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BIKE\ JouR\.\L 7.45-56 (1964)

Nucleocytoplasmic Interaction in Poxvirus-infected Cells
I. Relationship between Inclusion Formation and DNA

Metabolism of the Cells.

Delay!111e"I of Pathology, Refenrc/I 111,111ii!e 101 I\lit! obia! DiJeaJ, J, Of aka Crii, erriO, , Orak@
(Recei"ed 101 111btit"11'011. ,Vn), 26, 1964)

SuiRO KATo, MAKOTO OCNVA AND HiROYUKi it{IYAMOTo

The ticvel, ipmei, I anti lite 101c Dr Ihc incliisions 111 cowpox \. 11ns weic investIgatccl from the
standpoini or cyioplasmic anti nuclear. D\.\ svit nitsis Iiy quaniiiative auiotacliograpl^, LISing aH-
titymidinc. Cytoplasmic DNA synilicsis \\as first c!electable 2110urs after \, irusinrcction. Tllc
development or Ihc "B" type inclusion front a small cumpaci 10 a large clifftise body was confirmed
front inclusion curves. DNA synthesis was clctectable in all "B" type inclLisions except those in the
terminal stage \\, ith a diffuse form. TITe most active DNA synthesis was round in "B" type inclusions
willL diameters o15 11 - 10 11. The activity or D\.\ syitthcsis or 11Te incltisioiTs was itearly 11Te same
as 11, at or lite nuclei or normal cells ancl noninclusion bcaring cells. The rate or synthesis of DNA
per 11nit area of "B" Iypc inclusion was far higlier than that or the ITUrmal ITUclei. The most activc
DNA synthesis per tinit area was round in "B" Iype inclusioits witli diameters or less than 2 A

The relationsltip bct\\'een DNA synthesis in the ITUclcus anti that in 111e "B" type inclusions was
studiccl. Regal'dless or the size or lite dugrce or D\*\ synihesis or Inc "B" Iypc inclusions. inclii-
510n bearing cells all showed remarkable supprcssion or nuclear DN, \ synihesis. Tlleye was no
cvidcncc Inai \. 11'us Infociion caused an Increase in nuclear D:\;r\ svnthesis

SU\I\. I. -\RY

Several independent studies (Kato at a1. , 1960a, 19601, ; Marree at a1. , 1960;
Cairns, 1960) have I)een reported on cytoplasmic DNA synthesis in IJoxvirils infoc-
lion using autoradiographic techniques with 3H-Ihymidine. Cytoplasmic DNA
synthesis was found exclusively in the "B" type inclusions of poxvirus. Further-
more, it \\, as concluded that I) host nuclear DNA is not transferred to cytoplasmic
DNA, 2) the ITost nucleus is not the site of \, Iral DNA synthesis, 3) cytoplasmic
DNA synthesis occurs independently of host Iluclear DNA synthesis, and +) ITost
nuclear DNA synthesis is suppressed after inclusioi\ formation (Kato a a1. , 1960a,
1960b; Kato at a1. , 1963a). As to the last item, blochemical and autoradioo'raphic
evidences were also presented using primary culture cells (Kit at a1.1963)

No quantitative studies have been made on viral infected cells by oraln countinrr
of autoradiograms. This paper reports quantitative studies on the significance of
Inclusion formation with respect to cytoplasmic and nuclear DNA synthesis

Parts of this \\, ork have already I)een reported in preliminary forms o11 several
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occasions

I. General experimen!a! procedi!re

FL cells, at a density of 3 x 10' cells per inI, suspended in LE medium (Earle's balanced salt
solution containing 0.5 per cent Iactalbumin hydrolyzate) willt 10 per cent bovine serum, penicillin
(100 units per inI) and streptomycin (100 Ag per nTl), were put into Leighton tubes containing
coverslips. The cells were allowed to become attached and grow for 2 days at 37 C. Then 0.5 inI
of cowpox virus (I, B red strain) was added 10 the Leighton tubes and the tubes were reincubated
for 30 min to permit \, irus absorption. Then the virus solution was replaced by ordinary medium.
Coverslips were taken out from the tubes at two hours intervals, as shown in Figs. I and 3. One our
prior to removing the coverslip, the medium was replaced by medium containing -I yini me.
Two series of experiments were made at input multiplicities or 12 and 5 respectively.

(K^to at a1. , 1962b).

I\IATERIALS AND XiETHODS

KATO, OGA\\, A AND MIY, \:\10TO

2. Awingdingraphy

Autoradiography was carried out by the dipping film technique, as described previous y ( ato
at a1. , 1963a). To each Leighton tube was added 1.5 inI or aH-Ihyntidine solution (concentration
I PCIml, specific activity 2.52 clink{, purchased from th e Radiochemical Center, Amersham, England).
The degree of incorporation or aH-thymidine into the nuclei depends greatly upon I e temperature
(Kato at a1. , 1963b). Incubation or the cells in aH-Ihymidine solution, previously adjusted to
37'0, was cal Tied out in a water bath at 37'C. After incubation for an hotir in 11Te presence o t re
is o10 e, the cultures were chilled to 4'0 in an ice bath. Then the coverslips were taken out. , Ier
being rinsed with Hanks' solution, the cells \\, ere fixed by a few minutes immersion in met ano .
The dipping emLilsion used \\, as Kodak NTB 2 nucleai' track emulsion. Exposures were in a e in e
presence or silica gel. The exposure time was 48 hours at 6 C in a cold room. Ier e\ e op
and fixation, the autoradiograms were stained with Giemsa solution. The percentage o a
cells was estimated from a count of alleasi 1,000 cells. Grain countslor eaclt group o experimen
were performed on at least 50 labeled subjects. The background Fog was Ilear y neg igi e, ing
0.25 - 0.30 grains per 100 112

I . Re!ajioii$hip belwe, n label, d calls and illc!11noii heal'ing c# IIJ

(11) Expel'jinen/s a/ n inn!/1/1/'14y of 12 (Exp/. I)
(a) IncluJto?! CUI', e$
The inclusion curve is shown in Fig. I. The percentage of B nearing CG s

increased steadily to 96 per cent at 141tours. A type Inclusions appeare a ou
6 hours later. The "B" type Inclusions were classified into foul groups acco^ In,
to their diameters : diameter of less than 2/1, diameter of 211~5 ^, diameter 0 11~
10 and large diffuse forms. The numbers of eacll group of inclusions In CG s
in each preparation are shown in Fig. 2. The B type Inclusions were rst
detectable 2 hours after infection. The first peak of the curve of B inc us Ions wit
diameters of lielow 2 14 \\, as found 6 110urs after Infection. From inorp To ogica
evidence, most cells seem to start cytoplasmic DNA synthesis to ours
infection. The appearance of a second and lower peak in I e curve o

RESULTS
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Fig. I. Relationship between Labeled Cells and Inclusion-bearing Cells in Cowpox
Virus-FL Cell System (Expe"jinent I)
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Fig. 2. "B" Type Inclusion Curves in Cowpox Virus-FL Cell System (Experiment I)

inclusions with a diameter of lielow 214 at 12 ITours must indicate the occurrence
of a second cycle of infection. As the period of infection progresses, deoenerative
changes generalI\, become more predominant. This Is probably due to the
cytopathic effects of substances derived from the infected cells. With a multiplicity
of 12, by 611ours after infection many cells already showed cytopathic effects
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suclt as cell rounding ancl aggregation of cells whiclT made in orphological studies
dimcult.

(b) Ciliae$ of labeled cellJ
As shown In Fig. 1, the percentage of labeled nuclei decreased gradually.

On the contrary, the percentage of labeled cytoplasm increased. The rate of
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Fig. 3. Relationship between Labeled Cells and Inclusion-bearing Cells in Cowpox Virus-
FL Cell System (Expe"jin. nt 2)
(@ and @ show that these preparations were chosen for grain counting)
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Increase in 111e I, CTCeniage of laneled cytoplasin was identical \\, it}T that of "B"
bearing cells for. about I O ITours, and then oradually clecreased

(B) Expel'in!, 111r at ti in if//411^^i{y of 5 (Exp/. 2)
Because of tlle severe cytopathic effects of a 111.1T Inultiplicit ,

similar to the anove were carried out at the lower nTulti 11cit\, of 5
multiplicity, most cells retained their normal appearance at least lit the earl stao'e
of infection. As shown in Flus. 3 and 4, the changes of the curves wer . H ,
slower than those in the previoLIS experiment. However, the aeneral tendenc , of
the curves and the times of appearance of the hiohest peak of the numlier of in-
clusions in eacll group were nearly tlle same as in Expt. I .

9. Rein/ionrhjj) helloeeit Ihe de, elopingn! of "B" type incl"Jion3 and Ih, ii' rib^^i(y 10 ynifieric,
D, \, I

Two samples from Experiment 2 were chosen for this stud : the re araii n
takeiT at 611outs co hjireparaiion) ancl at 12 hours (12 h prepaiation). The silver
grains per B ' type Inclusioil were measured quantitativeI o11 these. The "B"
type Incltisions \\, ere classified into 4 on^oups o1T the Iiasis of their diameters : less
tlian 214,214~5 A, 511~10 11 ancl larger difftise. F1ft . inclusions were h
at random from eaclT group. Silver grains appearinu on the "B" inclusions were
countecl and results arc plotted in Figs. 5 and 7. lit the 6 h I, reparation (Fig. 5),
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Relationship between Development of "B" Type Inclusions and Their Abilit t
Synthesize DNA (6 Hour Preparation of Experiment 2)

incorporation of 3H-thymidine into "B" inclusions occurred at all + stages. The
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most intensive incorporation, however, was found in \\, ell developed B inc usions
with diameters of 514~10 A The degree of incorporation decreases at the final
staue of development of "B" inclusions, the large diffuse form. This must exp ain
the dissociation between the "B" bearing cell curve and the curve of labele
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\UCLEOCYTOPL, \skiic INTER, \CTio:\: I\ poxviRus INFECTION I. 5'1

cytoplasm in Figs. I anc13. A comparison of the noht 4 colums of Flu. 5, \\, hich
show the number of silver grains per "B" inclusion, \\, itIT the left two colums, which
show the number of silver grains per nucleus shows that the distributioil and the
average number of silver grains per "B" incliision with diameter of 5 ~10 seems
to be nearly identical with that per nucleus of normal or noninclusion bearing cell
This suggests that the emcienc\, of cytoplasmic DNA synthesis of poxvirus is as
high as that of nuclear DNA svnthesis of normal cells or noninclusion beann
cells

The abilitv to synthcsize DNA per unit area was studied. As shown in F1
6, the rate of synthesis of DNA in "B" inclusions per unit area was far hio'her th
that in the nuclei of ITormal cells or noninclusion bearing cells. The hi 'hest
activit\. \\, as found in "B" inclusions \\, illl diameters of lielo\v 2

A similar study was made o1\ the 12 h preparation. As showit in Flu's. 7 and
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Relationship between Development of "B" Type inclusions and Their Abilit t
Synthesize DNA (12 Hour Preparation of Experiment 2)

8, the general tendency of the results \\, as nearly the same as in the 6 h re ar t'
However, the activitv of DNA synthesis I>otlT in "B" inclusions and in th I
of noninclusion nearing cells was lower than that in the 6 h re aration. A
mentioned previously, degenerative changes increased at the later stage of infection.
This may reduce cellular metabolism. As a matter of fact "B" inclusion I-
Iy have a rough and diffuse structure.

This shows that the intensity of DNA synthesis in "B" inclusion v ' s
only \\, it IT their size, I>ut also with factors \vhiclT might be influenced b the in t b I'
condition of the cells.

Fig. 8.
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3. I;f'86/3 of "B" inclusion formation NIOn nuclear DAIA unthe$if

As shown in Figs. I and 3, a gradual decrease in the percentage of labeled
nuclei \\, ith time was noticed. Cells were distinguished into two groups, i. e. inclu-
SIoii bearing cells and noninclusion bearing cells. The results obtained in Experi-
merit I are shown in Fig. 9 and correspond to those in Fig. I. The percentage of

1<ATO, OGA\VA AND MIYA!\, 10TO
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nonincltisioiT nearing cells willl Iai}eled ITUclei was scarcely affected by time.
Atariy IToninclusioiT nearing cells seen in the preparatioi} taken 10 itours after
infection, could be regardecl as infected cells, liecause In OSt of the cells sho\\, ed "B"

\uci, EQCYTOPL, \s\11c INTER. \CTiox I\ poxviRus INFECTION I
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Experiment 2)
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to Fig. 3 is ITearl\, identical witlT 111e result of Experiment I
The stiidy \\, as extended to the relationshijJ betweeiT the number of sliver grains

in the nuclei and the "B" type inclusions in the preparations of Experiment 2.
Cells were divided into five groups : noninclusioiT bearing cells, cells bearing B
inclusions with diameters of below 214, cells I)earlng "B" Inclusions \\, itIT diameter
of 214~5 A, cells bearing "B" inclusions \\, ith diameters of 514~10 14 and cells
nearing diffuse "B" inclusions. The numbers of silver grains per nucleus of ITon-
inclusioiT IJearing cells and inclusioiT bearing cells \\, ere studied. The ITUml)ers of
silver oralns found in the 6 h preparatioi\ arc plotted in Figs. 11 and 12 and those
obtaineclin the 12 h preparation, in Figs. 13 and 14. A definite difference lietwcen
the ITUmber of silver grains in the ITUclei of noninclusion bearing cells and in the
nuclei of inclusioiT I)earlng cells was found. Regardless of the size of tlTe B
inclusions (Figs. 11 aiTd 13) and of the ITUmbcr of silver grains o1T tl\e B Inclusions
(Figs. 12 anc1 14), DNA s\, nthesis lit LITe ITUclei of inclusioil bearing cclls \\, as de-
finiteIy suppressed. TITe number of silver grains in the nuclei of IToninclusion
nearing cells was usually slightly less IhaiT in the ITUclei of control IToninfccted cells
In the 61Tour preparation, 1111s difference \\, as slight while in the 121Totu' I, reparation
it \\, as orcat. This difference betwccn the two IJrcparations scems to I)e due to
the general degenerative lendciTcy of most cells at the later stage of Infection.

NucLEocYTOPLASMic INTERACTION IN poxviRus INFECTION I

I. The Jig!Iyicn"ce of Ihe ri<e and chainc/ei'if!ICJ of "B" type illclttnonJ coilh 18Jpeci 10
D, \'/1 unifies If

The first report of the development of Inclusions of poxvirus \\, as made by Bland
and Robino\v (1939) LISing so-called vaccinia virus and a cultured Tabiiit corneal
cell system. The significance and characteristics of the "B" type inclusions of
poxvirus ITave I}ceit studied extensively (Kato a a1. , 1962). 11 Is no\-\, clear that
the "B" type inclusion develops from a small compact to a large cliffuse forITT. The
results reported Ilere confirmed quantitativeIy that 11Te size and characteristics of
the "B" type inclusions indicate not only the stage of infection at the cellular ICvel,
but also their DNA synthesizing activity.

55

DISCUSSION

2. Re!alto!Ifhip 6,110,611 "B" incl!Ifi0!! 101'nid/io!I and 11Ncl, ai D. A'Il unifierif

Poxvirus is knowi\ to sho\\, proliferative effects tipoiT cells. As a matter of
fact, most poxviruses produce pock which is formed as a result of cell infiltration
and cell proliferation. Furthermore, several viruses of this group produce tumors
suclT as Shope in)Toma or \'aba monkey tumor. The present experiments \-\, ere
carried out to test \\, nether virus infection causes aiT Increase or decrease in n, }clear

DNA synthesis. The results sho\\, that at no staue of infectioiT of cowpox virus, Is
there any evidence that cells witlT or without inclusions have increased nuclear
DNA synthesis. On the contrary, the nuclei of all the cells nearLIT^ "B" type
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inclusions showed definite suppression of DNA synthesis. The degree of suppres-
SIon of nuclear DNA synthesis was irrespective of the size and characteristics of the
"B" type inclusions. Therefore it is certain that immediately cytoplasmic DNA
synthesis begins, nuclear DNA synthesis is suppressed.
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