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Abstract – Inoculation of vesicular stomatitis New Jersey virus (VSNJV) by skin scarification of
the coronary-band in cattle, a natural host of VSNJV, resulted in vesicular lesions and 6−8 log10
TCID50 increase in skin virus titers over a 72 h period. Virus infection was restricted to the lesion
sites and lymph nodes draining those areas but no virus or viral RNA was found in the blood or
in 20 other organs and tissues sampled at necropsy. Scarification of flank skin did not result in
lesions or a significant increase in viral titer indicating that viral clinical infection is restricted to
skin inoculation at sites where lesions naturally occur. Viral antigens co-localized primarily with
keratinocytes in the coronary band, suggesting these cells are the primary site of viral replication.
Viral antigen also co-localized with few MHC-II positive cells, but no co-localization was observed
in cells positive for macrophage markers. Although granulocyte infiltration was observed in lesions,
little viral antigen co-localized with these cells. This is the first detailed description of VSNJV tissue
distribution and infected cell characterization in a natural host. The pathogenesis model shown
herein could be useful for in-vivo tracking of virus infection and local immune responses.
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1. INTRODUCTION

Vesicular stomatitis virus (VSV) is
widely used as a laboratory research tool
for RNA virus evolution and to evaluate
immune function. More recently it has had

* Corresponding author:
luis.rodriguez@ars.usda.gov

application as a vector for experimental
vaccine delivery and for anti-tumor ther-
apy [1,18]. In the nature VSV is an impor-
tant livestock pathogen causing vesicular
stomatitis (VS) a disease characterized by
the appearance of vesicular lesions in the
mouth, feet and udders, of cattle, pigs
and horses. In cattle and swine these
lesions are clinically undistinguishable
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from foot-and-mouth disease, a devastat-
ing disease of livestock [20]. VSV has
been shown to be transmitted by insect
bites [6, 14, 27] but transmission by di-
rect contact between animals has also been
demonstrated [15, 23]. The mechanisms of
disease remain unclear, although field ob-
servations indicate that many infections
do not result in overt clinical disease and
many susceptible species living in endemic
areas possess neutralizing antibody titers to
VSV [16, 19].

Most knowledge pertaining to VSV
pathogenesis is derived from studies in-
volving laboratory rodents where clini-
cal signs are not vesicular in nature, but
rather the infection manifests as encephali-
tis and death depending on host factors
such as age, route of inoculation and vi-
ral strain [7, 9]. Neurological symptoms
have not been reported in natural VSV
hosts (cattle, swine, horses) [20]. The basic
mechanisms of VSV infection remain un-
clear, but experiments in swine suggest that
the inoculation site determines clinical out-
come. Vesicular lesions are observed only
when the virus is intradermally inoculated
at specific sites where lesions are observed
during natural infections (snout, lip, feet)
and instead subclinical infection occurs
when virus is inoculated intradermally at
other sites (i.e. ear, abdomen) or by the
intranasal or intravenous routes [11, 15].
Recently, it was further shown that vesic-
ular lesions only developed when exper-
imentally infected black flies (Simulium
vittatum) were allowed to feed on the snout
but not when flies fed on the abdomen of
swine [14].

Little is known about the basic cellu-
lar and molecular mechanisms mediating
VSV pathogenesis in its natural hosts. In-
formation regarding the primary sites of
virus replication and the cell types involved
in supporting viral growth and those in-
volved in controlling the infection remain
scarce. Previous studies on VSV inocu-
lation in natural hosts have been limited

to the description of gross pathology and
histopathology of the lesions without spe-
cific identification of cell types involved in
early viral infection.

This study describes early events of
vesicular stomatitis New Jersey virus (VS-
NJV) infection in cattle utilizing a novel
coronary band scarification inoculation
model combined with analyses by im-
munohistochemistry, confocal microscopy
and real-time RT-PCR. The tissue distribu-
tion of virus and the identity of the cell
types infected during early phases of dis-
ease are described.

2. MATERIALS AND METHODS

2.1. Animals and virus

Adult (18 to 24 months) Holstein
steers weighing 500−700 lb were obtained
from an experimental-livestock provider
(Thomas-Morris Inc., PA, USA) and kept
in the biosafety level 3 facility at Plum
Island Animal Disease Center for at least
one week prior to initiation of the exper-
iments. All animal inoculations were per-
formed with a VSNJV field strain obtained
from tongue epithelium of a bovine nat-
urally infected during the 1995 epidemic
in Colorado (95COB). This virus was
identified as VSNJV by virus neutraliza-
tion and sequencing of the complete viral
genome [21]. The virus was propagated by
passing once in baby hamster kidney cells
(BHK-21) infected at 0.01 multiplicity of
infection. Viral stock was titrated in BHK-
21 cells, and kept in aliquots at −70 ◦C.

2.2. Inoculation procedure

Animals were sedated with xylazine and
the coronary band areas were shaved, prior
to the epidermis being pricked 20 times us-
ing a dual tip skin test applicator (Duotip-
Test, Lincoln Diagnostics, Decatur, IL,
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USA). Virus inoculum was placed on the
scarified area in 100 µL of Dulbecco Mod-
ified Eagle Medium containing 2% fe-
tal bovine serum (FBS) (DMEM2). The
area under the inoculum was then scar-
ified 20 additional times with the ani-
mals restrained in a stationary position for
1−2 min until the inoculum was adsorbed.
A total of thirteen animals were used in this
study. Six animals, housed in three sep-
arate rooms, received 107 TCID50/foot in
each of all four feet; one animal (#102) was
inoculated only on the right feet and mock-
inoculated on the left feet. Animals 12
and 148 were inoculated with 107 TCID50
of VSNJV by intradermal injection or scar-
ification on the skin of the flank and kept
in separate rooms. One animal (#699) was
inoculated by injection of 107.0 TCID50
distributed in four sites on the dorsal ep-
ithelium of the tongue and house alone. All
inoculations were performed with the same
viral stock.

Three non-inoculated animals kept in
separate rooms were used as negative con-
trols and sampled similarly. Clinical signs,
temperature, appetite, and attitude were
evaluated daily for all animals. Clinical
disease was scored by determining the size
and number of lesions, a value of 1 was
given to small lesions and a value of 2 for
large lesions on each foot or on the tongue
(a maximum score of 10 would indicate
large vesicles in all feet and on the tongue).

2.3. Sampling

Punch biopsies were obtained from se-
dated animals using disposable 6 mm skin
biopsy punch (Miltex, Inc., Bethpage, NY,
USA) before inoculation, and at 6, 12, 24,
48 and 72 hours post-inoculation (hpi).
Two biopsies were taken at each time
point from different feet; one was fixed in
10% buffered formalin for 24 h before pro-
cessing for histological examinations and
the other one was snap-frozen in liquid ni-

trogen for RNA extraction, virus isolation
and confocal microscopy. Oropharyngeal
fluid (OPF), plasma and blood samples
were also obtained and kept at −70 ◦C un-
til being processed. In four of the animals
inoculated in the coronary band, biopsies
were also taken 20 min after inoculation.

Eight animals were euthanized at 72 hpi
and the following tissues were collected for
RT-PCR and virus isolation: prescapular,
popliteal, axillary, mediastinal, mesenteric,
iliac, prefemoral, retropharyngeal, parotid,
and submandibular lymph nodes; coronary
band, tongue, tonsils, lung, heart, liver,
spleen, kidney, small intestine (duode-
num), large intestine (cecum), snout skin,
mandibular salivary glands, nasal epithe-
lium and brain (olfactory area). Animals 12
and 148, inoculated on the flank, were eu-
thanized at 48 hpi and only skin samples
and major lymph nodes were collected.

2.4. Virus isolation

Tissues were macerated using a mor-
tar and pestle in 2 mL of Minimal Es-
sential Medium containing 400 U/mL of
penicillin, 400 U/mL of streptomycin, and
10 µg/mL of amphotericin B (MEM). Mac-
erated samples were centrifuged for 5 min
and dilutions of the clarified supernatants
were inoculated onto monolayers of BHK-
21 cells as previously described [8]. Blood,
plasma and OPF samples were tested sim-
ilarly by direct inoculation of cell mono-
layers with serial sample dilutions. Mono-
layers were rinsed with MEM 2 hpi and
replaced with fresh medium. Cultures were
observed for cytopathic effect (CPE) at 24,
48 and 72 hpi. After 72 h supernatant from
each CPE-positive well was saved and the
presence of VSNJV antigens was con-
firmed by direct staining of the fixed cells
using biotinylated VSNJV-specific anti-
bodies as previously described [12]. Flasks
negative for CPE after 72 h were frozen,
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thawed and supernatants were reconfirmed
negative by real-time RT-PCR.

2.5. Immunohistochemistry

Immunohistochemistry (IHC) was per-
formed as previously described by Sur
et al. [25]. Briefly, 3 µM paraffin sections
were placed on ProbeOnTM Plus slides
(Fisher Scientific, Pittsburgh, PA, USA),
deparaffinized in xylene and dehydrated
in graded alcohol. Antigen retrieval was
done in two ways, either using citrate so-
lution (DAKO Cytomation, Denmark) for
5 min in an autoclave or 3 cycles of
3 min at medium power in a microwave
using 0.1 M Tris-HCL pH 8.0−8.2 as de-
scribed by Tanimoto and Ohtsuki [26].
Tissues were blocked with a 5% solution
of normal rabbit serum in PBS contain-
ing 0.01% Tween 20 (PBST) for 10 min
at room temperature, washed in PBST and
incubated overnight at 4 ◦C with anti-
VSNJV guinea pig antibody (1:5000 di-
lution in PBST) in a humid chamber. Af-
ter three washes with PBST, a secondary
anti-guinea pig IgG conjugated with per-
oxidase (Vector Laboratories, Burlingame,
CA, USA) was applied according to the
manufacturer’s instructions. After a final
rinse with 0.1 M Tris pH 8.0, substrate
solution was applied (Vector Red kit, Vec-
tor Laboratories) following the manufac-
turer’s protocol. After 20 min, the slides
were washed and counterstained with
Gill Haematoxylin. Sections of VSNJV-
infected tissue were used as positive con-
trols and sections of mock inoculated tis-
sues were used as the negative control.

2.6. Confocal immunofluorescence
microscopy

For confocal microscopy, 3−5 µm
thick sections of cryopreserved tissues
were sectioned with a cryomicrotome

and fixed with acetone for 10 min
at −20 ◦C. After fixation, the sections
were blocked for 1.5 h in PBS, 20% fetal
bovine serum, 2% BSA (blocking buffer)
at 37 ◦C. Primary antibodies, anti-VSNJV
(guinea pig polyclonal, 1/1000), anti-
cytokeratin (a marker for keratinocytes,
IgG2a, clone K8.13, Sigma, 1/100), anti-
human HLA-DR (a marker for dendritic
cells, B-cells, macrophages and mono-
cytes, IgG1, clone 1B5, DAKO Cytoma-
tion, 1/500), or MAC-387 (a marker
for granulocytes, monocytes and tissue
macrophages, DAKO Cytomation, 1/200)
were diluted in blocking buffer and incu-
bated with the slides overnight at 4 ◦C
in a humid chamber. When double label-
ing was performed, the slides were incu-
bated with both antibodies together. After
being washed five times with PBS, the
slides were incubated with the appropri-
ate secondary antibodies; goat anti-guinea
pig (1/400, Alexa Fluor 594, Molecular
Probes, Eugene OR, USA), or goat anti-
mouse isotype specific (1/400, Alexa Fluor
488, Molecular Probes); and diluted in
blocking buffer for 1.5 h at 37 ◦C. Fol-
lowing this incubation, the slides were
washed five times with PBS, counter-
stained with the nuclear staining TOPRO-
iodide 642/661 (Molecular Probes) for
5 min at RT, mounted and examined us-
ing a Leica scanning confocal microscope.
Data were collected using appropriate con-
trols lacking the primary antibodies, as
well as using uninfected sections to give
the negative background levels. The cap-
tured images were adjusted for contrast
and brightness using Adobe Photoshop
software.

2.7. RNA extraction and Quantitative
Real Time PCR (Q-RT-PCR)

Total RNA extraction from tissues,
plasma, and OPF samples was done using
TRIZOL reagent (Invitrogen Corporation,
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Carlibad, CA, USA) following the pro-
tocol supplied by the manufacturer. Total
RNA from PBMC was extracted using
the Qiagen RNEasy kit (Qiagen, Valen-
cia, CA, USA), per manufacturer’s proto-
col. RNA samples were kept at −20 ◦C
until analysis. Semi-quantitative real-time
PCR specific for VSNJV was done using a
nucleocapsid-specific test with the follow-
ing primers: forward 5’GCACTTCCTG-
ATGGGAAATCA3’, reverse 5’GGGAA-
GCCATTTATCCTCA3’ and FAM-labeled
probe 5’ACCCTGACCGTTCTG3’ (Ap-
plied Biosystems, Foster City, CA, USA).
The RT-PCR reaction was done using the
TaqMan� EZ RT PCR core reagent kit
(Applied Biosystems), containing 300 nM
of each primer, 25 mM Manganese acetate,
10 mM dNTP with 20 mM of dUTP, 2.5 U
of rTth polymerase, 0.25 U of AmpErase
UNG�, 2 µL of template RNA and rnase-
free water in a 25 µL reaction volume.
The cycling profile was as follows: 50 ◦C
for 2 min, 58 ◦C for 30 min for reverse
transcription, hold for 95 ◦C for 5 min to
inactivate AmpErase and then 40 cycles
of 95 ◦C for 20 s and 60 ◦C for 1 min.
The results were expressed as Ct values.
Relative sensitivity of the rRT-PCR was
determined to be 8 TCID50 utilizing se-
rial dilutions infected cell supernatant and
comparing level of detection by rRT-PCR
and virus isolation utilizing BHK-21 cells
as described above (see Appendix A).

3. RESULTS

3.1. Clinical outcome and virus
distribution

Animals inoculated in the coronary
bands exhibited transient fever (≥ 40 ◦C)
and blanching on the entire extension of
the coronary bands by 24 hpi followed
by vesicles in the epithelium of the coro-
nary band by 48 hpi. All coronary band-
inoculated animals developed vesicular le-

sions in the inoculated feet by 48 hpi re-
sulting in clinical scores of 8 according
to the scale described in the materials and
methods above. Animal #102 inoculated
only on the right feet developed lesions
only at inoculation sites and had the max-
imum score of 4. The animal inoculated
in the tongue showed blanching and fluid-
filled vesicles in the tongue by 24 h that
were ruptured by 48 h with epithelium loss
on the tongue, leaving a large eroded sur-
face. No lesions were observed at other
sites. Fever and/or lesions were absent in
the animals inoculated in the skin of the
flank or neck; no clinical signs were ob-
served in mock-inoculated animals.

Virus was not detected in whole blood,
or plasma obtained at 0, 12, 24, 48 and
72 hpi from nine inoculated animals re-
gardless of the route of inoculation or
time after infection. OPF was negative
as most coronary band or flank skin-
inoculated animals, except in animals 30
and 31, where virus was detected in OPF
at 72 hpi. Tongue-inoculated animal 699
had vesicular lesions on the tongue; there-
fore OPF samples were not obtained since
they would become contaminated by virus
in the mouth.

Cattle were euthanized and various tis-
sues were collected and analyzed both by
virus isolation and real-time RT-PCR. In
4 of 6 coronary band-inoculated animals,
virus was only found at the inoculation site
and at the primary draining lymph nodes;
i.e. prescapular or popliteal draining the
front or the rear feet respectively. Coro-
nary band-inoculated animals 30 and 31,
in addition to the inoculation site, had
virus in OPF but no lesions in the mouth
or tongue, yet at necropsy, virus was
found in tonsil and lymph nodes draining
the mouth (retropharyngeal, and parotid)
(Tab. I). In the case of animal 699, in-
oculated in the tongue, VSNJV virus was
found in the tongue epithelium, retropha-
ryngeal, parotid and submandibular lymph
nodes and in the tonsil, but not in coronary
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Table I. Distribution of VSNJV in inoculated cattle determined by virus isolation and real-time
RT-PCR.

Inoculation site

Four coronary bands Right Flank/ Tongue

coronary neck

bands skin

Animal ID** 10 30 31 725 754 102 12 / 148** 699

Tissuea Virus Isolation positive samples (left/right when applicable)

Coronary band 2/2 2/2 2/2 2/2 2/2 0/2 0/0 0/0

Prescapular ln* 1/0 1/1 1/0 1/1 1/1 0/1 0/0 0/0

Popliteal ln* 1/1 1/0 1/1 1/1 1/1 0/1 0/0 0/0

Axillary ln# 0/0b 0/0 1/0 0/0 0/0 0/1d 0/0 0/0

Prefemoral ln# 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Tongue 0 0 0 0 0 0 0 1

Snout skin 0 0 0 0 0 0 n.d.c 0

Nasal epithelium 0/0 0/0 0/0 0/0 0/0 0/0 n.d. 0/0

Tonsil 0/0 1/0 0/1 0/0 0/0 0/0 0/0 1/1

Retropharyngeal ln 0/0 1/0 0/0 0/0 0/0 0/0 0/0 1/1

Parotid ln 0/0 1/0 0/0 0/0 0/0 0/0 0/0 1/1

Submandibular ln 0/0 0/0 0/0 0/0 0/0 0/0 0/0 1/1

Mandibular salivary gland 0/0 0/0 0/0 0/0 0/0 0/0 n.d. 0/0

Brain (Olfactory Bulb) 0/0 0/0 0/0 0/0 0/0 0/0 n.d. 0/0

Mediastinal ln 0 0 0 n.d. n.d. 0 n.d. 0

Mesenteric ln 0 0 0 0 0 0 n.d. 0

Iliac ln 0 0 0 n.d. n.d. 0 n.d. 0

Heart 0 0 0 n.d. n.d. 0 n.d. n.d.

Lung 0/0 0/0 0/0 0/0 0/0 0/0 n.d. 0/0

Kidney 0/0 0/0 0/0 0/0 0/0 0/0 n.d. 0/0

Liver 0 0 0 0 0 0 n.d. 0

Spleen 0 0 0 0 0 0 0 0

Payer patches 0 0 0 n.d. n.d. 0 n.d. 0

Small intestine/duodenum 0 0 0 n.d. n.d. 0 n.d. 0

Large intestine/colon 0 0 0 n.d. n.d. 0 n.d. 0

Flank/neck skin n.d. n.d. n.d. n.d. n.d. n.d. 0/1 n.d.

a All animals euthanized at 72 hpi except #12 euthanized at 48 hpi.
b Negative in virus isolation.
c n.d., not done.
d Positive by RT-PCR only.
* Primary draining lymph node (ln).
# Secondary draining ln.
** Neck skin inoculated animal (#148) had the same results as animal 12 except that residual virus was
found on the inoculation site skin at necropsy (48 h).
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Figure 1. A. Growth curve of VSNJV in skin
from animals inoculated on the right coronary
bands (#102) or on skin of the flank (#12).
B. Growth curve of four additional animals in-
oculated in the coronary bands.

bands or in lymph nodes draining the feet
(Tab. I).

To explore the effect of the inoculation
site on lesion development and virus dis-
tribution we inoculated three cattle; one
animal was inoculated on the right coro-
nary bands, leaving the left coronary bands
as mock-inoculated controls (animal 102),
and two other animals were inoculated in-
tradermally on the skin of the flank or
neck, sites with VSV lesions are not re-
ported (animals 12 and 148). Typical vesic-
ular lesions and an increase in viral titer
of 8 log10TCID50 by 48 hpi were ob-
served only on the right coronary bands
of animal 102 (Fig. 1A). Similar results
were observed in four other coronary band-
inoculated animals, as shown in Figure 1B.

In contrast, intradermal inoculation of the
flank or neck skin in animals 12 and 148
(not shown) respectively, resulted in no le-
sions and a virus titer of less than 3 log10
TCID50 was detected in skin biopsies
(Fig. 1A). Virus was recovered from the
right coronary bands and draining lymph
nodes in animal 102, but not from the left-
side samples nor from any other organ
or lymph nodes from this animal or ani-
mals 12 and 148 (Tab. I).

3.2. VSV distribution in infected tissues

Distribution of VSV in infected tissues
was determined by immunohistochemistry
utilizing VSNJV-specific antibodies. In the
coronary band, virus antigens were primar-
ily associated with the upper layers of the
skin; particularly the “stratum spinosum”
and “stratum granulosum”. Early after in-
fection (6−12 h), only cells in the upper
layers stained for viral antigens; these cells
were mostly associated with micro vesi-
cles that coalesced into larger vesicles by
72 hpi (Fig. 2A). As vesicles became larger
and filled with fluid (48 to 72 hpi), a
mixed population of inflammatory cells in-
filtrated the lesion site and some distinct
VSV-antigen containing cells with den-
dritic cell-like morphology were observed
in the lower layers of the dermis (Fig. 2A
inset). In the skin of the flank sporadic anti-
gen positive cells were observed, mostly
associated with hair follicles and connec-
tive tissues in the dermis (Fig. 2B).

In the draining lymph nodes, few
antigen-positive cells were observed by
72 hpi, mostly in the paracortex area and
to a lesser extent in the trabeculae, man-
tle and germinal centers (Fig. 3). In an
earlier experiment, virus was detected by
virus isolation and real-time RT-PCR as
early as 24 hpi in draining lymph nodes but
antigen-positive cells were not observed
until 48-72 hpi (data not shown).
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Figure 2. Skin sections of animals inoculated in the coronary band (A) or flank skin (B) stained
with anti-VSNJV antibodies and counterstained with Gill Haematoxilin. VSNJV antigen-positive
cells are shown in pink. Panel A shows a vesicular lesion at low (×100) and high magnification
(×400) detail of the dermis area (inset). Panel B shows low (×100) and high (×400) magnification
of inoculated flank skin. Arrows mark VSNJV antigen-positive cells.

3.3. Characterization of infected cells
by immunofluorescence confocal
microscopy

In order to characterize VSNJV antigen-
positive cells in coronary band and flank
skin, we utilized confocal microscopy and
double staining with specific antibodies
against VSNJV and antibodies to three

cellular markers: cytokeratin (a marker
for keratinocytes), MHC-II clone TH14B
(a marker for dendritic cells, B-cells,
macrophages and monocytes) and MAC-
387 (a marker for granulocytes, monocytes
and tissue macrophages). The majority of
cells staining with VSNJV-specific anti-
bodies in coronary bands were also posi-
tive for cytokeratin staining suggesting that
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Figure 3. Sections of prescapular lymph nodes from an animal inoculated with VSNJV 48 h earlier,
stained with guinea pig antibodies to VSNJV and counterstained with Gill Haematoxilin. VSNJV
antigen-positive cells are shown in the paracortex area (A) and in the trabeculae and germinal cen-
ters (B).

keratinocytes are primary targets for vi-
ral replication early during infection and
support virus growth (Fig. 4). VSNJV
antigen-positive cells of the middle and up-
per stratum spinosum and in the stratum
granulosum of the coronary band showed
strong staining with anti-cytokeratin an-
tibodies particularly in those areas with
micro vesicles. In flank skin, VSV staining
was only observed at 24 hpi co-localizing
with cytokeratin-positive staining in cells
associated with hair follicles (Fig. 4). By
48 hpi VSV positive cells were no longer
observed in the flank (not shown).

To further characterize VSV infected
cells, we stained coronary band and To:
Command not found.

flank skin tissue sections with antibod-
ies to human MHC-II antigens. Despite the
fact that a number of MHC-II-positive cells
were found in and around the coronary
band lesions, particularly at 48−72 hpi,
only a few of these cells stained for VSV
antigens and most of them were located in
the deep dermis (Fig. 5). In flank skin sec-
tions MHCII-positive cells were observed
but no co-localization with VSV antigens
was observed (Fig. 5). These results were
confirmed utilizing an antibody specific for
bovine MHC-II antigens (not shown).

Cells stained by monoclonal antibody
MAC-387 were frequently observed in the

coronary band particularly after 48−72 hpi,
indicating inflammatory cell infiltration.
However, these cells did not stain for
VSNJV antigen (Fig. 6). Few MAC-387-
positive cells were observed in the flank
skin at any time post inoculation and none
were stained for VSNJV-antigen (Fig. 6).

4. DISCUSSION

Little is known about the mechanisms
of VSV transmission, tissue tropism, virus
distribution and factors determining the
localization of vesicular lesions in its
most commonly affected natural host; the
bovine. Pathogenesis studies in laboratory
mice are not relevant to clinical disease
in cattle since mice present neurological
clinical signs and not vesicular lesions
like those observed in livestock species.
Early studies in cattle utilized tongue in-
oculation, an unlikely route of infection
resulting from insect bite [5, 17, 22]. The
inoculation model described here is more
similar to natural skin infection and is the
first in cattle that consistently results in
vesicular lesions and at the same time al-
lows sequential sampling of the skin and
tracking of viral growth using skin punch
biopsies.



384 C.F.C. Scherer et al.

Figure 4. Localization of VSNJV antigen in frozen sections of tissues from infected steers. Cryosec-
tioned tissues from the coronary band (48 hpi, a–c inoculated, g−i non-inoculated) and skin flank
(24 hpi, d−f inoculated, j−l non-inoculated) were processed for immunofluorescence staining and
confocal microscopy with anti-VSNJV and anti-cytokeratin antibodies. VSNJV was visualized with
Alexa Fluor 594 (red), cytokeratin was visualized with Alexa Fluor 488 (green). Cells were coun-
terstained with TOPRO-iodide 642/661 (blue) to reveal the nuclei.
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Figure 5. Localization of VSNJV antigen in frozen sections of tissues from two infected cattle at
48 hpi. Cryosectioned tissues from inoculated coronary band (a−c inoculated, g−i non-inoculated)
and inoculated skin of the neck (d−f inoculated, j−l non-inoculated) were processed for immunoflu-
orescence staining and confocal microscopy with anti-VSV and anti-HLADR Class II antibodies.
VSV was visualized with Alexa Fluor 594 (red), HLADR class II was visualized with Alexa Fluor
488 (green). Cells were counterstained with TOPRO-iodide 642/661 (blue) to reveal the nuclei.
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Figure 6. Localization of VSNJV antigen in frozen sections of tissues from two cattle, one inocu-
lated on the coronary band and one on the skin of the flank 48 earlier. Cryosectioned tissues from
the inoculated coronary band (upper panel) and inoculated skin of the flank (lower panel) were pro-
cessed for immunofluorescence staining and confocal microscopy with anti-VSNJV and MAC-387
antibodies. VSV was visualized with Alexa Fluor 594 (red), HLADR class II was visualized with
Alexa Fluor 488 (green).

Virus distribution in infected animals
has been a long standing question that has
implications not only for the pathogenesis
and transmission of this virus but also for
regulatory issues related to the approval of
VSV as a potential vaccine and anti-tumor
vector and for resumption of trade and an-
imal movement after quarantines imposed
during VSV outbreaks. Postmortem exam-
ination demonstrated that VSNJV caused
localized infections with virus recovered
only from the inoculation site and regional
draining lymph nodes, but not from blood
or internal organs. Furthermore, no virus
was detected on the left feet of animals in-
oculated on the right side coronary bands
and only residual virus was detected one
time on a left foot, likely the result of sur-

face contamination from virus shedding of
the right feet. Only in two out of seven
coronary band-inoculated cattle, was virus
found in the pharyngeal fluid, tonsils or
lymph nodes draining the oropharynx. This
is an interesting finding since tonsils seem
to be an important site for viral replication
in swine but had not previously been re-
ported in cattle [2,11,14,23]. We could not
determine the source of virus in these two
cattle, but it is possible that their mouth
came in close contact with their inoculated
feet during the experiment.

Virus was not detected in whole blood
or in plasma at any time post inocula-
tion. This result confirms previous reports
in swine, horses and cattle [10, 11, 14]. It
could be argued that the samples tested had
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low titers or that infectious virus was not
detectable due to virus inhibitory factors
such as interferon, in the blood. However,
this is unlikely the case since we failed
to detect viral RNA using a real-time RT-
PCR capable of detecting 8 TCID50 of VS-
NJV in “spiked” normal blood and plasma
samples (Appendix A). Therefore, we hy-
pothesize that the mechanism by which
virus traveled from the inoculation site to
the regional lymph nodes was cell associ-
ated via the lymphatic system. It is also
possible that the virus was cell-associated
in the blood in amounts undetectable by
real-time RT-PCR. The lack of a viremic
phase in cattle for an arthropod-borne virus
like VSV is puzzling. However, it is pos-
sible that livestock are dead-end hosts
and that other mammalian hosts might
be responsible for maintaining the natural
virus-insect cycle [3, 4]. Alternatively, re-
cent studies have shown horizontal insect-
to-insect transmission of VSV while co-
feeding in non-viremic mammalian hosts
theoretically making viremia unnecessary
for insect to insect transmission [13].

The localized nature of VSNJV infec-
tion in cattle was also confirmed after
tongue inoculation, where in postmortem
examination virus was only found in the
tongue and head associated tissues, but not
in coronary bands or other organs. These
results were consistent with field clinical
observations in cattle where lesions rarely
occur at more than one site, but contrast
those in swine, where lesions in the mouth
and feet are commonly observed both in
field infections and laboratory infected an-
imals [12, 23]. The basis of this difference
is not clear but swine are known to shed
virus in saliva (from tonsil infection) for
extended periods and numerous skin abra-
sions occur during fighting when housed in
groups together [24].

In natural VSV infections, vesicular
lesions appear at specific sites includ-
ing the feet, mouth, or teats in lactating
animals [28]. Previous studies in swine,

showed that only intradermal inoculation
of the snout or coronary band resulted
in lesion formation [11]. Similar results
were obtained by inoculation with black
flies, with skin lesions observed only when
flies were allowed to feed on the skin of
the snout but not when they fed on the
skin of the abdomen in swine [14]. We
demonstrate that in cattle, the site of skin
inoculation not only determines the clinical
outcome but also the ability of VSNJV to
induce local replication. Inoculation of the
flank skin resulted in no lesions and little
viral replication at the inoculation site. The
mechanism of this restriction remains un-
clear, but we showed a marked contrast in
distribution of virus antigen-positive cells
between the coronary band, where ex-
tensive replication occurs and flank skin
where replication is limited and infection
does not progress to clinical lesions. In
coronary bands there was a clear associ-
ation of viral antigen with keratinocytes
located in the upper layers of the epidermis
where vesicular lesions later developed,
whereas in flank skin, only few antigen-
positive keratinocytes were transiently ob-
served in association with hair follicles.
There are important histological and struc-
tural differences between the skin of the
coronary band and the flank skin that may
explain this difference in supporting vi-
ral growth. The coronary band skin has
multiple layers of keratinocytes forming
thick epidermal layers (stratum basale and
stratum spinosum), while the flank skin
has thin epidermal layers with a smaller
number of keratinocytes that may not be
sufficient to support viral replication and
vesicle formation.

This study is the first detailed descrip-
tion of VSV pathogenesis in cattle, the
most frequently affected species during
VSV outbreaks. The inoculation model
will be useful in future pathogenesis stud-
ies, such as determining the cellular and
molecular events after VSV infection by
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insect bite, or the effect of individual viral
genes on VSV virulence in a natural host.

Utilizing the model presented here we
have shown that after penetration through
scarification of the coronary band skin VS-
NJV infects and replicates primarily in
keratinocytes of the stratum granulosum
and stratum spinosum resulting in micro
vesicles that coalesce to form larger vesi-
cles at the coronary band. Virus antigen
was not observed in significant quantities
associated with MHC-II or MAC-387 cel-
lular markers indicating that keratinocytes
are the primary and most important cell
type supporting VSNJV infection.
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Appendix A. Sensitivity of real-time RT-PCR (rRT-PCR). Supernatant from BHK-21 cells infected
with VSNJ-95COB was titrated in serial dilutions by virus isolation in BHK-21 cells or by rRT-
PCR. The results represent averages of two independent assays.
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