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Summary 

Multiplication of porcine eircovirus (PCV) was found to be inducible by 
t rea tment  of infected cell cultures with 300 m• glueosamine. One day after 
glueosamine t rea tment  and after growth in fresh medium, an increase in the 
number of cells containing virus antigen of up to 50 times as compared to 
mock-treated cultures was observed. Analysis of this phenomenon revealed 
that  replication of PCV DNA was induced. Only aminohexoses but not 
hexoses and acetytated aminohexoses were et~]eaeious. The course of PCV 
replication in synchronized cell cultures infected at different periods of the 
cell cycle showed that  PCV DNA synthesis depends on cellular enzymes 
expressed during S phase growth of cells. However, whereas in cell cultures 
t reated with glueosamine after infection in G o or during G1, the start  of PCV 
replication was observed during the first S phase after growth stimulation, 
the latent period in mock-treated cultures lasted until the second S phase. 
Also in cell cultures transfeeted with PCV DNA in G O or during G1 using 
DEAE-dextran as mediator, PCV replication started during the first S phase 
after growth release of the cells. From these findings the conclusion is drawn 
that  glucosamine and DEAE-dextran initiate PCV replication by enabling 
the PCV genome to get entry to the cell nucleus that  normally can be 
achieved only by inclusion in the daughter nuclei at the end of mitosis. 

Introduction 

Porcine eircovirus (PCV) is the smMlest autonomously replicating 
animal virus known so far. It has a diameter of 17 nm, contains single 
stranded circular DNA of only 1.76 kb and has been isolated from the pig 
kidney cell line PK 15 (ATCC-CCL 33) which is chronically infected by this 
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virus. But PCV can multiply also in cultures of other permanent porcine 
kidney cell lines without causing gross cytopathie changes (16). When 
infected cell cultures were examined by the indirect immunofluorescence 
assay (IFA), only a relatively small number of cells eont~ined PCV antigen 
and accordingly the virus yield from persistently infected cultures was low. 
During earlier studies on the nature of PCV nucleic acid, infected cultures 
were preincubated with glueosamine to enhance the incorporation of 
[aH]uridine into nucleic acid (12) initiMly supposed to consist of RNA (15). 
In the sequel we realized a considerable increase of virus yields when almost 
confluent infected cultures were treated with glucosamine prior to an 
exchange of medium. Studies characterizing this phenomenon and the time 
course of PCV multiplication in relation to cell cycle dependant activities of 
the cells elucidating the biological principle that possibly underlies the 
induction of PCV multiplication by glucosamine are described in the present 
paper. 

Materials and methods 

Virtts and cells 

PCV stocks were prepared h'om persistently infected PS (PSM) or from PK 15 cell cul- 
tures (ATCC-CCL 33) which had been treated with glueosamine 1 day afi,er seeding and 
had been incubated subsequently in growth medium for 1 day and 2 to 3 additional days in 
medium lavking foetM calf serum (FCS) at 37 ° C. Cultures were frozen and thawed and the 
cell debris were removed by low-speed centrifugation. 

Poreine parvovirus (PPV), initially isolated from a primary pig kidney celt culture, was 
propagated in PS cell cultures. Four days after infection of semiconfluent monolayers, 
cultures were frozen and thawed and incubated with neuraminidase using 0.1 U of test 
neuraminidase/mI (Behring Inst.) for about 20 hours at 37 ° C. After addition of Na-citrate 
(67 mg/ml), cell debris were removed. The virus titre was determined by the haemagglutL 
nation test using human red blood cells. 

In closed bottles, all cell eultures-PS, PSM, PK 15 and PCV-free sublines of PK 15- 
were grown in Eagle's MEM with Hank's salts, 5 per cent FCS, 1 m• Na-pyruvate and 1 per 
cent non essential amino acids (Flow Lab.) at 37 ° C. In cluster trays and Petri dishes, cul- 
tures were grown in D-MEM with Earle's salts and 5 per cent FCS (37 ° C; 6 per cent C02). 

Synchronization of cells by arrest at Go was achieved by incubation of 1-day-old semi- 
confluent cultures in growth medium lacking isoleueine and glutamine (8), but with 
0.15 per cent FCS for about. 60 hours. For growth stimulation, media as described above 
were used. For synchronization by arrest at the beginning of the S phase, cells were first 
arrested at Go and then incubated in growth medium containing hydroxyurea (1 raM) tbr 
about 16 hours. For release from the hydroxyurea block, cultures were thoroughly washed 
and incubated with hydroxyurea-free medium, 

Glucosamine treatment 

After removal of medium, cultures were incubated with 300 mM (if not otherwise 
stated) of d-glucosamine-HC1 (Serva) in Hank's salt solution (HSS) for 1 hour at 37 ° C with 
volumes sufficient to cover the monolayer (p.e. 1 ml/cluster tray well). Controls were 
treated in the same manner but with HSS only. Thereafter, cultures were washed and 
further incubated in medium. 
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Indirect i.mmunoftuorescence assay ([FA) 

Cultures on cover slips were fixed with acetone, incubated with rabbit  hyperimmune 
antiserum raised against  purified (isopycnie CsC1 centrifugation) PCV or PPV and stained 
with fluorescein conjugated anti-rabbit  7-globulin (Behring Inst.). PCV as well as PPV 
antigen accumulate in the cell nuclei before they can be found scat tered throughout  the 
cytoplasm and over  the whole monolayer.  Only cells containing specifically fluorescing 
mater ia l  in the nuclei were evMuated as positive. 

Inspection of cell cultures chronically infected with PCV by [FA 

In  order to determine the degree of virus multiplication in persistently infected cell cul- 
tures, monolayers  on 1.5 cm cover  slips in cluster trays were t reated with glueosamine 
1 day after seeding of cells. One day aficer t reatment ,  the number of cells containing PCV 
an t igen /eover  slip culture or  per  visual field was determined by means  of the IFA. 

Infection of cultures and infectivity titration 

For  determining PCV multiplication in relation to special t rea tments  of cells and in 
relation to the state of the cell cycle, semiconfluent randomly growing or synchronized PS 
cell cultures on 1.5 em cover  slips in cluster t rays ( -0 .25  × 10 ~ ce i l s /cover  shp) were inocu- 
lated with 150 ~1 of virus suspension containing 103 to 104 infectious u n i t s - a  reasonable 
amount  for microscopical counting of fluorescing cel ls /cover  slip cu l t u r e - and  incubated 
for 1 hour at 37 ° C (unless otherwise indicated) and at 6 per  cent  C02. After  removal of the 
inoculi and washing of the monolayers,  cell cultures were t reated with glucosamine or HSS 
and subsequently incubated with 1.5 ml medium. Cultures were fixed for IFA at the times 
indicated in the figures. 

When  cultures were examined 22 hours after infection and t rea tment  with glucos- 
amine, the mean number  (3 cover slip cultures) of specifically fluorescing cel ls /cover  slip 
culture was found to be well correlated to the infectivity titre of the culture supernatant  
after freezing and thawing of the cells. The relation N = f (c) corresponded to the function 
log N = a + 0.9775 × log e (N=  number of specifically fluorescing ce l l s /cover  slip; c =  in- 
feetivits~ titre) with r = 0.9887 and P = 0.01 per  cent. Surplus %oluble" viral structural  anti- 
gen has not  been detected. Therefore, speeifieaI fluorescence of cells in the IFA could be 
evaluated as indicator for the presence of infectious PCV. 

Fo r  infectivity ti trations, semiconfluent randomly growing PS cell monolayers on 
cover slips in cluster trays were inoculated with 150 txl of serial 10-fold virus dilutions and 
incubated for 1 hour (37 ° C; 6 per cent  C0.2). After  removal  of the inoculi and washing of cul- 
tures, 1.5 ml growth medium was added. Four  hours after infection, the medium was 
removed and cuttures were t reated with glueosamine for 1 hour. Twenty-two hours after 
infection, cultures were fixed and the number  of cells containing specifically fluorescing 
cel ls /cover  slip (3 to 4 cover slips per virus dilution) was determined by IFA. At  this time, 
PCV antigen was still aeeumulated in the cell nuclei. 

The overall sensit ivity of porcine cell lines for PCV was found to be low. With PS cells, 
even a.t a MOI of 10 a to 104 virus part icles/cel l  (1 IV was found to consist of about 2000 ~irus 
part icles when PS cells were used for titration) only about  2.5 per  cent  of the cells con- 
tained PCV antigen when cultures were fixed 22 hours aider infection and if they had been 
t reated with glucosamine. The sensitivity of cloned PCV-free sublines of PK 15 was found 
to be even lower. However,  at a MOI of about 0.1 to 50 virus par t ie les /PS cell, the function 

(~) (N=  numher  of specifically fluorescing ce i l s /cover  slip; e =  virus concentration) N =  f 

was found to be a s t raight  line in the logarithmic scale fitting the function log N = a + 

0.879 × log 1 ( r =  0.9829; P =  0.01 per  eent). Therefore, the final virus dilution which 
C 
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caused virus antigen production in 1 ce l l /cover  slip culture could be found by linear extra- 
polation. I t  was defined to contain 1 IU/ inocu lum of 150 ~1. 

The sensitivity of PS cells for virus multiplication depended on the state of the cell 
cycle at the time of infection. Cells in mitosis and in early G~ phase were found to be most 
sensitive. Cells in the S phase had a very low sensitivity (data not  shown). Therefore, infec- 
tion of randomly growing semieonfluent cultures was evaluated 22 hours after infection 
when cells infected at mitosis and in G~ had passed the cell cycle and secondary virus anti- 
gen production during a second S phase had not yet  started. In this connection, it should 
be added tha t  infection assays can be made more sensitive if semieonfluent cell cultures 
synchronized by arrest  at Go are exposed to PCV infection. 

Neutralization test 

One volume of virus suspension containing about 200 IU/150 ~l was mixed with 
1 volume of serial dilutions of antiserum and incubated at room temperature.  150 ~1 of this 
mixture were inoculated on semiconfiuent randomly growing PS cell cultures on cover 
slips. 

After  incubation for 1 hour (37 ° C; 6 per cent C02), cultures were washed and 1.5 ml of 
growth medium was added. Four  hours later, cultures were t reated with glucosamine. 
Twenty-two hours after infection, cultures were fixed for IFA. The neutrMizing titre was 
expressed by the highest  serum dilution which had caused a 50 per cent reduction in the 
number  of specifically fluorescing cells. 

Transfection 

For  transfection, semieonfluent synchronized or randomly growing PS cell cultures 
were inoculated with 150 t~1 DNA solution consisting o f l 0  parts  D-MEM/0.05  M Tris-HC1 
pH 7.3 containing 200 ~g/ml  DEAE-dext ran  (MW 2 × 10 ~) and 1 part  PCV DNA (20-  
40 ng) in TE buffer pH 8 (0.01 M Tris; 0.001 M EDTA) and were kept  at room temperature  
for 30 :minutes (14). Transfection by the Ca-phosphate method (4) was performed in the 
same manner  except  that  cultures were exposed to 150 ~I PCV DNA/Ca-phosphate  
suspension. Alger removal  of the inoculi, cultures were washed and incubated in 1.5 ml 
medium. At  the t imes indicated in the figures, cultures were fixed for IFA. 

In transfection of randomly growing PS cell cultures with PCV ssDNA using DEAE- 

dextran as transmitter, fixed 18 hours after transfection, the function N = f (~) (N = number 

of specifically fluorescing ce l l s /cover  slip culture; c = concentrat ion of PCV DNA) was 
found to be a straight line in the range of about 50 to 0.5 ng ssDNA per cover slip fitting the 

function log N = 2.2210-0.9050 × log 1 ( r =  0.97I; P =  0.01 per  cent). 
O 

Growth cycle parameters 

In  order  to determine the course of the S phase,  cell cultures grown in 5 cm Petri  dishes 
were pulse-labelled for 30 minutes at 2 hours intervals after growth stimulation by addition 
of 4 gCi [methyl aH]thymidine/cul ture  and the trichloroacetic-acid-insoluble radioactiv- 
ity was measured.  Fo r  evaluat ion of the mitotic indices, cells grown in parallel on 1.5 cm 
cover slips were stained with acridine orange. 

Pulse-labelling of cells 

Incorporat ion of [methyl :~H]thymidine, [5 aH]uridine and L-[4, 5 aH]leucine was 
determined by :measuring the trichloroacetic-acid-insoluble radioactivi ty after pulse-label- 
ling of cells for 30 minutes (5 ~tCi/cultures) in 5 cm Petri  dishes at  different t imes after 
t r ea tment  of cultures with glucosamine or with HSS. 
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Preparation of PCV DNA 
ssDNA was isolated from purified (isopyenie CsCI eentrifugation) tritium-labelled 

virus by lysis with SDS (0.5 per cent), sodium N-tauroyl sarcosinate (1 per cent) and heat- 
ing at 95°C for 3 minutes. After digestion with proteinase K (500 txg/ml; 4 hours; 37°C), 
the lysate was centrifuged in a neutral sucrose gradient [5-20 per cent w/w sucrose in 
TNE buffer (0.01 M Tris/HC1 pH 7.5; 0.1 ~ NaC1; 1 mM EDTA)] heated for 10 minutes at 
85°C for inactivation of DNases; rotor SW40; 33,000 r.p.m.; 7.5 hours; 20°C). The 
radioactive material from fractions of about 13 S was precipitated with et/hanot. 

PCV repIicative form (gF) DNA (Tischer and Buhk, in preparation) was isolated 
according to Hirt's method (5) as modified by Tseng et al. (17). After treatment with 
glueosamine or HSS, nearly confluent cultures in 45 cm 2 tissue culture flasks were incuba- 
ted with medium in the presence of 50 ~Ci [methyl 3H]thymidine/culture flask = 5 IxCi/ml. 
Cells were lysed with 0.5 per cent SDS, 1 ~¢ NaC1, 25 mM Tris/HC1 pH 7.6, 25 mM EDTA 
and 2 mg/ml proteinase K (2.2 mt/45 cm 2 monolayer) during 30 minutes at 37 ° C. The 
lysate was poured into a centrifuge tube and incubated for 3 hours at 60 ° C. After keeping 
overnight at 4°C, the precipitate was removed by cent, rifugation (rotor SW 50.1; 
14,000 r.p.m.; 30 minutes; 4 ° C). DNA from the supernatant was recovered by precipita- 
tion with 2.5 volumes of ethanol containing 0.3 M Na-aeetate and addition of 25 txg carrier 
tRNA/ml. After eentrifugation (12,000 × g; 30 minutes; 4 ° C), the redissolved pellet was 
centrifuged in a neutral sucrose gradient as described above. 

Electron microscopy 
Virus particle counting after negative-staining was performed using the pseudorepliea 

technique (10, 13) with measured volumes of purified virus suspensions. 

Results 

Enhancement of PCV multiplication by glucosamine treat~r~nt in 
persistently infected celt cultures 

I f  semiconfiuent  cell cultures pers is tent ly  infected with PCV were incu- 

ba ted  with 300 m• glucosamine and  were subsequent ly  supplied with fresh 

medium,  a considerable  increase  in the amount, of  cells containing PCV anti- 

gen as compared  to mock- t r ea t ed  cultures was observed  when  cultures were 

examined  by  IEA 22 hours  after t rea tment .  Table 1 shows examples  of such 

exper iments  with different cell lines. Regard less  of  the number  of  passages  
after  infection, only 2 0 - 3 0  per  cent  of  the  cells of  p e r m a n e n t  cultures were 
found to produce  virus ant igen after  induct ion of  virus multiplication by  
glucosamine t rea tment .  

In  order  to de te rmine  whe ther  M1 cells conta ined the viral genome or 
whe the r  pers is tent ly  infected cultures consis ted of  infected and  non-infected 

cells, single cell cloning in the  presence  of  PCV ant ibody was  performed.  
F r o m  a 7-day-old P K  15 cell culture, 7 out  of 13 (= 53.8 per  cent) and  from a 
PSM culture a r res ted  in Go, 12 out  of 14 (= 85.7 per  cent) isolated clones 
were found to be free of  PCV. 

As demons t r a t ed  in Fig. 1, only aminohexoses  were effective in increas- 

ing ~he number  of cells producing PCV ant igen more  than  2.5-fold. The 



44 Ilse Tiseher et al.: 

'Fable 1. Influence ofglucosamine treatment on the amount ofcells containing PCV antigen 
as observed by IFA 

% of cells containing PCV antigen 

Cultures 
Passage Cultures treated with 

Cell culture no. ~ mock-treated glucosamine 

PK 15 (ATCC-CCL 33) 358 2.2 27.8 
PK 15 (ATCC-CCL 33) 370 2.1 26.9 
PK 15/C b 146 0.9 14.3 
PK I5/C b 163 1.4 16.7 
PK 15/D b 146 1.2 17.2 
PK 15/D b 163 2.3 25.7 
PK 15/E b t85 1.9 32.0 
PSM ° 53 3.9 32.2 
PSM ° 86 3.0 18.1 
Primary pig kidney 6 2,5 8.5 
Primary pig kidney 7 2.3 9.1 

Number of passages after infection except for the original PK 15 line which is 
persistently infected with PCV 

u Reinfected PCV-free clones prepared from the PK 15 line 
° PS ceil line persistently infected wit.h PCV 

increase  is shown to depend  on the  concen t ra t ion  of the  aminosugar s .  Since 
the  m a n n o s a m i n e  exhibi ted  a toxic influence on the  cell cul tures  and  
ga l ae to samine  was  too expensive ,  300 mM glueosamine  was  used  for fu r ther  

studies.  

Influence of glueosamine treatment on cellular physiological condition, s 

The effect of  tile hype r ton ic i ty  of  300 mM sugar  solutions on the  morpho-  
logy of the  cells was  e v a l u a t e d  microscopicMly.  The  ex ten t  of  rounding  of the  
cells and  shr inking of the  c y t o p l a s m  was  found identical,  no m a t t e r  if 
glucose, g lucosamine  or N-ace ty lg lucosamine  were  used. The  ma jo r i ty  of  the 
cells r ega ined  no rm a l  morpho log ica l  a p p e a r a n c e  a f te r  r e m o v a l  of  the  
sugars ,  wash ing  of cul tures  and  addi t ion of medium.  

The  possibi l i ty  t h a t  the  low p H  value  (p i t  5.7 to 6.0) of  300 mM glucos- 
amine-HC1 in H a n k ' s  sal t  solut ion migh t  induce PCV mul t ip l ica t ion could be  
excluded.  Pe r s i s t en t ly  infected PS cell cul tures  whicb h a d  been  exposed  to 
H a n k ' s  sal t  solution b rough t  to p i t  5.7 by  addi t ion of HC1 did not  show 
enhanced  virus an t igen  product ion.  

In  o rde r  to s t udy  w h e t h e r  me tabo l i c  a l te ra t ions  within the  cell might, be 
involved in the  s t imula t ion  of PCV mul t ip l ica t ion  we c o m p a r e d  the  incorpo- 
ra t ion  of  t r i t ium-label led  thymidine ,  uridine a n d  leucine into g lucosamine-  
t r e a t e d  and  m o c k - t r e a t e d  PCV-free  and  pe r s i s t en t ly  infected cultures.  The  
m o s t  dis t inct  a l t e ra t ion  obs e rved  was  a reduct ion  of  the  [aH]thymidine  
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Fig. 1. Comparison of the efficiency of different sugars to enhance the number of PCV- 
antigen-containing cells in persistently infected PS cell cultures. N mean number of cells 
containing PCV antigen per cover slip culture 22 hours after treatment of 1-day-old mono- 
layers for 1 hour at 37 ° C with the indicated sugars in Hank's salt solution (HSS) or with 
HSS only, as determined by %FA. a 1-fucose (O), 2-deoxy-d-glucose (O), d-mannose (11), d- 
mannosamine-HC1 (P1) and d-galactose (V). b d-glucose (O), d-glueosamine-HC1 (@), N- 
acetyl-d-gtucosamine (l), d-galactosamine-HC1 (V) and N-aeetyl-d-gMactosamine ([2) 

incorporation rate by 60 per cent subsequent to glucosamine treatment. 
However, this reduction could be totally compensated by incubation of the 
cultures for 1 hour in fresh medium. Glucose and N-acetylglucosamine 
caused an equal transitory reduction of the [:~H]thymidine-incorporating 
activity without inducing PCV multiplication. An increase and a decrease of 
about 20 per cent, respectively, of the [3H]uridine and [3H]leucine incorpo- 
ration capacity after glucosamine t reatment  remained nearly constant 
during 5 hours after treatment.  Apart from a relatively slight temporM shift, 
cycling of cells remained essentially undisturbed regardless of the cell-cycle- 
state at  which cultures were treated with glucosamine. Three examples are 
shown in Fig. 2. 

Influence of glucosamine treatment on adsorption and penetration of PCV 

To elucidate whether adsorption and penetration were affected by 
glucosamine treatment,  semiconfluent persistently infected PS cell cultures 
were grown in the presence of neutralizing PCV antibody (10 per cent rabbit 
hyperimmune PCV antiserum with a neutralization titre of 1 :2560 ,  
absorbed 3 times with PS cells) for 24 hours prior to and after glucosamine 
t reatment  and PCV-free PS cell cultures were treated with glucosamine 
before and at  different intervals after infection with PCV. 

The efficiency of glucosamine t reatment  was not diminished by neutrali- 
zation of external virus in persistently infected cell cultures. Values equalled 
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Fig. 2. Cycling of cells after treatment with glucosamine, a PS (O) and persistently PCV- 
infected PS cells (0) treated with glucosamine after arrest in Go. Uuntreated; time in hours 
after treatment and growth release, b PS cells treated with glucosamine (0) and with HSS 
(O) 10 hours after growth stimulation from arrest in G O with hydroxyurea-free growth 
medium. Time in hours after growth release, e PS cells treated with glucosamine (0) and 
with HSS (O) after arrest at the beginning of the S phase by means of hydroxyurea. Time in 

hours after treatment and release from the hydroxyurea block 

those  shown in Tab le  1. As shown in Fig. 3, incubat ion with  g lucosamine  jus t  
p r ior  to infect ion was  inefficient. H o w e v e r ,  if incubat ion  with g lucosamine  
was  curr ied  out  a f te r  infection, the  n u m b e r  of  cells conta in ing vira l  an t igen  
inc reased  considerably .  This  increase  was  m o s t  dis t inct  in cul tures  t r e a t e d  
with  g lucosamine  4 to 6 hours  af ter  infection. I f  the  cul tures  h a d  b e e n  
infec ted  a t  r o o m  t e m p e r a t u r e  ins t ead  of a t  37 ° C a lower n u m b e r  of  cells con- 
t a ined  P C V  an t igen  in cul tures  t r e a t e d  with g lueosamine  i m m e d i a t e l y  and  
1 hour  a f te r  infection. Incuba t ion  with  g lucosamine  for a per iod  of 40 to 
60 minu tes  was  m o s t  effective (da ta  no t  shown).  

Gtucosc~mine treatment after tra~fection 

I f  D E A E - d e x t r a n  was  u sed  as m e d i a t o r  in t r ans fec t ion  with  P C V  DNA, 
g lucosamine  t r e a t m e n t  h a d  no influence on the  n u m b e r  of  cells conta in ing 
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Fig. 3. Efficiency of g lucosamine t r e a t m e n t  a t  different  t imes  af ter  infection. I ,  • Cultures 
t r e a t ed  with glucosamine.  El, O Cultures t r e a t ed  wi th  HSS only. Time of t r e a t m e n t  in hours  
before a n d  af ter  infection. II, [] Infect ion 1 hour  a t  37°C;  • , O Infect ion a t  room tem- 
pera tu re .  N m e a n  n u m b e r  of cells con ta in ing  virus an t igen  pe r  cover  slip 22 hours  af ter  

infect ion as de t e rmined  by  IFA 

viral antigen regardless of the time after transfection.glueosamine treatment  
was performed. Transfeetion by the Ca-phosphate method was less pro- 
ductive than by use of DEAE-dextran. However,  t reatment  of cultures with 
glucosamine 3 hours after transfeetion with PCV DNA copreeipitated with 
Ca-phosphate caused a 7-fold increase (Nmook/Ngiue. = 12/84) in the number 
of cells containing viral antigen 20 hours after transfection. The appropriate 
control experiment with DEAE-dextran showed values o fN = 245 for mock- 
and N = 169 for gtueosamine-treated cultures. 

Infection in the presence of DEAE-dextran or incubation of cultures with 
DEAE-dextran (200 tig/ml) for 30 minutes subsequent to infection caused a 
slight (about 4-fold) increase in the number of cells producing viral antigen 
as compared to mock-treated cultures. However,  in contrast  to a 17- to 35- 
fold increase in the number of specifically fluorescing ceils in the glueos- 
amine-treated controls, incubation of cultures with DEAE-dextran 1 to 
5 hours after infection was totally ineffective. 

Influence of glucosamine treatment on RF DNA synthesis 

To examine whether glueosamine t reatment  influenced an initiM process 
in PCV DNA replication or any lute step in virus multiplication, the l~F DNA 
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contents of glucosamine-treated and mock-treated infected PS cell cultures 
were compared. Since the number of infected cells is much higher in 
persistently infected cultures than after fresh infection, persistently infected 
cultures were used in order to get higher yields of RF DNA. As showm in 
Fig. 4, the RF DNA contents of the Hir%-extracts prepared from glucos- 
amine-treated cultures were distinctly higher than those from mock-treated 
cultures already 9 hours after t reatment  of the monolayers. This observation 
indicated that  viral DNA synthesis was induced by glucosamine treatment.  
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Fig. 4. [aH]thymidine-labelled PCV RF DNA at different times after treatment of 
persistently infected PS ceil cultures with glueosamine (@) and with HSS (O), respectively. 
The amounts of RF DNA are expressed by the radioactivities of aliquots of the RF DNA 
peak fractions in sucrose gradients. Time in hours after treatment; labelling from to until t n 

Influence of glucosamine treatment on the latent period 

By comparing PCV growth curves after infection of 1-day-old PS cell cul- 
tures with and without glucosamine t reatment  subsequent to infection, the 
intervMs from the time of infection until t:he appearance of high amounts of 
cells containing PCV antigen were :found to differ considerably. In glucos- 
amine-treated cell cultures, a steep increase in the number of cells contain- 
ing viral antigen occured 14 hours after infection. In mock-treated cultures a 
similar high amount of specifically fluorescing nuclei was found only 
30 hours after int~ction (Fig. 5). 

From these observations it seemed likely that  PCV multiplication 
depends on some late process during cell growth unless infected cell cultures 
are treated with glucosamine. For better information on the involvement of 
cell cycle dependent activities of the cells in PCV multiphcation, growth of 
PCV was studied in synchronized cell cultures. 
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Fig. 5. Growth curves after infection of 1-day-old PS cell cultures. Nmean number of cells 
containing PCV antigen at different times (hours) after infection and subsequent treat- 

ment with glucosamine (O) and with HSS (O) 

Growth curves with synchronized cell culture, s 

Synchronization of cell growth was attained by arrest of cells at Go and at 
the beginning of the S phase. The growth cycle parameters  as shown in 
Figs. 6 and 7 were determined by the use of PCV-free and of persistently 
infected cell cultures. No differences between infected and uninfected cell 
cultures were observed. The question whether  this is true also for the indi- 
vidual infected celt could be solved only indirectly. It  became evident by tile 
temporal coincidence of an increase in the number of pairy arranged speci- 
fically fluorescing nuclei, obviously just having passed mitosis, with the 
mitotic phase of the cell cultures, that  the infection of a cell did not interfere 
with the cell division activity. However, from nuclei tightly filled with PCV 
antigen, virus is released. This became obvious by the absence of specifically 
fluorescing nuclei in older cultures and is indicated by the decrease of the 
curves in Figs. 6 c and 7 b. Most likely such cells have no vital activity any 
longer. 

When synchronized cell cultures infected in G o or during G~ were 
examined by IFA at 2 hour intervals after growth stimulation, a first 
increase of the amount  of cells containing PCV antigen was seen after 
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Fig. 6. Dependence of the length of the latent, period on the time of iniection and transfec- 
tion after growth release of PS cells from arrest at Go. a Growth cycle parameters, [3tt]- 
thymidine incorporation (O) and percentage of mitoses (O). b, e Mean number (N) of cells 
containing PCV antigen per cover slip culture at different times (hours) after growth 
release, b Cultures infected before (~t, V) and 15 hours after (0, O) growth release; , ,  • Cul- 
tures treated with glucosamine; V, O Control cultures treated with HSS only. c Cultures 
transfected before (O), 9 hours (V) and 15 hours after ([3) growth release with PCV ssDNA. 
d PCV RF DNA synthesized during 2 hour labelling periods after growth stimulation in 
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cultures had passed mitosis and after S phase growth of a second cell divi- 
sion cycle had started. However, if cultures had been treated with gtueos- 
amine, this increase in the number of cells containing PCV antigen began 
already when the cell cultures had reached the end of the first S phase after 
growth stimulation (Figs. 6 b and 7 b). 

If cultures were infected during the first S phase after growth stimulation 
(tl~), PCV antigen was recognizable first during the second S phase, no mat- 
ter whether cultures had been treated with glueosamine or not (Fig. 6 b). 
Likewise, if cells were infected in Go and treated with glucosamine after 
arrest of the cell cultures at the beginning of the S phase, the number of cells 
containing PCV antigen began to increase not earlier than after mitosis 
(Fig. 7 d). 

Corresponding observations were made in transi~etion experiments: 
Cells containing PCV antigen were already observed at the end of the tirst S 
phase, if cultures had been transfected in Go. Viral antigen was found first 
when cells had entered the second S phase after growth stimulation, if they 
had been transfeeted during the S phase (Figs. 6 c and 7 e). 

The results obtained in determining the appearance of viral antigen after 
infection were corroborated by observations on the onset of viral RF DNA 
synthesis after infection. I~F DNA could be demonstrated during the tirst S 
phase after growth stimulation, if cultures had been infected and treated 
with glueosamine in Go (Figs. 6 d and 7 d). In cultures infected in Go and 
treated with HSS only (Fig. 6 d, hatched bars), or treated with glucosamine 
after arrest at, the beginning of the S phase (Fig. 7 d, open bars), RF DNA 
synthesis started during the S phase of the second cell division cycle after 
growth stimulation. 

As a control, another small DNA virus, the porcine parvovirus (PPV) was 
included into the studies. Multiplication of this virus which also depends on 
cellular DNA synthesizing enzymes for i t s  replication (3) could not be 
induced by glucosamine treatment of infected cell cultures. However, it was 
striking that in relatively well synchronized PS cell cultures infected with 
PPV in Go, a great increase in the number of cells containing viral antigen 
was observed by IFA not earlier than aider the peak of mitosis during the fol- 
lowing S phase. This behaviour was observed in cultures regardless of 
whether synchronous growth was achieved by arrest at the beginning of the 
S phase by means of hydroxyurea (Fig. 7 b) or merely by arrest at G o and 
subsequent growth without hydroxyurea (data not shown). 

cultures infected in Go and subsequently treated with glucosamine (open bars) and in con- 
trol cultures treated with HSS only (hatched bars). The amount ofRF DNA is expressed by 
the number of 3H c.p.m, in Miqnots of the peak fractions after sucrose density gradient 

centrifugation of the ethanol precipitated Hirt  extracts 
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Fig. 7. Course of PCV multiplication after growth release of infected and transfeeted PS 
cell cultures that had been arrested at the beginning of the S phase by hydroxyurea. 
a Growth cycle parameters, [3H]thymidine incorporation (0) and percentage of mitoses 
(©). b, e Mean number (~) of eells eontaining viral antigen per cover slip culture at  different 
times (hours) after growth release, b Cultures infected with PCV in Go and subsequently 
treated with glucosamine (0) and with HSS only (O) ; T Cultures infected with ca. 20 haem- 
agglutinating units of porcine parvovirus (PPV) in G 0. e Cultures transfected with PCV 
ssDNA in Go (m) and just before release from arrest  at tbe beginning of the S phase ([3). 
d PCV RF DNA synthesized during 2 hour labelling periods and mean number of cells con- 



Replication of PCV 53 

Discussion 

If growing cell cultures persistently infected with PCV were incubated 
with 300 m~u glueosamine for 1 hour and examined by IFA one day later 
after growth in fresh medium, the number of cells containing PCV antigen 
was considerably higher than in mock-treated control cultures. In order to 
identify the point of attack for glucosamine in the viral multiplication cycle, 
we first examined whether adsorption and penetration of the virus might be 
affected. Three observations clearly excluded this possibility: Neutralization 
of extra-cellular virus by PCV specific antibody did not prevent the 
efficiency of glucosamine treatment in persistently infected cultures, incuba- 
tion of PCV-free cell cultures before infection was totally ineffective and 
glucosamine treatment subsequent to infection at room temperature was 
less effective than after infection at 37 ° C. 

Glueosamine treatment displayed its full efficiency only some hours atter 
infection of cultures. Since it was also effective after transfection of ceils with 
PCV DNA by the Ca-phosphate method, we concluded that penetration and 
uncoating are preconditions of an induction of PCV multiplication by glueos- 
amine treatment. 

Since DEAE-dextran was a better mediator in transfection than Ca- 
phosphate and glucosamine treatment was ineffectNe in inducing PCV 
multiplication after transfection if DEAE-dextran was used, we concluded 
that DEAE-dextran may have an equal fhnetion in transfection with PCV 
DNA as glucosamine has for PCV-infeeted cells. So that for glueosamine 
nothing would remain to do after transfeetion in the presence of DEAE- 
dextran. 

In the infection process, incubation with DEAE-dextran showed no 
inducing efficiency if it was applied 1 to 5 hours after infection, the time when 
glucosamine treatment was most effective. Rather, DEAE-dextran seemed 
slightly to enhance adsorption and penetration of the virus as indicated by 
an about 4-fold increase in the number of cells producing PCV antigen if 
DEAE-dextran was present during the infection period. The reason for this 
different behaviour of DEAE-dextran after infection has not been clarified 
so far. It may- be connected with unfavourable conditions for a reaction of 
DEAE-dextran with PCV DNA within the cell or with an inability of the 
cationic molecule to enter the cell. Higher concentrations of DEAE-dextran 
-were not tolerated by the cells. 

taining PCV antigen in cultures infected in Go and treated with glueosamine subsequent to 
infection (hatched bars and 0) and before release from arrest  at  the beginning of the S 
phase (open bars and O), The amount of the RF DNA is expressed as described for Pig. 6. 
After infection or transfeetion in Go, cell cultures had been incubated for about, 16 hours in 

growth medium containing hydroxyurea. 



54 Ilse Tiseher et al.: 

Comparison of the PCV g F  DNA contents of glueosamine-treated and 
mock-treated persistently infected cultures revealed that  glucosamine treat- 
ment  induces replication of PCV DNA. The g F  DNA contents of the Hirt- 
extracts prepared from glueosamine-treated cultures were distinctly higher 
than those from mock-treated cultures already 9 hours after treatment of 
cultures. 

In order to study whether alterations of the physiological condition of the 
cell due to the relatively high concentration of the glucosamine solution 
might be involved in the stimulation of PCV multiplication, we compared the 
morphology and the metabolic behaviour of the cells after treatment with 
equimolar solutions of glueosamine-HCl, glucose and N-acetyglucosamine. 
The latter sugars had been found to be ineffective in inducing PCV multipli- 
cation. No differences in the transient hypertonie effects on the cells 
between these three sugars could be noticed. The possibility that the low pH 
of the glucosamine-HC1 solution would induce PCV multiplication could also 
be excluded. 

The most distinct alteration observed was a decrease in the [3H]- 
thymidine incorporation rate of the cell cultures after treatment with 
glucosamine. However, this decrease was observed also after treatment of 
cultures with glucose and N-acetylglucosamine. But a full repair was found 
after about 1 hour incubation in fresh medium. Thereafter, cycling of cells 
continued from that point where it had been stopped by the glueosamine 
treatment. Most likely, glueosamine is eliminated quite ra,pidly [removal by 
washing of cultures (6), aeetylation and phosphorylation (1, 2)] when cul- 
tures regain normal growth condition. This would explain why- glueosamine 
treatment is ineffective if applied just prior to infection. At the time when the 
virus has penetrated and is uncoated, glueosamine would not be available 
any more. 

Growth curves established after infection of I-day-old cell cultures by 
determination of the number of specifieMly fluorescing cells at 2 hour 
intervals after infection by IFA revealed that glucosamine treatment 
influenced the latent period of PCV multiplication. The latent period from 
the time of infection until the appearance of high numbers of cells containing 
PCV antigen was considerably shorter, if cultures had been treated with 
glucosamine rather than with HSS only (Fig. 5). Since a certain degree of 
synchronous growth after infection of 1-day-old cell cultures could be 
assumed, we concluded that  cell cycle dependant conditions of the cell might 
be involved in the initiation of PCV multiplication and that  glueosamine 
treatment could make certain requirements superfluous. Therefore, 
synchronized cell cultures were used for examining the time course of PCV 
multiplication alter infection and transfection. 

These studies showed that, indeed, the latent periods depended on the 
stage of the cell cycle that had been reached when cells had become infected 



Replication of PCV 55 

or transfected and on the fact whether cells infected in Go or during G 1 had 
been subsequently treated with glucosamine or not. In glucosamine-treated 
cultures, RF DNA and PCV antigen were already observed during the first S 
phase after growth stimulation. Likewise, PCV antigen was already found in 
cells of the late S phase if they had become tr~nsfected with PCV DNA in Go 
or during G1 and DEAE-dextran was used as mediator. However, if cells 
were infected or transfected during the S phase, the latent period tbr the 
start of RF DNA synthesis and subsequent viral antigen production lasted 
until the second S phase after growth stimulation. 

These results suggest first that PCV DNA replication depends on cellular 
enzymes expressed during S phase growth and secondly that in the natural 
multiplication cycle, PCV DNA replication starts only, if cells have passed 
mitosis. However, the requirement of mitosis for the onset of multiplication 
is abolished, if cells are transfected with PCV DNA in the presence of DEAE- 
dextran or infected and subsequently treated with glucosamine before they 
have entered the S phase after growth stimulation. Hence, mitosis as well as 
glucosamine treatment or presence of DEAE-dextran in transfection were 
thought, to have something in common that enables PCV DNA to start repli- 
cation. By these considerations, our attention became focused on the cell 
nucleus, the cellular compartment for DNA synthesis, which has to be 
entered by the viral genome for participating in DNA-synthesizing enzymes. 
The following conclusions were found in consistence with our findings: 
Glucosamine enables the PCV DNA to enter the cell nucleus. If glueosamine 
treatment of infected cells is applied before cells have reached S phase 
growth, the viral genome can participate in S-phase-specific processes for 
DNA replication. Besides its role in penetration of the cellular membrane, 
DEAE-dextran has an equal function in the transfection process. This 
implies that PCV DNA is by itself incapable of penetrating the nuclear 
envelope. It has to wait until it becomes included in the daughter nuclei at 
the end of mitosis. 

Whether it is necessary for PCV DNA being present in the nucleus 
already during the late G1 or early S phase, needs to be elucidated. In any 
ease, it was striking that PCV multiplication during the first S phase after 
growth stimulation could not be initiated, if glucosamine treatment (Fig. 7 d) 
or transfeetion (Figs. 6 c and 7 e) were performed at the beginning of the S 
phase though there would have been enough time for participating in 
S-phase-specific synthesizing processes. 

In-situ-hybridization experiments that have been undertaken in order to 
localize the PCV genome before and after glueosamine treatment (Blaess 
and Tischer, unpublished) showed no success, since it was impossible to 
distinguish small black background grains from PCV DNA unless it had 
replicated. 
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The efficiency of glucosamine treatment, so far, seems to be confined to 
PCV. This may be connected with the smallness and circularity of the PCV 
genome. Induction of multiplication, that means a shortening of the latent 
period by glucosamine treatment, could not be achieved in PS cell cultures 
infected with the porcine parvovirus (PPV). However, also an increase in 
multiplication of PPV was found only aider mitosis during the second S 
phase after g r o ~ h  stimulation of cultures infected in G 0. Whether mitosis is 
essential for enabling the entry of the PPV genome to the nucleus and repli- 
cation of DNA needs to be examined. 

Except fbr adenoviruses, little is exactly known of the processes involved 
in the penetration of the nuclear envelope by viral genomes (7). Certain 
residual structural proteins, like the core proteins of adenoviruses or some 
early proteins, may be responsible for enabling the entry to the nucleus via 
nuclear pores. Since permeation of proteins through the nuclear envelope 
does not only depend on size and charge of the proteins but also on certain 
selective functions of the pore complex and on still unknown caryophflic 
signals, even large protein molecules or particles can traverse the nuclear 
pores (9, 11). 

Transport of uncoated viral DNA may be inhibited by the size and the 
charage of the molecule. Possibly glucosamine and the polycation DEAE- 
dextran exert a neutralizing effect on viral DNA by binding to the molecule. 
It would be conceivable that by this means, the small PCV DNA is enabled to 
traverse the nuclear pores. 
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