
INFECTIVITY OF MURINE CYTOMEGALOVIRUS

of centrifugal inoculation to achieve an adequate
initial multiplicity, a growth cycle study was done.
Inocula that contained 107.8 PFU of MCMV by
prior centrifugal assay were centrifuged onto
replicate monolayers of MECC, composed of
107-0-7 2 cells, giving a multiplicity of infection of
about 5 PFU per cell. The inocula in these experi-
ments were not decanted but to them was added
maintenance medium to give a final volume of 5
ml per bottle. At each designated interval after
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FIG. 1. Effect of time ofcentrifugation on enhance-
ment of MCMV adsorption onto secondary MECC
monolayers. The meani and range of three or more de-
terminations are indicated for each sampling interval.

inoculation, two or three bottles were removed
from the 37 C incubator, and tissue culture fluids
were decanted separately, mixed with sorbitol
and stored in duplicate vials at -70 C. Replicate
samples of fluid from each time interval post-
inoculation were then assayed by both stationary
and centrifugal inoculation methods (Fig. 2).
The extracellular growth curves determined by

the two methods were parallel, suggesting that
the phenomena accounting for increased in-
fectivity with centrifugation pertained equally at
all stages of the cycle of multiplication. After the
initial adsorption, residual virus in the fluid re-
mained at a constant concentration until 12 to 13
hr, at which time a secondary drop in titer was
observed. At 18 to 21 hr, a log-linear increase in
virus concentration began, persisting until about
30 hr. A second cycle apparently occurred with
another 18-hr latent period, and further release
of infectious virus occurred starting at 48 hr.
When measured by standard assay, extracellular
virus yield was barely equal to input; however,
by centrifugation assay the infection was produc-
tive with 30 PFU per cell as an average final
yield.
Mechanism of increased infectivity. To test the

possibility that this newly identified component
of inoculum represented a distinctly different
population of MCMV, efficiency of neutraliza-
tion and effect of interferon on the two virus
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FIG. 2. Extracellular virus yield from MCMV-infected mouse embryo cells; multiplicity of infection, 5. All
monolayers were inoculated centrifuigally at time-zero, following which identical samples were titrated by standard
and centrifugal methods ofassay. Data from three separate growth curve experiments are pooled. The means and
ranges oftwo to five samples at each time interval are indicated as assayed by either method.
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populations were compared. It was found with
several antisera and standard interferon pools
that both the slopes and end points of plaque-
reduction neutralization and interferon dose-
response curves were essentially the same with
100 PFU of either "adsorption species" of
MCMV.

The above experiments suggested that these
were in fact two segments of the same virus popu-
lation which were not obviously diverse in charac-
teristics other than ease of infectivity. Studies
were, therefore, undertaken to ascertain the
mechanism of the centrifugation effect.
To test the hypothesis that centrifugal effects on

the cells themselves allowed increased expression
of virus infectivity at a stage after successful
attachment, monolayers were centrifuged at
1,900 X g for 30 min prior to virus assay by
standard adsorption. Final MCMV titer was the
same on these monolayers as on control mono-

layers which had not been centrifuged previously.
The possibility was entertained that the addi-

tional virus, although adsorbed, required centrif-
ugal force for further steps in the establishment
of infection. However, after stationary adsorp-
tion, removal of inoculum, and washing of cells,
centrifugation of monolayers failed to increase
the titer over that measured by standard adsorp-
tion.

Attempts to improve the efficiency of the stand-
ard method of inoculation by increasing the
adsorption period to 4 hr and rocking the mono-
layers throughout this period were unsuccessful.
The increase in virus titer thus obtained was only
1.2-fold that of standard adsorbed controls.

If ease of adsorption were markedly different
in the two MCMV populations, the newly identi-
fied virus might be recovered from the super-
natant fluid after standard inoculation. Fluid
decanted from bottles after 4-hr rocking incuba-
tion was inoculated onto fresh monolayers, and
these were then spun at 1,900 X g for 30 min.
The resultant titers on the fresh cells were essen-

tially the same as when the original inocula were
centrifuged directly onto the cell monolayers

without intermediate stationary incubation of
another cell sheet. Thus, the additional virus
measured by centrifugation had remained intact
in the supernatant fluid throughout the long
stationary adsorption period and was readily
retrieved by the centrifugal method of assay.

Specificity for cytomegalovirus. One hypothesis
to explain centrifugal enhancement of infectivity
would be that sedimentation per se allows maxi-
mal cell-virus contact and that efficacy would
thus be directly related to particle size. If this
were the sole or most important factor involved,
it should follow that this property might be a

feature of the entire herpesvirus group. Herpes
simplex and pseudorabies viruses were, therefore,
assayed by the two methods on mouse embryo
and chick embryo cells, and the resultant increases
in titer with centrifugation of these viruses are

given in Table 2. The maximal increase of three-
fold corresponds to the magnitude of increment
observed with myxoma (13) but is distinctly
different from that observed with MCMV, indi-
cating that virion size is not of cardinal impor-
tance in this enhancement phenomenon.

DIsCussIoN

The studies reported here reveal that 10- to
100-fold more MCMV particles are capable of
initiating infection than was recognized previ-
ously. The newly identified population of virus
appears to differ from the standard measured
infectious units largely in terms of ease of ad-
sorption, and the deficiency in adsorption is
reproducibly overcome by centrifugation onto
susceptible monolayers at 1,900 X g for 10 or
more minutes. The phenomenon cannot be ex-
plained simply on the basis of weight or size of
particle, since only minimal increases in titer
are measured when herpes simplex or pseudo-
rabies inocula are similarly treated. The new

population of virus thus identified appears to be
otherwise identical to previously recognized
MCMV in growth curve kinetics and in suscepti-
bility to neutralizing antibody and to interferon
effect.

TABLE 2. Effect of centrifugation on titer of herpes simplex and pseudorabies viruses in cell
culture fluids (PFU/ml)

Adsorption Fold increase
Virus Cells for assay (centrifugal/

Standard Centrifugal standard)

Herpes simplex Mouse embryo 4.0 X 103 5.5 X 103 1.4
Chick embryo 2.1 X 103 6.6 X 103 3.1

Pseudorabies Mouse embryo 1.3 X 10' 3.9 X 10' 3.0
Chick embryo 1.3 X 106 2.0 X 10i 1.5
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The growth curve constructed with the centrif-
ugal method of inoculation and assay revealed
several features worthy of comment. The final
yield of infectious virus was less than 1 PFU per
cell by standard measurements, but it was 30
PFU per cell by the new method of assay. It ap-
peared that a single cycle of growth lasted about
30 hr; the pattern of rise in titer after that time
suggested that synchrony of initial inoculation
allowed a second discrete cycle to become ap-
Darent.
The latent period of 18 to 21 hr was considera-

bly longer than that reported by Henson et al.,
who described a log-linear increase in MCMV
beginning 10 hr after inoculation (9). Part of this
difference may reflect the fact that only extra-
cellular virus was measured in the present studies,
whereas Henson et al. assayed virus after a single
freeze-thaw cycle. However, unlike human cyto-
megalovirus, MCMV is rapidly released and rela-
tively little cell-associated virus is found (9);
thus, this difference in method probably does not
fully explain the longer latent period. Another
component of the discrepancy in results may be
the fact that their study utilized tissue culture
adapted MCMV, which may have altered its
growth characteristics during passage.
The decline in titer observed in each of the

two cycles just prior to appearance of new virus
is unusual and difficult to explain. The stable
titer prior to this might reflect a balance between
thermal inactivation and elution which was tem-
porarily altered in favor of the former effect after
several hours. If such a balance does not occur,
then it is noteworthy that MCMV is apparently
surprisingly stable extracellularly in cell culture
fluid for many hours at 37 C. Vonka and Ben-
yesh-Melnick have described a similar stability
of human cytomegalovirus at comparable tem-
peratures (17).

In context of mouse infection with MCMV,
it would be interesting to know if the newly
identified virus population is capable of infecting
in vivo. While it is difficult to answer this question
definitively, it may be well to keep in mind that
substantially more potentially infectious virus
may be present in experimental animals than has
been reported.

Other members of the herpesvirus group have
been found to require special manipulation in
order to achieve accurate assay (2, 3, 19). Smith
(14) provided evidence for the occurrence of large
aggregates of herpes simplex virus; dispersion by
sonic treatment resulted in higher titers, although
residual aggregates persisted even after the sonic
treatment. It seems unlikely that disaggregation
phenomena account for the increased MCMV
titer found in these studies, since comparable

increases were measured regardless of source or
handling of infectious material.
Another aspect of inefficient production of

infectious virions was studied by Smith (15), who
found that nonenveloped particles of herpes
simplex were essentially noninfectious. It may be
that the inefficiency of MCMV adsorption re-
flects a similar deficit in envelope, which is over-
come by application of centrifugal force.
Repeated electron microscopic revelations of

viruslike particles in tissue obtained from indi-
viduals with various malignant or degenerative
diseases add interest to the phenomena of ineffi-
cient transfer, since attempts to isolate and study
such virions have thus far met with remarkably
little success. An interesting case in point is the
so-called EB virus associated with cultured Burk-
itt's lymphoma cells and serologically implicated
in infectious mononucleosis (8), which appears to
be a member of the herpesvirus group. Applica-
tion of the centrifugal assay procedure to such ma-
terial might distinctly facilitate recovery of in-
fectious virus for identification and study.

ACKNOWLEDGMENTS
This investigation was supported by Public Health

Service grants AI-06334 from the National Institute
of Allergy and Infectious Diseases and CA-05682
from the National Cancer Institute.

LITERATURE CITED
1. Baron, S., and C. E. Buckler. 1963. Circulating

interferon in mice after intravenous injection of
virus. Science 141:1061-1063.

2. Brunell, P. A. 1967. Separation of infectious
varicella-zoster virus from human embryonic
lung fibroblasts. Virology 31:732-734.

3. Caunt, A. E. 1963. Growth of varicella-zoster
virus in human thyroid tissue cultures. Lancet
2:982-983.

4. Chaparas, S. D., and R. W. Schlesinger. 1959.
Plaque assay of Toxoplasma on monolayers of
chick embryo fibroblasts. Proc. Soc. Exptl.
Biol. Med. 102:431-437.

5. De Maeyer, E., and E. Schonne. 1964. Starch gel
as an overlay for the plaque assay of animal
viruses. Virology 24:13-18.

6. Gey, G. O., F. B. Bang, and M. K. Gey. 1954.
Responses of a variety of normal and malig-
nant cells to continuous cultivation, and some
practical applications of these responses to
problems in the biology of disease. Ann. N.Y.
Acad. Sci. 58:976-999.

7. Gordon, F. B., A. L. Quan, and R. W. Trimmer.
1960. Morphologic observations on trachoma
virus in cell cultures. Science 131:733-734.

8. Henle, G., W. Henle, and V. Diehl. 1968. Rela-
tion of Burkitt's tumor-associated herpes-type
virus to infectious mononucleosis. Proc. Nati.
Acad. Sci. U.S. 59 :94-101.

9. Henson, D., R. D. Smith, and J. Gehrke. 1966.

857VOL. 2, 1968



OSBORN AND WALKER

Murine cytomegalovirus: Observations on

growth in vitro, cytopathic effect, and inhibi-
tion with 5-iododeoxyuridine. Arch. Ges.
Virusforsch. 18:434-444.

10. Kaplan, M. M., T. J. Wiktor, R. F. Maes, J. B.
Campbell, and H. Koprowski. 1967. Effect of
polyions on the infectivity of rabies virus in
tissue culture: Construction of a single-cycle
growth curve. J. Virol. 1:145-151.

11. Medearis, D. N., Jr. 1967. Current information
concerning cytomegalic inclusion disease and
cytomegaloviruses, p. 155-166. In G. A.
Jervis (ed.), Mental retardation: a symposium.
Charles C Thomas, Publisher, Springfield, Ill.

12. Osborn, J. E., and D. N. Medearis, Jr. 1966. Stud-
ies of relationship between mouse cytomegalo-
virus and interferon. Proc. Soc. Exptl. Biol.
Med. 121 :819-824.

13. Padgett, B. L., and D. L. Walker. 1962. Use of
centrifugal force to promote adsorption of
myxoma virus to cell monolayers. Proc. Soc.
Exptl. Biol. Med. 111:364-367.

14. Smith, K. 0. 1963. Physical and biological ob-
servations on herpes virus. J. Bacteriol. 86:999-
1009.

15. Smith, K. 0. 1964. Relationship between the
envelope and the infectivity of herpes simplex
virus. Proc. Soc. Exptl. Biol. Med. 115:814-816.

16. Smith, K. O., and L. Rasmussen. 1963. Mor-
phology of cytomegalovirus (salivary gland vi-
rus). J. Bacteriol. 85:1319-1325.

17. Vonka, V., and M. Benyesh-Melnick. 1966.
Thermoinactivation of human cytomegalovirus.
J. Bacteriol. 91:221-226.

18. Weiss, E., and H. R. Dressler. 1960. Centrifuga-
tion of rickettsiae and viruses onto cells and
its effect on infection. Proc. Soc. Exptl. Biol.
Med. 103:691-695.

19. Weller, T. H., H. M. Witton, and E. J. Bell. 1958.
The etiologic agents of varicella and herpes
zoster. Isolation, propagation, and cultural
characteristics in vitro. J. Exptl. Med. 108:843-
868.

858 J. VIROL.



JOURNAL OF VIROLOGY, Sept. 1968, p. 859-864
Copyright © 1968 American Society for Microbiology

Vol. 2, No. 9
Printted in U.S.A.

Replication of Mengovirus in HeLa Cells Preinfected
with Nonreplicating Poliovirus
WILLIAM McCORMICK AND SHELDON PENMAN

Massachusetts Institute of Technology, Department ofBiology, Cambridge, Massachusetts 02139

Received for publication 3 May 1968

The replication of mengovirus in HeLa cells preinfected with poliovirus in the
presence of 10-3 M guanidine was investigated. Although host cell protein synthesis
is inhibited by the presence of nonreplicating poliovirus, it is found that mengovirus
ribonucleic acid (RNA) and protein synthesis proceed normally under the same

conditions. Furthermore, no effects on mengovirus growth by poliovirus can be de-
tected either when Mengo protein synthesis is interrupted by Acti-Dione or when its
RNA synthesis is reduced by incubation at 28 C. It is suggested that the poliovirus
inhibitory factor may be able to distinguish between an RNA element required in
the protein-synthesizing apparatus of the host cell and a comparable element in that
of the heterologous virus.

Recent experimental observations indicate
that infection of cells by picornavirus is accom-
panied by a selective inhibition of the host cell
protein synthesis. The inhibition appears to be
mediated by a protein produced by the virus
subsequent to entry into the cell (6). While host-
directed protein synthesis is decreasing, viral
specific protein synthesis is increasing (5). Ap-
parently the viral-directed protein synthesis is
insensitive to the factor which inhibits host cell
synthesis.
We have been investigating the basis of this

selective inhibition and have attempted to as-
certain experimentally whether it is real. It is
possible that virus-directed protein synthesis is
also sensitive to the virus-produced inhibitory
factor, but that the rapid rate of virus-directed
synthesis masks this sensitivity. In the studies
reported here, conditions of viral infection are
chosen which make it possible to determine
whether the viral protein-synthesizing apparatus
is refractory to viral-induced protein synthesis
inhibition.
The best system for investigating the possible

sensitivity of virus-directed protein synthesis to
virus-induced inhibition appeared to be super-
infection of poliovirus-infected cells with a
guanidine-resistant virus. In this situation, polio-
virus can be prevented from replicating by the
use of guanidine, but it is capable of causing a
rapid inhibition of host cell-specific protein
synthesis (7). The effect of this inhibition on the
subsequent growth of the heterologous super-
infecting virus can be studied in detail.
Cords and Holland (2) have already shown that

superinfection of cells, preinfected with polio in
the presence of guanidine, with a heterologous
guanidine-resistant virus leads to relatively
normal growth of the resistant virus. These
authors use the production of infectious ribo-
nucleic acid (RNA) as an indicator of the growth
of the heterologous virus. Choppin and Holmes
(1) have also shown that SV5 RNA replicates in
polio-infected cells.

In the experiments presented here, the incorpo-
ration of uridine into viral-specific RNA is used
to measure precisely the kinetics of the growth
of mengovirus in preinfected and uninfected
control cells. In addition, conditions of incuba-
tion are used which inhibit either viral protein
synthesis or viral-specific RNA synthesis. In
these latter experiments, the mengovirus protein-
synthesizing system is exposed to the inhibitory
factor of polio for long periods of time without
being able to replace either protein or RNA com-
ponents. Thus, any sensitivity of mengovirus to
inhibition by polio is not masked by rapid synthe-
sis by mengovirus, and it can be concluded that
the superinfecting virus is, indeed, absolutely
insensitive to any inhibitory function expressed
by poliovirus.

MATERIALS AND METHODS
HeLa S-3 cells were grown in suspension in Eagle's

medium with 7% horse serum (3). The preparation of
the poliovirus and mengovirus stocks used in these
experiments has been described before (4). Unless
otherwise stated, the medium used in all experiments
contained 10-3 M guanidine hydrochloride, a drug
which specifically inhibits poliovirus replication with-
out affecting mengovirus development.
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To observe the multiplication of mengovirus in
HeLa cells preinfected with poliovirus, 25 ml of cells
growing at 4 X 106 cells per ml were concentrated to
1.2 X 107 cells per ml in Eagle's medium with 10-3 M
guanidine and infected with poliovirus at a multi-
plicity of about 100 plaque-forming units (PFU) per
cell. A control culture received an equal volume of
medium. After an attachment period of 30 min at
37 C, the cells were centrifuged for 2 min at 800 X g,
and the cell pellet was resuspended in Eagle's me-
dium supplemented with 10% horse serum and 10-3
M guanidine to give a concentration of 4.4 X 106
cells per ml. After 2.0 hr of additional incubation at
37 C, the cells were infected with mengovirus at a
multiplicity of about 20 PFU per cell. At this time,
actinomycin was also added to a concentration of 5
ug/1ml; 30 min later, 0.25 uc of '4C-uridine, with a
specific activity of 25.5 mc/mmole (Schwarz Bio
Research Inc., Orangeburg, N.Y.), was added to each
2.5 ml of culture. Samples (0.1 ml) were withdrawn
from the cultures at regular intervals and prepared
for radioactive assay as described previously (4).
The determination of mengovirus-specific protein

synthesis in cells preinfected with poliovirus was made
in the following manner. The procedure for infections
was as described above. At various times, samples
containing 8 X 106 cells were withdrawn from each
culture and placed in 4.0 ml of ice-cold Earle's solu-
tion. This suspension was centrifuged at 4 C at 800
X g for 2 min in an International PR-2. The cell
pellets were warmed to 37 C and then rapidly re-
suspended in 0.5 ml of Eagle's medium (37 C) con-
taining one-fifth the normal leucine concentration,
10% horse serum, and 0.8 ,c of 14C-leucine (specific
activity, 200 mc/mmole) per ml (Schwarz Bio Research,
Inc.) The suspensions were incubated for 5 min at
37 C. At this time, a 0.3-ml sample was withdrawn
and added to 4.0 ml of ice-cold Earle's solution to
terminate incorporation. The samples were centrifuged
at 4 C for 5 min at 800 X g and the cell pellets were
resuspended in 0.5 ml of 1 N KOH. After 10 min
of incubation at room temperature, the samples
were precipitated with 1.0 ml of 20% trichloroacetic
acid. The precipitates were collected on filters (MiUi-
pore Corp., Bedford, Mass.) after four washings with
5% trichloroacetic acid and counted in a Picker
Magnachanger gas-flow counter.

Assays of poliovirus-induced inhibition of HeLa
cell protein synthesis at 37 and 28 C were performed
by measuring the rate of '4C-leucine incorporation
according to the method described above, except that
the '4C-leucine concentration was 0.4 M,c/ml instead
of 0.8 ,c/ml.

Actinomycin D was a gift of Merck Sharp and
Dohme (Rahway, N.J.), and Acti-Dione was pur-
chased from Calbiochem (Los Angeles, Calif.).

RESULTS

Actinomycin-resistant RNA synthesis is a
convenient index of picornavirus replication. The
incorporation of '4C-uridine during mengovirus
development was measured to determine whether
viral replication occurred in cells preinfected with

poliovirus (Fig. 1). Nonreplicating poliovirus
was permitted to produce its inhibitory effects for
2 hr before mengovirus infection was initiated.
In cells infected with poliovirus alone, no signifi-
cant incorporation occurred, because actinomycin
prevents host cell RNA synthesis and the added
guanidine prevents poliovirus RNA replication.
It is apparent that the kinetics and rate of mengo-
virus RNA synthesis in both the preinfected and
previously uninfected cultures are essentially
identical. Although the total amount of 14C.
uridine incorporated at 6.5 hr was slightly higher
in the control, it should be noted that this varied
considerably with experiments. The important
observation is that the time of mengovirus-specific
RNA synthesis in preinfected cells was the same
as in the control and appeared to proceed nor-
mally. The inhibitory effects of nonreplicating
poliovirus known to be exerted on HeLa cell
metabolism have not significantly affected mengo-
virus development.

Because viral RNA synthesis depends on the
production of viral-specific proteins early in
infection, the above result implies that mengovirus
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FIG. 1. Mengovirus-specific RNA synthesis in HeLa
cells preinfected with nonreplicating poliovirus. Infec-
tion with poliovirus at time zero and superinfection
with mengovirus at 2 hr in the presence of 10-3 M
guanidine and S ,ug of actinomycin per ml were carried
out as described in Materials and Methods. At 2.5 hr,
0.1 ,uc of 14C-uridine (specific activity, 25.5 ,uc/,umole)
per ml was added.
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