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FIG. 1. Effect of vaccinia virus on numbers of cells in PHA-treated leukocyte cultures. PHA-treated leuko-

cyte cultures after 3 days of incubation at 37 C were inoculated withl either HCVV at a multiplicity of0.25 PFU/
cell, or with the same material previously irradiated with ultraviolet light for 30 min (inzfectivity titer 0.006 of the
stock virus), or with suspending fluid. After 2 hr at 37 C, cells were washed six times, resuspended in growth me-
dium, and reincubated. Portions from each of the cultures were removed at the indicated times, and intact cells
were counted. Virus added at zero time.

for virus was determined at intervals throughout
a period of 8 days. It is evident that the leukocytic
populations exposed to control fluid or to ir-
radiated virus, increased significantly (8- and
5-fold, respectively). In contrast, in the culture
exposed to active vaccinia virus, cell numbers at
first increased slightly and then steadily dimin-
ished.

In an experiment similar to that just described,
stained films of leukocytes infected with virus or
treated with control fluid were examined on suc-
cessive days for changes in cell morphology. The
most striking alterations, first observed about 2
days after infection, consisted either in condensa-
tion of the chromatin or fragmentation of the
nucleus. Cells thus affected (see Fig. 2) appeared
thereafter in increasing numbers in the infected
cultures. In one preparation, cells exhibiting such
changes composed about 15 to 20%o of 1,000 cells
counted on the fourth day after inoculation.
Degenerating cells exhibiting comparable features
were rarely observed in control cultures at this
time.

Effect of phytohemagglutinin. Nahmias and his
co-workers originally reported (7) that multiplica-
tion of herpes simplex virus in leukocytes did not
proceed in the absence of PHA. In these cells,
enhancement of replication by PHA has subse-
quently been observed by other investigators
with vesicular stomatitis and mumps viruses
(1, 2). To determine whether replication of

vaccinia virus in these cells was likewise depend-
ent on this reagent, leukocyte cultures were estab-
lished with decreasing concentrations of PHA
(Table 2). Viral increase was recorded in cultures
treated with 200 ug/ml and 50 4g/ml of PHA,
respectively. With smaller amounts of PHA and
in its absence, no increase in virus, was observed.
Since cell counts of control uninfected cultures
demonstrated no major differences, the effect of
PHA on viral replication could not be attributed
to variation in the number of cells. It is of in-
terest (Table 2) that the mitogenic effect of
PHA was evident in amounts which failed to
enhance viral replication.

Experiments designed to explore the mode of
action of PHA suggested that virus enters both
PHA-stimulated and unstimulated cells, but it
does not replicate in the absence of PHA.
Leukocytes were cultivated for 3 days in the
presence or absence of PHA and were later ex-
posed to virus. The proportion of infective centers
was then determined (Table 3). Infective centers
formed both in the absence and in the presence of
PHA. Their incidence, however, was from two to
four times greater in PHA-treated cultures.
Another experiment showed that, in contrast to
PHA-stimulated cells, the numbers of infective
centers in cultures not treated with PHA dimin-
ished with time, along with the amount of virus
present in the whole culture.

It was further determined that viral replication
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FIG. 2. Cytopathic effect of vaccintia viruis in leukocyte cultures. Cells after 7 lays total intcubationt and 4
days after exposure either to HCVV, 0.25 PFUlcell, or viruts suspenldilg fluid. Oil immersiolt, X 2,000. (a) Ex-
posed to conitrol fluid: a group of "blastoid" cells inicludinzg a mitotic figure. (b an2d c) Sintgle representative
cells from culture exposed to HCVV. Note early karyorhtexis in (b) and pykn7otic nucleuis with heavy cytoplasmic
graniulationi in (c).

depended on the continued presence of PHA.
When PHA was replaced immediately after in-
fection of PHA-stimulated cells, viral replication
proceeded at the usual rate (Table 4). When
PHA was withdrawn and replaced after an in-
terval of 46 hr, replication was delayed. When
PHA was not replaced at this time, no significant
replication occurred subsequently. In this experi-
ment, more than 75 % of leukocytes in uninocu-

lated cultures which had been continuously
exposed to PHA were found to present a "blas-
toid" appearance, whereas the majority of cells in
cultures from which PHA was withdrawn were
regarded as "lymphocytoid" by 88 hr.

DISCUSSION
The application of a standardized procedure

for the cultivation of vaccinia virus in human
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TABLE 2. Failure of vaccinia viruts to replicate in leukocyte cultures in the absenice of PHAa

Inoculated cultures Uninoculated culturesc

Dilution of PHAb Log PFU/ml
Virus increase Cells/ml Lymphoblastic

I ~~~~~~~~~~~~~~~responsed litosise(%Day 0 Day 3

Undiluted 2.5 >3.9 >25-fold 3.5 X 105 ++++ 4.1
1:4 2.6 >3.9 >20-fold 3.1 X 10° ++++ 4.6
1:16 2.5 2.5 None 2.4 X 105 +++ 5.9
1:64 2.2 2.0 None 2.8 X 105 ++ 2.4
None 2.3 2.1 None 1.6 X 105 + 0.4

a Leukocyte cultures which had been treated with dilutions of PHA or with no PHA and incubated
for 3 days at 37 C were exposed to 0.01 PFU/cell of CCVV. After 5 hr at 37 C, cells were washed, re-
suspended in growth medium containing PHA at the original dilution or no PHA, and again placed at
37 C. Total virus was assayed on the day of inoculation and 3 days later.

b PHA, phytohemagglutinin M, originally reconstituted in growth medium at a concentration of
200,ug/ml and diluted as shown.

c Total cell counts, estimates of lymphoblasts, and mitotic counts made in control cultures of 6 days
in vitro age.

d Lymphoblastic response: (estimates) ++++, >75w; +++, 50-75%; +±+>, 25-49C; ±, <25%.
ePer cent mitotic figures based on metaphases counted in 1,000 cells in replicate cultures 4 hr after

addition of colchicine.

TABLE 3. Formatioii of inifective ceniters after
exposure to vacciniia virus of leiukocytes

treated an2d ntot treated with PHAa

PHA treated Not PHA treated

No. of No. of No. of No. of
cells plaques cells plaques

28,000 33 0.15 24,000 10 0.04
9,500 33 0.35 8 ,000 7 0.09
3,167 16 0.52 2,666 6 0.23

a Two sets of leukocyte cultures, one estab-
lished with PHA at a concentration of 200 ,ug/ml,
the other established without PHA, were
incubated for 3 days at 37 C and then exposed to
0.4 PFU/cell of HCVV. After 3 hr at 37 C, the
cultures were washed six times and then incubated
for 1 hr with antiserum. Cells were counted,
diluted, and plated on AH-GMK monolayers.

peripheral blood leukocytes clarified several
features of the replication of this agent in these
cells. Results of experiments on the formation of
infective centers indicate that the virus may be-
come associated with many of the cells and in a
significant proportion (more than 25% in most
experiments) assume an intracellular position.
When taken with determinations of the total
amount of virus present in cultures at various
intervals after infection, these results imply that
infection spreads among the cell population.
Finally, they allow an estimation of the yield of
PFU per leukocyte which is of the same order of
magnitude as that found for cells derived from
fixed tissues (4).

TABLE 4. Effect of withdrawal of PHA dutrintg
varyinig inltervals otn the replicationt of vacciniia

virus in leukocyte culturesa

Logarithm of total virus (PFU/ml)

Time after
inoculation PHA PHA

replaced replaced PHA not
at 0 hr at 46th hr replaced

hr

0 3.1 3.0 3.0
19 3.0 3.0 2.9
46 4.5 3.3 3.3
69 5.4 4.3 3.5
88 >5.6 >5.6 3.6

a PHA-treated leukocyte cultures, after 3 days of
incubation at 37C, were exposed to 0.25 PFU/cell
of HCVV. After 3 hr at 37 C, cells were washed
six times, resuspended in medium, and divided
into three portions. PHA (200 ,ug/ml) was re-
placed immediately or after 46 hr or not at all.
Specimens were removed at times shown from
each sample and assayed for total virus.

These studies revealed a progressive morpho-
logical alteration in the leukocytes after exposure
in vitro to vaccinia virus. These cytopathic
changes were infrequent during the first 2 days
following addition of the virus and thus are
probably to be distinguished from the toxic
effect of the virus reported in an earlier study
(8). Although changes comparable to those we
observed may occasionally be encountered in
uninfected cultures, they are clearly more numer-
ous in infected systems.
The cells thus affected appear to be the PHA-
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induced lymphoblasts that predominate in cul-
tures 3 days after their establishment. The possible
contribution of blood macrophages that might
have been present to the observed viral replication
requires further study. However, too few macro-
phages are present to account for the number of
infective centers measured. It seems probable
that granulocytes do not play a major role in
viral replication since most are degenerated at the
time the cultures are inoculated. We recently
found that nearly homogeneous suspensions of
lymphocytes prepared by filtration of mixed
leukocytes through a column of glass beads (9)
were capable of supporting viral replication after
the addition of PHA.
The data presented in this paper favor the

hypothesis that PHA induces intracellular changes
in the mature lymphocyte which are essential for
viral multiplication rather than adsorption and
penetration, since cells can become infected in
the absence of this reagent (Table 3), and since
viral replication in infected cells does not follow
unless PHA is constantly present (Table 4).

It seems likely that enhancement of viral
growth is related to the "blastogenic" and
"mitogenic" effects ofPHA rather than to another
unrecognized activity of this chemically ill-
defined substance. The data presented do not
allow a choice between these alternatives. When
purified materials become available, it may be
possible to choose between them, as well as to
resolve the paradox presented by the viral en-
hancing effect of PHA and its capacity to stimu-
late interferon production (10).
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Infection of exponential-phase suspension cultures of mouse fibroblast cells (L-M)
with equine abortion virus (EAV) resulted in inhibition of cell growth and marked
alterations in host metabolic processes. The synthesis of deoxyribonucleic acid
(DNA) and ribonucleic acid was inhibited within 4 hr after infection and was sup-
pressed by more than 90% by the time of maximal virus replication (14 to 18 hr).
The overall rate of protein synthesis, however, was similar in uninfected and virus-
producing cells as determined by measurements of net protein and isotope in-
corporation. The time course of viral DNA and protein synthesis and assembly
into mature virus was determined with the inhibitors 5-fluorodeoxyuridine (FUdR)
and cycloheximide, respectively. Thus, viral DNA synthesis was essentially com-
pleted at 14 hr, and viral protein and infectious virus synthesis was completed at
18 hr. Although the number of plaque-forming units (PFU) produced by FUdR-
treated cells (103 to 104 PFU/ml) was at least 3 logs less than that produced by
untreated cells, the yield of physical particles (as determined by electron microscopy)
was approximately the same at 30 hr after infection. Besides being relatively non-
infective, the particles produced in FUdR-treated cells appeared morphologically
incomplete as they contained little or no nucleoid material.

Equine abortion virus (EAV) is a well-estab-
lished member of the deoxyribonucleic acid
(DNA)-containing herpesvirus group (27). It
has been successfully passed from the horse
through a sequence of hosts to L-M cells without
altering its serological specificity (31). The virus
has been studied in this laboratory for a number
of years, and its biological, chemical, and physi-
cochemical properties have been characterized
(1, 9, 31, 40). Furthermore, earlier work indi-

'Taken in part from a dissertation submitted by
D. J. O'Callaghan in partial fulfillment of require-
ments for the Ph.D. degree.

2 Predoctoral Fellow of the National Institute of
General Medical Sciences (GM-32270).

3Postdoctoral Trainee of the National Cancer
Institute (CA-8051).

4Research Career Development Awardee of the
National Institute of Allergy and Infectious Diseases
(5-K3-AI-7021-05).

cated that EAV infection of L-M cells resulted
in inhibition of host-cell DNA synthesis (32),
but these studies were not correlated with the
growth cycle or the kinetics of synthesis of the
main species of macromolecules. The objectives
of the present investigation were to conduct a
synchronous study of the effect of infection on
cellular macromolecular synthesis and to achieve
an understanding of the kinetics of virus syn-
thesis. Toward this end, preliminary studies with
EAV showed (as expected) that 5-fluorodeoxy-
uridine (FUdR), an inhibitor of DNA synthesis,
and cycloheximide, a potent inhibitor of protein
synthesis, reversibly blocked the formation of
infectious virus. Yet, typical cytopathology (31)
was evident. These observations led to the
application of these inhibitors, by the techniques
first described by Salzman (35, 36), in an exami-
nation of the temporal relationship of the syn-
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thesis of viral DNA, protein, and infectious
particles.

This paper describes the course of viral DNA,
protein, and particle formation, as well as altera-
tions in cellular DNA, ribonucleic acid (RNA),
and protein synthesis which occur during infec-
tion. The production of noninfective virus par-
ticles in FUdR-treated cells is also examined, and
the morphological and biological properties of
these particles are described.
The present work is a continuation of prelimi-

nary experiments previously reported (D. O'Cal-
laghan and C. C. Randall, Bacteriol. Proc.,
p. 158, 1967).

MATERIALS AND METHODS

Tissue culture system. The mouse fibroblast cell,
strain L-M, was used in these studies. The conditions
used for maintaining monolayer cultures in prescrip-
tion bottles and suspension cultures rotated in Erlen-
meyer flasks have been reported (32). Serum-free yeast
extract-lactalbumin hydrolysate (YELP) medium, or
YELP medium lacking yeast extract (LP) to avoid
adding pyrimidines (13), was employed.

Virus. The strain of EAV used in this study has been
adapted to L-M cells and was assayed by the plaque
technique of Randall and Lawson (31). In all experi-
ments, cells were infected at a multiplicity of 10
plaque-forming units (PFU) per cell, as previously
described (32). Under these conditions, all cells were
infected, as judged by both the infectious center tech-
nique and the formation of intranuclear inclusion
bodies detected by histological staining (29).

Commercial and modified PPLO media (30) were
employed to assure that cell and virus passages were
free of pleuropneumonia-like organisms (PPLO,
Mycoplasma). Many species of Mycoplasma have been
shown to possess high levels of nucleases (33, 39)
which can result in degradation of host-cell DNA in
contaminated tissue culture cells and make evaluation
of metabolic studies impossible (30). As a further
assurance of a Mycoplasma-free system, cells pre-
labeled with thymidine (TdR)-2-'4C were employed
routinely to determine the metabolic stability of host-
cell DNA and the absence of nuclease activity in virus
passages by the method of Randall et al. (30).

Viral growth studies. Cells from suspension cultures
in log phase were infected at a concentration of 5 X
106 per ml and agitated in a rotary shaker at 37 C for
2 hr to allow for virus attachment. At 2 hr, the cells
were collected by centrifugation, washed three times
with YELP to remove unattached virus, and resus-
pended in fresh medium to a concentration of 5 X 105
cells per ml. At various time intervals after infection,
duplicate 5-ml cell samples were centrifuged for 15
min at 500 X g at 4 C. The cell pellet was then washed
three times with YELP and resuspended in 5 ml of
fresh medium. Both the cell pellet and pooled super-
natant fluids were stored at -40 C and later subjected
to three cycles of freezing and thawing to release the
cell-associated virus. The supernatant fluid containing
released virus and the cell pellet containing cell-asso-

ciated virus were then assayed in duplicate by the
plaque method.
To determine the effect of infection on cell growth

and viability, cell samples were taken at various inter-
vals after infection and counted in triplicate in a hemo-
cytometer. Viability was estimated by staining with
erythrosin B.

Chemicals. FUdR was a generous gift from Warren
Bell, University Medical Center, Jackson, Miss. and
cycloheximide (Acti-dione) was obtained from Mann
Research Laboratories, New York, N.Y. Radioactive
compounds were purchased from New England Nu-
clear Corp., Boston, Mass.

Isotopic methods. To determine DNA, RNA, and
protein synthesis in control and infected cultures, both
continuous-labeling and pulse-labeling experiments
were carried out. Cells were infected as described and
washed after virus attachment, and control and in-
fected cultures were set up at a concentration of 6 X
105 cells per ml. In continuous labeling studies, the
precursor was added with the virus and again with the
medium used to resuspend the cells after virus adsorp-
tion. In pulse-labeling experiments duplicate control
and infected 50-ml suspension cultures were labeled
for 2- or 3-hr pulses during the infection cycle. Samples
were taken as variously described below and frac-
tionated for chemical analysis and for radioactivity
assay by liquid scintillation counting by the method of
Gentry et al. (14).

Extraction procedures anid chemical analysis. Cell
samples were separated into acid-soluble, RNA, DNA,
and protein fractions by the methods of Randall and
Walker (32). The extraction method of Hurlbert and
Potter (21) was also employed as an independent
method to assure separation ofRNA and DNA. DNA
was measured by the Burton (5) modification of the
diphenylamine reaction with deoxyadenosine as a
standard. RNA was assayed by the orcinol method
with D-ribose as a standard (10). Protein was deter-
mined by the method of Lowry et al. (25) with crystal-
line bovine albumin employed as the standard.

Electron microscopy. Cell preparations were fixed
with 6.25% glutaraldehyde and 1% osmium tetroxide
and were embedded in Dow 332-732 resin mixture
(Dow Chemical Co., Midland, Mich.). Sections were
stained with uranyl acetate and lead citrate and ex-
amined in an RCA EMU-3G electron microscope. The
methods described by Hyde and Walkinshaw (22)
were employed. Particle counts were made by the
method of Smith and Benyesh-Melnick (38).

REsULTs
Virus growth cycle. A one-step growth curve

of EAV in L-M suspension cultures is seen in
Fig. 1. The eclipse period is shown by the initial
decrease in virus titer in the early hours after
infection, at which time less than 0.01% of the
input virus was detectable. Production of the
cell-associated virus began at 8 to 10 hr after
infection, with virus release occurring 2 hr later.
The period of maximal virus synthesis was 14
to 18 hr after infection, during which time ap-
proximately 90% of the total virus was assem-
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