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1. INTRODUCTION

In situ hybridization has a number of features which make it particularly
suitable for use in studies of viral disease. Not only can it confirm the presence
of specific viral DNA or RNA sequences in a range of histological prepara
tions, but by demonstrating the precise tissue, cellular and subcellular location
of the virus it can correlate the presence of a virus with its pathological effects
and provide insight into the mechanisms involved in virus-host cell interac
tions. Such information is necessarily lost when the more conventional tech
nique of dot (filter) hybridization of extracted nucleic acid, or the more
recently described polymerase chain reaction (peR) are used to detect viral
sequences. As well as localizing viral genomes in the episomal or integrated
state, in situ detection of viral mRNA is possible. This can provide valuable
information about the level of viral gene expression and sites of viral protein
synthesis. In addition, in situ hybridization can be combined sequentially with
immunohistological labelling of either cellular antigens (to identify unequivo
cally the cell types infected) or viral antigens (to determine whether viral
nucleic acid is being translated into protein products), thus increasing the
amount of information available from a given sample of tissue.

Although the great potential of in situ hybridization as a diagnostic and
investigative tool in studies of viral disease was evident early in the history of
this technique (Orth et al., 1970; McDougall et al., 1972), it is only relatively
recently that technological and methodological advances have made possible
the realization of this potential. The cloning of genetic material from most
important DNA and RNA viruses has enabled the production of almost
unlimited quantities of a wide variety of probes; in addition, the availability of
sequence data on these viruses has made possible the construction of highly
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specific oligonucleotide probes. The commercial availability of an increasing
range of probes has put in situ hybridization within reach of non-specialized
laboratories. The development of non-isotopic labelling and detection systems
has led to dramatic improvements in the speed and resolution of the tech
nique, while reducing the costs and hazards associated with radioactively
labelled probes. Initial problems with reduced sensitivity using non-isotopic
probes have been largely overcome by continuing methodological refine
ments. Tissue digestion techniques adapted from immunohistochemistry have
made in situ hybridization possible on formalin-fixed, paraffin-embedded
tissue, thus making vast archives of stored material with good tissue morph
ology available for retrospective studies. These advances have led to a
broadening of the possible applications of in situ hybridization, and an ex
ponential increase in the number of laboratories using the technique as a
research or diagnostic tool (Fleming, 1987; Grody et at., 1987; Hofler, 1987).

In order to highlight those areas in which in situ hybridization can provide
unique insights into the process of viral infection, we have chosen to discuss
the use of the technique in viral studies in terms of its particular strengths,
rather than reviewing all possible applications. We have defined in situ hybrid
ization as the use of labelled nucleic acid probes to detect complimentary
sequences in tissue sections, cellular preparations, or chromosome spreads.
Protocols involving the use of non-cellular preparations (such as filter and
sandwich hybridizations) to detect viral genomes are not included, but have
been described in previous reviews (Bornkamm et at., 1983; Maitland et at.,
1987; Norval and Bingham, 1987). While we have focused on the use of in situ
hybridization in the study of human viral diseases, it should be noted that the
technique has been extensively employed in the study of viral infections in
other species, both as animal models of human disease and in the context of
veterinary medicine (e.g. Orth et at., 1970; Brahic et at., 1981; Brahic et at.,
1984; Stowring et at., 1985; Peluso et at., 1985; Gendelman et at., 1986; Baskar
et at., 1986; Jilbert et at., 1987; Alexandersen et at., 1987; Perlman et at., 1989;
Lipkin et at., 1989). The technique has also been employed in analysis of
insect-borne viruses (Ballinger et at., 1988) and plant viroids (Harders et at.,
1989).

Specific applications of in situ hybridization in the context of viral disease
fall into three main categories:

(i) as a diagnostic tool where other methods are slow or inadequate,

(ii) to investigate virus-host cell interactions (including the role of viruses
in oncogenesis),

(iii) in studies of basic viral biology, including mechanisms of replication.
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Before reviewing these three categories, a number of general methodologi
cal points with relevance to viral studies should be made.

1.1 Methodological considerations relevant to viral in situ hybridization

1.1.1 'Types ofprobe

The researcher aiming to become familiar with in situ hybridization techniques
is faced with an increasing variety of different probe types, probe labelling
strategies, hybridization protocols and detection systems (see Chapter 1, also
reviews by Coghlan et aI., 1985; Moench, 1987; Maitland et aI., 1987; Grodyet
aI., 1987; Norval and Bingham, 1987; Hofler, 1987; Myerson, 1988). The
optimal strategy for each particular application will vary depending on the
origin and preparation of the tissue being probed, and the nature and location
of the target nucleic acid.

The greatest published experience is with double-stranded DNA probes,
labelled with either radioactive or non-radioactive reporter molecules by nick
translation or random priming techniques. The use of stable non-isotopic
labels such as biotin has made possible the commercial availability of labelled
double-stranded DNA probes for several viruses (Enzo Biochem; Life Tech
nologies; Euro-Diagnostics). The production of single-stranded RNA ribo
probes using specialized plasmid vectors containing dual RNA polymerase
promoter sequences has introduced a new degree of flexibility to in situ
hybridization studies; sense and antisense probes can be used to determine
the polarity of the target nucleic acid, and have been especially useful in
investigations of viral gene expression in latent infections. Unfortunately
biotinylated nucleotides are not efficient substrates for the SP6 RNA polymer
ase, and thus most workers have employed isotopic labels for riboprobes; the
development of alternative non-isotopic labelling strategies will undoubtedly
be of major importance in broadening the range ofapplications ofsuch probes.
Advances in the technology for synthesizing oligonucleotides have made
possible the preparation of short (20-60 base pair), single-stranded, cus
tomized DNA probes at relatively low cost. Based on sequence data, they can
be designed to be "unique" for a particular strain of virus, or to contain
sequences shared by a family of viruses. While eliminating the need for
purification and cloning of viral nucleic acid, such probes suffer from limited
sensitivity because of the low level of incorporation of reporter molecules and
the usual requirement for 3' or 5' "end labelling". Labelling with non-isotopic
markers is possible, however the use of cocktails of different oligonucleotides
i~ sometimes necessary in order to achieve satisfactory sensitivity. A final
method of probe production employs the polymerase chain reaction (PCR).
This technique employs a heat stable DNA polymerase from Thermus aquati-

68



In Situ Hybridization Studies of Viral Disease

cus (Taq polymerase) to amplify a chosen segment of DNA by many orders of
magnitude. Labelled nucleotides (either isotopic or non-isotopic) can be
directly incorporated into the amplified sequence, producing a highly specific
probe with theoretically greater sensitivity than oligonucleotide probes. A
technique for producing biotinylated hepatitis B virus probes using PCR has
been developed in this laboratory (Lo et aI., 1988), and studies are currently
underway to extend this technique to other non-isotopic labels such as
digoxigenin, and to optimize PCR-labelled probe characteristics for use in in
situ hybridization.

1.1.2 Probe labelling strategies

The choice of probe label depends on the particular requirements of the
investigation. While high energy emission isotopic probes (labelled with 32p

or 1251) are ideally suited to macroscopic studies of viral distribution in whole
animal or organ sections, they give poor subcellular resolution compared to
non-isotopic probes. Low energy isotopic probes (incorporating 3H) provide
good resolution, but require long periods for autoradiographic detection.
Probes labelled with 35S have recently gained popUlarity, providing a reason
able compromise between requirements for resolution, sensitivity and speed.
An advantage of isotopic labelling is that it is possible, by grain counting, to
quantitate the amount of bound probe. Recent methodological advances have
improved the sensitivity of non-isotopic detection systems to provide com
parable sensitivity with 35S-labelled probes, however quantification of target
nucleic acid using non-isotopic systems is problematic. Non-isotopic protocols
are generally more rapid than isotopic protocols, and being free from radiation
hazards are potentially more useful as diagnostic assays in the general labor
atory setting. The range of non-isotopic labels available is steadily increasing
(see Chapter 1). Hybrids between labelled probe and target can be detected
by histochemical or immunohistochemical means and visualized using fluores
cent conjugates, a variety of coloured enzyme substrates, or colloidal gold.
While fluorescent detection is sensitive and affords good resolution, it is
generally unsuitable for use on tissue sections because of tissue autofluores
cence, and has the additional disadvantage of fading over time. Chromogenic
substrates provide a more permanent means of detecting hybridization signal,
and substrates of different colours can be chosen as appropriate to allow
counterstaining or multiple labelling of more than one nucleic acid target (see
below). Colloidal gold has only recently been employed for non-isotopic
labelling of viral sequences in tissue sections (Cubie and Norval, 1989; Morey
et aI., 1991a). It has the advantages of non-toxicity, highly localized signal and
compatibility with standard haematoxylin/eosin staining (Figure 1).

If the viral genome under investigation is too large to be cloned in a single
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Figure 1 Formalin-fixed, paraffin embedded section of an anogenital condyloma shown to
be positive for human papillomavirus type 6 using a digoxigenin labelled DNA probe
detected by immunogold labelling with silver amplification. Haematoxylin and eosin
counterstain. Infected cells in the upper layers of the epithelium appear black.

vector, probes to the different segments of the genome can be combined in
order to maximize sensitivity. Unrelated viral probes can also be combined in
a single hybridization reaction to screen for the presence of anyone of the
component viruses. If different reporter molecules are attached to different
probes, simultaneous infection of a single cell by more than one virus can be
detected. This was first shown using 3H and 35S probes to measles and visna
viruses and a two-colour microradioautographic detection system (Haase et
aI., 1985a), but has more recently been successfully used to detect human
papillomavirus (HPV) and herpes simplex virus (HSV) in single cells using
biotinolyted and haptenized probes with different enzymatic detection sys
tems (Mullink et aI., 1989a). Viral and human genomic DNA sequences have
also been simultaneously detected with biotin and digoxigenin labelled probes
using different coloured enzymatic substrates (Herrington et at., 1989; Morey
et aI., 1991a). Double DNA target detection can also be combined with prior
immunohistological labelling ofspecific antigens to give triple colour detection
of three different targets in a single cell (Morey et aI., 1991a; Colour plate 4).
Viral and human mRNA species have also been simultaneously detected using
35S and biotin labelled probes (Ozden et aI., 1990). While the co-detection of
viral genomes and viral or cellular mRNAs is a possibility, obligate differences
in the in situ hybridization protocols for DNA and mRNA make such a
combination currently suboptimal (unpublished observations).
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1.1.3 Tzssue digestion protocols

Viral sequences have successfully been detected in chromosome spreads, cell
smears, frozen sections, and fixed tissues embedded in both paraffin and
plastic. An important consideration in all fixed tissues is the requirement for
proteolytic "digestion" to remove protein cross-linking and render the target
nucleic acid available for hybridization. A range of different agents have been
used with variable effectiveness (Brigati et al., 1983; Burns et al., 1987; Burns
et al., 1988; Naoumov et al., 1988a). It is our experience that when testing
archival clinical samples, digestion protocols must be optimized for each
particular block of tissue, as the amount of proteolytic digestion required will
depend not only on the type and duration of fixation, but also on the origin
and state of the tissue prior to fixation. We have found that pretreatment of
slides with the adhesive 3-aminopropyltriethoxysilane (Burns et al., 1987) is
crucial to ensure retention of sections during proteolytic digestion. In order
to ensure that sufficient digestion has been performed and to provide an index
of sensitivity, the use of an internal control is advisable. When probing
routinely processed tissues for viral DNA, we also hybridize an adjacent
section with probe pHY2.1 which detects a 2.12 kb sequence occurring
approximately 2000 times on the long arm of the Y chromosome (Cooke et
al., 1982). Between 100 and 200 highly homologous 2.0 kb sequences are also
present elsewhere in the genome. Unless extremely high stringency conditions
are used, the autosomal ("female") homologues of the Y repeat should be
readily detectable as well as the characteristic spot associated with the Y
chromosome (Burns et al., 1988); failure to do so usually indicates that more
vigorous proteolytic digestion is required. While it could be argued that the
degree of digestion necessary to reveal chromosomal sequences is probably
greater than that required to detect "free" nuclear or cytoplasmic viral nucleic
acid, such a control is particularly relevant when probing for integrated
viruses, and we feel that this is still the most reliable method available of
ensuring that reasonable confidence can be attached to a negative result. An
alternative method for judging the sensitivity of a protocol involves the use of
cell lines with known numbers of integrated viral sequences as standards (i.e.
HeLa cells containing 10-50 copies ofHPV18, or Raji cells containing 50-100
copies of Epstein-Barr virus). Such cells can only serve as a valid comparison,
however, if they have been fixed and processed in an identical manner to the
tissue under investigation. A further method of assessing the sensitivity of a
protocol involves the use of routinely processed tissues from transgenic
animals whose cells contain a known number of copies of a particular seq
uence. We have employed transgenic mice containing between 2 and 20 copies
of the human alpha-l-antitrypsin gene per cell to assess the sensitivity of
non-isotopic in situ hybridization using digoxigenin labelled DNA probes
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(Fleming et al., 1991). As few as 10 copies of a 1.3 kb sequence could be
unequivocally detected, suggesting that the non-isotopic detection of low
copy integrated viral sequences in formalin-fixed paraffin-embedded tissues
should be possible.

1.104 Stringency conditions

Viruses which are related but not identical to the probe can be detected by
altering the stringency conditions of the reaction (see Chapter 1, Bornkamm
et al. (1983) and Myerson (1988) for discussions of stringency calculation).
Under conditions of low stringency, nucleic acid sequences with a degree of
mismatch can hybridize. This finding has been employed in the detection of
new viral strains and classification of related viruses, however sequence
homologies also exist between parts of the human genome and numerous
viruses, which under inappropriate stringency conditions can lead to false
positive results. Conversely, the use of excessively high stringency conditions
will lead to loss of sensitivity. It is thus important that stringency conditions
be carefully calculated and applied in order to suit the particular situation
under investigation.

1.1.5 Further important methodological considerations

Further important methodological considerations relate to problems of arte
factual probe binding and non-specific background signal. These can result
from a variety of factors both intrinsic to the hybridization protocol, and
intrinsic to the tissue under study (see Myerson, 1988). The most intransigent
cause of background in our experience of non-isotopic in situ hybridization
using biotinylated probes is the presence of endogenous biotin in "hypermeta
bolic" tissues such as liver, kidney and pancreas. This endogenous biotin is
bound by avidin or anti-biotin antibodies employed in probe detection, and
can lead to highly deceptive false positive signals. Although some authors
report success in blocking or removing endogenous biotin (Grody et al., 1987;
Naoumov et al., 1988a) we have found that none of these methods enable
reliable and reproducible detection of low copy viral genomes in these tissues.
For that reason this laboratory is currently concentrating on the development
of protocols employing alternative non-isotopic labels such as digoxigenin
(Fleming et al., 1991; Morey et al., 1991b; Figure 2).

1.1.6 Controls

The use of appropriate positive and negative controls is crucial to the success
and reliability of in situ hybridization as a diagnostic or investigative tool. If it
is to assume even a minor role in routine laboratory diagnosis ofviral infections
(where decisions on patient management will depend on the result), it is
imperative that reliable controls are employed. Positive controls should in-
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Figure 2 Cytomegalovirus DNA localised within the renal tubules in a case of fetal CMV
infection. The DNA probe was nick-translated with digoxigenin and detected with an
anti-digoxigenin alkaline phosphatase conjugate and NBT-BCIP chromogenic substrate.
CMV DNA is seen in both nuclei and cytoplasm of cytomegalic epithelial cells.

clude tissues known to be positive for the virus using other means (but
processed and tested in the same manner as the tissue under investigation)
and general marker probes which can control for the efficiency of the hybrid
ization reaction on each occasion (such as probes for the Y repeat or other
high-copy genomic sequences). Negative controls include the use of labelled
vector sequences without the viral insert, non-related similarly-labelled
probes, opposite sense strand probes (if riboprobes are used) and the use of
tissues reliably known to be negative for the virus. DNAse and RNAse
digestions should also be performed in order to verify the identity of the target
nucleic acid species being detected. In cases where there is any doubt as to
the specificity of the reaction it is necessary to confirm the identity of the viral
nucleic acid using dot-blot hybridization or other methods such as the
polymerase chain reaction (Salimans et ai., 1989; Pezella et al., 1989).

2. DIAGNOSTIC APPLICATIONS

The use of in situ hybridization in viral diagnosis is especially relevant for
situations in which the virus cannot be easily or rapidly detected by other
means. This includes viruses which grow insufficiently or not at all in cell
culture (possibly requiring specific host cell factors which are absent in
standard cell lines), and those which escape detection by immunological

73



In Situ Hybridization: Medical Applications

methods. This may be due to protein products which are antigenically variable,
or synthesized at levels below the threshold for detection by serology or
immunohistology. The latter situation frequently arises in clinically inapparent
"latent" and "slow" infections. Even if antigen production does occur, and
appropriate antibodies are available, in cases where only fixed tissue is
available immunohistological studies may be unsuccessful due to masking or
destruction of the antigenic determinants. Nucleic acids appear to be largely
unaffected by fixation however, and are readily rendered accessible for study
by proteolytic digestion. In situ hybridization can be an effective diagnostic
tool where rapid diagnosis is required, or where the state of the tissue
precludes other forms of investigation (for example because of autolysis, or
contamination by bacteria or other viruses). It also can be used to quantitate
absolute numbers of infected cells, and to monitor the effects of antiviral
treatment at the tissue level. Low stringency hybridization using broadly
reacting probes from conserved regions of viral genomes can be used to detect
related viruses which may be overlooked by immunohistochemical methods.
A diagnostic application which is unique to in situ hybridization is the ability
to identify viral subtypes (as with the various types of human papillomavirus)
in relationship to associated histopathological abnormalities. The technique
has also been applied to retrospective searches for viral involvement in a
variety of diseases of unknown aetiology.

2.1 Sensitivity

An important feature of in situ hybridization is its sensitivity in instances where
only a small proportion of cells are infected; this may occur in early, focal,
latent or resolving infections. Examination ofsuch cases using tissue extraction
methods such as dot hybridization is likely to be negative (due to "dilution"
of the target viral sequences by cellular nucleic acid), electron microscopic
searches for intact viral particles have a limited chance of success, and the
extent of antigen expression may be sufficiently reduced as to be below the
threshold for detection. In such cases, in situ hybridization (which can theor
etically detect the presence of specific hybridization signal in a single cell per
section) may enable a diagnosis to be made. An example of such sensitivity
was provided by Brahic et at. (1981) in an early study on visna (a slow virus
which causes progressive neurological deterioration in sheep); in choroid
plexus cells from experimentally infected sheep, viral antigen was almost
undetectable, however by in situ hybridization with radiolabelled probe, visna
RNA and proviral DNA were detected in between 1-3% of cells. While the
polymerase chain reaction is generally believed to be an even more sensitive
method of viral detection in such cases of low-level infection, standard
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protocols achieve this at the expense of histological localization of the virus,
and the presence of "inhibitors" in paraffin-embedded material can limit the
sensitivity of the technique in routinely processed specimens. Successful
combination of the amplifying power of PCR with the localizing ability of in
situ hybridization has only recently been reported (Haase et al., 1990). The
antithetical demands of PCR (for good access to target) and in situ hybrid
ization (for retention of nucleic acid in cellular structures) were satisfied by
the use of multiple primer pairs to amplify overlapping segments of DNA. The
cohesive termini of the amplified fragments enabled the formation of large
covalently-linked segments which were effectively retained within the cell.
Applied to the detection of visna virus DNA in experimentally infected
cultured cells, the "in situ amplification" technique led to 2oo-fold improve
ment in sensitivity (Haase et at., 1990). While the technique has not, as yet,
been successfully applied to formalin-fixed, paraffin embedded tissues, it
obviously holds considerable promise for use in investigations into the patho
genesis of viral infections. In particular, the amplification of target within
single cells is inherently less likely to be affected by "contamination" by
exogenous nucleic acids, a major problem with the use of the polymerase chain
reaction in solution.

2.2 Rapidity

Because of the relative rapidity of modern in situ hybridization techniques
compared to traditional viral culture, in situ hybridization (especially using
non-isotopic probes) has been advocated as a diagnostic tool in certain cases
where patient management is dependent on rapid diagnosis. This is particu
larly pertinent now that anti-viral chemotherapy is becoming a clinical reality.
The diagnosis of herpes simplex virus (HSV) encephalitis using cells obtained
from the cerebrospinal fluid (Bamborschke et al., 1990) is an example of such
an application. Viral DNA was detectable in cytospun preparations of these
cells at the time of onset of symptoms and before the beginning of intrathecal
IgG synthesis. A second example involves the use of in situ hybridization to
determine whether cytomegalovirus (CMV) infection is responsible for
hepatic dysfunction after liver transplantation. Infection with CMV frequently
complicates the clinical course of patients on immunosuppressive treatment,
and may be directly responsible for graft failure, however it is vitally important
to differentiate infection from rejection of a transplanted organ. Immunosup
pressed patients may lack the usual serological markers of infection, or have
co-existent but clinically insignificant reactivation of previous infection. Direct
demonstration of CMV DNA in areas of inflammation, however, provides
strong evidence that a case of post-transplant hepatitis is due to the virus
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(Naoumov et al., 1988b; Masih et al., 1988). A diagnosis can be obtained in
less than 24 hours (as opposed to viral culture which may take weeks to show
a cytopathic effect), thus providing the opportunity for early adjustment of
management. The recent availability of specific oligonucleotide probes for the
detection of mRNA from the abundantly transcribed Immediate Early and
Early CMV genes (British Biotechnology Ltd.) holds promise for rapid diag
nosis at even earlier stages of infection.

2.3 Diagnosis of non-culturable viruses

In situ hybridization has proved a particularly useful tool in the diagnosis and
assessment of infections caused by viruses with stringent host cell require
ments which do not permit the virus to replicate effectively in continuous
cell-line culture systems. Two such viruses which have been studied in this
laboratory are the human papilloma virus (HPV) and the human parvovirus
(BI9).

The human papilloma virus (HPV) propagates effectively only in terminally
differentiated keratinocytes. Standard cell lines (which by nature are relatively
undifferentiated) cannot support the growth of this virus. Prior to the advent
of recombinant DNA technology HPV variants were suspected on clinical
grounds, however cloning and sequencing techniques have now enabled the
identification of over 60 different subtypes. Antibody to the highly conserved
capsid protein allows immunohistological detection of productively infected
cells, but examination of viral nucleic acid remains the only effective method
of diagnosing latent infection. In infected epithelia, the accumulation of viral
DNA and the expression of antigen both correlate with the degree of keratin
ization, though cells positive for HPV DNA exceed the number containing
capsid antigen and are found at lower levels of the epithelium (Beckmann et
ai., 1985). Though efforts are underway to produce type-specific monoclonal
antibodies (Patel et ai., 1989), DNA hybridization using type-specific nucleic
acid probes remains the only reliable means of differentiating the vast majority
of HPV types. If low stringency conditions are employed in the hybridization
reaction, cross hybridization between various types can occur. Such cross
hybridization is proportional to the degree of similarity in the base pair
arrangement of the target nucleic acid and the probe, and is frequently seen
between types 6 and 11 which share a high degree of sequence homology. If
hybridization and washing are performed under conditions of sufficiently high
stringency however, positive identification of the particular type present in a
given tissue is usually possible (Herrington et ai., 1990). This is of some
importance as a large body of epidemiological evidence suggests that certain
papillomavirus types are associated with infection at particular anatomical
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sites, and with the development of various epithelial dysplasias and neoplasias
(reviewed by Syrjanen, 1987). Common skin warts are usually due to infection
with HPV types 1 to 4, while types 6, 11, 16 and 18 are found in anogenital
lesions and are presumed to be sexually transmitted. Types 6 and 11 have been
generally associated with benign condylomas and low grade dysplasias, but
types 16 and 18 (as well as the less common types 31, 33 and 35) have been
more frequently found in cases of severe genital dysplasia and cervical carcin
oma. While these associations are far from absolute, and an aetiological role
for the virus in the production of malignancy has not been proven, a large
number of researchers have used in situ hybridization techniques to confirm
the findings obtained by other methods and to investigate further the role of
various HPV subtypes in a wide variety of epithelial lesions (e.g. Beckmann
et at., 1985; Burns et at., 1987; Beckmann et at., 1989; Terry et at., 1989).

High stringency in situ hybridization has been employed in this laboratory
in a study of HPV types in anogenital warts in children (padel et al., 1990). As
genital HPV infection is a sexually transmitted disease in adults, it has been
suggested that the presence of genital warts in a child is sufficient grounds for
investigating that child as a possible victim of sexual abuse. It has been
previously reported that genital warts in children are almost exclusively
associated with the adult "genital" types (6,11,16 and18)(Vallejos et al., 1987).
Results from this laboratory do not support that finding. Using type-specific
double stranded DNA probes labelled with biotin and an avidin-alkaline
phosphatase detection system, it was found that genital warts from 6 out of 17
children examined contained "skin" HPV types (2 or 3). In two cases, warts
containing virus of the same type were present on the child's hands, raising
the possibility of self-inoculation as the route of viral transmission. The
appearance and site of the anogenital warts did not correlate with HPV type.
These findings have important implications, especially on consideration of the
problems associated with an incorrect diagnosis of sexual abuse.

The human parvovirus (B19) has recently been shown to be an important
and widespread human pathogen (reviewed by Goldfarb, 1989). The causative
agent of erythema infectiosum, the virus has also been shown to be the major
cause of aplastic crises in patients with chronic haemolytic anaemia. It is
capable of causing chronic bone marrow dysfunction in the immunosup
pressed, and infection during pregnancy can lead to fetal hydrops and still
birth. Because of requirements for as yet unspecified host cell factors, the
human parvovirus shows a high degree of target cell specificity, with a
particular predilection for red blood cell precursors. Though the virus has
been propagated in short term haemopoietic cell suspension culture, it has
not been successfully grown in continuous culture.

We have used in situ hybridization with non-isotopic probes to diagnose
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Figure 3 Parvovirus B19 infected cells in small vessels in the kidney of a fetus with
non-immune hydrops. Digoxigenin labelled DNA probe detected with anti-digoxigenin
alkaline phosphatase conjugate and NBT-BCIP chromogenic substrate.

human parvovirus infection in archival material from stillborn fetuses (Porter
et ai., 1988; Morey et aI., 1991b). Tissue from such cases is frequently difficult
to examine using standard techniques because of maceration and autolytic
damage, however viral DNA is relatively resistant to degradation and can be
readily demonstrated in infected cells within fetal tissues (Figure 3). Parvo
virus DNA was detected in routinely processed tissues from 10 out of 37 cases
of otherwise unexplained non-immune fetal hydrops, accounting for 8% of all
cases of non-immune hydrops examined over a 16 year period. Cells contain
ing parvoviral DNA were distributed within blood vessels and alveoli, the
number of positive cells exceeding the number of cells found to contain typical
viral inclusions on routine light microscopy. The question of target cell
specificity of human parvovirus in these cases has also been examined by a
combination of immunohistology for cellular antigens and in situ hybridization
for parvoviral DNA (see below).

2.4 Diagnosis of latent or slow virus infections

In situ hybridization remains the only effective method of diagnosing latent
infections in a histological context, as viral protein production is often not only
insufficient to stimulate an effective immune response, but also below the
threshold for detection by immunological techniques. An example of the
application of in situ hybridization techniques to the investigation of latent

78



In Situ Hybridization Studies of Viral Disease

viral disease which has important and disturbing implications for public health
planning includes the detection of human immunodeficiency virus (HIV-I)
nucleic acid in a small minority of peripheral blood mononuclear cells of
patients who were "at risk" of infection but seronegative at the time of the
study (Pezella et aI., 1989). Additional examples include the localization of
varicella zoster virus (VZ) and herpes simplex virus (HSV) transcripts in the
neural ganglia of patients without evidence of overt disease (Croen et ai.,
1988), and the detection of measles virus genomes in brain biopsies of patients
with subacute sclerosing panencephalitis (SSPE) (Haase et ai., 1985b). In situ
hybridization has also been used in studying animal models of latent and slow
viral disease (e.g. Brahic et aI., 1981, 1984; Peluso et aI., 1985; Stowring et aI.,
1985; Gendelman et aI., 1986), providing a powerful means of investigating the
mechanisms behind the establishment and maintenance of latent infection
(see below).

2.5 Search for viral involvement in cryptogenic disease

The realization that viral infection can occur (and be detected by in situ
hybridization) in the absence of any of the conventional markers of viral
disease, has encouraged numerous groups to use the technique to search
retrospectively for viral involvement in a range of diseases of unknown
aetiology. Many of these investigations have produced a negative result; they
include studies which have failed to demonstrate a significant relationship
between adenovirus infection and follicular bronchiectasis (Hogg et ai., 1989),
or between CMV and Kaposi's sarcoma (Grody et ai., 1988). Other studies
have detected specific viral nucleic acid in an equivalent or greater number
of "control" than "affected" subjects. They include investigations into the role
of Epstein Barr virus (EBV) in Sjogren's syndrome (Venables et aI., 1989) and
of measles virus in multiple sclerosis (Haase et aI., 1984). Such findings
obviously argue against a simple causal relationship between the particular
viral infection and the disease in question, and demonstrate that humans may
normally be host to a variety of ubiquitous viral genomes without stimulation
of an immune response or apparent evidence of disease. The possibility
remains that pathological changes are brought about by an atypical host
response to the presence of a common infection.

Of particular interest however, are several studies which have suggested a
significant association between the presence of viral genomes and the occur
rence of disease. They include studies which have correlated the presence of
HSV and CMV residues with atheromatous change in arterial walls (Benditt
et aI., 1983; Yamashiroya et aI., 1988) - a finding given additional significance
by the known association of Marek's disease virus (a herpesvirus) and the
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production of atheroma in birds - and the demonstration of CMV nucleic acid
in pancreatic tissue from a subset of patients with non-insulin dependent
diabetes mellitus (Lohr et al., 1990). In the latter study, the hybridization signal
was localized primarily to the islets of Langerhans, but was not associated with
any morphological abnormality or evidence of inflammation. Such preliminary
findings obviously require further confirmation and the precise significance
of the presence of these viral sequences remains to be determined, however
in situ hybridization would seem to be the technique best suited to explore
such questions.

3. IN SITU HYBRIDIZATION IN THE STUDY OF VIRUS-HOST CELL
INTERACTIONS

In situ hybridization provides a versatile method of investigating virus-host
interactions at every level; from whole animal studies of organ involvement
with a particular virus, to analysis of sites of viral integration into host cell
chromosomes. The technique has provided considerable insight into the
pathogenesis of disease due to certain viral infections by allowing positive
identification and characterization of the cel1 types involved. This has led to
a re-evaluation of the mechanisms of spread of certain viruses through the
body and to a better understanding of the role of the immune system (as
opposed to direct viral cytopathic effect) in the resultant tissue damage. In
situ hybridization studies have provided some unique insights into the process
of latent infection and are assuming a significant role in the study of virus-re
lated tumours.

3.1 Identification of host cells and mechanisms of viral spread

A variety of ingenious techniques have been evolved to enable the study of
viruses at the whole animal or organ level. Most have involved cutting thick
sections onto some form of adherent tape, then detecting viral nucleic acid
using high energy radiolabel1ed probes (see review by Lipkin et al., 1990). For
such applications, detailed resolution is not required, and a very satisfactory
picture of the pattern of viral involvement at the macroscopic level can be
obtained. Such macroscopic hybridization techniques can be useful to deter
mine whether infection is diffuse or localized, to fol1ow the anatomical
distribution of a virus over the course of an infection, and to guide the choice
of material for microscopic studies. Examples of the application of this concept
include detection ofvisna virus in the paraventricular areas ofthe sheep brain
(Haase et al., 1985c), localization of ground squirrel hepatitis virus to the liver
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in the chipmunk (Lipkin et aI., 1990), and visualization of yellow fever virus in
the abdominal fat body of infected mosquitoes (Ballinger et aI., 1988).

It is at the tissue level, however, that in situ hybridization has found its widest
application. The technique has been instrumental in identifying the host cell
type and mode of spread in a wide range of viral infections. For example,
peripheral blood leukocytes have been found to playa role in the spread of
hepatitis B virus (HBV) (Hadchouel et aI., 1988), CMV (Turtinen et aI., 1987)
and HIV-I (Pezzella et al., 1989). The affected cells in progressive multifocal
leucoencephalopathy (PMLE), a demyelinating condition associated with
reactivation of latent JC papovavirus in immunosuppressed patients, have
been shown to be oligodendrocytes and astrocytes (Aksamit et al., 1985). In
fetal and placental tissue removed from HIV-positive pregnant women at 8
weeks gestation, HIV-I nucleic acid has been detected in maternal decidual
lymphocytes, villous trophoblast and Hofbauer cells, villous capillary endothe
lium and embryonic blood cell precursors (Lewis et ai., 1990), suggesting a
pathway for cell-to-cell transmission of the virus to the fetus and confirming
that fetal infection can occur early in pregnancy. Demonstration of human
herpes virus 6 (HHV-6) in submandibular salivary gland tissue (Fox et aI., 1990)
supports the hypothesis that this virus may persist in the salivary glands and
be transmitted by saliva. In situ hybridization has also been used extensively
to study mechanisms of viral spread in animal models. For example, transy
naptic neuronal spread has been shown be involved in the entry of murine
hepatitis virus into the CNS of experimentally infected mice (Perlman et aI.,
1989) and evidence for venereal transmission of murine CMV was provided
by the detection of viral nucleic acid in spermatocytes (Baskar et al., 1986).
Replication of the duck hepatitis B virus has been found to occur in pancreatic
islet cells as well as in hepatocytes (Jilbert et aI., 1987). Strand-specific probes
have proved very useful in studies of Aleutian mink disease parvovirus
infection (Alexandersen et al., 1987); because this parvovirus encapsidates
single-stranded DNA of only one polarity as the virion genome, a probe of
opposite polarity to the genome will detect both virions and double-stranded
replicative intermediates, while a probe of the same polarity as the genome
will hybridize only to replicative form DNA. The use of such probes has
enabled the differentiation of cells supporting viral replication from cells that
have merely sequestered the virus, and has shown that alveolar lining cells are
the major site of viral replication in infected newborn mink (Alexandersen et
aI., 1987).

Studies on several viruses have indicated that the number ofcells containing
viral nucleic acid by in situ hybridization exceeds the number of cells showing
morphological evidence of infection, indicating that appearances under light
microscopy after routine staining can give a misleading impression of the
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extent of infection. This has been a consistent finding in studies of CMV
infection in many different organs (Myerson et at., 1984; McDougall et al.,
1986; Naoumov et at., 1988b; Porter et al., 1990), and a similar pattern of
infection with human parvovirus B19 was seen in this laboratory (Porter et at.,
1988). In cases where tissue preservation is not ideal or a heterogeneous cell
population is present, in situ hybridization for viral nucleic acid can be
combined with immunohistology for cellular antigens to allow unequivocal
identification of infected cell types. This combination was first reported in a
study on the slow virus visna in sheep (Stowring et at., 1985). Using a 3H
labelled probe for visna RNA and cell-type specific antisera detected by the
immunoperoxidase method, infected cells in the brain were identified as
oligodendrocytes. A similar technique was used to demonstrate that visna
virus can infect mononuclear-phagocytic cells, the extent of viral replication
being dependent on the degree of differentiation toward the macrophage
phenotype (Gendelman et at., 1986). It was also employed to demonstrate that
HIV-I was mainly found within macrophages in the central nervous system of
patients with the acquired immunodeficiency syndrome (Koening et at., 1986;
Eilbott et at., 1989). In a variation on this protocol, Vaseux et al. (1990) have
combined immunolabelling for HIV-I antigen with in situ hybridization for JC
papovavirus in brain tissue from AIDS patients with PMLE and severe HIV-I
encephalitis. They were able to show that different cell populations were
affected by the two viruses, but postulated that the encephalitis had spread
via the recruitment of HIV-I infected macrophages into areas of JC-induced
demyelination. Non-isotopic variants of the double-labelling technique using
biotinylated probes and immunoperoxidase detection ofantigens have recent
ly been used in frozen sections or cultured cells to detect HPV in cytokeratin
positive cells and CMV in vimentin-positive cells (Mullink et al., 1989b; van
der Loos et at., 1989). Most authors have advised performing immunolabelling
first, though if the antigen is heat stable it may in some instances be preferable
to perform the in situ hybridization first (Brahic and Haase, 1989).

Combined non-isotopic protocols suitable for use on paraffin-embedded
material employing immunohistology for specific cellular antigens using the
alkaline phosphatase-anti-alkaline phosphatase (APAAP) method (Cordell
et at., 1984) and biotin- or digoxigenin-labelled probes for viral nucleic acid
have been developed in this laboratory (Porter et at., 1990; Morey et at., 1991b).
The APAAP method is generally recognized to be more sensitive than the
immunoperoxidase labelling, and can be used prior to routine in situ hybrid
ization without alteration to either technique or any additional steps between
them. The use of this double-labelling technique has enabled positive identi
fication of infected host cells in cases of human fetal parvovirus infection
(Porter et al., 1990; Morey et al., 1991b). This had been difficult with standard
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counterstains because of the poor state of preservation of the tissues. Al
though tissue autolysis can adversely affect the expression of various ceIl
surface and cytoskeletal antigens, judicious selection of antibodies can min
imize these effects. We found that while the majority of ceIls containing
parvovirus DNA were of erythroid lineage, hybridization signal was also found
within numerous ceIls labeIled as mononuclear-phagocytes (Colour plate 5),
and within some myocardial ceIls labeIled with an antibody to desmin. This
suggests that the heart failure and hydrops in infected fetuses may not be due
to anaemia alone, but may also reflect direct damage to the myocardium.

We have also employed combined immunohistology and in situ hybrid
ization using digoxigenin labeIled probes to investigate the host ceIl specificity
of parvovirus in a short term haemopoietic cell suspension culture system
(Morey et ai., 1991c). Evidence of viral replication was found only in cells
labelling with erythroid markers, and the pattern of distribution of the virus
was dependent on the stage of maturation of the cell. The disruptive effect of
infection on the host cell chromatin was demonstrated by combining double
in situ hybridization (a digoxigenin labelled probe for whole human DNA
together with a biotin labelled probe for parvovirus visualized using different
enzymatic substrates) with immunolabelling of cell type specific antigens,
giving triple colour detection of three specific targets in a single cell (Morey
et ai., 1991a: Colour plate 4)

3.2 Viral gene expression and mechanisms of disease

While numerous studies have compared sensitivity of immunohistological
detection of viral antigen with labelling of viral nucleic acid using in situ
hybridization, a more useful technique involves combining the protocols to
enable the detection of viral genes or mRNA and their products in single cells.
The relationship between the presence of viral nucleic acid and the expression
of viral antigen has been investigated using combined protocols for viruses
including HBV (Blum et ai., 1984), Theilers murine encephalitis virus (Brahic
et ai., 1984), visna (Gendelman et ai., 1985), measles (Gendelman et ai., 1985),
HPV (Mullink et ai., 1989b; Cubie and Norval, 1989), HSV (Kennedy et ai.,
1988), hepatitis delta virus (Negro et ai., 1989) and CMV (Wolber and Lloyd,
1988; van der Loos et ai., 1989; Porter et ai., 1990). While one group has
reported that CMV antigen detection is unaffected by a preceding hybrid
ization procedure (Wolber and Lloyd, 1988), most groups have concluded that
it is prudent to perform immunohistological staining prior to in situ hybrid
ization, in case denaturing temperatures adversely affect the antigen. A
consistent finding in many of these combined studies is the demonstration of
viral genomes in a greater proportion of cells than contain viral antigen. Such
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results can provide important insights into the relationship between viral
infection, antigen expression and the presence of pathological changes. For
example, the absence of protein may identify a point of blockade in the viral
life cycle, while an abundance of protein products in a cell has important
implications for the stimulation of an immune response.

Combined labelling procedures have been particularly useful in studies of
latent viral infections. Double labelling for viral genes and antigens has been
used extensively by Haase and co-workers to support the thesis that "persist
ent" infections are associated with restricted viral gene expression which
enables the virus to escape detection by the immune system for prolonged
periods (Haase, 1986; Brahic and Haase, 1989 for reviews). A low level of
antigen production was also postulated to be important for the spread ofvisna
virus through the body of experimentally infected sheep; low copy visna
genomes were found in monocytes in the cerebrospinal fluid, despite the
presence of neutralizing antibody (Peluso et ai., 1985). It was suggested that
the low level of viral gene expression in these cells enabled them to evade
immune attack while disseminating the virus (the "Trojan Horse" theory). A
similar mechanism was proposed for the persistence of HBV in cases of
chronic active hepatitis; most hepatocytes found to contain HBV DNA did
not express hepatitis B core antigen (Blum et ai., 1984), thus an immune
response directed against the antigen would be ineffective in eradicating the
virus. Interestingly, in both chronic HBV infection (Blum et ai., 1984) and
chronic hepatitis delta infection (Negro et ai., 1989), cells undergoing degener
ative change did not appear to contain viral antigen and/or viral nucleic acid,
though infected cells were found adjacent to foci of inflammation. This
supports the possibility that the viral infection may have initiated an autoim
mune process which was responsible for the observed tissue damage.

As a virus may cause disturbance by inducing or repressing the transcription
of certain host genes, the ability to directly assess the effects of viral infection
on host cell nucleic acid metabolism would of obvious benefit. Using a biotin
labelled probe for Theiler's disease murine picornavirus mRNA and a 35S
labelled probe for f3-actin mRNA, Ozden et ai. (1990) have recently co-de
tected viral and cellular mRNAs in single infected cultured cells. While in that
study no obvious difference was seen in the expression of the b-actin gene
between infected and non-infected cells, the technique has considerable
potential for investigating the effects of infection on cellular gene transcrip
tion, especially when only a subpopulation of cells are affected.

The mechanisms behind the maintenance of latent infection of neural tissue
by herpes simplex virus (HSV) have been extensively investigated using
strand-specific probes for particular RNA transcripts, the amount of latent
DNA itself being insufficient for detection by current in situ hybridization

84



In Situ Hybridization Studies of VITal Disease

protocols. Studies on neural ganglia from a number of species including
humans have demonstrated that latent infection is confined to neurons. It is
associated with the expression of a single family of "latency associated tran
scripts" which map to the region of the viral genome coding for the immediate
early protein (ICPO), but which unexpectedly are complementary to ICPO
mRNA, suggesting a possible inhibitory role (see review by Stevens, 1989).
The precise role of these novel transcripts in the maintenance of, or reactiva
tion from, the latent state is still under investigation. By contrast, latent
infection with varicella zoster virus (VZV) has been shown to involve non
neuronal cells, with multiple regions of the genome being expressed (Croen
et at., 1988). This finding may underlie the different clinical features of disease
produced by these viruses following reactivation. Further application of tech
niques for investigating the expression of particular genes at the cellular level
will undoubtedly provide insight into the mechanisms associated with latent
infection by many other viruses.

3.3 Viral involvement in tumourigenesis

Members of several viral families have been epidemiologically associated with
the development of tumours. While simple causal associations are difficult to
make, in situ hybridization has proved a very useful tool for investigating the
relationship between viral infection and neoplastic change at the tissue level.
For example, the technique has been used to identify various types of papil
lomavirus in a wide range of malignant and pre-malignant epithelial lesions in
humans and other species (Milde and Loning, 1986; Syrjanen et at., 1988;
Beckman et at., 1989; reviews by Syrjanen, 1987; Crum and Roche, 1990). The
ability to detect low levels of viral DNA in dysplastic, less differentiated cells
which do not express viral antigen is a major advantage of the technique. HPV
has been detected not only in primary lesions, but also in metastatic deposits
of cervical carcinoma in distant lymph nodes (Lewandowski et at., 1990).
Epstein Barr virus genomes have been detected in malignant cells in biopsies
of nasopharyngeal carcinoma (Hawkins et at., 1990) and several types of
lymphoproliferative lesions including Hodgkin's and non-Hodgkin's lymph
oma (Hamilton-Dutoit et at., 1989; Weiss et al., 1989), T cell lymphoma (Jones
et at., 1988) and hairy cell leukaemia (Wolfet at., 1990), the association of EBV
with lymphoproliferative lesions being especially common in immunosup
pressed patients. The detection of hepatitis B virus DNA in both surface
antigen-positive and surface antigen-negative patients with hepatocellular
carcinoma has been reported (Brambilla et al., 1986).

A major advantage of using in situ hybridization in such studies is that it
enables correlation of viral presence with the degree of cellular dysplasia, and
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permits investigation of abnormalities of cellular function consequent upon
infection. For example, in situ hybridization has been combined with immuno
histological studies to determine the relationship between viral infection and
the loss of normal cellular differentiation characteristics. Differences in the
pattern of cytokeratin expression between dysplastic and non-dysplastic cerv
ical lesions associated with HPV infection have been postulated to reflect
transformation of the cells by the virus (Syrjiinen et ai., 1988). Protocols
enabling the differential detection of various HPV RNA transcripts in pre
cancerous lesions (Crum et ai., 1988) may provide significant insights into the
role of certain transcripts in initiation of neoplastic change.

Some early in situ studies suggested that herpes simplex virus (HSV) RNA
may be present in a considerable proportion of cervical cancers and precan
cers (McDougall et ai., 1980; Maitland et ai., 1981). While recent attention has
been focused on the role of human papillomavirus in such lesions, the
occasional detection of both HSV and HPV nucleic acid in the same tumour
raises the possibility that these viruses may have an initiator-promoter rela
tionship in the production of some tumours (McDougall et ai., 1986). This area
has still to be fully explored, however simplified non-isotopic techniques for
the simultaneous detection of two viral genomes within single cells (Mul1ink
et ai., 1989a) theoretically offer an ideal way of investigating such questions.

3.4 Chromosomal integration of viral DNA

A number of viruses have the ability to integrate copies of their genomes into
host cell chromosomes. While a normal event in the life-cycle of retroviruses
such as HIV-I, this can also occur with several non-retroviruses including HPY,
EBV and HBV Integration not only makes possible the establishment oflatent
infection, but also appears to be implicated in the transformation of host cells
to an immortal or malignant phenotype. Immortalized cell lines containing
integrated copies ofall the above viruses are available, and metaphase spreads
of chromosomes from such cells have been investigated using in situ hybrid
ization to determine the chromosomal sites of viral integration and their
relationship if any, to known oncogenes or "fragile sites" (Henderson et ai.,
1983; Popescu and Di Paolo, 1990). The majority of such studies have em
ployed 3H labelled probes, however improvements in non-isotopic protocols
have recently enabled more rapid detection of viral integration sites with
improved resolution (Teo and Griffin, 1987; Lawrence et ai., 1988; Lawrence
et ai., 1990). For example, using fluorescent detection of biotin-labelled
probes, Lawrence et ai. (1988) have visualized two integrated copies of EBV
on chromosome 1 in metaphase spreads of the Namalwa cell line. Using probes
to the different ends of the genome they compared the location of the

86



In Situ Hybridization Studies ofViral Disease

integrated sequences in metaphase and interphase cells and were able to
determine that the two copies lay in opposite orientation and were separated
by about 340 kb of chromosomal DNA. Such sensitive labelling strategies
combined with new techniques for chromosome karyotyping using non-iso
topic probes for interspersed repetitive sequences (Boyle et ai., 1990) offer
the exciting possibility of viral gene localization on simultaneously-banded
chromosomes.

4. STUDIES OF VIRAL LIFE CYCLES WITHIN CELLS

A final area of application for in situ hybridization techniques is as an aid to
understanding the basic processes of infection and viral replication within
individual cells. For example using fluorescent non-isotopic techniques, Law
rence et al. (1990) have detected a single bright nuclear focus of newly
transcribed HIV-I RNA only 12 hours after experimental infection; its appear
ance preceded the accumulation of nucleic acid throughout the rest of the cell
and was similar to that found in lymphocytes from HIV infected patients and
in a cell line with a single integrated copy of defective HIV provirus. This
suggests that the nuclear focus was derived from single or few copy viral
genomes per cell, and that such an in vitro system may be useful for assessing
the effects of various treatment strategies on the replicative activity of the
virus (Lawrence et al., 1990). Using similar techniques, Lawrence et ai. (1989)
have reported the restriction of EBV RNA transcripts to a "track" extending
from the interior to the periphery of infected nuclei, thus providing evidence
for the non-random organization of genes and their transcripts in interphase
nuclei.

The advent of the confocal laser scanning microscope for optically section
ing cells has given a major impetus to the study of intranuclear topology. The
ability to generate 3-D reconstructions of the spatial arrangement of viral
genomes within nuclei has been employed in a study of HeLa cells infected
with adenovirus-2 and minute virus of mouse (MVM) parvovirus (Moen et
al.,1990). Using a non-isotopic fluorescent labelling system, MVM replication
was localized to the nucleoli, while adenovirus-2 DNA was found in multiple
non-nucleolar "replication factories" anchored along the nuclear envelope.
In cells co-infected with the two viruses, MVM DNA replication was more
efficient, and found to be recompartmentalized to the adenovirus replication
factories. Confocal microscopy and 3-D reconstruction was also used by
Harders et al. (1990) to demonstrate that potato spindle tuber viroids and their
replicative intermediates were homogeneously distributed throughout the
nucleoli in infected tomato leaf cell nuclei, a feature which could not have
been determined by standard microscopy.
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4.1 Ultrastructural studies

Relatively little work has been done on the intracellular localization of viral
nucleic acid at the electron microscope level. Early attempts at ultrastructural
in situ hybridization with radiolabelled probes were hampered by poor resol
ution and long processing times. It is only quite recently with the advent of
suitable electron dense, non-radioactive labels that viral genomes have been
effectively localized at the ultrastructural level. Wolber etat. (1988, 1989) have
employed a pre-embedding in situ hybridization technique to study the patho
genesis of HSV and CMV infection in cultured fibroblasts using biotinylated
probes detected with streptavidin conjugated to colloidal gold spheres. CMV
DNA was detected at the edge of electron dense regions in viral inclusions in
fibroblast nuclei, while HSV RNA was demonstrated adjacent to the nuclear
envelope. In neither case were gold clusters found bound to viral nucleocap
sids, possibly because of difficulties with penetration of the gold label. Puvion
Dutilleul and co-workers have very successfully utilized an alternative
strategy, performing in situ hybridization on thin sections of HSV infected cells
embedded in Lowicryl resin (Puvion-Dutilleul and Puvion, 1989a; Puvion-Du
tilleul et al., 1989). Using a biotinylated probe visualized by immunogold
labelling they were able to follow the early events of infection and to demon
strate that while non-encapsidated (i.e. replicating) HSV DNA was found
exclusively in the virus-induced central compartment of the nucleus, viral
DNA elsewhere in the cell was always associated with capsids. Although these
are preliminary findings, ultrastructural localization of viral nucleic acid rep
resents one of the most exciting applications of the in situ hybridization
technique currently being explored, with potential for investigating the pro
cesses involved in viral infection and replication at the most fundamental level.

6. CONCLUSIONS

The use of in situ hybridization techniques in the study of viral disease has
undoubtedly been one of the most fruitful applications of the technique. It
has a major role to play in the localization of viruses which evade detection
by other means and has provided important data on the mechanisms ofspread
of certain viruses, and the processes involved in tissue damage secondary to
infection. It also has considerable potential for investigating the basic biology
of viral infection and replication. Several recent technological advances are
likely to have a major impact on future applications of the technique; they
include the use ofconfocal laser scanning microscopy, digital image processing
techniques (which hold promise for quantification of non-isotopic hybrid
ization signal) and automated systems for non-isotopic in situ hybridization
which may facilitate "routine" laboratory diagnosis of some viral infections
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(Unger and Brigati, 1989). The use of the polymerase chain reaction "in situ"
(Haase et ai., 1990) is an especially exciting development, which could be of
considerable benefit in studies of latent viral infections.

The broad applicability and relative simplicity of the in situ hybridization
technique have resulted in its adoption by an increasing number of re
searchers. A word of caution should be expressed however. The detection of
viral sequences in a specimen does not necessarily indicate that the virus is
responsible for the disease process evident. As methods of viral detection
improve it is becoming increasingly apparent that we are all host to a large
population of indigenous viral flora. The challenge lies in determining which
of these viral genomes have pathological significance, and how the individual's
response to the virus determines the eventual outcome of infection. It is in
answering these questions (rather than merely detecting the presence of viral
nucleic acid) that in situ hybridization has a unique advantage, allowing as it
does the correlation of viral presence with morphological and functional
changes in the infected cells.
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