
J. gen, Virol. (1986), 67, 97-105. Printed in Great Britain 

Key words: HSV-1/evtoskeleton/morphogenesis 

97 

Organization of Cytoskeleton Elements during Herpes Simplex Virus 
Type 1 Infection of Human Fibroblasts: An Immunofluorescence Study 

By B O D I L  N O R R I L D ,  1. V E L L I - P E K K A  L E H T O  2 AND I S M O  V I R T A N E N  2 

1Institute of  Medical Microbiology, University of  Copenhagen, Juliane Mariesvej 22, DK-2100 
Copenhagen, Denmark and 2Department of  Pathology, University of  HelsinkL Finland 

(Accepted 26 September 1985) 

SUMMARY 

Cultured human fibroblasts showed a typical fibriUar organization of microtubules 
in immunofluorescence, including the vimentin type of intermediate filament as well as 
actin-containing microfilaments. During infection with herpes simplex virus type 1 
(HSV-1), the vimentin organization was maintained whereas actin, myosin and tubulin 
showed a progressive association with the viral glycoproteins within juxtanuclear 
structures. These structures could also be revealed with fluorochrome-coupled wheat 
germ agglutinin. Disruption of the microtubules by demecolcine treatment or their 
stabilization by taxol treatment did not prevent the aggregation of viral proteins in the 
cytoplasm. Taxol stabilization of the microtubules allowed the juxtanuclear accumu- 
lation of the glycoproteins in HSV-infected cells whereas treatment with demecolcine 
led to an accumulation of the glycoproteins either in small vesicles in the cytoplasm or 
in the focal adhesion areas of the cells. Production of infectious intracellular virus 
particles was reduced in cells treated with demecolcine or with taxol before and during 
infection. The results of this study indicate that the normal intracellular transport and 
distribution of the HSV glycoproteins and the formation of infectious virus are 
dependent on the presence of intact microtubules. 

INTRODUCTION 

The cytoplasmic organization of cultured cells has been studied extensively and the fibrillar 
cytoskeletal components (microfilaments, microtubules and intermediate filaments) have been 
defined by fluorescent antibody staining (Weber & Osborn, 1981; Pollard et al., 1976). The 
actin-containing microfilaments are important for cell morphology, and the microfilaments are 
associated with the plasma membrane of the cells (Tilney, 1983; Pollard et al., 1976; Weihing, 
1979). The microtubules are involved in organelle movement and probably also in cellular 
secretory phenomena (Schliwa, 1984; for review, see Dustin, 1978). Much less is known about 
the function of intermediate filaments, but they may mediate the anchorage of the cell nuclei 
and play a role in the maintenance of cell shape (Lehto et al., 1978; Menko et al., 1983; for 
reviews, see Osborn et al., 1981; Virtanen et al., 1981). 

Cell morphology and the integrity of the cytoskeleton components are often changed by viral 
infections. For instance, infection with RNA viruses leads to changes in the number of 
microfilaments (Rutter & Mannweiler, 1977; Fagraeus et al., 1978; Bedows & Welsh, 1983), and 
the paramyxovirus M protein apparently interacts with actin filaments through direct binding 
(Giuffre et al., 1982). Actin filaments are also re-organized in certain cells after infection with 
DNA viruses such as vaccinia virus (Meyer et al., 1981 ; Hiller et al., 1981). Changes in the 
organization of intermediate filaments have been demonstrated for reovirus-, frog virus 3- and 
canine distemper virus-infected cells (Sharpe et al., 1982; Murti & Goorha, 1983 ; Howard et al., 
1983). 

The morphogenesis of herpes simplex virus (HSV) is not well understood. It seems to be much 
more complex than the morphogenesis of other enveloped viruses. Although information about 
the role of cytoskeleton elements in viral morphogenesis is accumulating steadily, most of these 

0000-6664©1986 SGM 



98 B. N O R R I L D ,  V . - P .  LEHTO AND I. V I R T A N E N  

results are probably not directly applicable to the HSV maturation process. Changes in the 
structure of actin filaments have been observed in HSV-infected cells (Bedows & Welsh, 1983; 
Winkler et  al., 1982; Heeg et  al., 1981), and cytoskeleton-disrupting drugs have also been used in 
the analysis of HSV morphogenesis (Dix & Courtney, 1976; Heeg et  al., 1981). 

In the present study, we show that HSV infection of human fibroblasts leads to re- 
organization of both actin filaments and microtubules. We also present results which support 
the hypothesis that the viral glycoproteins interact with cytoskeletal elements during 
intracellular transport, and intact microtubules are shown to be important for the formation of 
infectious virus. 

METHODS 

Injection oJcells. Human fibroblasts were cultured on coverslips in Leighton tubes in RPMI 1640 medium with 
10 % foetal calf serum (FCS) (Gibco). Ceils were infected with HSV- 1 (strain F) at a m.o.i, of 10 p.f.u./cell in RPMI 
1640 medium with 1 ~ FCS. The HSV-I (F) prototype strain was obtained from Dr B. Roizman (University of 
Chicago, Chicago, I11., U.S.A.). For certain experiments cells were exposed to 10 ktl/ml taxol (Ciba, Milan, Italy) 
by use of a stock solution at 10 mg/ml in dimethyl sulphoxide (DeBrabander et al., 1981). The treatment was done 
as specified in Results. Treatment of the cells with 1 gtg/ml demecolcine was done as specified below, by use of a 
stock solution at 2 mM in distilled water. 

Preparation o f  HSV-l-inJected cell extract ,/or immunoblotting. Monolayer cells grown in 75 cm 2 flasks and 
infected as described above were labelled with 20 ~tCi/ml [35S]methionine from 7 to 9 h post-infection (sp. act. 1098 
Ci/mmol, New England Nuclear), and at 9 h post-infection were extracted for 30 min at 22 °C in 5 m140 mM-Tris 
HC1, 2 mM-EDTA buffer pH 7.4, supplemented with 0 .5~ Triton X-100 and 10 -5 M of both TPCK and TLCK 
(Lehto et al., 1978). After one wash in 5 ml of the same buffer, the attached infected cell proteins (ICPs) were 
removed and solubilized in 1.5 ml of a disruption mixture containing 2 ~  (w/w) SDS and 5 ~  (v/v) 2- 
mercaptoethanol (Morse et al., 1978). The extract was separated in SDS-polyacrylamide gels as detailed by Morse 
et al. (1978), and transferred to nitrocellulose membranes (Braun et aL, 1983). 

Antibodies. Monoclonal antibodies to the HSV-1 glycoproteins gB (antibody H-233), gC (H-C-l) and gD (H-D- 
1) were obtained from Dr L. Pereira (California Department of Health Services, Berkeley, Ca., U.S.A.). The 
specificities of the antibodies are detailed elsewhere (Pereira et al., 1980). Rabbit antibodies to gB, gC and gD were 
produced by immunization with immunoprecipitates (Vestergaard & Norrild, 1979), and hyperimmune reference 
serum to the HSV-I proteins was made by infection of rabbits (Norrild & Vestergaard, 1977). The 
immunoglobulin fraction was purified from these and from preimmune rabbit sera (Harboe & Ingild, 1973). 
Rabbit antibodies to actin, myosin, tubulin and vimentin have been characterized previously (Badley et al., 1978; 
Virtanen et al.. 1981). The rabbit antibodies to actin, myosin and tubulin were kindly provided by Dr R. A. Badley 
(Unilever Research, Bedford, U.K.). Monoclonal antibodies to ct tubulin were obtained from Amersham. In 
immunoblotting of uninfected cultured fibroblast extracts, these antibodies bind only to actin, myosin, tubulin and 
vimentin respectively (Virtanen et al., 1984). The specificity of the cytoskeleton antibodies was tested also in 
immunoblotting of HSV-l-infected fibroblast extracts prepared from cells harvested 9 h post-infection (Fig. 5). 
The monoclonal antibodies were diluted I : 500 and the rabbit antibodies were diluted 1 : 50. The incubation was 
done for 18 h at 37 °C. Peroxidase-coupled swine anti-rabbit serum (no. P217) was purchased from Dakopatts 
(Copenhagen, Denmark) and peroxidase-coupled goat anti-mouse serum from Tago (Burlingame, Ca., U.S.A.). 
The substrate was 1-chloro-4-naphthoi. 

Indirect immunofluorescence (IIF).  Infected and uninfected cells were fixed at the times after infection indicated 
in the figure legends. The fixation was carried out by treatment with cold methanol at - 2 0  °C for 15 min or with 
3% paraformaldehyde at room temperature for 15 min. The fixed cells were stored in phosphate-buffered saline 
with 0.1°/0 sodium azide at 4 °C until use. Staining with either rabbit or monoclonal antibodies was done as 
described previously (Norrild et aL. 1983a). For single staining, fluorescein isothiocyanate (FITC)-coupled 
conjugates were used. For rabbit sera a swine anti-rabbit conjugate (no. F205: Dakopatts) and for monoclonal 
antibodies a goat anti-mouse conjugate (Cappel Laboratories) were used. In double-staining experiments the goat 
anti-mouse and the swine anti-rabbit immunoglobulins were either rhodamine (TRITC)- or FITC-coupled as 
specified in the figure legends. TRITC-coupled goat anti-mouse immunoglobulin was purchased from Cappel 
Laboratories and TRITC-coupled swine anti-rabbit immunoglobulin was from Dakopatts (no. R156). The 
coverslips were embedded in sodium barbital/glycerol buffer pH 8.4 and examined in a Zeiss Universal microscope 
equipped with filters for FITC and TRITC fluorescence. 

Titration o f  inlectious virus particles. HSV-l-infected fibroblasts grown in the presence of either taxol or 
demecolcine were harvested 9 h post-infection. Intracellularly produced virus was quantified in a standard plaque 
assay done on monolayers of Vero cells (Roizman & Roane, 1961). The virus production was compared to that of 
untreated infected cells. 
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Table 1. Infectious HSV-1 particles made intracellularly during taxol or demecolcine treatment 

P.f.u./2 x 106 cells* Inhibition (~) 

Untreated 
HSV- 1 -infected 
9 h post-infection 1.69 × 108 0 

Taxol treatment 
- 1 2 h t o 9 h p o s t -  
infection 9.07 x 107 46.3 

Demecotcine treatment 
- 1 h to 9 h post-infection 1.63 x 107 90.4 

* Mean value of two experiments. 

RESULTS 

Indirect immunofluorescence staining with rabbit antibodies made to actin, myosin, tubulin 
and vimentin (Fig. 1) showed a typical organization of microfilaments, intermediate filaments 
and microtubules in uninfected human embryonic fibroblasts. The pattern of IIF staining of 
microfilaments with antibodies to actin overlapped that obtained with antibodies to myosin and 
therefore is not shown. In HSV-l-infected cells the organization of vimentin filaments appeared 
normal whereas both microfilaments and tubulin appeared to be located in juxtanuclear 
aggregates which were seen as early as 6 h post-infection but were more pronounced later in the 
infectious cycle. The juxtanuclear structures could also be stained with antibodies to the HSV 
glycoproteins as demonstrated by first staining the infected cells with rabbit antibodies to the 
glycoproteins gB, gC or gD and then staining with monoclonal antibodies to tubulin. The results 
obtained with antibodies to gD are presented in Fig. 2. Preimmune serum did not stain the 
infected cell proteins (data not shown). As shown earlier (Norrild et al., 1983 a), the juxtanuclear 
structure apparently corresponds to the Golgi apparatus in infected cells. 

Treatment of the HSV-l-infected fibroblasts with taxol, a drug which is known to stabilize 
microtubules (DeBrabander et al., 1981 ; Thompson et al., 1981), for 12 h before infection and 
maintenance of the infected cells in taxol-containing medium allowed the accumulation of the 
glycoproteins in the juxtanuclear aggregates (Fig. 3b). In these cells a pattern typical of re- 
aggregated tubulin was seen (Fig. 3a), and it should be noted that the glycoprotein-containing 
vesicles were surrounded by re-organized tubulin bundles which apparently stretched into the 
cytoplasmic compartment occupied by the vesicles. Taxol treatment prevented insertion of the 
viral glycoproteins into the plasma membrane of infected cells as indicated by the lack of 
membrane fluorescence of unpermeabilized, paraformaldehyde-fixed cells stained with 
antibodies to the various glycoproteins (Fig. 3 c). Pretreatment of the cells with demecolcine for 
1 h before infection led to a complete disruption of microtubules (Virtanen et al., 1980b) as well 
as a complete disruption of the Golgi apparatus (Virtanen et al., 1980a), and the viral 
glycoproteins appeared in vesicles or aggregates which accumulated close to the periphery of the 
cell, although the cells did not show membrane fluorescence (Fig. 4). Identical results were 
obtained with antibodies to gB, gC and gD, although only staining with antibodies to gD is 
shown in the figures. 

The production of infectious virus in cells pretreated and maintained with either taxol or 
demecolcine was analysed. The virus titres as measured by plaque formation were reduced by 
46~o after taxol treatment but by 90~  in demecolcine-treated cells (Table 1). 

Association between the cytoskeleton elements and the glycoprotein-containing vesicles 
could not be demonstrated after extraction of cultured human fibroblasts with 0.5 ~ Triton X- 
100, which has previously been shown to produce cytoskeleton preparations that adhere to the 
substratum. The extraction leaves the microfilaments, intermediate filaments and microtubules 
in a near-normal organization (Lehto et al., 1978 ; Osborn & Weber, 1977). Extraction of HSV-1- 
infected fibroblasts showed that the cytoskeleton adhered to the growth substratum as shown by 
IIF staining with antibodies to vimentin, tubulin and actin, but the juxtanuclear viral structures 
visible by IIF staining of intact fixed cells disappeared after the extraction (data not shown). 
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Fig. 1. Cytoskeletal fibrillar structures of uninfected (a, c, e) and HSV-l-infected (b, d, f )  cultured 
human fibroblasts 9 h post-infection. Cells were fixed in methanol and stained for IIF with rabbit 
antibodies to myosin (a, b), tubulin (c, d) or vimentin (e. f )  and FITC-coupled swine anti-rabbit 
immunoglobulin. Note the aggregation of myosin and tubulin in HSV-l-infected cells (b, d) (arrows). 
Magnification x 320. 
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Fig. 2. Intracellutar location of tubulin and HSV-I gD in infected human fibroblasts 9 h post-infection. 
Cells were fixed in methanol and double-stained for I1F with monoclonal antibodies to tubulin (a) and 
rabbit monospecific antibodies to gD (b). TRITC-coupled goat anti-mouse antibodies and FITC- 
coupled swine anti-rabbit antibodies were used. Note the association of tubulin and gD aggregates in 
(a). Magnification x 360. 

Extracts of cytoskeleton proteins from HSV-l-infected cells were also analysed for HSV- 
associated proteins by immunoblotting. The transferred proteins were incubated with 
antibodies to vimentin, tubulin, actin or HSV proteins (Fig. 5). None of the viral glycoproteins 
was present in the extract. Only ICPs 5, 8, 24 and 36 were present in quantities which allowed a 
strong reaction with the hyperimmune HSV-1 serum (Fig. 5d). 

DISCUSSION 

The HSV-1 glycoproteins synthesized during infection of cultured cells are present in 
perinuclear structures and in the nuclear membrane early in the infectious cycle (Wenske et al., 
1982; Norrild et al., 1983 a). The glycoproteins are processed through the Golgi apparatus and 
they accumulate together with immature virions in Golgi-derived vesicles in monensin-treated 
cells (Norrild et aL, 1983 a; Johnson & Spear, 1982; Wenske et al., 1982). The mode of transport 
of individual glycoproteins from the Golgi apparatus to the plasma membrane is mostly 
unknown but it apparently involves various routes. Glycoprotein D is transported to the 
vinculin-containing adhesion plaques (Norrild et al., 1983b; Geiger, 1981), and the three 
glycoproteins gB, gC and gD were transported to and inserted into the plasma membrane 
including the cell-cell junction areas (Norrild et al., 1983b). 

In HSV-infected cells the significance of the cytoskeleton elements in the transport of the 
HSV glycoproteins has not been studied previously. The drug cytochalasin, which prevents the 
glycosylation of the viral proteins, also inhibits the formation of infectious virus. Whether this is 
an effect of the cytochalasin-induced disruption of the microfilaments is unknown (Dix & 
Courtney, 1976). The HSV-1 capsid protein ICP-5 and the major DNA-binding protein ICP-8 
are associated with the cellular cytoskeleton complex (Quinlan & Knipe, 1983; Ben-Ze'ev et al., 
1983) and our results show that ICP-24 and ICP-36 are attached to the fibrillar network. 

The present study demonstrates that HSV infection of human fibroblasts led to profound 
changes in the organization of both actin- and myosin-containing microfilaments and 
microtubules as early as 6 h post-infection, whereas the intermediate filaments remained intact. 
Actin, myosin and tubulin aggregated in juxtanuclear structures which also stained with 
antibodies to the viral glycoproteins. This apparent viral protein 'factory' was therefore either 
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Fig. 3. Intracellular location of tubulin and HSV-I gD in infected human fibroblasts exposed to taxol. 
Human cultured fibroblasts were exposed to taxol 12 h before infection, during infection and after 
infection until the cells were fixed at 9 h post-infection. Methanol-fixed cells were double-stained for 
IIF with rabbit anti-tubulin antibodies (a) and monoclonal antibodies to gD (b). Paraformaldehyde- 
fixed HSV-l-infected cells treated with taxol were stained with monoclonal antibodies to gD (c). 
Paraformaldehyde-fixed HSV-l-infected untreated cells were stained with monoclonal antibodies to 
gD (d). TRITC-coupled anti-rabbit and FITC-coupled anti-mouse antibodies were used. The 
characteristic organization of the reassembled microtubules in taxol-pretreated cells can be seen in (a); 
the arrow indicates a bundle of microtubules which ends where the glycoprotein-containing vesicles 
accumulate in the cell. Note the accumulation of gD (arrow in b). A lack of membrane staining in (c), 
and the positive membrane staining in (d) can be seen. Magnification x 360. 

formed in associat ion with  microf i laments  and /or  microtubules ,  or  it had  t r apped  cytoskeleta l  
proteins  f rom a pool of  unpolymer ized  proteins.  T r e a t m e n t  of  HSV- in fec t ed  cells wi th  taxol or  
wi th  demecolc ine  did not  p reven t  accumula t ion  o f  the viral  g lycoproteins  but  only affected thei r  
in tegra t ion into the p lasma membrane .  In taxol- t reated cells the g lycopro te in -conta in ing  

vesicles were observed  at the tip of  cer ta in  tubul in  bundles,  an obse rva t ion  which  was also m a d e  
in vesicular  s tomati t is  v i rus- infected cells, where  a direct  associa t ion be tween  the Golg i  
appara tus  and the microtubules  was demons t ra t ed  (Rogalski  & Singer, 1984). 
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Fig. 4. ]ntracellular location ofgD in HSV-l-infected demecolcine-treated cells. Cells were exposed to 
the drug for 1 h before infection, during infection and until fixation at 9 h post-infection. IIF staining of 
methanol-fixed cells stained with monoclonal antibodies to gD and FITC-coupled goat anti-mouse 
antibodies is shown in (a). Note the gD-containing vesicles in the cytoplasm of the cells. (b) Phase- 
contrast microscopy of the same cell. (c) Paraformaldehyde-fixed cells stained for gD. A lack of 
membrane staining can be seen. Magnification x 260. 

(a) (b) (c) (d) 
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Fig. 5. Immunoblotting of Triton X-100-insoluble HSV-1 ICPs reacted with monoclonal antibodies to 
(a) vimentin and (b) tubulin, and (c) rabbit antibodies to actin. (d) Immunoblotting with rabbit 
hyperimmune reference serum made to HSV-I. The HSV-1 insoluble proteins were identified on the 
autoradiogram made by exposure of the transferred proteins (not shown) and the ICP numbers as 
identified by Morse et al. (1978) are listed at the right. The molecular weights as estimated by the 
electrophoretic mobility of vimentin, tubulin and actin are marked at the left. Note the lack of 
immunological cross-reactivity between the antibodies made to the proteins of the cytoskeletal fibrillar 
structures and the HSV-I proteins. 
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The comple te  re -d is t r ibu t ion  o f  H S V  glycoprote ins  w h e n  the  Golgi  appa ra tu s  is d i spe r sed  and  
the v im en t in  f i laments  are re -organized  af ter  the  add i t ion  o f  demeco lc ine  ind ica tes  t ha t  the  

t r anspor t  and  sor t ing of  the  g lycopro te in -con ta in ing  s t ructures  is d e p e n d e n t  on  in tac t  
cy toskele ton  fibrillar c o m p o n e n t s .  D i s rup t i on  o f  mic ro tubu les  led to a c h a n g e d  m e m b r a n e  
d i s t r ibu t ion  of  the  G g lycoprote in  of  vesicular  s tomat i t i s  virus but  the  p ro te in  was  inse r ted  in to  
the m e m b r a n e  (Rogalski  et al., 1984). 

As infect ious  HSV is still p roduced  and  released to the  su r round ing  m e d i u m  f rom demeco lc ine -  

t rea ted  cells, a l though in reduced  amounts ,  our  obse rva t ions  ind ica te  t ha t  t r anspo r t  o f  H S V  
glycoprote ins  and  par t ic les  may  follow di f ferent  routes in in fec ted  cells. Before  we  can  
u n d e r s t a n d  HSV m o r p h o g e n e s i s  in detail ,  fu r ther  analysis  o f  the  in t e rac t ion  b e t w e e n  the  cellular 
and  the viral s t ructures  will be necessary.  
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