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Accumulation of the nucleoprotein of vesicular stomatitis virus (VSV) in the
cytoplasm of BHK-21 cells and in two of four human cell lines was demonstrated.
Appearance and progression of the nucleoprotein inclusions paralleled development
of virus-specific immunofluorescence and production of virus progeny. The inclu-
sions appeared early as discrete foci of filamentous material which eventually in-
creased in size to form large masses which replaced normal cytoplasmic constitu-
ents. The filamentous strands were found in close proximity to budding virions. The
inclusion material was extracted from infected cells and purified in cesium chloride
gradients. The isolated filaments resembled the ribonucleoprotein isolated from
purified virions. They incorporated 3H-uridine, exhibited virus-specific complement-
fixing activity, had a buoyant density of 1.32 g/cm3, and appeared as single wavy

strands the width of which varied from 2.5 to 8.5 nm, depending on the angle of
viewing.

The morphology of vesicular stomatitis virus
(VSV) has been investigated extensively (6, 8, 10,
14, 17). The ribonucleoprotein of the virus, which
is contained in the virion in helical form, has also
been analyzed for its morphological, physical, and
chemical properties (2, 13, 15, 19, 21). Little is
known, however, about the morphogenesis of the
ribonucleoprotein of this virus.

Studies concerned with the morphogenesis of
the ribonucleoprotein of rabies, a virus morpho-
logically similar to VSV, have shown that accumu-
lation of the ribonucleoprotein as cytoplasmic
inclusions is a regular occurrence. It has also been
found that the size of these inclusions depended
on the strain of rabies virus employed and the
type of host cell used for infection (11). The find-
ing of "rabies-like" inclusions in VSV-infected
calf kidney cells (17) suggested that the morpho-
genesis of the ribonucleoprotein of VSV also
might be readily investigated, depending on the
host cell used.
The present studies were undertaken, therefore,

to investigate the morphogenesis of the ribo-
nucleoprotein of the Indiana strain of VSV in
several human cell lines as well as BHK-21 cells.
The results presented show that cytoplasmic in-
clusions consisting of filaments, identified as the
ribonucleoprotein of VSV, can be produced
depending on the host cell used for infection.

MATERIALS AND METHODS
Tissue culture. A BHK-21 line of Syrian hamster

kidney cells was grown on monolayers in Blake
bottles in a previously described medium (16), which
consisted of a mixture of basal medium Eagle (BME,
2X) in Hanks balanced salt solution (HBSS), 10%
fetal calf serum (FCS), and 10¾( tryptose phosphate
broth.
Human amnion cells (AV3) were purchased from

Flow Laboratories, Inc., Rockville, Md, and human
foreskin fibroblasts (HFS) were obtained through
the courtesy of K. Paucker. Both lines were main-
tained as described for BHK-21 cells.

The RPMI-6410 (12) and SK-LI (3) lympho-
blastoid cell lines were grown and maintained as sus-
pension cultures in medium RPMI 1640 supple-
mented with 10%S fetal calf serum as previously
described (23).

Virus. Plaque purified stocks of the Indiana strain
of VSV were derived from infected BHK-21 cells.
These preparations had titers ranging from 5 X 108
to 2 X 109 plaque-forming units (PFU)/ml.

Infection of cells with virus. Monolayers of cells
(2 X 106) in 30-mi plastic tissue culture flasks were
infected at a multiplicity of 10 in the medium described
above. Virus was allowed to adsorb for 1 hr at 37 C,
the monolayers were rinsed twice with HBSS, and
fresh medium was added. The cultures were incubated
at 37 C and harvested at given intervals.

For infection of lymphoblastoid cells, 10 X 106
cells were sedimented and resuspended in I ml of virus
containing an input multiplicity of 10. After incuba-
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tion, with intermittent shaking for 1 hr at 37 C, the
cells were sedimented, washed twice with HBSS,
resuspended in growth medium to a concentration
of 106 cells per ml, and incubated at 37 C. Cultures
were harvested 18 hr after infection.

Immunofluorescence assay. Monolayers of cells in
60-mm petri dishes, containing four cover slips (6 by
30 mm), were infected as described above. The cover
slips were harvested at given intervals after infection.
Preparation and staining of the lymphoblastoid cells,
as well as of infected cover-slip cultures, have been
described (9). All smears were stained with a fluorescein
isothiocyanate-conjugated rabbit anti-VSV globulin.

Infectivity assay. Plastic petri dishes (60 mm) were
seeded with BHK-21 cells in the above medium. They
were incubated at 37 C in a 5% CO2 atmosphere.
Confluent monolayers were apparent after 24 hr. At
this time, the medium was drained and the cells were
inoculated with 0.2 ml of the various dilutions of
virus. After an adsorption period of 1 hr at 37 C, the
infected monolayers of cells were overlaid with 5 ml
of medium supplemented with 1.2%/o Difco agar and
neutral red at a final dilution of 1:40,000. The ap-
parent plaques were enumerated 48 hr later, and titers
were expressed as the number of plaque-forming units
per milliliter.

Nucleoprotein extraction. A modified procedure
similar to that described by Compans and Choppin
(4) was used. Host cell ribonucleic acid (RNA) syn-
thesis was inhibited by treating monolayers of BHK-
21 cells with 1 /g of actinomycin D (Merck & Co.,
Inc, West Point, Pa.) per ml for 4 hr at 37 C (18).
The monolayers were then rinsed and infected with
VSV as described. After virus adsorption for 1 hr at
37 C, the cultures were refed with fresh medium con-
taining uridine-5-3H (Schwarz BioResearch, Orange-
burg, N.Y.; specific activity, 20 Ci/mmole) at a
concentration of 1 uCi/ml and incubated at 37 C.
Sixteen hours after infection, the cells were harvested
by scraping with a rubber policeman, pelleted by low-
speed centrifugation, rinsed twice with phosphate
buffered saline (7), resuspended in distilled water,
and left at 4 C for 1 hr. The supernatant, after cen-
trifugation at 900 X g for 20 min, was treated with
deoxyribonuclease (20 jg/ml) for 30 min at room
temperature, in the presence of Mg'+, and then
clarified by low-speed centrifugation. CsCl (2.0 g)
was added to 4.5 ml of the resulting supernatant, and
the solution was centrifuged at 140,000 X g for 24 hr
in a Spinco SW 50 L rotor. Fractions were collected
from the bottom in 0.17-ml amounts. The nucleo-
protein-containing fractions were located by measur-
ing radioactivity and optical density. For measuring
radioactivity, 25-,uliter samples were dispensed into
vials containing Bray's solution (1) and counted in a
Tri-Carb liquid scintillation spectrometer. Optical
densities were determined in a DB spectrophotometer.
Before examination in the electron microscope, frac-
tions were dialyzed overnight at 4 C against 0.13 M

NaCI, 0.05 M Tris (NT) buffer (pH 7.8).
Complement fixation. Complement fixation (CF)

tests, were performed through the courtesy of S.
Mazzur. Mouse ascites-fluids hyperimmune to VSV
were kindly supplied by F. A. Murphy. The mouse

hyperimmune fluids reacted both with coat and inter-
nal components of the virus but not with BHK-21
cell antigens. Titers were expressed as the reciprocal of
the highest dilution of antigen showing complement-
fixing activity, against 2 units of the hyperimmune
fluids.

Electron microscopy. At the predetermined inter-
vals, the medium was decanted from the cultures, the
cells were washed with phosphate-buffered saline,
and 1% phosphate-buffered osmic acid was added.
After 5 min, cells were scraped into the fixative bv
means of a rubber policeman and were pelleted. The
cell pellet was dehydrated in ethyl alcohol and
embedded in epoxy resin. Thin sections were stained
with lead citrate and uranyl acetate and examined in
a Siemens Elmiskop at a magnification of X 10,500.

For examination by negative contrast, a drop of
the dialyzed material was transferred to a carbon-
coated Formvar grid by means of a platinum loop. A
drop of pho3photungstic acid (pH 6.8) was added to
this and the excess fluid removed by filter paper. The
preparation was transferred into the electron micro-
scope, while still moist, and viewed at a magnification
of X53,500.

RESULTS

Preliminary screening of cells. Four human cell
lines, two monolayer, and two suspension cul-
tures, as well as BHK-21 cells were infected with
VSV at a multiplicity of 10. Table 1 summarizes
the results obtained. Infectivity titrations, im-
munofluorescence, and thin-section electron
microscopy were carried out 18 hr after infection.
Although all cell lines tested produced viral
antigens and infectious progeny, cytoplasmic
inclusions were found only in SK-L1, RPMI-6410,
and BHK-21 cells. Figure 1 is representative of the
appearance of the inclusions 18 hr after infection
with VSV. The major portion of the cytoplasm
has been replaced by filamentous material. Nor-
mal cytoplasmic organelles were displaced and the
filaments were found throughout the cytoplasm
and in proximity to membranes from which virus
could be seen budding.
Growth of VSV in BHK-21 and RPMI-6410

TABLE 1. Screeninig of cells for inclusion formation
18 hr after injection with VSV

C 0

Cell Plaque-forming 0 C6units/mi

HFS 50.0 X 101 40 -

AV3 30.0 X 106 70 -

SK-L1 5.0 X 106 40 +
RPMNI-6410 8.5 X 106 70 +
BHK-21 1,260.0 X 106 95 +
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FIG. 1. Representative cell (RPMI-6410) 18 hr after infection with VSV. The cytoplasmic matrix has been
replaced by filamentous material. Virus particles can be seen budding on the plasmalemma. N = nucleus, M =
mitochondrion. X 21,000.
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FIG. 2. Development of inifectious virus and virus-
specific immunofluorescence in BHK-21 and RPMI-
6410 cells infected with VSV.

cells. A comparison of replication of VSV in one

human cell line and in BHK-21 cells was investi-
gated before studying the development of the
inclusions. The viral replication was followed by
infectivity titrations and immunofluorescence.
The data presented in Fig. 2 show that in BHK-21
cells the first significant increase in virus infectivity
and number of cells containing virus-specific
immunofluorescence occurred between 3 to 4 hr
after infection. Subsequently, a gradual increase
in infectivity titer and number of fluorescent cells
were observed, until maximum titers were reached
18 to 24 hr after infection. The replication of VSV
RPMI-6410 cells was less efficient than in BHK-21
cells. Release of infectious progeny was slower
and the amount of infectious virus produced was
considerably less. Cells containing virus-specific
immunofluorescence were not evident until 5 hr
after infection, at which time only 4% of the cells
were stained. The number of fluorescing cells and
the production of infectious progeny did not
increase significantly until 8 hr after infection.
Maximum infectivity titers were reached at 18 hr.
The greater permissiveness of the BHK-21 cells
rendered them more suitable for the electron
microscopic study. Subsequent studies on the
development and nature of the inclusions were
carried out therefore with BHK-21 cells.
Development of inclusions in BHK-21 cells. The

morphological development of the cytoplasmic

inclusions was studied in cell cultures harvested
at hourly intervals from 3 to 8 hr after infection.
The results paralleled those found using immuno-
fluorescence (Fig. 2). In thin sections of cells 3 hr
after infection, no inclusion formation nor virus
reproduction were found. At 4 hr after infection,
discrete foci of granular material (Fig. 3) could be
seen in about 20 to 30% of the cells. The early
inclusions appeared as areas of increased electron
density readily distinguishable from the surround-
ing normal cytoplasm. At 5 to 6 hr after infection,
a considerable number of cells contained these
inclusions. Homogeneous masses composed of
filamentous material could be found throughout
the cytoplasm (Fig. 4); the inclusions were mod-
erately electron dense, of varying size, and
replaced the normal cytoplasmic constituents.
Clusters of membrane-bound virus particles were
found within or in close proximity to the inclu-
sions. Virus particles also were seen budding from
the surface membranes or into cytoplasmic
vacuoles with filaments of the inclusions in close
proximity (Fig. 5). A suggested relationship of
the filamentous strands to the budding virus
particles can be seen in Fig. 6. From 6 to 8 hr
after infection, the morphological changes were
enhanced and characterized by the formation in
the cytoplasm of large areas of these filamentous
masses which replaced normal cytoplasmic con-
stituents, similar to that seen at 18 hr after infec-
tion (Fig. 1). The inclusions were not limited by
membranes.

Neutralization of VSV with rabbit anti-VSV
serum, before infection of cells, prevented forma-
tion of inclusions and production of infectious
virus, as tested 8 and 18 hr after infection.

Isolation and identification of inclusion material.
To relate the structures observed on thin sections
of infected cells to the ribonucleoprotein of VSV,
the material was extracted from the cells and sub-
jected to various procedures for identification.
BHK-21 cells treated with 1 jig of actinomycin

D per ml, infected with VSV, and labeled with
3H-uridine were treated as previously described.
After equilibrium centrifugation of the extracted
material in CsCI for 24 hr, fractions were
collected, and absorbancy and total counts were
determined. The fraction containing the coinci-
dent peak of absorbency at 260 nm and radio-
activity was dialyzed overnight at 4 C against NT
buffer. Examination of this fraction by negative-
contrast staining revealed the presence of single-
stranded filaments. These filaments were further
purified by recentrifugation to equilibrium in
CsCl. Fractions were collected, the optical den-
sity at 260 nm, total radioactive counts, CF ac-
tivity, and the density are shown in Fig. 7. The
peak of absorbency (fraction 11) coincided with
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FIG. 3. Inclusions (I) in BHK cells 4 hr after infection with VSV. X 30,500.

FIG. 4. Appearance of inclusions (1) in the cytoplasm of BHK-21 cells 5 to 6 hr after infection. Filaments can
be seen in the homogeneous masses antd virus particles (V) bound by membranes are within or in close proximity
to the inclusions. X 30,500.
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FIG. 5. Filaments of the inclusions (I) underlying the cell membranes of BHK-21 cells next to virus particles
(V). X 52,500.

that of the radioactivity incorporated into the
filamentous component. A small contribution to
absorbency and radioactivity was also seen in
fractions 10 and 12, respectively. The buoyant
density of the isolated strands (fraction 11) was
1.32 g/cm3, as determined in repeated experi-
ments. The virus-specific nature of the isolated
strands was demonstrated by complement fixa-
tion by using specific anti-VSV mouse ascites
fluids. The peak CF activity of 256 units/1.0 ml
(fraction 11) coincided with the peak of absor-
bency and radioactivity. Fractions 10 and 12 each
displayed 16 units of CF activity, whereas all
other fractions were negative.
Examination of fractions 10, 11, and 12 by

negative-contrast staining revealed the presence
of single-stranded filaments. The strands isolated
in fraction 11 are illustrated in Fig. 8A. Whether
examined after the first or second banding in
CsCl, they were always found as single strands.
These were either loosely coiled or completely
unwound and occasionally looped back on them-
selves. In none of the preparations examined were
tightly coiled helices found. Occasionally, single
stretched strands could be found that had an
undulating appearance (Fig. 8B), the width of
which varied from 2.5 to 8.5 nm, depending on
the angle of viewing. Size variations were prob-
ably due to the geometry of the subunits which
may be either rectangular or elliptical.
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FIG. 6. Filaments (arrows) in proximity to virus particles budding from the plasmalemma of a BHK-21 celL.
X 73,500.
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FIG. 7. Equilibrium centrifugation in CsCI of
nucleoprotein isolated from VSV-infected BHK-21
cells. Fractions were collected, the density (solid line),
and total counts (0) are showit in the upper panel, as
well as the optical densities at 260 nm (0) which were
read after dilution of the fractions with 0.4 ml of NT
buffer. The CF activity (0) of thle fractions is presented
in the lower panel.

The ultraviolet-adsorption spectrum of the
filamentous strands is shown in Fig. 9. The profile

represented is indicative of the nucleoprotein
nature of the material.

DISCUSSION
Wagner et al. (22) recently reported that the

core protein (N) of VSV was synthesized in the
cytoplasm of L cells in large intracellular pools
This N protein subsequently aggregated (pre-
sumably with progeny RNA) to form a sediment-
able nucleocapsid. These aggregates were found
in the cells from 2 hr after infection onward. The
studies presented here demonstrate morphologi-
cally that cytoplasmic inclusions, consisting of
filaments of viral ribonucleoprotein, were found
in VSV-infected cells. The appearance of the
inclusions was closely related to the development
of virus-specific antigen as demonstrated by
immunofluorescence. The filaments isolated from
the inclusions contained ribonucleic acid and pro-
tein, demonstrated serological VSV-related ac-
tivity, and had similar physical properties as the
strands isolated from purified virions (15, 19, 21),
i.e., a buoyant density of 1.32 g/cm3 and the
appearance of undulating single strands which
varied in width from 2.5 to 8.5 nm.
The nucleoprotein of VSV appeared to be much

less structured than that of the tightly coiled
helices of SV5 nucleocapsids isolated from in-
fected cells (4). However, it was morphologically
similar to rabies virus nucleocapsids (20). Simp-
son and Hauser (19) and Nakai and Howatson
(15) have shown that as the nucleoprotein com-
ponent of VSV was released from the virion the
helix unwound to form an undulatory strand. The
results suggested that the bonds which link the
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FIG. 8. Nucleoprotein component isolated from VSV infected BHK cells after CsCI density gradient centrifu-
gation. (a) Nucleoprotein showing different degrees of uncoiling. Part of a strand has looped back on itself
(arrow). X 160,500. (b) Completely uncoiled nucleoprotein component. Arrows point out the difference observed
in the width of the strand due to the angle of viewing. X 267,500.

successive helical turns are more labile than the the cytoplasmic inclusions. This was emphasized
bonds which stabilize paramyxovirus nucleo- by the fact that the diameter of the strands when
capsids. The finding of only unwound strands in measured in thin secVon was approximately 9 nm,
our preparations, derived from cells, indicated whereas the in situ helical nucleocapsid of VSV
that the nucleoprotein did not exist as helices in has a diameter of approximately 50 nm. These
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data suggest that the highly organized helical
nature of the ribonucleoprotein component of the
VS virion is acquired as the nucleocapsid is fed
into the budding virion and does not exist as such
a helical structure in the cytoplasm of infected
cells.
The formation of the nucleoprotein inclusions

was influenced by the host cell used. The reasons
for the lack of inclusion formation in two of the
cell lines and the mechanisms leading to the ac-

cumulation of the material in the other cell lines
remain unclear. It has been shown with para-
influenza virus SV5 (5) that the accumulation of
viral ribonucleoprotein was dependent on the host
cell. When morphogenesis of the virus was an

efficient process, the synthesis of nucleoprotein
occurred at a rate equivalent to its incorporation
into virions, and no accumulation occurred;
however, minimal morphological differentiation
of virus particles on the cell membranes resulted
in nucleoprotein accumulation. This latter condi-
tion seems to be a reasonable explanation in
the case of the lymphoblastoid RPMI-6410 cell.
For this cell, production of infectious virus was

delayed and less virus was produced per fluores-
cent cells as compared to BHK-21 cells. The de-
velopment of infectious progeny in BHK-21 cells,
however, did not differ in the time and amount
produced as compared to permissive cells of other
origins in which no accumulation of nucleopro-
tein had been observed (8). Virus particle differ-

entiation, furthermore, did occur on all available
cell membranes. Thus, the accumulation of large

amounts of the nucleoprotein in the cytoplasm of
BHK-21 cells did not seem to be a cell membrane-
mediated phenomenon. The excess production of
nucleoprotein in the fully permissive hamster cells
may be caused rather by some alteration of the
mechanism(s) responsible for the synthesis of this
viral component.
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