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uMMARY The multiplications of cowpox \, irus (CPV) and Shope fibroma \, irus
(SFV), as DNA viruses, and chikungunya \, irus (ChV), as an RNA \, irus, were

studied lit the presence of excess thymidine (E-Tdr). The concentrations of 2.5 inkT
and 8 init^ E-Tdr, commonly used to produce cell-synchrony \\, ere adopted. Both
CFV and SF\I grc\\, \\. ell in the presence of E-Tdr, but the maximtim yield of these
viruses \\, as lower and the eclipse period \\, as longer than those in the absence of E-Tdr.
Howcver, the presence of 8 init. I E-Tdr had no effect o11 the multiplication of ChV.
Neither increase in the eclipse period nor decrease in \, irus yield of CF\I \\, as ob-
served in the presence of E-Tdr, \\, hen the growth curve of CF\I was determined in
FL cells \\. hiclt \\'erc resistant to E-Tdr. The mechanism of the inhibitory in-
fluence of E-Tdr on thc multiplication of poxvirus \\, as analyzed.

INTRODUCTION

There are many reports on the effects of E-Tdr
on synthesis of nuclear DNA and cellular RNA
(Morris and F1scher 1960 ; Xeros 1962 ; Bootsma
at a1.1964; Galavaziet a1.1966). Thymidineis
thought to act by inhibiting cellular DNA syn-
thesis and Is one of the agents used to produce
synchronized cultures of mammalian cells.
Kasten (1965) reported inhibitioiT of nucleolar
and cytoplasmic RNA synthesis by E-Tdr
Recent work by Studzinski (1968) showed
that there is considerable D\A synthesis in the
presence of E-Tdr and the rates of accumu-

Iation of RNA and protein are not affected.
There are fe\\ reports o1\ the effects of E-Tdr
upon D\A- and RNA-virus replications.
GroyoiT et a1. (1967) showed that vaccinia virus
replicatioi\ \\. as inhibited in the presence of
7.5 inM E-Tdr.

In this \\, ork, CF\/ and SFV, as DNA viruses,
and ChV, as ait RNA \, irus, \\, ere used to coin-
pare the effects of E-Tdr up o1\ DNA virus
replication \Tith those upon RNA \, irus re-
PIication. For more precise analysis of the
effects of E-Tdr itself upon virus multipli-
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cation, FL cells which are resistant to E-Tdr
were used.

A, IATERIALS AND IVIETHODS

I . PI', 143

Cowpox virus (CFV) (LB red strain carrying the
' 'A' 'v~ marker), Shope fibroma \, irus (SFV) (Madison
strain) which was kindly supplied by Professor D. L.
\\, alker of the University of wisconsin, USA. and

chikungunya \, irus (ChV) (African strain) \\, ere used.
FL monolayer cultures \\. ere infected \\, ith CFV

After 24 hr, infected cell suspensions \\, ere made using
a rubber-policeman and \\, ere sonicated (Kubota, 200
watts, 9 kc, 5 min). RK13 monolayer cultures \\, ere
infected \\. ith SFV. Three days later, infected cell
suspensions \\, ere made and sonicated in the same
\^ay as the suspension of CFV. After centrifugation
at 3,000 rev!min for loinin, both supernatant fluids
were stocked at -70 C as virus ntaterials. ChV

stock material was prepared from the supernatant
fluid of BHK21 monolayer cultures infected with
ChV for 20 hr. After centrifugation of this super-
natant fluid at 3,000 revlmin for 10 min, the super-
natant fluid \\. ere stocked at -70 C

each bottle. At appropriate times, two bottles were
taken out for duplicate determinations. Cells in-
rected \\, ith CFV or SFV \\, ere sonicated and centri-

fuged as described above. In cultures infected \\, ith

ChV, the super natant fluid from infected cells was
centrifuged. F1aque assays \\, ere carried out

2. Preparation of ce/A

essential medium (itIEM)Eagle's
supplemented with 1096 calf serum \\, as used as
growtlT medium (Gi\{). FL cells were used to
determine CPV- and SFV-growth curves, and
BHK21 cells \\. ere used to determine the growth
curve of ChV. FL cells resistant to E-Tdr (FL-r)
were grown in Gi\{ containing 2.5 ini\I E-Tdr
(Sigma Co. ) for 4 months. Then these cells \\, ere
passaged further for 4 \\. eeks in the presence of
8 in I\I E-Tdr. FL-r cells were used for deter-

mination of tite CFV-growth curve under conditions
free from the inhibitory, influence of E-Tdr on
cellular DNA synthesis. All media contained
penicillin (100 IU) and streptomycin (0.1 rugjml)

4. Piii's tit, .atio, I

CPV and ChV \\. ere assayed on BSCl cultures
with agar overlay, containing 4 in I of a I : I mixture
of 2% agar and double concentration MEM \\, ith 2%
calf serum, using four prescription bottles for each
dilution. Piaques \\. ere stained with 0.02% neutral
red 721\r after infection and \\, ere visible to the

naked eye. The multiplicity of infection (inoi)
was then determined as the ratio of PIaque-forming
units (FFU) to the r, umber of cells present at the
time of Infection

SFV was assayed on RK13 cultures \\, ith agar
overlay. Agars \\, ere overlaid twice, 2 and 4 days
after infection. F1aques \\, ere visible to the naked
eye as foci without staining \\Ith neutral red 6 days
after Infection

minimunT

3. Un i's gi oart/, c!, ite

Volumes of 0.2 in I of each stocl< virus solution \\, ere

in DCulated onto monolayer cell cultures in 50 inI

prescription bottles. An adsorption period of I hr
was used for CFV and CltV, and of 21tr for SF\!

witlt redistribution every 15 min at 37 C. After the
adsorption period, excess lnoculum \\as reino\, ed by
washing the infected cells three times \\. ith Hanks'
solution. After washing, 5 inI of GiVl were added to

5. Alltoi'rid^^g, 'RFhy

BHK21 cells in Leitrhtoit tubes \\. ith cover glasses
on the bottonT were infected \\, ith ChV at inoi 50

After two hr adsorption period, 2 in I of GiVl contain-
ing 3I, gjml actinomycin-S(ActMS), and 8 init, I E-
Tdr \\, ere added to the Leightoil tubes. Eight lit
later the G;Vl in the Leighton tubes \\. as replaced by
A'IEM containing 2 PCIml 'H-undine (specific activi-
ty, 6 c!inNl). FL cells and FL-r cells in Leighton
tubes were labeled \\. itI\ 2 PCIml of 'H-Tdr (specific
activity 5 clinkl). During exposure of cells to aH-
undine solution or 'H-Tdr solution for I hr, Leigh-
ton tubes were itept in a \\, ater bath at 37 C. Then
the cover slips \\. ere \\. ashed witlT Haul<s' solution and
cells were fixed \\. itIT methanol. After treatment with

2% perchloric acid at 4 C for 40 min, dipping auto-
radiography \\, as carried out with Sakura NR-A{,
nuclear emulsion. The exposure time was 3 days
Giemsa was employed for post-staining

6. Staini', I, of inclt, $1'011 bothes of pox",', 115 colth
Gie, ,I'd 30/11tio, !, Ihe Fe!,!gel! I'e"cti'o11 alld firoi esce, It
alliibody

Since a higl\ concentration of thymidine makes it
dimcult to study cellular and viral DNA synthesis

with labeled precursors (Studzinski 1968), Feulgen
staining, CIEmsa staining and Immunofluorescent
staining \\'ere Lised to demonstrate pox\'Irus In-
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clusion bodies

FL cells infected \\. ith CFV \\, ere stained \\. ith anti-

CFV rabbit gamma-globulin conjugated \\, ith fluo-
rescein-ISOthiocyanate. Fluorescein-conjugated an-
tibody \\, as prepared as described previously (it, Ian-
tani at a1. 1967). The percentages of fluorescent
cells and of cells bearing inclusion bodies stained \\, ith
Giemsa solution were calculated

RESULTS

I. Gi'o20t/I of GPF and SfP in tile prese"ce
and absence of E-Tdr

FL monolayer cells \\, ere inoculated \\, Ith
0.2 inI of CPV (inoi I) after 20 hr treatment
with 2.5 initt E-Tdr. After \\, ashing the in-
fected cells \\, ith Hanks' solution, 5 inI of Gi\, I
with 2.5 init^ E-Tdr \\, CTe again added to one
series of bottles. Five inI of GiVl \\, ere added
to another series of bottles. As shown in

Fig. I, CPV could gro\\, \\, GIIin the presence of
E-Tdr, but the maximum \, irus yield \\, as
slightly lower and the eclipse period was longer
than those in the absence of E-Tdr.

FL cells \\, ere inoculated \\, itIT 0.2 inI of SFV

(in o14) after 20 hr treatment \\, ith 8 init{ E-Tdr
After \\, ashing the infected cells, GM \\, Ith
8 in\. I E-Tdr \\, as again added to one series of
bottles. Five InI of CM were added to the

other series. As sho\\. n in Fig. 2, SFV grew
in the presence of E-Tdr, but the maximum
yield of SFV \\, as lowcr and the eclipse period
\^as longer thai\ those in the absence of E-Tdr.
As shown in Figs. I and 2, the eclipse period
in the presence of E-Tdr seemed to be about
4 hr longer than in the absence of E-Tdr.
There are three explanations of thc extended
eclipse period and the 10\\, yield of poxvirus in
the presence of E-Tdr.

I) The gro\^th of poxviruses \\. hich are
sensitive to E-Tdr may be inhibited in the
presence of E-Tdr, so that poxviruses \\. hich
are resistant to E-Tdr gro\\, selectively.

2) Adsorption of pox\, irus may be
hibited by E-Tdr.

3) ProlongatioiT of the eclipse period may
be related with the inITibitory influence of
E-Tdr on cellular DNA synthesis
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FIGURE I. GIDtu!/! ciliaes of CPU 1111he abseilce und
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2.5 link/ E-Td, 101 2011r
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liredr!,,, I phase

2. Percentdges of Infoi'esce"t cells n?!d tit-
CIMs, 'o11-bedii"g cells illected 2011/1 CFP

To obtaii\ in orphological evidence at a CGI-
Iular level for virus gro\^th in the presence of
E-Tdr, the jinmunoH. uorescent technique, the
Feulgen reaction and Giemsa staining \\, ere
employed, Instead of autoradiograplly \\, ith
'H-thymidine, since cellular and viral DNA
synthesis could not be studied \\'Ith labeled
DNA precursors in the presence of E-Tdr.

x, {

in-
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As reported by 1<ato at a1. (1964), inclusions
and the viral antigen of CFV were found
exclusively in the cytoplasm of infected cells
in th, pre^, n. . of E-Tdr (Fig. 12). A^ ^horn^
in Figs. 3 and 4, the number of inclusion-bear-
Ing cells and fluorescent cells increased rapidly
\\. ith time after infection in the presence of E-
Tdr. How^ver, the increase started about 2 hr
later in the presence of E-Tdr than in its
absence. Fig. 13 shows inclusion bodies giving
a positive FetilgeiT reaction in the cytoplasm
of FL cells infected \\, ith SFV in the presence
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of E-Tdr. This sample \\, as taken 24 hr after
infection.
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3. 1:1, "ect of E-Td, . on adso, ptz'o11 of GPF o"to
cells

Four experimental groups (A, B, C, D) \\, ere
prepared using the FL cell-CF\/ system, as
shown in Fig. 5a. In group A, 4 initT E-Tdr \\, as
added to the FL culture 20 hr before virus in-

fection, and the cells were exposed to E-Tdr
throughout the experimental period. in
group B, the cells \\, ere brought into contact
with the E-Tdr before virus inoculation and

during virus adsorption. In group C, infected
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Thus the presence of E-Tdr after the adsorp-
tion period Influences virus growth.
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10

4. Growt/I of GPF 111 FL cells tuftit/I fuer. e
Jusi'std?it to ff-Tdi'

To avoid the coinplICatioil of the inhibitory
influence of E-Tdr on nuclear DNA synthesis
during studies on virus growth, FL cells \\. hich
were resistant to E-Tdr (FL-r cells) \\, ere used.

The growth curves of FL-r cells and FL
cells, serving as controls, in the presence and
absence of 2.5 init. I E-Tdr were examined by
estimation of the cell numbers in the culture

bottl. ^ (Fig. 6). FL-, colts g"own in th,
presence of 2.5 initi E-Tdr and FL cells grown
in GM only \\, ere removed by EDTA treatment
and cell were dilutedsuspensions appro-

priately \\, ith CAI and 2.5 inM E-Tdr in GM.
These four kinds of cell suspensions \\, ere

dispersed to small bottles and incubated
at 37C. One day later the medium \\, as
replaced by fresh medium and maintained at
37 C. At appropriate times, 3 bottles for each
series were taken for cells. Thecounting
medium in these bottles \\, as replaced by
EDTA solution and after 10 min incubatioit at

37 C the cells \\, ere suspended and counted in
a haemocytometer. The points Indicate the
average number of cells in the 3 bottles.

FL-r cells gre\\, at the same rate in the pre-
sence and absence of E-Tdr as FL cells in the

absence of E-Tdr, \\, hile FL cells could not
grow in the presence of E-Tdr.

The effects of E-Tdr up o1T ccllular DNA
synthesis of FL cells and FL-r cells \\. ere
compared using autoradiography \\, it11 3H-
thymidine. As showi\ in Table I and Fig. 7.4
experimental groups (A, B, C, D) \\, ere prepared.

A) FL cells \\ere treated \\, ith 2.5 inM
E-Tdr for 20 hr. Then 61tr after removal of

E-Tdr, they \\, ere pulse labeled \\, ith 2 uc, !inI
aH-Tdr for I hr at 37 C. The autoradiogram
showed that 87% of these cells \\. ere in the
S phase. These cells \\, ere \\, GII synchronized
by E-Tdr treatment.

O 2468/012141618202224

Hrs after infection

FIGURE 4. Effect q/ E-Td, lipoi, linolescei, I cell
10,111,110ii 111 FL cells lirected ruini CP, . FL cells
toe, 'e lirecled corn, CPU (,, 10i 8) 4/1e, lientmeiit tufth
S 711M E-Td, 101 20 in

111 Ihe abseilce of E-Tdi after lient, ,Ie, 11: 0'O
111 the piese, ice of 8111M E-Td, ' 4/1ei' treat, ,fellt
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culttires were not exposecl to E-Tdr and served
as controls. 11T group D, E-Tdr was added
to the culture during virus adsorption. The
CFV growth curves of these groups \\, ere coin-
pared (Fig. 5b). The results are summarized
as follows

I) Virus growth in group B \\, as Identical
\^ith that in group D. Thus virus growth \\, as
not influenced by the presence of E-Tdr before
virus inoculation

2) Virus gro\\. th in group C \\, as identical
with that in group D, so the presence of E-Tdr
during virus adsorption did not influence virus

X
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o 4

B) FL cells in randomly growing cultures
were pulse labeled. Twenty-three per cent of
the cells \\, ere in the S phase.

C) FL-r cells grown in the presence of E-
Tdr were pulse labeled with aH-Tdr for I hr,

MANTA>:I, M. at al. Effect of excess thym, 'dr"e on 2111 Ms ,""tripl, tat, 'on 359



6 hr after removal of E-Tdr. Twenty-six per
cent of the cells were in the S phase.

D) FL-r cells grown in the presence of
E-Tdr were pulse labeled 26 hr after removal
of E-Tdr. Twenty-five per cent of the cells
were in the S phase.

These results indicate that FL-r cells were

not synchronized by E-Tdr and treatment of
FL-r cells with E-Tdr had no effect on the

percentage of cells in the S phase.
The growth curves of CFV in FL-r cells in

the presence and absence of 2.5 inM E-Tdr
were compared. As shown in Fig. 8, the two
curves are nearly identical and E-Tdr caused
neither lag, nor decrease of viral yield. Simi-
jar results were obtained using 8 inM E-Tdr
(Fig. 9).

From these results two possibilities may be
considered. One is that the prolongation of
the eclipse period and the decrease of viral
yield observed in Figs. I and 2 might be related
with the inhibition of cellular DNA synthesis
caused by E-Tdr. The other is that growth of
CFV sensitive to E-Tdr may be inhibited and
some CFV which is resistant to E-Tdr may
multiply selectively in the presence of E-Tdr.

5. Harvest of OPP PI. opng@ted ,'" the presence
of E- Td, and g, ,"th of OPP ,'" FL coll, ,',, th,
presence and absence of E- Tdr

To determine whether the CFV harvested

from FL-r cells in the presence of E-Tdr \\, as
resistant to E-Tdr, CPV \\, as harvested from
FL-r cell cultures 24 ITr after infection with

CFV in the presence of 8 inM E-Tdr which was
dadgnat, d CPV (E-Tdr). Tw. ^wits of FL
cells \\, ere grown for 15 hr in the presence of
E-Tdr and both series were infected with

CFV (E-Tdr) of inoi 1.5. One series of in-
feated FL cells \\, as then cultured in the

presence of E-Tdr, while the other \\, as cultured
in the absence of E-Tdr. As shownin Fig. 10,
virus titers of CFV (E-Tdr) gro\\, ing in the
presence of E-Tdr increased after a lag period
and reached a maximum titer at 24 hr \\, hich was

a little lower than that of CPV (E-Tdr) grown
in the absence of E-Tdr. The difference

between these two growth curves of CPV
(E-Tdr) is nearly identical it the difference
bctween those with CFV shown in Figs. I and
2. Thus g". wth of CFV (E-Td") un^ al^,
influenced by the presence of E-Tdr. These
results suggest that the prolongation of the
eclipse period and the decrease of viral yield
are not due to the inhibition of growth of CFV
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which is sensitive to E-Tdr and that the

difference may be related with conditions in
the host cells in which DNA synthesis was
inhibited by E-Tdr.

6. Groanth of ChP tit the presence of E-Tdr
Four series of BHK21 cell cultures were

infected with ChV of in o12. After adsorption
of virus for I hr, the 1st series of infected cells
was kept in the presence of 8 inM E-Tdr, the
2nd in The presence of 311g inI ActMS and the
3rd in the presence of both 8 inM E-Tdr and
3/4g inI ActMS. The 4th series of cells was
kept in GM only. ActMS inhibits cellular
RNA synthesis, but not the RNA synthesis of
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FIGURE 11. Groanth curt!e of ChP i" the prese, ,ce of
8 inM E-Td, BHK21 monolayer cells fuere i, !feeted
with Chi' (inof 2).

After adsorption period, 5 in! of GM tufth the 101-
loaning add^^to"s 00e, e @dded. GM o, ,b^: .'.,
8, ,, ME-Td, : A A, 311g inIActMS: A'A,
87nM E-Td, a, ad 311gmlActMS: x^x.

>

FIGURE 12. FL cells 1741ected tufth CPI' i, , the
presence o. 1 8 inM E-Td, , st@med arith 11,407escei, ,-
isothiocya"@te collp!ed with @"ti-CPP ,"66^^ gamma-
globulin. Infected cells toe, e token 24 h, ofte, in-
feetio, ,. Fluorescence arcs seen in the cytopl@sin

FIGURE 13. FL cells i, ofected with Spp in the pre-
sence of 8inM E-Td, , stained by the Fernge" reactio, I.
Inclusion boates of Spp were see, , in the cytopl@sin.

O 2468/012M161820222426283032
Hrs after infection
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ChV (Mantani at a1. 1967). ActMS w^s
used to see the effect of ActMS together with
E-Tdr upon virus growth. The growth curves
of ChV in these four series of infected cells

were compared. As shown in Fig. I I, there
was no essential difference between them.

To study the morphology of growth of ChV
at a cellular level in the presence of E-Tdr,
autoradiography of 'H-undine was carried out
us report^d by Mantani at a1. (1967). Nine
hr after infection, a part of each series of
cell cultures was pulse labeled with 214c inI
of aH-undine for I hr at 37 C. Then auto-

radiography was carried out. As shown in
Figs. 14 and 15, RNA synthesis of ChV was
as active in the presence of both ActMS and
E-Tdr as in the presence of only ActMS.

These results indicate that E-Tdr does not

affect growth of ChV.

@ <
FIGURE 14. AMto, @atog, @in of 'H-", idi"e titco, -

po, @ted into FL cells 10 h, ofte, infection with chi-
At, "gully" virus in the presence of octi"omyci" S
(3I, g inI). Stained arith Giems@ sol"tio". Cells with
many siloe, grains an the cytoplasm ale, e see".
FIGURE 15 . Autoradiog, @in of 'H-undine
po, @ted into FL cells 70 fu, after infection with chi-
AM"guny@ virus in the presence of E-Td, (8 inM) ond
octi"Qinyci" S (3I, gjm!). Cells 00ith many siloer
g, @tits in the cytoplasm were seal.
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DISCUSSION

Studies on the relations between synchronized
maimnalian cells and virus growth have pro-
vided valuable information on the nudeo-

cytoplasmic interaction in virus infection
(Groyon and Kniazef}, 1967, Mantani at al.
1968). The most common method used to
synchronize mammalian cells is E-Tdr treat-
merit (Xeros 1962; Puck, 1964; Bootsma at
a1. 1964). This method is simple and highly
efficient in synchronizing a large population
of cells.

,"cor-



with regard to the effects of E-Tdr upon
cellular metabolism, kilorris and F1scher (1963)
thought that E-Tdr acted by inhibiting cellular
DNA synthesis and cells \\, hich \\, ere in the G
phase, the At phase or the G, phase should
proceed ITormally through these phases of the
cell cycle to the beginning of the S phase. Stud-
zinski and Lambert (1968) showed that the
concentration of E-Tdr commonly employed
to produce synchronized cells did not arrest
cells at the G, -S boundary, but allowed slow
progress through the S phase in respect to
DNA synthesis, and near normal progress
toward G, as regards RNA and protein ac-
cumulation and cell enlargement.

Before these experiments, \\, e expected that
viral DNA synthesis of poxviruses \\, ould also
be inhibited by E-Tdr and synchronized by
removal of E-Tdr. However, \\, e found that
CFV and SFV multiplied well in FL cells in

of E-Tdr. Thus \, iral DNAthe presence

synthesis is not inhibited so inuclT by E-Tdr as
cellular DNA synthesis. Various mechanisms
of inhibition of cellular DNA synthesis by
E-Td" hare hern rep, "red (Chart", 1967).
Further investigations are required o1\ the
different effects of E-Tdr on DNA synthesis

and cells. It is known thatIn poxviruses

growth of poxviruses is possible in vivo in cells
in \\, hich nuclear DNA synthesis has been
suppressed by some regulatory mechanism
(Kato er a1.1963 ; Hara et a1.1964). However,
these cells have the potential ability to induce

nuclear DNA synthesis. Some RNA viruses,
such as paramyxoviruses and polio virus have
been reported to gro\\. in anucleated fragments
of cells (Cheyne and \\'hite 1969 ; Crocker at
a1. 1964). Dissociation between cellular and
viral DNA synthesis induced by initomycin
C \\, as reported (A{agee at a1.1962; 1<ato at al.
1961). Our results provide another example of
dissociation between cellular and \, it al DNA

synthesis. However, the problem of \\, he ther
viral DNA synthesis of poxviruses can occu^ in
cells \\, hich cannot synthesize cellular DNA
or in anucleated cells remains unsolved.

Poxvirus can multiply in FL cells in the
presence of E-Tdr, but it \\, as found that their
gro\\. th \\, as delayed and slightly suppressed by
E-Tdr. This is in contrast to the gr0^. 111 of
ChV, ait RNA virus, \\, hicl\ is ITot influenced
by E-Tdr. It seems that growtl\ of poxvirus
in cells is rather dinicult in the presence

of E-Tdr. Our experiments sho\\, that growth
of poxvirtis is not directly influenced by E-Tdr,
since virus growth in FL-r cells was not in-
fitienced by E-Tdr. Antl the possibility that
virus sensitive to E-Tdr caused the inhibitory
influence o1\ virus growth was eliminated, since
the growth of \, irus grown in the presence of
E-Tdr is still influenced by E-Tdr. Thus
growth of poxvirus \\, as influenced by con-
ditions in the host cells caused by E-Tdr.
whether the conditions related withare

cellular DNA metabolism remains unknown.
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