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VIROLOGICAL APPLICATIONS OF THE GRID-CELL-CULTURE 
TECHNIQUE 

Abstract-Whole mounts of intact virus-infected cells have been used for several decades to examine virusscell 
relationships and virus structure. The general concept of studying virus structure in association with the host cell 
has recently been expanded to reveal interactions between viruses and the cytoskeleton. The procedure permits 
utilization of immuno-gold protocols using both the transmission and scanning electron microscopes. The 
grid-cell-culture technique is reviewed to explain how it can be exploited to provide valuable information about 
virus structure and replication in both diagnostic and research laboratories. The use of the technique at the research 
level is discussed using bluetongue virus as a model. The procedure can provide basic structural information about 
intact virions and additional data on the intracellular location of viruses and virus-specific structures and about 
the mode of virus release from infected cells. Application of immunoelectron microscopy reveals information on 
the protein composition of not only released virus particles but also cell surface and cytoskeletal-associated viruses 
and virus-specific structures. Collectively, this simple and physically gentle technique has provided information 
which would otherwise be difficult to obtain. 
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1. INTRODUCTION 

Unsectioned tissue culture cells have been used in 
electron microscopical studies since the 1940s. 
These cells or whole mounts, as they were referred 

to, provided the vehicle for the examination of cell 
ultrastructure and virus<ell interactions. Today 
ultramicrotomy has largely replaced this early em- 
bedment-free technique as the primary procedure 
for investigating cellular ultrastructure and virus 



morphogcncsis. The current popular choice fol 

ultrastructural analyses ofpurificd virus is ncgati\:c 

contrast electron microscopy (NCEM) (Rrcnncl 

and Home. lY5Y). Other techniques which are less 

commonly cased include cryo-electron microscopy 

of Gtrilicd layers of Grus suspensions (Adrian (‘1 
01.. IYX4; Dubochct c’t rd., 1985; Vogel (‘I I//., lYX6: 

Hosaka and Watabe, I YXX) and freeze fracturing 

(-etching) of virus suspensions and infcctcd cells 

(Bauer and MedIm. IY71: Ncrmut. 1973. 197X: 

Darcy-Tripier 01 t/l.. I YX4). 

There has becn ;I recent revival in the use of 

whole mounts particularly in the examination of 

the cytoskeleton of uninfected and infected cells 

(Hrobvn (‘I ~1.. lY76: Lcnk 1’1 ol.. 1977; Lenk and 

Penman. I Y79; Bohn (11 t/l.. 19X6: Hyatt c’f trl.. 19X7; 

Eaton (‘I rrl.. 1987. 1988). The relevance of whole 

mounts for \ iral studies arc obvious. The cxamin- 

ation of whole cells probidcs the opportunity to 

\ isuali7c . iit high resolution. large proportions of 

cytoplasmic ~olumc \vith minimum disruption to 

the cells. This can rcvcal various stages of virus 

replication Lvithin infcctcd cells such as adsorption. 

penetration. uncoatin g. niorphoeenic steps in virus 

assembly and release ofconipletcd \,iruses l‘rom the 

infected cells. 

The potential therefore exists to study the threc- 

dimensional relationship between animal viruses. 

their replicative intermediates and cellular con- 

stitucnts. This is not always possible \+ith the LISC 

of ultra-thin plastic sections as there is frequently 

;I masking of non-membrane-bounded protein 

structures by the embedding resin (Penman. 19X5). 

Using whole mounts it is comparativclq eas> to 

map the distribution of receptor sites on cell 

surfikces and to study the adsorption of \,irion\ to 

the receptors and any resultant morphological 

alterations ol‘the virion and cell. The mode of virus 
penetration (that is. translocntion, endocytosis 01 

fusion of the virus envelope with the plasma mem- 

brane) can bc observed without the need for ultra- 

microtomy. as can also the maturation and release 

of the progeny \irions. The tcchniquc also facili- 

tates \,iru\ morphological studies as the progeny 

virions adsorbed to the grid substrate outside the 

cell are extremely well prescrvcd (De Harven ct trl.. 
I Y73: Hyatt (‘t rrl.. 1987). The absence of any severe 

physical or biochemical treatment in the overall 

culturing and infection of cells results in the gener- 

ation of little to no artifactual virus structures ;ind 

thus provides an cxccllent proccdurc I’or \ iru\ 

diagnosis and taxononiic studies. 

The success of whole mounts in virology arc due 

to the numerous post-culturing procedures which 

can bc used to facilitate any of the abo\c in\cstlga- 

lions. This was shown by Hyatt 01 ~1. ( I YX7) M hcrl 

\,Irus-infected ~I-id-cell-cultuI-cc Lvcrc either ncga 

timely stained. extracted with non-ionic detergent\. 

critical point dried and or used for immunoolcc- 

tron microscopy (IEM). Examination or one or 

mow of the preparations collectively. pro\ idctl 

\:tluablc information ti>r \.iru’r diagnoaih (Hyatt (‘/ 

01.. lYX7). expression of ncutrali/at~on epitopc\ 

(Gould 01 t/l.. IYXX: Hyatt c/ r/l.. IYXX): \,irus 

morphogenesis (Eaton ct (il.. 19X7. I YXX) ;IIKI 

location of intracellular virus specific protein\ 

(Eaton cut t/l.. 1088; Hyatt and Eaton. IYXX). In thih 

review the application of cchole mounts. in particu- 

lar the grid-cell-culture technique (tl!,att (‘I (I/.. 
IYX7) to various fields of virolog\, such ;I\ \iru\ 

diagnosis and Grus niorphogencsi~ ;ire discussed. 

II. C’ULTURING CELLS ON ELECTROIV 
MICROSCOPE GRIDS 

Whole cells destined for examination bl tranh- 

mission electron microscopy (TEM) arc generalI> 

prepared by one of two procedures. The lirst 

in\ol\es cultivation of cells on filmed (for uxaniplc 

li)rm\,ar-carbon) sterile glass or plastic substrata 

(Buckley and Portcr. lY67. 1975; Bucklq and 

RLI_~LI. I Y76: Bohn 1’1 l/1., I YX6). The other method 

involves cultivation of cells on t’lcctron-luccnt 

filmed. acid-washed gold clcctron microscope grid\ 

(HroMn 1’1 rrl.. IY76: Bell. 1’3x1: Borrclli c/ r/l.. lYX5: 

Orncllc:, or 01.. 19X6: Hyatt 01 t/l.. 19X7). The IilmtA 

grids arc usually stubili;led with carbon and steril- 

i/cd in 70”“;, ethanol or by IJV irradiation (Borrclli 

c/ t/l.. 19X5; Hyatt PI trl.. 19X7). WC have found thih 

method niorc efficient than the sandwich practice 

(placement of grids between film and covcr\lip) 

bccnuse there were no difliculties with lifting of‘ 

films or the removal and processing of‘ indi\iduaI 

grids. C’clls were easily cultivated on either l’orni of‘ 

substrate by transfer to tissue culture dishes and 
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addition of a cell suspension in the appropriate 
medium. The cells are allowed to settle and spread 

for 24 hr before use. However, occasional 
difficulties with cell attachment and growth can be 
encountered. Such difficulties can be mainly at- 
tributed to the hydrophobic nature of the filmed 
substrate and can be rectified by glow discharging 
the filmed substrates (in air) or washing them with 
detergent such as 0.1% triton X- 100 or 0.1% NP40 
for several minutes prior to overnight incubation in 
tissue culture medium in the absence of ceils. 

The degree of cell confluency is also important, 
particularly for some subsequent preparative pro- 
cedures. If, for example, the cell cultures are critical 
point dried, then high cell confluency has minimal 

effect except that little or no areas of substrate are 
available for released viruses to adsorb and this 
clearly limits the possibility of examining extra- 
cellular and surface cell-associated viruses. Alter- 
natively, if the cells are to be negatively stained and 
air dried then the presence of too many cells will 
result in splitting and destruction of the supportive 
film due to severe shrinkage of large numbers of 
cells. This problem can be rectified by reducing the 
number of cells and/or the application of slightly 
thicker films. 

A. Virus hfection qf Cells 

Cells are infected by adding a virus solution to 
the tissue culture dishes containing the filmed 
substrates. Alternatively if the virus stock solution 
is limited, each grid can be incubated in 20-50 ~1 
droplets of virus suspension. The dilution of the 
virus suspension depends upon the desired multi- 
plicity of infection and, when virus diagnosis is 
involved, the nature of the clinical sample (where 
cell toxicity may be a problem). Tissue culture dishes 
are placed at 37’C for 1 hr to permit virus adsorp- 
tion following which the solution is replaced with 
fresh tissue culture growth or maintenance media. 

III. EXAMINATION OF UNEXTRACTED 
VIRUS-INFECTED CELLS 

The major disadvantage of using whole mounts 
in TEM is the inability of the electron beam to 

penetrate the specimen. The use of critical point 

drying (De Harven et al., 1973; Buckley and 

Porter, 1975) and high voltage electron microscopy 
(HVEM) techniques (Kilarski et ul., 1976) have 
provided a partial solution to this problem. 

One of the earliest uses of critical point drying, 
in the study of animal viruses, involved purified 
oncornaviruses (De Harven et ~1.. 1973). The suc- 
cess in visualizing viruses adsorbed to the grid was 

attributed to a combination of positive staining 
with uranyl acetate and critical point drying. The 

viruses were easily identified and resembled those 
in thin sections. Variations of this approach fol- 
lowed, including those of Malech and Wivel (1976) 
who critical point dried purified murine intracister- 
nal A particles which had been adsorbed to filmed 
grids and shadowed them with platinum-iridium. 
Replicas of critical point dried and freeze dried 
cells have also been used to analyze the inter- 
action of vesicular stomatitis virus (Birdwell and 
Strauss, 1974) and murine mammary tumour virus 
(Sheffield. 1981) with cells. Overall, these pro- 
cedures have revealed cell-associated and budding 
viruses which have provided valuable information 
on virus morphology and topography of cell 
surface-associated viruses during morphogenesis. 

Critical point drying and examination of 
whole cells at 100 kV can reveal the three- 
dimensional structure of cultured cells (Kilarski 
and Koprowski, 1976). The lack of embedding 
media facilitates these observations and enables 
many intracellular and extracellular virus-cell 
interactions to be studied. The advantanges of 
this technique in virological studies were noted by 
Iwaski (1978) and include (a) rapid screening of 
both intracellular and extracellular aspects of 
numerous virus-infected cells and (b) in situ 
fixation of both released virions and those in the 
process of being released from host cells. The noted 
disadvantages of this technically simple procedure 
included the uncertainty about the identity of 
some intracellular structures and poor visibility of 
structures within the vicinity of the nucleus due 
to the thick central nuclear region. 

HVEM has also been used to visualize viruses 
such as vaccinia, parainfluenza, herpes simplex 
type 1 and frog virus 3 within whole infected cells 
(Grimly, 1970; Kilarski ef al., 1976; Stokes, 



1976a.b; Murti CJ~ NI., 1984; Yoshida rt (I/., 1986). 
The USC of this technique however is limited by 
access to the specialized equipment. 

NCEM has also been used to examine whole 
cells infected with rabies, mouse mammary tu- 
mour, influenza and bluetongue viruses (Dales, 

1962; Choppin, 1963. Kramarsky et ul., 1970; 
Iwasnki, 197X; Hyatt CJ/ II/., 1978). In the earl) 

studies virus-infected cells were either cultured in 
suspension or on glass substrates. Infected cells 
grown on substrates were trypsinizcd prior to 
further handling. The cells were, in the majority of 

studies. swollen using hypotonic saline, fixed. pel- 
leted, washed. resuspended and then adsorbed to 
formvar-carbon coated grids prior to staining with 
2% sodium phosphotungstatc. The information 
obtained from examination of these preparations 

must be considered with caution as deleterious 
ctfects on virus structure and virus cell interactions 
may bc consequential to either osmotic shock or 
cnLymatic treatment of the cells. Iwasaki (1978) 
cultured cells on formvar-carbon copper grids 

which had been placed on plastic cover slips. 
Although the copper grids were theoretically re- 
moved from direct contact with the cells and 

medium the procedure has the potential for GILIS- 

ing a cell toxicity problem. Despite this. Iwasaki 
( 197X) was successful in cultivating virus-infected 

cells and examining them by both critical point 
drying and NCEM. Hyatt (I/ rrl. (1987) seeded cells 
on to biologically inert carbon parlodion filmed 
gold grids. The cells were infected bq adding \iru\ 
suspension to lissuc culture filled petri dishes con- 
taining the grids. Upon first indications of ;I cyto- 
pathic elTect the grid-cell-cultures (OX) Lvere 
fixed in 2.5% glutaraldehyde. washed in iso- 

osmotic butfer. post fixed in osmium tetroxidc. 
uushcd in distilled water and stained with 2” (1 
potassium phosphotungstatc. These preparations 
were used. as described below. to examine various 
viruses and virus cell interactions. 

Nermut (19X2) cautions against stringent ill- 
terpretations of negatively stained preparations 
hccause. for example. enveloped viruses can co- 
lapse and distort due to the severe surface tensions 
generated by air drying. Such artifacts can bc 
manifested in the form of particle plcomorphism 
and “tails”. However, if the preparations were 

fixed prior to air drying the images were more 
likely to represent in .situ structures and thuh 
“reasonable information can be obtained” (Ncr- 
mast. 1983). Air drying of negatively stained GC’(‘ 
has been used in our laboratory to identify progeny 
viruses amplified in GC’C, the parental \iru\es ot 

which were submitted to the laboratory in the form 
of diagnostic clinical samples. 

Electron microscopy still has ;I significant role in 
viral diagnosis. Traditionally NCEM ha\ been 
used to visuali7c viruses from clinical and passagod 
biological material. Occasionally viruses cannot bc 

visualized in clinical material due to the inherent 
low number ofvirions (even after conccntrution) or 
:I conlidcnt identification cannot be made ~~GILI\C 

of the presence of \,irus-like artifacts. Furthcrmorc 

the virus slructures may have been inadvcrtantl> 

altcrod due to ultraccntrifugation through densit! 

gntdienl columns such as sucrose or caesium chlo- 

ride (Hyatt CI (I/.. 1987). Under such circumst;tncc~ 
it would be necessar\’ to amplify the cirus in II~\~IC 
culture andor use ;I tcchniquc which minimized 
the generation of artifrictual niatorial and adver~.3 
physical forces. The use of GC’C‘ pro\ictcs the 

IIK~I~S for satisfying these ob.jecti\ch. I.‘iriation OI 

GCC’ results in the i/l .si/lr prcscrvation of progcn> 

hiruses on the grid substrate and in association 

with the cell. The viruses can bc casil~ obser~etl. 

contrasted against an arlil’act-free background 

and ideally prcsentcd for IEM. The applicatlc)n 
and SLICCCSS of the technique in virus diqnohi\ I\ 

disc~~sscd bclou. 

When appropriate host ct‘lls are Infcctcd with 

virus. the progeny viral particles can be observed 
in association with both the grid lilm suh\tratc 
and the cell. Reprcsentativa 01‘ the I’amilie\ 
Togaviridae. Orthomyxoviridae. Param) xo\,iridac. 
Rhabdoviridae, Poxviridae. (‘orona~il-idac. Hum 

ya\iridae. Herpesviridae and Iridoviridac h;r\c \o 

far been identified using the gritl-cell-culture 

technique in our laboratory. Valuable information 
about virus shape, dimensions and nicchanism 01’ 
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release (and thus derivation of envelope) are easily 

obtained with the technique. The viruses discussed 

below are examples of how the accumulation of 
such data can facilitate viral diagnosis. The 
application of the technique to the collection of 
information on virus morphogenesis is discussed in 
Section VI. 

When cells were infected with Newcastle disease 
virus (NDV, paramyxovirus) virions could be 
observed budding from the host cell plasma 
membrane. The particles are either spherical or 
filamentous (Fig. 1) whereas those adsorbed to the 
grid substrate take on a more spherical appear- 
ance. Nucleocapsids (Figs 1B and 13C) can 
occasionally be visualized in both forms of the 
virus or lying free on the substrate. The infected 
cells may also exhibit modified thickened areas of 
plasma membrane, which may represent areas of 
M protein accumulation (Nagai et al., 1983). From 
these thickened areas “rigid”, irregular protusions 
are frequently observed (Fig. 1B). The presence of 
these structures can be confirmed by examination 
of ultra-thin sections of similarly infected cells. 

Surface projections in many of these negatively 

stained viruses can be difficult to observe. It is 
believed that prefixation with glutaraldehyde or 

osmium tetroxide can produce a disorganizing 
effect on similar projections in other viruses 
(Nermut, 1972; von Bonsdorff and Harrison, 1975; 
Nermut, 1982). We have found that this problem 
is more pronounced when viruses (fixed in situ) 
were in the process of budding. Examination of 
cells infected with avian influenza virus (AIV, 
Orthomyxoviridae) do not exhibit peripheral areas 
of membrane thickening and the budding virions 
generally approximate a filamentous shape (of 
uniform width) from which virions appear to 
“pinch” (Fig. 2). These (NDV and AIV) are 
examples of viruses which derive their envelope 
from the plasma membrane. The in situ fixation 
minimizes the pleomorphic appearance of viruses 
and thus further enables virus identification based 
on virus morphology. 

Alphaviruses and flaviviruses are reported to be 
morphologically similar (Palmer and Martin, 1982). 
They are spherical (40-70 nm) with alphaviruses 

Fig. 1. Negative stained air dried whole cells infected with a paramyxovirus (Newcastle disease virus, NDV). (A) spherical 
form of virus (arrow) budding from the surface membrane. Thickened areas of membrane, presumably representing 
accumulation of “M” membrane (M), are apparent. (B) Filamentous forms of NDV budding from the cell surface (arrows). 

Nucleocapsids (N); cell (C). Scales represent 100 nm. 
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I-lg. 2. Negative stained air dried whole cells Infected wth an orthomyxovirus (avian intluewa virus. AIV). (A) Filamentour 
forms of AIV budding from the apical (a) and lateral (arrows) surface membranes. A lilamentoua form is mdicated (large 
arrow) from which 1 virus is “pinching”. (B) Enlargement of “pinching” AIV, tho surfxc assoclatcd protrusions arc 

indicated (arrow). Scales represent 100 nm. 

being the larger. Flaviviruses although accepted to 
be smaller have been reported in the size range of 
40--60 nm (Murphy, 1980). They are also reported 
to have 7 nm rings on the virion surface and 
possess an intracellular-derived envelope, whereas 
purified alphaviruses have a conspicuous T = 4 
icosahedral structure and derive their envelope 
from the plasma membrane. If problems arise in 
the identification of viruses within this size group 
(40-70 nm), then examination of virus particles by 
GCC can reveal details of the virion surface struc- 
ture and the derivation of the associated envelope 
(intracellular or plasma membrane). Figures 3A 
and B illustrate the above with alphavirus-infected 
cells (Ross River virus). The virus can be observed 
budding from the plasma membrane and the 
demarcating surface subunits are apparent. 

Akabane virus (Bunyaviridae), like other mem- 
bers of the group, is a difficult virus to visualize as 

it is known to be very fragile and sensitive to 
physico-chemical treatment (Munz ~JI (I/., 19X I ). 
Bunyaviruses derive their associated membranes 
by budding into intracytoplasmic cisternac 
(Murphy Ct (I/.. 1973). Examination of Akabane 
virus-infected GCC reveal abundant, intact 
membraneous viruses against a clean background 
(Fig. 3C). The viruses can also be observed in 
association with the plasma membrane (Fig. 311). 
The structure of these did not differ significantly 
from that of released or adsorbed particles. 
Extensive examination of the infected cells did not 
reveal budding viruses (that is, viruses acquiring 
a membrane from the plasma membrane) how- 
ever. viruses with associated envelopes could 
be observed crossing the cell membrane. 0th~ 
membrane associated viruses. but with well 
defined shape, which have been detected with thi\ 
technique are shown in Figs 4 and S. 
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Fig. 3. Negative stained, air dried whole cells infected with an alphavirus (Ross River) and a bunyavirus (Akabane). (A) 
Ross River virus budding from the surface membrane (arrow). (B) Higher magnification illustrating the surface subunits 
and projections associated with Ross River virus (arrow). (C) Akabane virus (arrow) in association with the grid substrate. 

(D) Akabane virus (V) associated with the cell surface. Scales represent 100 nm. 



Fig. 4. Negative stained. air dried whole cell infected with a poxvirus. Vaccinia virus (arrow) is shown IX hr post-lnl’cctlon 
associated with a cellular process. Scale rcprescnts 100 nm. 

Fig. 5. Negative stained, air dried cells infected with (A) an Irldocirus. (epzoot~c haematopoiettc necrosis v~ru\). and IHI 
rhabdovirus (bovine ephemeral fever virus). Viruses 0). Scalca represent 100 nm. (Adapted from Hyatt (‘I c/l 19x7 I 

X 
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B. Non -eweloped Viruses 

Non-enveloped viruses can also be visualized 

with CCC. Representatives of Reoviridae, Aden- 
oviridae. Parvoviridae and Birnaviridae have been 
identified in this laboratory using this technique. 
Representative viruses from some of these families 
are discussed below. 

Bluetongue virus (BTV), which is a member of 
the orbivirus genus in the family Reoviridae, is a 
60-70 nm icosahedral virus with a fibrillar outer 
coat (Hyatt et ul., 1987; Hyatt and Eaton, 1988). 
When crude preparations are used for NCEM the 
intact virion may be difficult to identify amongst 
the background material. Alternatively when the 
viruses are subjected to laboratory manipulation 
(for example, ultracentrifugation through density 
gradients) the outer coat often is partially or totally 
removed to reveal a capsid with large ring-shaped 
capsomeres (Fig. 6A). Therefore the morphology 
of orbiviruses may be altered by the preparative 
techniques used. Diagnosticians should be aware 
of these variations or alternatively use a less 
disruptive technique such as the grid-cell-culture 
technique. 

Analysis of BTV-infected CCC revealed numer- 

ous virions adsorbed to the grid substrate, underly- 
ing the cell surface and being released from the cell. 

The virus surface was not disrupted and exhibited 
a fine fibrillar outer coat (Fig. 7A). Similar virions 
were observed intracellularly (Fig. 7B) and were 
occasionally associated with cellular filaments. 
Virions were also observed exiting the cell by 
extrusion and budding from the surface membrane 
(Figs 7C, D). Collectively the data provided 
valuable information for virus diagnosis (virus size. 
surface topography, association with cellular 
components and the modes of virus release). 

The sensitivity of the grid-cell-culture technique 
for other non-enveloped viruses such as bir- 
naviruses, adenoviruses and adeno-associated 
viruses (AAV) is shown in Fig. 8. The small 
I8 28 nm icosahedral AAV were obvious against a 
clean background which indicated the suitability of 
the technique for the detection of parvoviruses. 
Adenoviruses could also be observed on the grid 
substrate and entering host cells; Fig. 8B shows a 
particle entering a cell presumably by endocytosis. 
Birnaviruses and adenoviruses were also examples 
of lytic viruses, that is viruses which gain release 

Fig. 6. (A) Negatively stained bluetongue virus after ultracentrifugation. The outer coat has been removed and the 
capsomeric cores (arrow) can be observed amongst cellular debris. (B) Bluetongue virus prepared by the grid-cell-culture 

technique. The outer coat is intact. Scales represent 100 nm. 
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Fig. 7. Negative stained, air dried whole cell infected with an 
grid substrate. Note the fribrillar outer coat. (B) BTV underlying the cell surface. (C) BTV aggregates, 18 hr post-infection. 
extruded from an infected cell. (D) BTV budding from the plasma membrane (arrow). Scales represent 100 nm (Adapted 

from Hyatt (‘t 01.. 1987.) 
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Fig. 8. Negative stained. air dried whole cells infected with (A) biravirus (infectious pancreatic necrosis virus) and (B) 
adenovirus (PI 1537/82): note the presence of adeno-associated virus (AAV). Inset, adenovirus entering a host cell. 

presumably by endocytosis. Scales represent 100 nm. 

from host cells following cell lysis. It is possible to 
locate these particles and associated structures on 
the grid substrate (Fig. 8). When lytic viruses are 
being used it may be necessary to leave the harvest- 
ing of GCC until advanced CPE has occurred as 
this would optimize the chance of virus detection 
but have the disadvantage of producing a compar- 
atively high background (Fig. 8A). This disadvan- 
tage was not severe if the viruses involved are 
icosahedral non-enveloped particles. 

IV. EXAMINATION OF EXTRACTED 
VIRUS INFECTED CELLS 

Biological functions often ascribed to the 
cytoskeleton of eukaryotic cells include cell 
movement, adhesion, division, organization of 
organelles and molecules and virus metabolism 
(Ben-Ze’ev et al., 198 1; Penman, 1985; Bell et al., 

1988). The cytoskeleton is generally defined as a 
three-dimensional network of microtubules, inter- 
mediate filaments and microfilaments consisting of 
specific core proteins and filament-specific associ- 

ated proteins (Bell et al., 1988). One of the above 
functions, virus metabolism, can be exploited from 
a diagnostic viewpoint as many viruses and/or 
virus-specific proteins are associated with some 
aspect of the cytoskeleton during their replicative 
cycle. The viruses include poliovirus (Lenk and 
Penman, 1979) measles virus (Bohn et al., 1986) 
vesicular stomatitis virus (Cervera et al., 1981) 
and representatives from the following families: 
Papoviridae (Ben-Ze’ev et al., 1982) Iridoviridae 
(Murti et ul., 1985), Poxviridae (Hiller et al., 1979) 
Herpesviridae (Ben-Ze’ev et al., 1983) Adenoviri- 
dae (Luftig and Weihing, 1975) and Reoviridae 
(Eaton et al., 1987). 

Many methods have been used to observe the 
cytoskeleton. These include TEM of ultra-thin 
sections, whole and detergent-extracted cells and 
platinum-carbon replicas of frozen and fractured 
cells, NCEM and scanning electron microscopy 
(SEM) of detergent extracted cells and HVEM of 
whole and extracted cells (Bell et al., 1988). With 
the grid-cell-culture technique satisfactory cyto- 
skeletons can be prepared by washing the GCC 
with a mixture of 1% triton X-100 or 1% NP40 in 



0. I ‘%I glutaraldehyde (in buffer of choice) for 2 min 
and critical point drying from carbon dioxide 
(Hyatt et trl., 1987). The preparations remain 
attached to the filmed-grid substrate and can be 

coated or viewed directly at 50 kV in a trans- 
mission electron microscope (Fig. 9). The pre- 
paration of cytoskeletons including conditions 
required for minimizing depolymerization and 
extraction of cytoskeletal proteins are described by 
Small ( 1988). 

A common problem with whole mount cyto- 
skeletons is that interpretation of conventional 
two-dimensional photographic images can often be 
difficult as they represent a three-dimensional 
network of interconnecting filaments. The use of 
htereopairs can help avoid the problem by reveal- 
ing the spatial organization of and viral association 
with the cytoskclton. Cytoskeletons prepared and 
recorded in the above manner can prove beneficial 
in diagnostic virology and virus morphogenesis 

studies. The main advantages are (a) conventional 
thin sections, which provide comparatively poor 
detail on cytoskeletal organization and take the 
major part of a working day to prepare. are not 
required for the identification of intracellular 
viruses and related structures; (b) preparation time 
is less than 90 min and (c) the inter-relationship 
between virus and cell can be studied in ;I threc-d- 
mensional matrix which facilitates in identification 
and localization of structural components of the 
cytoskeleton and any associated viral components. 

Figures IO and I I illustrate the usefulness of the 
grid-cell-culture technique for the intracellular 
localization of poxviruses (vaccinia). iridoviruses 
(epizootic haematopoetic necrosis virus, EHNV) 
and orbiviruses (BTV) and their associated 
structures. The successful use of the technique in 
diagnostic virology depends upon the knowledge 
of the diagnostician. For example, orbiviruh- 
infected cells are known to contain viruses. virus 
inclusion bodies and virus-spccificd tubules all 
of which are associated with the cytoskclcton 
(Eaton PI r/l.. 1987). thus examination of chto- 
skeleton\ will rcvcaI these characteristic orbi\iru\- 
spccitic structures. Diagnosticians must also be 
familiar with the appearance of unstained virus 
particles and be capable of discriminating cellular 
from viral structures. This is not it problem for 
larger viruses such as EHNV. BTV and vaccinia 
which are shown in Figs IO and I I 

The extraction technique described above gencr-- 

atcs an open cytoskeletal framework containing 

the majority of the cells polyribosomcs and ;I dcn~ 
nuclear matrix. Ben-Ze’ev cl/ (~1. (19X3) and Pen- 

man (19X5) described the LW of DNAase. RNAaw 
and (HN,)SO, to extract the chromatin fraction 
from nuclei to produce ;I semi-translucent n~~clca~ 
matrix intermediate filament scal~old. Hen-22‘~~ 

C/ rrl. ( 1983) used this approach to L isuali/c herpa 

simplex virus (Herpesviridae) bound to the nuclear 
matrix of an infected cell. It should also hc possible 

to visualize small cytoskclctal-associated viruses (II 

virus-associated structures by treating cell\ ~\ith 

puromycin prior to generation of the cytoskclcton. 

This drug disrupts polyribosomcs and thus should 
strip the cytoskeleton of similarly-sized cellulu~ 
structures. Alternatively. when small Liruses OI 

enveloped viruses with nondescript nucleocapsida 
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Fig. 10. Whole tissue culture cells, extracted I8 hr post-infection and critical point dried from carbon dioxide. (A) Iridovirus 
(epizootic haematopoietic necrosis virus). Scale represents 100 nm. (B) poxvirus (vaccinia). viruses (V), nucleus (N). Scale 

represent 1 pm. 

are involved, IEM (Section V) may be used for 
their identification. 

It should be noted that cytoskeletons can also 
provide valuable information on the location of 
viruses, that is whether they are found predomi- 
nantly in the soluble or insoluble phase of the cell. 
Orbiviruses, for example, are associated with the 
cytoskeleton (insoluble phase) of infected cells and 
thus any procedures involving purification of these 
viruses may incorporate a step which shears the 
particles from the cytoskeletal filaments. 

V. APPLICATION OF IMMUNO-GOLD 
ELECTRON MICROSCOPY 

A. Transmission Electron Microscopy 

Both unextracted and extracted GCC can be 
used for IEM. Currently, colloidal gold probes are 
being successfully used for microbiological im- 

munocytochemistry (Beesley, 1988; Carrascosa, 
1988). These probes are generally complexed to 
protein A, protein G, monospecific or polyspecific 
antibodies and streptavidin. In practice they are 
used directly or indirectly for the detection of 
specific antigens by a range of methodologies 
including post-embedding, pre-embedding, im- 
muno-negative stain and immuno-replica tech- 
niques. GCC can be used as alternatives to the 
classical immuno-negative stain and plastic embed- 
ding techniques. 

Figure 12 illustrates the use of the technique in 
the gold labelling of unextracted BTV-infected 
cells. Gold-labelled viruses can be observed on 
the filmed grid substrate and on the surface of the 
infected host cell. Labelling was achieved by 
the use of gold-complexed monoclonal antibody 
(Mab) to a virus outer coat protein, VP2. Although 
the preparation had been pretreated with 0.1% 
glutaraldehyde (to maintain cell structure and pre- 
vent removal of cells from the grid during washing 
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Fig. I I. Whole tissue culture cells. extracted 18 hr post-infection 
with bluetongue virus and critical point dried from carbon 
dioxide. Virus inclusion body (VIB). virus tubules (T), virus (V). 
fat droplet (F). Scale represents 200 nm. (Adapted from Eaton 

Cl Cl/.. 1987.) 

procedures) no detrimental effects due to (a) free IEM can also be performed on extracted cells. 
aldehyde groups (manifested as non-specific la- The technique is rapid (2 4 hr) but has the 
belling) or (b) poor labelling due to possible ad- limitation that only the insoluble fraction of a cell 
verse effect on the reactivity of the Mab to specific has the potential to be labelled. Despite this 
aldehyde-fixed antigenic sites, were apparent. The limitation the concept has been used by Bohn 
micrograph indicates that the labelling is specific P[ ~1. (1986) to study the involvement of actin 
and intense. Similar results were routinely obtained filaments in the budding of measles virus and 
in this laboratory for a range of viruses includ- Eaton et cri. (1987, 1988) to study the association 
ing herpesviruses, alphaviruses, coronaviruses, and protein composition of BTV-specific structures 
paramyxoviruses and bunyviruses; some of these attached to the cytoskelton. A major benefit ot 
are illustrated in Fig. 13. The labelling depicted in using extracted GCC for IEM is the ability 
the electron micrographs cover direct and indirect of antibodies and gold probes to freely diffuse 
procedures utilizing gold-labelled monoclonal anti- through the cytoskeletal matrix and interact with 
bodies and gold-complexed protein A. The success the intact virus structures. Thus antibody antigen 
of this technique can be attributed to its simplicity interactions will be optimized in a biological 
and its overall non-destructive nature which main- system where normally, with post-embedding 
tains surface-associated antigens. Details of the techniques, the antigenic mass of the viruses 
methodology are given in Hyatt et ni. (1987). or associated structures is so low that feu 

Fig. 12. Bluetongue wrus infected cells probed with a mono- 
clonal antibody complexed with 12 nm colloidal gold. Scale 

represents I pm. (Adapted from Hyatt and Eaton. I’X.) 



Grid-Cell-Culture Technique 

Fig. 13. Whole tissue culture cells, infected with different viruses and gold labelled I g-24 hr post-infection. (A) Herpesvirus 
(Aujesky’s disease virus) detected with polyclonal antibodies and protein-A gold (12 nm). (B) Bunyavirus (Akabane) labelled 
with monoclonal antibody complexed to 12 nm colloidal gold. (C) Paramyxovirus (Newcastle disease virus) labelled with 
a 12 nm gold complexed monoclonal antibody to a surface protein and the nucleocapsid (inset). Viruses (V). Scales represent 

100 nm. 
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antibody molecules will interact with their 
specific targets. Representative results obtained 

with IEM of extracted GCC are illustrated in 
Fig. 14. The labelling protocol is detailed by Hyatt 
et ul. (1987). 

Problems with immuno-gold labelling of 
cytoskeletal preparations can occur. The most 
common problem involves “sticky” gold probes, 
especially the smaller (6 nm) probes which 
may interact with the cytoskeletal matrix’. This 
problem of non-specific binding is discussed in 
detail by Birrell et al. (I 987) and Hyatt (I 989) and 
is largely solved by substituting fish gelatin for the 
conventional bovine serum albumin stabilizer or 
by pre-adsorbing the antibody with non-infected 
cells. 

The potential of the grid-cell-culture technique 

to preserve virus ultrastructure and to produce 
large numbers of adsorbed progeny viruses pre- 
sents the virologist with an unique opportunity to 
undertake quantitative studies on comparative epi- 
tope density, efficacy of antibody binding and 
antibody competition (Eaton et al.. 1988; Gould et 
N/., 1988; Hyatt et ul., 1988). The studies can 
involve either single or double immuno-gold la- 
belling. Figure 15 illustrates double-labelling of 
surface epitopes on a bunyavirus (Akabane) and 
an orbivirus (BTV). The results in Fig. 1% demon- 
strate that two neutralizing Mabs were directed to 
either the same or separate but neighbouring epi- 
topes where the binding of one antibody inhibited 
the binding of the second (Hyatt et ul., 1988). 
Figure 15B demonstrates the “co-expression” of 
two BTV proteins namely VP2 and VP7 on the 
surface of the virus in an unstained critical point 
dried GCC preparation. The second example 
demonstrates the importance of virus structural 
preservation during preparative procedures as VP2 
is a surface-associated protein easily removed dur- 
ing ultracentrifugation and VP7 is the major if not 
sole constituent of the underlying capsomers of the 
virus core particle. It should be noted that spurious 
results can be generated from double-labelling 
experiments unless various sources of error such as 
cross-contamination and degree of saturation of 
antigenic sites are determined. These sources of 
error are discussed by Hyatt et al. (I 988) and Hyatt 
(1989). 

B. Scanning Electron Microscopy 

GCC can also be used for cell-surface studies 
involving topographic distribution of viruses dur- 
ing release and distribution of specific receptor 
sites. The examination of such preparations by 
standard SEM may be pertinent when the cells are 
too thick for the detection of gold-labelled surface- 
associated antigens by conventional TEM. 

SEM can be used to detect colloidal gold probes 
by either secondary (SEI) or back-scattered elec- 
tron imaging (BEI). The detection of smaller 
(5515 nm) gold particles by SE1 and standard 
instrumentation is difficult especially when the 
complex topography of the cell surface and the 
frequent presence of contaminating protein aggre- 
gates are taken into consideration. Detection of 
these smaller gold probes can be made with BEI in 
conjunction with higher resolution instruments 
(Hodges rr ul., 1987). Alternatively larger probes 
(2040 nm) can be used in conventional SEM and 
visualized independently or with a combination of 
BEI and SE1 signals (Fig. 16A). Unfortunately the 
use of larger probes for the detection of virus 
specific antigens will sterically preclude a one-to- 
one correspondence of target to marker molecule 
and thus effectively decrease the overall labelling 
intensity. To avoid this problem 12 nm gold probes 
can be used and physically enhanced in size using 
the immuno-gold-silver staining (IGSS) technique 
(Hyatt rt ul., 1989). 

The IGSS protocol is similar to that described 
for GCC (Hyatt et ul. 1987) except that a physical 
developing solution is included in the final steps 
(Hyatt et al., 1989). The colloidal gold catalyzes the 
reduction of silver ions in the developing solution 
to metallic silver resulting in the physical growth of 
the electron-dense gold markers. The major advan- 
tages of this adaptation are that the silver en- 
hanced probes are easily observed at low 
magnifications by a conventional scanning electron 
microscope utilizing SE1 and/or BE1 (Fig. 16B) 
and. as stated above, the avoidance of steric inter- 
ference. Comparison between Figs 16A and 16B 
illustrate the increase in labelling obtained with the 
smaller probes. Details on post-fixation and coat- 
ing procedures for these preparations are discussed 
by Hodges rt cd. (1987) and Hyatt ct al. (1989). 
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Scannln~ c‘lectron mtcrograph~ ot. gold-labcllcd. bluetonguc \~rus-~ntectcd grad-cell-cultures. (A) Colour 
aph of ~nfectcd cells incubated Hith monoclonal antibod!, and 20 10 nm protein-A gold probes. The 5, 
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I-1%. 17. Transmission electron micrograph of the bright 
“dots” localized on the grid substrate of gold silver labcllcd 
\Irus infcctcd cells (refer Fig. 16B). Viruses (arrows) are not 

neptivcly stained. Scale represents 100 nm. 

When GCC are used in the above manner. 
analogous preparations can be viewed by TEM 
(Fig. 17). For viral applications this will indicate 
the specificity of the “background” gold ~silver 

labelling. For example, the particles present on the 
filmed substrate in Fig. 16B are gold&silver-labelled 
BTV and not the end product of indiscriminate 
background labelling. 

VI. VIRUS STRUCTURE 
AND MORPHOGENESIS: 

BLUETONGUE VIRUS 

The techniques described above can also be used 
in basic virological studies. In this section we shall 
describe how GCC have been used to investigate 
the surface-associated protein composition of BTV 
and related structures in addition to specific events 
in BTV morphogenesis. A detailed discussion of 
BTV morphogenesis is beyond the scope of this 

review but can be found in reviews by Eaton and 
Hyatt (1989) and Eaton et ul. ( 1989). 

I Morphologically BTV consists of an icosahedra 
core containing two major proteins, VP3 and VP7 
and three minor proteins VPI. VP4 and VP6. Th 
core is surrounded by an outer fibrillar coat con 
sisting of two proteins. VP2 and VPS. The virus 
contains 10 segments of double-strandard RNA 
which code for the seven structural proteins and 
three non-structural proteins NSI, NS2 and NS3 
(Verwoerd et d.. 1972; Huismans c’/ (I/., 19X7: 
Eaton and Hyatt, 1989). 

Until recently studies on the structure of BTV 
have used purified virus. As mentioned above 
(Section V. A) the biophysical and biochemical 
procedures employed during purification of \,iru\ 
particles such as BTV can lead to distortion OI 
disruption and the removal of some proteins. It i< 
therefore important, in any experiment involving 
the identification of virus substructure. to maintain 
the original structural composition and for this the 
grid-cell-culture technique is ideal. 

We have used the technique to examine the 

surface “expression” of intrinsic cirion proteins 

(Eaton et (I/., 1988; Hyatt and Eaton. 19xX). 
Viruses adsorbed to the grid substrate Lvere probed 
with available Mabs to BTV proteins VP?. VP7. 
NSI and VP3. Single and double-labelling cxperl- 
ments were attempted. The results showed the 
co-localization of VP2 with VP7 and VP? with 
NSI (Fig. 15). VP3 was not detected on the \,irion 
surface, These results in conjuction with con~ll- 
tional experiments utilizing purified BTV core\ 
inferred that VP7 [known, from biochemical data. 
to be a major constituent of core capsomcrcb. 
Huismans rt ~1. (1987)j and NSI (previousI> 
thought to be solely an intracellular non-structural 
protein) extended beyond the core into the outer 
tibrillar coat where they were detected by spccilic 
Mabs. 

Extracted CCC were used to invcstigatc 
the association of BTV with the cytoskclctnn. 



Fig. 18. Cytoskeleton-associated virus-like particles in bluetongue virus infected cells. (A) Linear array of viruses (V). 
Intermediate filaments (IF). (B) individual viruses (V) associated with the intermediate filaments (IF) of the cytoskeleton. 
Fat droplet (F); virus tubules (T). (C) Virus aggregate (V) associated with the cytoskeleton. Intermediate filaments (IF). 

Scales represent 100nm. (Adapted from Eaton and Hyatt. 1989.) 
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Released viruses were probed with :I 6 nm gold- 

labelled anti-VP? Mab. following \s hich the cells 
WC‘I’C extracted and viruses probed with I2 nm 
gold-labelled antibody, Thus only viruses adsorbed 
to the grid substrate outside the cell and labelled 
solely Mith I2 nm gold probes have been released 
from the qtosol follov8ng cell Iysis. The binding 
profiles (Fig. 20) indicate that there is a difYerence 
bct\+een the three populations in their ability to 
bind the antibody. Cytoplasmic \,irus bound most 
and released \.irus the leas; amount of gold-labelled 
antibody. These results infer that either VP2 is 
rcmo\ed from intracellular \,irions during morpho- 
genesis or alternatiwl~ the difrerences represent 
conf~~rmational changes in VP2 which obscure the 
reacti\,e epitopcs in some VP2 molecules. 

Electron microscopic examination of thin sec- 
tions show that the cytoplasm of BTV-infected 
cells contains three major viral specific structures; 
\ iruses (discussed abo\,e). virus inclusion bodies 
(the site of virus core particle synthesis) and virus- 
specific tubules. the function of v, hich is unknown. 
Cytoskeletons of BTV-infected GCC were charac- 
terized by the presence of dense areas in juxta- 
nuclear positions. The majority of \ irus inclusion 
bodies and virus tubules were obsewed in these 

locations. Virus tubules were observed in bundles 

of upto 20 tubules and in advanced stages of 

infection were also localized in the peripheral areas 

of the cq’toskcletal matrix. The \.irus inclusion 
bodies appeared to be penetrated bq the complex 
anastomoslng network of qtoskcletal filaments 
(Hyatt. unpublished obser\,ations) lvhereas the 
association of virus tubules kvith the cytoskelctal 
filaments remains unclear. Although the results 
indicated that these virus specific structures were 
associated with the qtoskeleton it is important to 
Lerif!, that the results are not a consequence ol 
fortuitous adsorption incurred during the extrac- 
tion procedure. Experiments utilizing l,irus inclu- 

sion hod) and virus tubule specitic Mabs in 

conjunction \+ith fuorcscence were used to deter- 
mine if these structures are found in the soluble 
fraction of the cell. Comparison of fluorescence 
patterns from both fixed. unextracted and a- 
tracled cells indicated that most if not all \ irus 
inclusion bodies are associated \vith the cytoskele- 
ton whereas some virus tubules are present in the 
soluble phase. Such results support the findings 
from the extracted GCC studies. 

Virus inclusion bodies and virus tubules located 

\\ithin extracted GCC are present as large anti- 
genie ma\scs when compared to those expressed in 
thin sections. Probing of \ irus tubules in extracted 
cells revealed ;I major core protein VP3 and the 
non-structur~~l protein NSI (Fig. l4B) to be 
present at :I surface location. Similar probing 
experiments. using a biotin htrcpta\idin gstcm 
and lowicryl (K4M) failed to detect an\ associated 
protein: this is not surprising as the tubules arc‘ 
hollow and approximateI> 30 nm in diameter and 

thus in ultra-thin sections must present iin ex- 
trcmolq small antipenic morass. The advantage of 
using CCC in IEM is further exemplitied b> the 
probing ot’ virus inclusion bodies. Post-embedding 
immunolubelling of ultra-thin lo\vicr~I sections in- 
dicated the internal presence of core proteins VP7 
and VP3 and the non-structural protein NS2 
(Hyatt and Eaton, 1988). The presence of virus core 
proteins within virus inclusion bodies uas consist- 
ent with ;I role for this structure in the morpho- 
genesis of core particles. Labclling of extracted 
BTV-infected cells. however. indicated the pres- 
ence of only NS3 on the surface of thcsc inclusion 



bodies (Fig. 14A). These results were contirmed 
with pre-embedding labellinp experiments involv- 
ing the examination of subsequently gcncrated 
ultra-thin sections. Overall these approaches gencr- 
ated valuable data on the addition of viral proteins 
to developing particles (Gould c’t rrl. 1988: Eaton ct 
rd.. 1989). 

One protein of particular interest in BTV mor- 
phogenesis is the outer coat protein VP?. This 
protein contains the major antigenic determinants 
responsible for serotypc specificity and virus 
neutralization (Huismans and Erasmus. I98 I ). WC 
were therefore interested in the site and mechanism 
of addition of this protein to the virus particle. VP2 

was not located with the internal matrix of inclu- 
sion bodies (post-embedding procedures) or on the 
surface of this structure (CCC and pre-embedding 
procedures) (Gould 01 t/l., 198X). The us;c of GCC 
and pre-embedding techniques however. indicated 

that Mah to VP2 reacted only in locations where 
virus-like particles appeared to he IeaGng the 

inclusion body (Figs l4C and 2 I ). This es~~mple 

illustrates how the grid-cell-culture technique can 
be used as ;I powerful investigative tool \\ hen 
combined with other IEM techniques. It \IIOLIICI 

also be noted that these examples illustrate the 
extreme care required in the overall interpretation 
of IEM results. particularly when the! arc 
generated b! only one’ IEM approach. 

The mechanism of BTV relcasc from cells ha\ 
been the sub.ject of some speculation. The possibil- 

ities include virus release from dead or Iqsed cells. 

“budding” and release through “discontinuitics” 

in the plasma membrane (Bow,ne and .lochim. 

1067; Lccatsas. I968; Bowne and Ritchie. 1970). 

When GC’C were examined by TEM and SEM. 

IX 14 hr post-infection at which time 05”;, 01‘ the 

cells wcrt’ still viable, lurgc numbers of \;iruscs wcrc 

observed on the grid substrate and cell surliicc 

(Figs I? and I6B). This simple expcrimcnt con- 
Firmed that virus release was not dependent upon 
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cell death and subsequent lysis. The negative- 
stained GCC (Fig. 7C,D) showed individual BTV 

budding from the cell surface and aggregates in 

close proximity to disrupted areas of the host cell’s 
plasma membrane. Examination of conventional 
and pre-embedded labelled ultra-thin sections also 

showed large virus aggregates partially embedded 
in the membrane. These results were interpreted as 

virus release as opposed to uptake (Eaton et al., 

1989; Hyatt et al., 1989). The data suggest that (a) 
BTV was released both by “budding” and pene- 
tration of the plasma membrane by individual and 
aggregates of virus particles and (b) the different 
modes of release could occur in a single infected 
cell at the same time. 

VII. CONCLUDING REMARKS 

In the past. basic virological studies encompass- 
ing electron microscopy have largely depended on 
techniques involving virus purification, negative- 
staining and thin-sectioning. The same is true for 
virus diagnosis. In this review we have attempted 
to discuss the application of a technique using 
whole virus-infected cells to these areas of interest. 
The broad range of applications is attributed to 
several advantages inherent within the technique 
namely (a) rapid and simple preparative steps, (b) 
adsorption of large numbers of progeny viruses to 
the filmed grid substrate, (c) production of little or 
no contaminating debris and (d) preservation of 
virus and cellular morphology. Although the basic 
technique of growing virus-infected cells on filmed 
grids or equivalent substrates is not new, it is 
surprising that the full potential of this concept has 
not been fully appreciated, particularly in IEM 
where advanced quantitative studies can be easily 
performed. Another exciting area of use is in virus 
diagnosis. From the foregoing discussion and 
examples it is clear that the technique offers the 
potential for providing valuable additional diag- 
nostic data, to that obtained by conventional 
procedures, within a short time period. Overall the 
technique, termed the grid-cell-culture technique. 
provides an attractive addendum to the more 
conventional techniques currently used in virus 
diagnosis and research. 
JPMR 1 I -c 
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