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Murine ecotropic leukemia viruses use a common receptor for entry into host cells; however, the site of virus
fusion appears to differ with the host cell. Entry in mouse NIH 3T3 fibroblasts is by endocytosis, whereas entry
in rat XC sarcoma cells is by surface fusion. We report here the identification of a step common to both entry
pathways, as well as of a step unique to the endocytic pathway. Recent demonstration of the clustering of the
virus receptor on rat cells suggested a possible interaction of the receptor with the cellular cytoskeleton (M. H.
Woodard, W. A. Dunn, R. O. Laine, M. Malandro, R. McMahon, O. Simell, E. R. Block, and M. S. Kilberg,
Am. J. Physiol. 266:E817-E824, 1994). We tested the hypothesis that such an interaction might influence
receptor function. We found that entry into NIH 3T3 and XC cells was greatly diminished by the disruption of
the actin network before but not shortly after virus internalization, suggesting the actin network plays a critical
role in an early step common to both entry pathways. Disruption of microtubules before and shortly after virus
internalization markedly reduced entry in NIH 3T3 cells, while entry into XC cells remained efficient. These
data suggest that intact microtubules are required in a postpenetration step unique to efficient virus entry via
endocytosis. The physiological function of the receptor was not affected by disruption of either the actin
network or the microtubules, as the uptake of cationic amino acids in NIH 3T3 and XC cells was comparable

to that in control cells even when the cytoskeleton remained disrupted for as long as 3 h.

Viruses initiate infection by binding to the host cell surface.
Penetration then occurs by a specific pathway involving either
fusion with the plasma membrane at the cell surface or fusion
with vesicle membranes after receptor-mediated endocytosis.
Among the retroviruses, human immunodeficiency virus (25,
27, 28, 48), avian leukosis virus subgroup A (14), and ampho-
tropic murine leukemia virus (28) appear to fuse at the cell
surface, while mouse mammary tumor virus appears to fuse
with endocytic vesicle membranes (37). The pathway the eco-
tropic murine leukemia viruses use is less certain.

In newly infected mouse cells, ecotropic virus particles were
seen both inside endocytic vesicles (40) and at the surface
undergoing uncoating (31), although it is not clear if one or
both observations represent productive virus infection because
the particle to infectious unit ratio is very high (38, 39). Addi-
tional disparate results revealing the complexity of ecotropic
virus penetration emerged from studies of the effects of pH on
ecotropic virus entry. They suggest that the mechanism of virus
internalization varies with the host cell. Infection of mouse
NIH 3T3, SC-1, normal rat kidney, and Rat-1 cells was shown
to be sensitive to inhibitors that buffer lysosomal pH, suggest-
ing that fusion occurs in low-pH vesicles after receptor-medi-
ated endocytosis (28). For viruses that use this endocytic path-
way, exposure to acidic pH triggers irreversible conformation
changes in the envelope protein. This change activates the
protein’s fusogenic capability, resulting in virus that induce
rapid, extensive cell-cell fusion (37, 55). Thus, exposure of NIH
3T3 cells to ecotropic virus at low pH should result in cell-cell
fusion. However, it does not (28). Instead, ecotropic virus
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induce extensive fusion of rat XC sarcoma cells at neutral pH
(23, 59). Furthermore, infection of XC cells was found to be
insensitive to the lysosomal inhibitors. These data suggested
virus internalization occurs by cell surface fusion in this host
cell (28). It has been postulated that the differences between
the route of internalization in NIH 3T3 and XC cells are
determined by characteristics unique to the target cells (28,
56).

We are seeking to determine which, if any, components of
the host cell influence the route of virus internalization and
penetration. One striking difference between XC cells and
NIH 3T3 cells is that XC cells have been highly transformed by
activated src. Transformation alters the morphology of cells via
changes in the cytoskeleton, particularly in the organization of
the microtubules and actin network (2, 6, 16, 18). These host
cell cytoskeletal components have been found to be involved in
early events during infection by viruses from several families.
An intact actin network is required for efficient entry of herpes
simplex virus type 1 (44) and porcine reproductive and respi-
ratory syndrome virus (24), while nuclear polyhedrosis virus
associates with the ends of actin cables as it enters the cyto-
plasm from endocytic vesicles (8). Simian virus 40 entry does
not require the actin network, but its penetration does require
intact microtubules (47).

To determine if the cytoskeleton influences ecotropic virus
penetration, we examined virus infection in host cells treated
with cytochalasin D, a drug that causes rapid depolymerization
of the actin network (29, 30), or with nocodazole, a drug that
induces rapid depolymerization of microtubules (10). Efficient
ecotropic entry into NIH 3T3 and XC cells required an intact
actin network. In both cell lines, virus infection was inhibited
by cytochalasin D treatment prior to and during virus expo-
sure. However, within 20 min after virus clearance of the cell
surface, the actin network was no longer required, suggesting
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that an intact actin network is critical to a very early event
common to entry into both host cells. Efficient virus entry into
NIH 3T3 cells required intact microtubules, while entry into
XC cells did not. In NIH 3T3 cells, nocodazole treatment prior
to and during virus exposure inhibited infection. In contrast,
infection of XC cells was not significantly affected by depoly-
merization of the microtubules. Virus entry was also inhibited
by nocodazole treatment of NIH 3T3 cells 20 min after virus
clearance of the cell surface, suggesting that microtubules play
a critical role in a postpenetration step in NIH 3T3 cells but
not in XC cells.

MATERIALS AND METHODS

Cell lines and virus. Mouse NIH 3T3 fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO) supplemented with 8% donor calf
serum (GIBCO). XC rat sarcoma cells (ATCC CCL-165) were maintained in
DMEM supplemented with 8% fetal bovine serum (GIBCO) and 3.5 mg of
D-glucose per ml. The cell line producing replication-defective ecotropic-
pseudotyped -2 BAG murine leukemia virus (50), encoding the Escherichia coli
B-galactosidase gene, was maintained in DMEM supplemented with 8% fetal
bovine serum. Polybrene (20 pg/ml; Sigma) was added to all virus stocks prior to
exposure to cells.

Cytoskeletal inhibitors and antibodies. Nocodazole {methyl[5-(2-thienylcar-
bonyl)-1H-benzimidazol-2yl] carbamate (molecular weight, 301.31); ICN Phar-
maceuticals, Inc.} stock solution (10 mM) was prepared by dissolution in di-
methyl sulfoxide (DMSO). A 1-mg/ml stock of cytochalasin D (Sigma) was
prepared in DMSO. The anti-B-tubulin monoclonal antibody KMX1 (1 mg/ml;
Boehringer Mannheim) was the generous gift of Jianxun Li. The goat anti-mouse
monoclonal antibody conjugated to fluorescein isothiocyanate (FITC; 1.4 mg/ml)
and phalloidin-conjugated tetramethylrhodamine isothiocyanate (TRITC; 50 pg/
ml) were obtained from Sigma.

Treatment of cells with cytoskeletal inhibitors. Nocodazole was used at a final
concentration of either 33 or 66 uM by dilution of the stock solution in tissue
culture medium. Cytochalasin D was used at 1 pg/ml by dilution of the stock in
tissue culture medium. To control for possible effects of the DMSO solvent in the
treatments with either nocodazole or cytochalasin D, sets of cells were treated
with the appropriate concentrations of DMSO (0.33% [vol/vol] or 0.66% [vol/
vol] in experiments with 33 or 66 .M nocodazole, respectively; 0.1% [vol/vol] in
experiments with cytochalasin D).

Quantitation of virus infection and cell density. Using phase-contrast micros-
copy, we determined the cell density on the live cultures immediately after
plating. One day later, quadruplicate wells of NIH 3T3 and XC cells were used
in infection assays with either pretreatment or postinternalization treatment in 1
wg of cytochalasin D per ml, 33 or 66 pM nocodazole, or no additions as
described below for the infection assay. In all cases, the inhibitor was removed
after less than 3 h by extensive rinsing with fresh medium without drugs. Cells
were incubated at 37°C to allow for cell growth and virus replication. Forty-eight
hours later, cells were fixed with glutaraldehyde, stained with the chromogenic
substrate 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal; Boehringer
Mannheim), and assayed for B-galactosidase activity indicative of infection. The
total number of positively stained (blue) cells in each well was scored under a
light microscope. Nuclei were then counterstained with 0.16% basic fuchsin
(Sigma), and the total number of nuclei per 3.14 mm? in three representative
100X fields of each of the quadruplicate samples was determined under a light
microscope to quantitate cell density. The final cell density was calculated as the
average of the mean number of nuclei/square millimeter (n = 4). Relative
infection was calculated as (percentage of infected cells in treated wells/percent-
age of infected cells in untreated wells) X 100, where the percentage infected =
(total of infected cells/total cells) X 100. The total number of cells was calculated
by multiplying the average cell densities by the total area of a well (201 mm?). In
all cases, the total number of cells in each sample was greater than 9.5 X 10%.

Fluorescence microscopy of the actin network. Cells seeded on replicate cov-
erslips at a density of 500 cells/mm? were exposed for 3 h at 37°C to medium
containing either cytochalasin D (1 pwg/ml) or DMSO or to medium with no
additions. A parallel set of cells was exposed to cytochalasin D (1 wg/ml) for 3 h
at 37°C, then washed extensively with medium, and incubated for an additional
2 h at 37°C in fresh medium without cytochalasin D to allow recovery from the
drug treatment. Each set of coverslips was then prepared to assess the integrity
of the actin network. NIH 3T3 cells were rinsed twice with phosphate-buffered
saline (PBS) (pH 7.4) supplemented with 1 mM calcium chloride and 1 mM
magnesium chloride (PBS-Ca-Mg) and then fixed for 7 min at —20°C with
acetone. XC cells were rinsed, fixed for 25 min in 10% formalin, and permeabil-
ized in 0.5% Triton X-100 in PBS-Ca-Mg for 5 min. Fixed cells were incubated
with 5% goat serum in PBS-Ca-Mg and incubated with a 1:75 dilution of phal-
loidin-TRITC in PBS-Ca-Mg supplemented with 5% goat serum. Coverslips
were mounted on glass slides and images were captured with a Zeiss Axiophot
epifluorescence microscope as described below.
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Fluorescence microscopy of microtubules. Cells seeded on replicate coverslips
at a density of 500 cells/mm? were exposed for 3 h at 37°C to medium containing
either 66 uM nocodazole or DMSO or to medium with no additions. A parallel
set of cells was exposed to 66 pM nocodazole for 3 h at 37°C, then washed
extensively with medium, and incubated for an additional 2 h at 37°C in fresh
medium without nocodazole to allow recovery from the drug treatment. Using a
modification of a procedure developed specifically for determining the propor-
tion of polymerized microtubules present in cells and described by Zhai and
Borisy (60), we prepared each set of coverslips to assess the integrity of the
microtubules. Briefly, NIH 3T3 cells were rinsed twice with PBS-Ca-Mg and then
fixed for 5 min at room temperature with 1% paraformaldehyde dissolved in 10
mM 1,4-piperazine diethylsulfonic acid (PIPES; pH 6.8)-5 mM EGTA-2 mM
MgCl,. XC cells were rinsed as described above but fixed in 10% formalin for 25
min. After a brief rinse with PBS-Ca-Mg, the cells were incubated for 1 min in
microtubule-stabilizing buffer (MSB; 100 mM PIPES [pH 6.9], 1 mM EGTA, 2.5
mM GTP, 4% polyethyleneglycol 8000 [7]), a buffer that stabilizes polymerized
tubulin but not monomeric tubulin against Triton X-100 treatment. The cells
were then extracted with 0.5% Triton X-100 in MSB for 8 min to remove any
depolymerized tubulin and washed twice with MSB for 2 min. NIH 3T3 cells
were fixed further with acetone at —20°C for 7 min and rehydrated with 5% goat
serum in PBS-Ca-Mg. Fixed XC and NIH 3T3 cells were blocked with 5% goat
serum in PBS-Ca-Mg, incubated with a 1:50 dilution of mouse antitubulin mono-
clonal antibody, and then incubated with a 1:250 dilution of goat anti-mouse
FITC-conjugated antibody. Coverslips were mounted on glass slides and viewed
with a Zeiss Axiophot epifluorescence microscope. Images were captured with a
35-mm camera on 400 ASA Kodak color film.

Virus inactivation. y-2 BAG virus was incubated with cells for 30 min at 4°C
to allow virus binding but not virus internalization; medium was replaced with
pH 3.0 citrate buffer (40 mM sodium citrate, 10 mM KCI, 135 mM NaCl) for 1
min at room temperature. Cells were then rinsed twice with PBS (pH 7.6) to
neutralize, and fresh medium was added. Forty-eight hours later, cells were fixed
and stained with X-Gal for B-galactosidase activity indicative of infection and
with basic fuchsin to stain nuclei. The total number of positively stained (blue)
cells as well as the total number of nuclei in each well was then scored under a
light microscope. Control cells were treated as described above except that the
1-min incubation with pH 3.0 citrate buffer was omitted.

Infection assays in cells pretreated with cytoskeletal inhibitors. Approxi-
mately 2 X 10* cells were plated in each well of a 24-well tissue culture dish
(initial cell density of 100 cells/mm?). Quadruplicate wells were exposed to 33 or
66 wM nocodazole, DMSO, or medium containing no additions for 45 min at
37°C to depolymerize the microtubules. Cells were then incubated with eco-
tropic-pseudotyped -2 BAG virus in the presence of 33 or 66 uM nocodazole
for virus applied to cells pretreated with nocodazole (to maintain disruption of
the microtubules during infection) and in the presence of DMSO or no additions
for virus applied to control cells. After 2 h of exposure, cells were treated with
citrate buffer (pH 3) to inactivate any virus that had not penetrated the cells. The
cells were then washed twice with PBS, washed four times with fresh medium to
neutralize and to remove nocodazole and DMSO, and then fed with fresh
medium. Forty-eight hours later, cells were fixed and stained as described above
for B-galactosidase activity indicative of virus infection. The total number of
positively stained (blue) cells in each well was then scored by phase-contrast
microscopy. Infection assays were performed as above to quantitate the effect
of disruption of the actin network on virus infection by using cytochalasin D
(1 pg/ml) instead of nocodazole.

Postinternalization assay. Cells cultured in a 24-well tissue culture plate were
chilled on ice and then exposed to ecotropic y-2 BAG virus at 4°C to allow
binding of the virus to the cells but not penetration of the host cell membrane.
After 30 min of binding, the plate was transferred to a 37°C water bath for 20 min
to allow virus internalization. Cells were incubated with citrate buffer (pH 3) to
inactivate any virus that had not penetrated the host cells and were washed twice
with PBS to neutralize and four more times with fresh medium. Medium con-
taining either 66 WM nocodazole or 1 g of cytochalasin D per ml was added to
quadruplicate wells. After 3 h of incubation at 37°C, cells were rinsed three times
with PBS and five times with fresh medium to remove drugs and allow recovery
of the cytoskeleton. Two days later, cells were fixed and stained for B-galacto-
sidase activity indicative of productive infection. This procedure was performed
in parallel on control cells, using DMSO or no additions instead of nocodazole
or cytochalasin D.

Cationic amino acid transport assay. The cationic amino acid uptake assay
was performed by a modification of the arginine transport assay as previously
described (51). Briefly, 12 wells of a 24-well tissue culture plate were seeded with
2.5 x 10* NIH 3T3 cells. When the cell monolayers reached 80% confluence
(typically after 50 h), quadruplicate wells were exposed to 66 wuM nocodazole for
45 min, 2 h, or 3 h at 37°C to disrupt the microtubules. During the last 20 min of
each incubation time, intracellular pools of amino acid were reduced while
maintaining the inhibitor as follows. Cells were washed with amino acid-free
Earle’s balanced salt solution (EBSS; 1.8 mM CaCl,, 5.3 mM KCl, 0.8 mM
MgSO,, 117 mM NaCl, 1 mM NaH,PO,, 5.6 mM glucose) and incubated with 66
wM nocodazole in amino acid-free EBSS at 37°C. Cationic amino acid uptake
was initiated by incubating the cells with 66 WM nocodazole in arginine uptake
solution (1.25 wCi/ml of L-[**Clarginine and 1 mM unlabeled L-arginine in
EBSS) for 2 min at 37°C. Cells were then washed and lysed in 200 wl of lysis
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buffer (0.1% sodium dodecyl sulfate, 150 mM NaCl, 10 mM Tris-HCI [pH 7.5],
1 mm EDTA). Protein was precipitated from the lysates by adding trichloroacetic
acid (final concentration, 5% [vol/vol]), and the protein concentration was de-
termined by the Bradford protein assay (Bio-Rad). Cytoscint (ICN) was added to
the amino acid-containing supernatant resulting from the trichloroacetic acid
extraction of the lysates, and the samples were counted in a scintillation counter
to quantitate total uptake of L-arginine. The total amino acid uptake by each cell
sample was standardized to its protein concentration. Uptake was also assessed
for quadruplicate wells of control cells incubated with 0.66% (vol/vol) DMSO or
with no drugs instead of nocodazole. Transport assays were performed to quan-
titate L-arginine transport in cells with disrupted actin networks, using the same
protocol except that cytochalasin D (1 pg/ml) was used instead of nocodazole.
Additional assays measuring uptake of the cationic amino acid L-lysine were
performed as described above except that 33 uM nocodazole or 1 pg of cytocha-
lasin D per ml was used as the cytoskeletal inhibitor for a 45-min incubation
period. In these assays, the uptake solution contained 0.5 wCi of L-[**C]lysine per
ml and 1 mM unlabeled L-lysine in EBSS.

RESULTS

We began examining the possible involvement of the host
cytoskeleton by characterizing ecotropic virus entry in different
host cells. We used (i) mouse NIH 3T3 cells as the prototype
host cell in which ecotropic virus entry exhibits sensitivity to
lysosomal inhibitors but not low-pH-induced cell-cell fusion
and (ii) rat XC cells as the host cell in which entry is resistant
to lysosomal inhibitors. We disrupted the cytoskeleton with the
inhibitors cytochalasin D, a specific inhibitor of actin polymer-
ization, and nocodazole, a specific inhibitor of tubulin poly-
merization into microtubules (10, 29, 30). Depolymerization of
the cytoskeleton by using these inhibitors results in gross mor-
phologic changes in adherent cells: rounding up of cells in the
presence of nocodazole and “arborization” of cells treated with
cytochalasin D (10, 29, 30). Using phase-contrast microscopy,
we observed that NIH 3T3 and XC cells treated with 33 or 66
wM nocodazole rounded up, and those treated with 1 ng of
cytochalasin D per ml arborized within 45 min after exposure.
Cells incubated with the inhibitors for longer than 3 h began
detaching from the culture plates. To avoid cell losses due to
detachment, the total time of drug exposure in infection and
transport assays was kept to less than 3 h. In addition, cultures
were observed by light microscopy before exposure and again
immediately after drug removal to monitor for cell detach-
ment.

Removal of cytochalasin D after a 3-h exposure allowed the
actin network to repolymerize. Ecotropic viruses require at
least one cell division to establish a provirus during infection
(41). Roe and colleagues have shown that virus will bind and
enter cells arrested in the cell cycle but that integration of the
provirus does not occur (41). Prolonged actin depolymeriza-
tion using cytochalasin B, a compound closely related to cy-
tochalasin D, prevents cytokinesis (12, 46). However, Roe and
coworkers found that releasing a 10-h block of the host cell
cycle allowed virus replication to proceed (41). Thus, our ex-
perimental design depended on disrupting the actin network
with cytochalasin D and then reversing the disruption by re-
moval of the inhibitor, allowing the cell cycle to continue so
that any observed decrease in infection would be caused by a
requirement for the actin network in virus entry and not by a
downstream block in establishing the provirus. Removal of
cytochalasin D after short exposures has been shown to be
followed by rapid repolymerization of the actin network in a
number of different cell lines (30). However, the reversibility of
depolymerization upon removal of cytochalasin D had not
been examined in NIH 3T3 and XC cells.

We examined the actin network in cytochalasin D-treated
NIH 3T3 and XC cells by direct fluorescence using a phalloi-
din-rhodamine conjugate that binds avidly to polymerized ac-
tin. In marked contrast to the arrays of actin microfilaments
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seen in untreated cells (Fig. 1A and D), cytochalasin D-treated
cells exhibited a diffuse pattern of actin (Fig. 1B and E), indi-
cating the stress fibers and the cortical actin network were
depolymerized. We then determined if NIH 3T3 and XC cells
would repolymerize their actin networks after drug removal.
Cells were treated for 3 h with cytochalasin D (1 pg/ml),
washed, and allowed to recover. Direct fluorescence using
phalloidin-rhodamine as described above showed that the
gross features of the actin network (Fig. 1C and F) were re-
stored within 2 h after removing the inhibitor. Thus, in all
experiments, we removed cytochalasin D after the indicated
time of total exposure (in no case longer than 3 h of exposure)
to allow reorganization of the actin network and cell division.

Inactivation of ecotropic virus by treatment with pH 3.0
citrate buffer. Previous studies by others have shown that eco-
tropic virus can be readily inactivated by treatment with tryp-
sin. However, alterations of the cytoskeleton caused by cy-
tochalasin D and nocodazole resulted in weak adherence of
cells to the culture plates. To avoid extensive host cell detach-
ment during inactivation, we used a modification of a method
described to inactivate herpes simplex virus in studies of the
effects of cytochalasin D on penetration (44). Rosenthal et al.
found that unbound herpesvirus and virus that was bound but
not internalized were inactivated by a 1-min exposure to pH
3.0 citrate buffer; internalized virus was not affected by this
treatment (43). Ecotropic viruses have been shown to be stable
at pH as low as 4.0 (28), but the effects of exposure to pH 3.0
were not studied. We incubated ecotropic-pseudotyped BAG
virus with replicate cultures at 4°C for 30 min to allow for virus
binding without internalization. Half of the samples were ex-
posed to pH 3.0 citrate buffer for 1 min and then washed with
PBS, and fresh medium was added. The remaining samples
were washed with PBS alone before addition of fresh medium.
All cultures were incubated at 37°C for 48 h and then fixed and
stained for assay of B-galactosidase activity transduced by the
BAG virus genome. Removal of virus with PBS alone after 30
min binding resulted in infection of 0.140% = 0.075% of the
cells (n = 6), whereas exposure of cells and bound virus to the
low pH citrate wash resulted in infection of 0.001% = 0.002%
of cells (n = 6). These results indicate that 99% of the bound
ecotropic virus was inactivated upon exposure at pH 3. The
remaining 1% of virus either was resistant to inactivation or
may have internalized during the 30-min incubation at 4°C.

Depolymerization of the actin network inhibits virus infec-
tion at a step before virus penetration of the host cell plasma
membrane in NIH 3T3 and XC cells. NIH 3T3 and XC cells
were pretreated with cytochalasin D (1 wg/ml) for 45 min to
depolymerize the actin network and then exposed to ecotropic-
pseudotyped BAG virus for 2 h. The drug was maintained for
the duration of virus exposure. Cells were washed with low-pH
citrate buffer to inactivate virus that had not internalized, and
fresh medium was added. Forty-eight hours later, cells were
fixed and stained to assay for B-galactosidase activity trans-
duced by virus. Both cell types exhibited profound inhibition of
virus infection after pretreatment with cytochalasin D. Figure
2 shows the results of the experiments in which 82% inhibition
of infection was obtained in pretreated NIH 3T3 cells and 79%
inhibition was obtained in pretreated XC cells. Overall infec-
tion of NIH 3T3 cells was reduced by an average of 78% in four
independent pretreatment experiments, and infection of XC
cells was reduced by an average of 72% in three independent
experiments (Table 1).

We evaluated the effects of DMSO, the solvent for cytocha-
lasin D, by quantitating infection in cells treated only with
0.1% DMSO. Infection in DMSO-treated cells was slightly
higher than that in uninfected cells in all experiments with both
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NIH3T3

J. VIROL.

FIG. 1. Recovery of the actin network organization occurs within 2 h after withdrawal of cytochalasin D. NIH 3T3 and XC cells were prepared for fluorescence
microscopy as described in Materials and Methods and stained with phalloidin-TRITC to visualize the actin network in untreated cells (A and D), cells treated with
cytochalasin D (1 wg/ml) for 3 h (B and E), and cells treated with cytochalasin D (1 pg/ml) for 3 h then allowed to recover after the removal of cytochalasin D for 2 h
(C and F). The left panel of each section shows the phase-contrast photomicrograph of the cells viewed by fluorescence microscopy in the right panel.

cell types. NIH 3T3 cells pretreated with DMSO exhibited an
average increase in infection of 12% in four independent ex-
periments, and XC cells exhibited an average increase of 7% in
three independent experiments (data not shown).

To determine if the involvement of the actin network is
critical to an early or to a later step in the virus life cycle, we
performed experiments in which the network was not dis-
rupted until after virus binding and internalization had oc-
curred. This postinternalization assay consisted of the follow-
ing steps. Cells were exposed to virus at 4°C to allow virus
binding without internalization to provide a population of cells
undergoing near-synchronous virus entry. Cells were then
washed with a neutral buffer to remove unbound virus and
shifted to 37°C to allow penetration of the plasma membrane.
Twenty minutes later, cells were washed with low-pH citrate
buffer to inactivate any virus that had not been internalized.
The actin network was then depolymerized by adding 1 pg of
cytochalasin D per ml to the cell culture medium (disruption of
the actin network starts within 2 to 3 min after exposure to this
concentration of cytochalasin D [29]). Infection of NIH 3T3
and XC cells treated after virus internalization was comparable
to that of untreated cells. Infection of NIH 3T3 cells was an
average of 2% less than that of untreated cells in the four
independent experiments, and infection of XC cells was equiv-
alent to that of untreated cells in three independent experi-
ments (Table 1). Figure 2 shows the results of the experiments
in which a 4% reduction in infection was obtained in postin-
ternalization-treated NIH 3T3 cells and an increase of 1% was
obtained in treated XC cells. Infection in DMSO-treated cells
was comparable to that in untreated cells. DMSO-treated NIH
3T3 cells exhibited an average increase in infection of 9% in
the four experiments, and XC cells exhibited an average in-

crease of 4% in three independent experiments (data not
shown).

Having obtained a marked reduction of infection in the
pretreatment experiments, we were concerned that the repo-
lymerization of the actin network that we observed upon re-
moval of cytochalasin D might not correlate with release of a
block to mitosis in the treated cultures. To determine if the cell
cycle was blocked and remained so in treated cultures, we
compared the average number of cell divisions in the treated
cultures to that in untreated cultures in each infection assay.
The cell density at the beginning (at cell plating) and upon
termination of each infection experiment was quantitated and
used to calculate the average number of cell divisions over the
duration of the experiment. Cell division proceeded at compa-
rable rates in cultures pretreated with cytochalasin D and in
untreated cultures (Table 2). Untreated NIH 3T3 cultures
averaged 3.2 divisions, and cytochalasin D-treated cells aver-
aged 3.1 divisions. Untreated XC cells averaged 3.5 cell divi-
sions, and treated cultures averaged 3.2 divisions. Because the
untreated cultures were infected (Table 1), they must have
undergone at least one of the three divisions after they were
exposed to virus (41). Since all cultures in an experiment were
plated by aliquoting a single pool of cells, those treated cul-
tures that averaged the same number of divisions as untreated
cells most likely underwent at least one mitosis after exposure
to the virus and inhibitors as well. Furthermore, similar num-
bers of cell divisions were observed for treated cells in the
postinternalization experiments (data not shown), where infec-
tion of both cell types was not inhibited by a 3-h exposure to
cytochalasin D after virus internalization (Table 1). These data
suggest that any block to cell division in either NIH 3T3 or XC
cells was temporary and was unlikely to have interfered with
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FIG. 2. Depolymerization of the actin network inhibits ecotropic virus infec-
tion at a step before internalization of virus in NIH 3T3 cell and XC cells.
Pretreatment, cells were treated with cytochalasin (Cyto) D (1 pg/ml) for 45 min
then exposed to -2 BAG virus for 2 h. Cytochalasin D was maintained at 1
wg/ml during virus exposure. Post internalization Treatment, cells were treated
with cytochalasin D (1 pg/ml) 20 min after virus internalization as described in
Materials and Methods. Values shown for infection data from experiment I for
both cell types are the means of four samples for each treatment. The error bars
represent maximal variation.

virus infection sufficiently to account for the marked decrease
in infection observed.

Removal of nocodazole after a 3-h exposure allowed the
microtubules to repolymerize. Because microtubules play es-
sential roles in mitosis, prolonged exposure to nocodazole also
arrests the cell cycle (61). As with cytochalasin D, the removal
of nocodazole after short exposures has been shown to be
followed by rapid repolymerization of the microtubules, allow-
ing the cell cycle to progress (10, 15). Again our experimental
design depended on reversing the disruption of microtubules
by removal of the inhibitor, allowing the cell cycle to continue.
The repolymerization of microtubules upon removal of no-
codazole had not been examined in NIH 3T3 and XC cells.

To examine the integrity of the microtubules, we performed
indirect immunofluorescence with an antitubulin monoclonal
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antibody, using a modification of a procedure developed spe-
cifically for determining the proportion of polymerized micro-
tubules present in cells (60). Briefly, fixed cells were extracted
by detergent in the presence of MSB prior to incubation with
antitubulin. MSB stabilizes polymerized tubulin against deter-
gent extraction, preventing its removal from extracted cells.
Tubulin that is not incorporated into the microtubule polymer
is not stabilized and is removed from cells during extraction.
Untreated NIH 3T3 and XC cells exhibited abundant strands
of intact microtubules that were resistant to detergent extrac-
tion (Fig. 3A and D). In contrast, cells treated with nocodazole
displayed only low levels of diffuse tubulin, indicating that
microtubules had depolymerized, allowing extraction of tubu-
lin prior to incubation with the antibody (Fig. 3B and E). We
then determined if NIH 3T3 and XC cells would repolymerize
their microtubules after drug removal. Cells were treated for
3 h with 66 uM nocodazole, washed, and allowed to recover.
Indirect immunofluorescence using antitubulin as described
above showed that the gross features of microtubules (Fig. 3C
and F) were restored within 2 h after removing the inhibitor.
Thus, in all experiments, we removed nocodazole after the
indicated time of total exposure (in no case longer than 3 h of
exposure) to allow reorganization of the cytoskeleton and cell
division.

Depolymerization of microtubules inhibits virus infection in
NIH 3T3 cells but not in XC cells by affecting an event after
internalization of virus. NIH 3T3 and XC cells were pre-
treated to depolymerize the microtubules before and during
virus exposure with 33 or 66 pM nocodazole. Compared to
untreated cells, NIH 3T3 cells treated with 33 wM nocodazole
exhibited a marked reduction in infection. In contrast, infec-
tion of nocodazole-treated XC cells was comparable to that of
untreated cells. There was an average reduction in infection of
nocodazole-treated NIH 3T3 cells of 71% in four independent
pretreatment experiments, while infection of treated XC cells
was an average of 7% less than in untreated cells (Table 3).
Figure 4 shows the results of the experiments in which a 75%
inhibition of infection was observed in pretreated NIH 3T3
cells and a 16% reduction in infection was observed in XC
cells. Similar results were obtained with 66 wM nocodazole:
infection of NIH 3T3 cells was inhibited by 86%, whereas XC
cell infection was 2% greater than in untreated cells (Table 3).

Because nocodazole was dissolved in as high as 0.66%
DMSO, a concentration much greater than that used in the
studies with cytochalasin D, we also quantitated infection in
cells pretreated only with 0.33 and 0.66% DMSO. Infection in
DMSO-treated cells was comparable to that in uninfected cells
in both cell types. NIH 3T3 cells treated with 0.33% DMSO
exhibited an average increase in infection of 3% in four inde-
pendent experiments, and XC cells exhibited an average in-
crease of 7% in three independent experiments (data not
shown). Pretreatment with 0.66% DMSO increased infection
by 11% in NIH 3T3 cells and by 13% in XC cells (data not
shown).

We performed postinternalization assays using nocodazole
to determine if an early or a later step in virus entry is affected
by disruption of the microtubules. Nocodazole was added to
the cell culture medium after a period of 20 min was allowed
for virus internalization. Because disruption of microtubules
occurs within 10 min after exposure to 3.3 wM nocodazole
(10), we tried 33, 66, and 132 uM nocodazole to obtain as rapid
a depolymerization as possible for this assay. Cells remained
adherent to the culture plate when treated with 33 and 66 puM
drug for 3 h but detached when treated with 132 wM. Thus, 66
1M nocodazole was used in these experiments. NIH 3T3 cells
treated with nocodazole after virus internalization exhibited a
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TABLE 1. Infection in cytochalasin D-treated cells
. a % Infected cells” Relative Relative
Celltine ot No inhibitor Cytochalasin D infection® (%) inhibition” (%) Ave
NIH 3T3 Pre
I 0.130 = 0.008 0.023 = 0.005 18 82
11 0.142 = 0.032 0.041 = 0.009 29 71
111 0.119 = 0.010 0.029 = 0.003 24 76 78
v 0.062 = 0.004 0.013 £ 0.003 21 79
Post
I 0.052 = 0.006 0.050 = 0.006 96 4
11 0.074 = 0.005 0.069 = 0.012 93 7
111 0.063 = 0.007 0.059 £ 0.010 94 6 2
v 0.056 = 0.010 0.061 = 0.012 109 T 9
XC Pre
I 0.129 = 0.019 0.027 £ 0.002 21 79
11 0.186 + 0.016 0.075 = 0.001 41 59 72
111 0.130 = 0.004 0.027 = 0.005 21 79
Post
I 0.093 = 0.008 0.094 = 0.016 101 T 1
II 0.224 = 0.017 0.252 + 0.035 113 1T 13 0
111 0.060 = 0.005 0.051 = 0.003 86 14

“ Pre, pretreatment. Cells were exposed to cytochalasin D (1 pg/ml) for 45 min and then exposed to the inhibitor plus ecotropic virus for an additional 2 h as described
in Materials and Methods. Post, postinternalization. Cytochalasin D (1 pg/ml) was added to cells 20 min after virus internalization.

® (Number of infected cells/total number of cells) X 100. Values shown are the mean of replicate samples *+ 1 standard deviation (n = 4).

¢ (Percent infected cells in the treated population/percent infected cells in the untreated population) X 100.

4 Calculated as (100 — relative infection). Values representing an increase in infection are indicated by arrows.

marked reduction in infection, while infection of treated XC
cells was comparable that of untreated cells. Infection of NIH
3T3 cells was inhibited by an average of 81% in three inde-
pendent experiments (Table 3). Figure 4A shows the results of
the experiment in which 79% inhibition was observed. In con-
trast, infection in XC cells was an average of 2% less than in
untreated cells (Table 3). Figure 4B shows the results of the

experiment in which a 7% reduction was observed. DMSO-
treated NIH 3T3 cells exhibited an 11% average increase in
infection and XC cells exhibited an average increase of 4% in
infection (data not shown).

Here too there was the possibility that the repolymerization
of the microtubules that we observed upon removal of nocoda-
zole might not correlate with release of a block to mitosis,

TABLE 2. Effects of cytoskeletal inhibitors on the number of cell divisions

Cytochalasin D Nocodazole
Cell line Final cell densit Avg cell ¢ Final cell densit Avg cell ¢
Treatment (cells/mm?) Y divi%ions” Expt® Treatment (cells/mm?)* Y divifions” Expt
NIH 373 - 971 33 I 33 uM
+ 855 3.1 - 1,166 3.6 1
- 942 33 11 + 919 32
+ 985 3.3 - 906 32 I
- 924 3.2 11T + 855 3.1
+ 945 3.3 - 1,054 34 11
- 741 2.9 v + 646 2.7
+ 683 2.8 66 pM
- 652 2.7 v
+ 518 2.4
XC - 902 3.2 I 33 uM
+ 668 2.8 - 902 32 I
- 1,590 4.0 11 + 920 32
+ 1,579 4.0 - 1,590 4.0 I
- 920 3.2 11 + 478 2.3
+ 690 2.8 - 920 3.2 11
+ 890 32
66 pM
- 1,441 3.8 v
+ 1,280 3.7

“ Average cell density at the end of each pretreatment experiment calculated as described in Materials and Methods.
® The number of cell divisions was calculated as (log D, — log D;)/log 2, where Dy is the final cell density and D; is the initial cell density. The initial density of all

cultures was 100 cells/mm?,

¢ Numbers correspond to pretreatment experiments whose infection data are listed in Tables 1 and 3.
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FIG. 3. Recovery of microtubule network organization occurs within 2 h after withdrawal of nocodazole treatment. Indirect immunofluorescence using a
monoclonal antibody against B-tubulin was performed on NIH 3T3 and XC cells. (A and D) Untreated cells; (B and E) cells exposed to 66 wM nocodazole for 3 h;
(C and F) cells exposed to 66 wM nocodazole for 3 h then allowed to recover for 2 h after removal of nocodazole. The left panel of each section shows the phase-contrast
photomicrograph of the cells viewed by fluorescence microscopy in the right panel.

particularly in the NIH 3T3 cultures. If so, then the decrease in termination of each experiment. If the 3-h exposure to nocoda-
infection of NIH 3T3 cells might not be due to a requirement zole imposed a block to the cell cycle that remained after the
for microtubules in virus entry. Again we determined the num- drug’s removal, then the number of cell divisions in the un-
ber of cell divisions from the increase in cell density upon treated cultures would be much greater than that in the treated

TABLE 3. Infection in nocodazole-treated cells

% Infected cells

. o Relative Relative
Cell line Expt No mhibitor Nocodarole infection* (%) inhibition” (%) Ave
NIH 3T3 Pre
33uM I 0.390 = 0.055 0.099 = 0.017 25 75
11 0.390 = 0.011 0.170 = 0.015 44 56 71
111 0.510 = 0.015 0.093 = 0.009 18 82
66 pM IV 0.340 = 0.030 0.046 = 0.004 14 86 NA®
Post
1 0.056 = 0.010 0.012 = 0.002 21 79
1I 0.073 = 0.005 0.014 = 0.002 19 81 81
111 0.063 = 0.017 0.010 = 0.002 16 84
XC Pre
33uMI 0.129 = 0.019 0.108 = 0.012 84 16
I 0.186 = 0.016 0.175 = 0.030 94 6 7
111 0.130 = 0.004 0.130 = 0.010 100 0
66 pM IV 0.580 = 0.020 0.590 = 0.013 102 T2 NA
Post
1 0.060 = 0.005 0.056 = 0.010 93 7
I 0.224 = 0.017 0.187 = 0.005 83 17 2
11 0.093 = 0.008 0.110 = 0.004 118 T 18

“ Pre, pretreatment. Cells were exposed to either 33 or 66 wM nocodazole for 45 min and then exposed to the inhibitor plus ecotropic virus for an additional 2 h
as described in Materials and Methods. Post, postinternalization. Nocodazole at 66 uM was added to cells 20 min after virus internalization.

> (Number of infected cells/total number of cells) X 100. Values shown are the mean of replicate samples + 1 standard deviation (n = 4).

¢ (Percent infected cells in the treated population/percent infected cells in the untreated population) X 100.

9 Calculated as (100 — relative infection). Values representing an increase in infection are indicated by arrows.

¢ NA, not applicable.
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FIG. 4. Depolymerization of the microtubule network reduces ecotropic vi-
rus infection in NIH 3T3 cells by affecting an event after internalization of virus.
Pretreatment, cells were treated for 45 min with 33 pM nocodazole (Noc) and
then incubated with {-2 BAG virus for 2 h in the presence of the drug. Post-
internalization Treatment, cells were treated with 66 uM nocodazole 20 min
after virus internalization as described in Materials and Methods. Values shown
are infection data from postinternalization experiment I for both cell lines and
are the means of four samples for each treatment. The error bars represent
maximal variation.

cultures. Untreated NIH 3T3 cultures averaged 3.2 divisions,
compared to 2.9 divisions in cultures pretreated with nocoda-
zole (Table 2). Because the untreated cultures were infected
(Table 3), they must have undergone at least one of the three
divisions after they were exposed to virus (41). Since the
treated cultures underwent a comparable number of divisions
as untreated cells, they most likely underwent at least one
mitosis after exposure to the virus and inhibitors as well. In-
fection of XC cells exposed to nocodazole was only slightly less
than that in untreated cultures (Table 3) even though treated
cultures averaged 3.1 cell divisions, compared to 3.6 divisions
in untreated cells (Table 2). These data suggest that a differ-
ence of as great as one-half division is not sufficient decrease in
mitosis to account for a marked decrease in infection. Thus, it
is unlikely that the average 0.3 cell division difference seen in
NIH 3T3 cultures could represent a block in the cell cycle that

J. VIROL.

interfered with virus infection sufficiently to account for the
marked decrease in infection observed.

The inhibition of infection was not profoundly affected by
MOL. In pretreatment experiments, we had exposed cells to
virus at multiplicities of infection (MOIs) of approximately 0.1
for 2 h. We then examined infection in inhibitor-treated cells,
using MOIs of 0.01 and 1 to determine if increasing or de-
creasing the virus concentration would alter the effects of the
inhibitors on virus infection. The inhibition of infection in
cytochalasin D-treated NIH 3T3 and XC cells remained ap-
proximately the same as virus was increased, suggesting that
the concentration of available virus was not a factor in the
observed effects. Similarly, infection of XC cells treated with
nocodazole was insensitive to the saturation of the system.
However, increasing the amount of available virus somewhat
relieved the inhibition to infection caused by nocodazole treat-
ment in NIH 3T3 cells. Infection was decreased by 79% at an
MOI of 0.01, 74% at an MOI of 0.1, and 61% at an MOI of 1
(Fig. 5).

The depolymerization of the microtubules and actin net-
work does not down-regulate the surface expression of the
virus receptor. Given the gross morphological changes in
treated cells, it was possible that the surface expression of the
virus receptor was down-regulated by these cytoskeletal inhib-
itors. If this were the case, any observed effect of infection
would be attributable to a lack of virus binding sites rather than
to an involvement of cytoskeletal components in entry. Taking
advantage of the cellular function of the receptor as the prin-
cipal cationic amino acid transporter (22, 52), we measured
L-arginine uptake in treated cells and compared it to uptake in
untreated cells to evaluate surface expression.

Figure 6 shows the mean values of L-arginine transport in
NIH 3T3 and in XC cells after 45 min, 2 h, and 3 h of exposure
to the inhibitors. Transport was comparable in untreated,
DMSO-treated, and nocodazole- or cytochalasin D-treated
cells of both cell types, suggesting that the receptor remains on
the cell surface upon treatment with these drugs. After a 3-h
treatment with cytochalasin D, NIH 3T3 cells transported a
mean of 1% more L-arginine than was transported by un-
treated cells (Fig. 6A), and XC cells transported a mean of 1%
less L-arginine than did untreated cells (Fig. 6B). After a 3-h
treatment with 66 wM nocodazole, NIH 3T3 cells transported
a mean of 7% less L-arginine than did untreated cells (Fig. 6C)
and XC cells transported a mean of 1% less L-arginine than did
untreated cells (Fig. 6D). Because the cytoskeletal inhibitors
nocodazole and cytochalasin D were dissolved in DMSO prior
to application on to cells, cells treated only with DMSO were
included in all experiments to measure any effects due to the
presence of DMSO. Transport in cells treated with DMSO
alone was also comparable to that in untreated cells (data not
shown).

In addition, we measured the transport of another cationic
amino acid substrate for the receptor, L-lysine, in three inde-
pendent experiments after a 45-min exposure to the inhibitors.
The results were in agreement with those found for L-arginine
transport. After cytochalasin D treatment, NIH 3T3 cells trans-
ported a mean of 4% more and XC cells transported a mean of
7% more L-lysine than did untreated cells. L-Lysine transport
was a mean of 15% less in NIH 3T3 cells and 1% greater in XC
cells treated with 33 wM nocodazole than in untreated cells.
Treatment with DMSO alone resulted in a mean decrease of
3% in NIH 3T3 cells and a mean increase of 8% in XC cells of
L-lysine transport compared to untreated cells. These results
also demonstrate that disruption of either the microtubules or
actin network does not affect the physiological function of the
transporter/receptor.
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FIG. 5. The reduction in ecotropic virus infection resulting from the depolymerization of the actin network is independent of the MOI in NIH 3T3 and XC cells,
but the inhibition of infection upon depolymerization of the microtubules is partially relieved in NIH 3T3 cells by increasing the MOI. The results shown are the means
of four samples for each treatment. The error bars represent maximal variation. NIH 3T3 or XC cells were treated for 45 min with the indicated drug and then exposed
to -2 BAG virus at an MOI of 0.01, 0.1, or 1 for 2 h. The appropriate concentration of drug was maintained during virus exposure. Shaded bars, untreated cells; solid
bars, cells treated with 1 g of cytochalasin (Cyto) D per ml; open bars, cells treated with 33 uM nocodazole (Noc). When exposed to MOIs of 1, 0.1, and 0.01 for
2 h,2.75% = 0.10%, 0.28% = 0.02%, and 0.03% = 0.00%, respectively, of untreated NIH 3T3 cells were infected and 2.03% = 0.11%, 0.22% = 0.02%, and 0.024%

+ 0.00%, respectively, of untreated XC cells were infected.

DISCUSSION

Inhibition of infection in NIH 3T3 and XC cells was similar
to that reported in studies of the effects of cytochalasin D and
nocodazole on the function of other membrane proteins: 70 to
75% inhibition of biological activity (11, 26, 34, 36, 42, 54). It
is thought that the lack of complete inhibition in these studies
was due to resistance to the action of the inhibitors. For ex-
ample, sensitivity to cytochalasin D has been shown to depend
on the stage of the cell cycle; that is, cells in G, are most
sensitive, while cells in the S phase through G, are relatively
insensitive (29). The lack of complete inhibition by nocodazole
might be due to the presence of microtubules composed of
Glu-tubulin, a minor variant of a-tubulin that is nocodazole
resistant (21, 49). Alternatively, it is possible that the ecotropic
receptor can mediate virus entry in cells that lack a complete
cytoskeleton but functions more efficiently when the host cy-
toskeleton is intact. A third possibility is that there is more
than one population of virus receptors on host cells: a predom-
inant population whose activity is dependent on the cytoskel-
eton and a smaller population that is independent of the cy-
toskeleton. Some of the residual infection might be due to the
1% of bound but not internalized virus that resist inactivation
by the low-pH citrate wash. However, this contribution is un-
likely to account for most of the residual 20 to 30% infection.

The ecotropic virus receptor is an integral membrane pro-
tein (1) that functions as a cationic amino acid transporter in
the host cell (22, 52). To address the possibility that depoly-
merization of the cytoskeleton might down-regulate the recep-
tor, we used amino acid transport to evaluate surface expres-
sion. Amino acid transport was not decreased in NIH 3T3 cells
after up to 3 h of exposure to 1 ug of cytochalasin D per ml or
66 wM nocodazole, suggesting that transporters remain on the
surface. However, because a slight reduction of transporters
(Iess than 10%) on the cell surface would not be detectable in
the amino acid transport assay, we cannot rule out the possi-
bility that only a small fraction of transporters are competent

virus receptors and that these molecules were preferentially
internalized upon drug treatment. Indeed, Wang et al. have
suggested that only a small number of virus receptors on any
cell are functional (53).

In experiments in which a profound inhibition of infection
was not observed, there was frequently a slight decrease in
infection. For example, NIH 3T3 cells exposed to cytochalasin
D after virus internalization exhibited an average 2% decrease
in infection compared to untreated cells. Nocodazole exposure
before and after virus internalization resulted in 7 and 2%
average decreases in infection of XC cells. It is difficult to
interpret the relevance of such small but consistent decreases.
In particular, the relevance of the 16 and 6% decreases in
infection observed in XC cells pretreated with 33 wM nocoda-
zole are difficult to interpret in light of the third experiment,
where no decrease was observed, and the experiment with 66
M nocodazole, in which a 2% increase in infection was ob-
served. The small decreases in cell division observed in most of
the experiments might reflect a low level of blocked cell divi-
sion that was responsible for the slight decrease in infection.
However, there was no consistent correlation between a slight
reduction in infection and a decrease in cell division. For
example, the largest such reduction (16%) was observed for
XC cultures in which both untreated and treated cells averaged
3.2 divisions, and the second largest difference in division (3.8
versus 2.4) was observed in the XC cells, for which there was a
13% increase in infection in treated cultures.

One possible explanation for the lack of inhibition of infec-
tion in XC cells exposed to nocodazole might be that XC cells
are more resistant to the inhibitor’s effects than NIH 3T3 cells.
If XC cells were more resistant, then their microtubules might
not be depolymerized to an extent that would decrease virus
infection as markedly as in NIH 3T3 cultures, masking an
involvement of microtubules in infection of XC cells. However,
the microtubules in XC cells had depolymerized by the end of
a 3-h exposure and repolymerized within 2 h after removal of
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FIG. 6. Disruption of the microtubule and the actin network does not affect the uptake of cationic amino acids mediated by the virus receptor in NIH 3T3 and XC
cells. Cationic amino acid uptake assays were performed on NIH 3T3 and XC cells after treatment with 1 ug of cytochalasin (Cyto) D per ml (upper panels) or 66 puM
nocodazole (Noc) (lower panels) for the times indicated. The appropriate treatments were maintained during the uptake assay. Values shown in the graph are L-arginine
transport relative to that of untreated cells in the same experiment, calculated from the mean nanomoles of L-arginine transported/minute/milligram of protein (n = 4).

the inhibitor, just as the microtubules in NIH 3T3 cultures had.
We cannot exclude the possibility that there are subtle differ-
ences in sensitivity to nocodazole between XC and NIH 3T3
cells.

Models for ecotropic virus entry. The question remains un-
answered as to why the site of ecotropic virus fusion differs
with the host cell. Because only infection of rat XC cells ap-
pears to occur by cell surface fusion, the site of virus fusion
might correlate with differences between the mouse and rat
receptors. Recent isolation of the rat homolog of the receptor
revealed that there are four divergent residues and a three-
amino-acid insertion in the virus binding site of the rat se-
quence, although the two proteins are 97% identical (35, 58).
However, these differences are unlikely to explain the obser-
vations because infection of normal rat kidney and Rat-1 cells
appears to occur via the endocytic pathway (28).

Other studies have shown that ecotropic viruses induce cell-
cell fusion of XC cells at neutral pH (23, 59) but do not induce
extensive fusion of NIH 3T3 fibroblasts, L8 myoblasts, and
Rat-1 cells. Transformation of NIH 3T3 cells with the ras
oncogene or of L8 and Rat-1 cells with Rous sarcoma virus
bearing the src oncogene rendered them capable of extensive
fusion in the presence of ecotropic virus (20, 56). Kaufman and
Ehrbar (20) and Wilson et al. (56) suggested that changes in

the cells upon transformation make them competent for cell
surface fusion. Others demonstrated that transformation by ras
or src alters the morphology of cells via changes in the orga-
nization of the microtubules and actin network (2, 6, 16, 18).
Thus, the site of virus fusion might depend partly on the status
of cytoskeletal components in the host cell. However, virus
entry into the ras-transformed NIH 3T3 cells was still sensitive
to lysosomal inhibitors, suggesting that the site of virus fusion
did not change to the cell surface upon transformation, even
though the cells were now very competent for cell-cell fusion.

We propose a simple model of ecotropic virus entry in which
binding occurs via the same interactions between the virus and
the receptor in all host cells, but that postbinding events, par-
ticularly virus internalization (plasma membrane penetration),
differ between XC and other cells. Our data indicate that the
actin network plays a critical role in an event prior to virus
internalization that is common to entry into both NIH 3T3 and
XC cells. Virus attachment would be a likely step that requires
the critical contribution of the actin network. For instance, the
actin network might exert a crucial influence that maintains a
higher-order structure of the receptor essential to virus bind-
ing. It is also possible that the actin network does not influence
virus binding; instead, virus binding might transmit a signal via
the actin network that triggers a critical change in the host cell.
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A sensitive assay for detecting subtle changes in receptor struc-
ture, combined with virus binding and fusion assays, should
shed light on whether disruption of the actin network affects
the attachment of the virus.

These studies suggest that intact microtubules are required
in a postinternalization step for efficient infection of NIH 3T3
cells. They do not rule out the possibility that intact microtu-
bules are also involved in an event prior to virus internaliza-
tion. Our data imply that newly internalized virus particles are
relatively unstable because virus infection was not efficiently
salvaged when nocodazole was removed after the 3-h exposure
in the postinternalization studies, even though the microtu-
bules reorganized and cell division continued. In contrast, viral
nucleoprotein complexes have been found to be very stable by
6 h after virus internalization (41). Roe et al. (41) exposed host
cells to ecotropic virus and then 9 h later added nocodazole.
They found that integration was blocked by the inhibitor but
that the viral complexes remained integration competent when
the drug was removed 10 h later. Conformational changes in
the structural proteins, particularly the envelope proteins, are
thought to occur upon binding and internalization. Perhaps
further conformational changes are induced by uncoating dur-
ing fusion, stabilizing the viral integration complex. Microtu-
bules have been implicated in the movement of endocytic ves-
icles from the cell surface to the lysosomes (9). For example,
during endocytosis of the transferrin receptor, vesicles contain-
ing the receptor are transported by a microtubule-dependent
mechanism (19, 45). Perhaps in NIH 3T3 cells, disruption of
the microtubules within 20 min of virus internalization blocks
progression of virus-containing vesicles to the endosomal com-
partments where fusion presumably occurs. The prolonged
stay in a compartment where fusion cannot occur might then
target particles for degradation. If this were the case, then
nocodazole would not be expected to affect infection in XC
cells, where fusion, occurring presumably at the cell surface,
would result in internalized viral complexes that have already
been stabilized by changes during uncoating.

Andersen and coworkers reported that the virus surface
protein SU is cleaved upon virus entry and that ecotropic
virus-induced cell fusion is enhanced by exogenous proteinase
treatment (3-5). McClure and colleagues postulated that the
proteinase that cleaves SU may depend on the low pH of the
endosome in NIH 3T3 cells but may function at neutral pH on
the surface of XC cells, activating the fusion capability of SU at
the cell surface (28). If this were the case, then internalization
of ecotropic viruses would constitute a variation of the endo-
cytic pathway in which fusion with cell membranes is triggered
by protease digestion instead of exposure to low pH. Our data
are consistent with this model. In this case, exposure to no-
codazole might block movement of vesicles containing newly
internalized virus to a compartment where the protease re-
sides, thereby preventing virus fusion.

The physiological function of the receptor does not require
an intact cytoskeleton. Recent studies have shown that the
receptor and the homologous human and porcine amino acid
transporters cluster on the surface of rat, human, and porcine
cells, respectively (57). Looking specifically at human cells,
Woodard and coworkers (57) found that the disruption of
microtubules with nocodazole abolished this clustering, sug-
gesting a possible interaction of the transporter/receptor with
the cellular cytoskeleton. Studies of other plasma membrane
proteins have revealed that the y-aminobutyric acid receptor,
the glycine receptor, and CD2 on T-cell surfaces interact with
microtubules, while the N-methyl-p-aspartate receptor, neuro-
nal voltage-gated sodium channels, and immunoglobulin G Fc
receptor subclass I interact with actin (11, 13, 17, 26, 32-34). In
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each case, the interaction was shown to be critical for biolog-
ical function (11, 26, 34, 36, 42, 54). However, our studies
indicate that any interaction that the ecotropic receptor might
have with either the actin network or the microtubules is not
required for its function as the principal transporter of cationic
amino acids in cells.
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