infections by neurotropic viruses. VSV shows a
relative preference for developing neurons and for some neu-
ronal types in the mature brain, and it may be axonally trans-
ported in some (olfactory nerve) but not other axon types.
Although not the primary focus of our paper, the rVSV-GFP
may prove to be a good candidate vector for selective labeling
of some neurons for morphological studies. Infection results in
a strong labeling of the plasma membrane of the entire den-
dritic arbor, including dendritic spines and growth cones.

J. VIROL.

Other nonrelated viruses, particularly alpha herpesviruses,
have proved invaluable as neuroanatomical tools (4, 5, 36).
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