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Enteroviruses have been implicated in persistent infections of the nervous
system and in certain paralytic motor neurone syndromes. Enteroviral
persistence may depend on defective transcription, resulting in the abnormal
production of equal amounts of genomic and template RNA strands rather than
the normal ratio of 60 ± 100 : 1. An in vitro model of a persistent coxsackie virus
in human skeletal muscle cells was investigated using in situ hybridisation and
a semiquantitative parallel, complementary, reverse transcriptase polymerase
chain reaction. The ratio of genomic to template RNA was found to be
approximately 60 : 1. We conclude that enteroviral persistence in this in vitro
model is not dependent on altered transcription. In vivo, other viral and host
factors should be considered.
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The concept that persistent viral infections may
play a role in central nervous system (CNS) diseases
of unknown aetiology, is important. Viral persis-
tence depends on two components: an ineffective
immune response in the host and an altered
replication strategy in the virus (Oldstone et al,
1982). The infected cells may show no evidence of
damage but gross disturbance of their differentiated
function. This pattern of disease is particularly
relevant in considering CNS diseases which involve
neurotransmitter deficiencies. Indeed Lipkin et al
(1988) have shown that neonatal mice infected with
lymphocytic choriomeningitis virus (LCMV) show
reduced production of the neurotransmitter, soma-
tostatin, by virally-infected neurones. In vitro
models confirm these effects with normal-appearing
but infected cells showing normal growth and
cloning rates associated with lack of neurohormonal
production (Oldstone, 1991).

Coxsackie viruses, members of the family Picor-
naviridae, are important human pathogens, usually
causing acute, self-limited infections but occassion-
ally producing chronic disease e.g. chronic
myocarditis. (Woodruff, 1980; Kandolf and Hofsch-
neider, 1989). In the last decade, there have been
several reports suggesting that persistent entero-
viruses may be the cause of various CNS and muscle
disorders of unknown aetiology, including motor
neurone disease (Martyn et al, 1988; Woodall et al,

1994), the post-polio syndrome (Sharief et al, 1991;
Dalakas, 1995), the chronic fatigue syndrome
(Archard et al, 1988; Behan and Behan, 1988; Gow
et al, 1991) the autoimmune myopathies (Bowles et
al, 1987; Behan and Behan, 1993) and the cardio-
myopathies, especially dilated cardiomyopathy
(DCM) (Bowles et al, 1986; Kandolf and Hofschnei-
der, 1989; Tracy et al, 1990; Klingel et al, 1992). The
evidence has been based on serological findings and
the detection of enteroviral genomes in the affected
tissues: in no case has infectious virus been isolated.

The mechanism which allows viral persistence is
not known but mutation is likely to be involved
(Matloubian et al, 1990; Salvato et al, 1991).
Enteroviruses mutate frequently and, in vitro,
persistent strains have been shown to emerge, with
reduced lytic effects and changes in cell tropism
(Pelletier et al, 1991). Human and animal studies in
myocarditis and the chronic fatigue syndrome have
suggested that persistent enterovirus shows a
defective replication pattern at the level of tran-
scription (Kandolf and Hofschneider, 1989; Cun-
ningham et al, 1990; Hohenadl et al, 1991).

The coxsackie virus genome is a single-stranded
coding sequence RNA molecule of about 7400
nucleotides in length (Tracy, 1988). The plus strand
genomic RNA molecule functions as messenger
RNA for the synthesis of virus proteins and also as
the template for a complementary, non-coding
minus strand. During the replication cycle in the
usual acute cytolytic infection, the ratio of plus to
minus strand RNA synthesised, is approximately
100 : 1 (Kandolf et al, 1991). This asymmetrical
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synthesis reflects the requirement for each strand in
the life cycle of the virus: the plus strand encodes
the viral proteins and is also packaged into new
virions for release into the infected cell while the
minus strand functions as the template for the
production of new plus strand RNA genomes
(Tracy, 1988). Thus symmetrical synthesis of plus
and minus strands would result in severely reduced
viral replication and could explain the failure to
isolate infectious virus from affected cases; reacti-
vation and disease progression would require
reversion to the normal replication pattern (Kandolf
and Hofschneider, 1989; Cunningham et al, 1990).

An in vitro carrier cell model of a persistent
coxsackie B5 (CVB5) infection has been developed
recently in a muscle (rhabdomyosarcoma, RD) cell
line (Argo et al, 1992; McLaren et al, 1993). The
virus produces no detectable cytopathic effect (cpe)
and cellular protein synthesis appears to be
inhibited. It has now been maintained for more
than 100 passages in our laboratories (McLaren et
al, 1993 and Gow JW, unpublished data). We report
here an analysis of the replication of this coxsackie
virus, using in situ hybridisation and a semiquanti-
tative parallel complementary reverse transcriptase
polymerase chain reaction (RT-PCR) which was
developed to examine the ratios of genomic positive
(plus) to template negative (minus) viral strands
(Gow et al, 1995). The results were compared to
those found in acute coxsackie B5 virus infections
of RD and HEp2 cell cultures.

Rhabdomyosarcoma (RD) cells were obtained
from ICN-Flow (High Wycombe, UK) and main-
tained in minimal Eagles medium (MEM) supple-
mented with 2% foetal calf serum (FCS). The origin
of the coxsackie B5 virus (CBV5) isolate 3673 (CBV-
3673) has been described previously (Cash, 1991;
Argo et al, 1992). Two of the virus intracellular
proteins, p33 and p39, show mutations which have
increased their basic charges and reduced their
molecular weights (McLaren et al, 1993). Virus
stocks were prepared and titred in HEp2 cells.

Persistently infected RD carrier culture (piRD-
3673) cells were obtained by infecting RD cell
monolayers, prepared in 25 cm2 tissue culture
flasks, with CBV-3673 at approximately 105.8 TCD50

virus per 36106 RD cells as described (McLaren et
al, 1993). Virus-infected cells, together with control
uninfected RD cell monolayers, were covered with
MEM supplemented with 2% FCS and incubated at
378C for 4 days. No virus-induced cytopathic effect
(cpe) was observed. Cells were then cultured at a
split ratio of 1 : 3 and subcultured at 3 ± 4 day
intervals. To determine the titre of infectious virus,
the piRD cell monolayer was disrupted by freeze-
thawing. The combined cell lysate and culture
medium was then assayed for infectious virus using
the micro-titration assay.

RNA was prepared from 16107 tissue culture
cells and from 2 mm3 muscle biopsy samples using

the acid-guanidium-phenol-chloroform (AGPC)
method (Chomczynski and Sacchi, 1987). The
quality of the RNA was determined by agarose gel
electrophoresis and examination of the 28S and 18S
RNA bands; and by amplification of a housekeeping
gene, ableson tyrosine kinase (Gow et al, 1991).

Synthetic oligonucleotide primers which had
been tested previously on a wide range of enter-
oviral serotypes were used in this study (Gow et al,
1991; Zoll et al, 1992). They were custom synthe-
sised by Genosys (Cambridge, UK).

P1: 5'-CGG TAC CTT TGT GCG CCT GT-3'

(genomic strand, bp 64-84)

P4: 5'-TTA GGA TTA GCC GCA TTC AG-3'

(template strand, bp 459-479)

Z1: 5'-CAA GCA CTT CTG TTT CCC CGG-3'

(genomic strand, bp 165-185)

Z3: 5'-ATT GTC ACC ATA AGC AGC CA-3'

(template strand, bp 581-600)

P5: 5'-CCA AGT ACT TCT GTG TCC CCG GA-3'

(genomic strand, bp 168-191)

P7: 5'-CCG GAG GAC TAC CAA CTA GCT CAA TA-3'

(template strand, bp 430-456)

To examine the relative amounts of viral RNA and
to ensure that preferential primer/nucleic acid
binding of any oligonucleotide did not give rise to
an incorrect result, cDNA synthesis and PCR were
carried out using three different sets of oligonucleo-
tides. The sets were:
Set 1: genomic cDNA synthesised with P4 followed

by RT-PCR with PCR primers, P5 and P7;
template cDNA synthesised with P1 followed
by RT-PCR with primers, P5 and P7

Set 2: genomic cDNA synthesised with Z3 followed
by RT-PCR with primers, Z1 and P7; template
cDNA synthesised with Z1 followed by RT-PCR
with primers, Z1 and P7

Set 3: genomic cDNA synthesised with Z3 followed
by RT-PCR with primers, Z1 and P4; template
cDNA synthesised with P1 followed by RT-PCR
with primers, Z1 and P4

In situ enterovirus-specific complementary oli-
gonucleotides hybridisation probes were used in
parallel experiments over the same time course.
Sequences were as follows:

V POS: 5'-GGT GAC TCA TCG ACC TGA TCT

ACA CTG GGG AAG TGT TGA GCG AAA

CGC CTC GCA ACT TTC ATA GTG CTA

CTG GCT TTC TC-3' (for detec-

tion of genomic strand RNA).

V NEG: 5'-GAG AAA CCC AGT AGC ACT ATG

AAA GTT GCG AGG CGT TTC GCT CAA

CAC TTC CCC AGT GTA GAT CAG

GTC GAT GAG TCA CC-3' (for de-

tection of template strand

RNA).
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For analysis of replication, a semiquantitative
parallel complementary RT-PCR of plus and minus
viral RNA strands was used. This technique has
been described in detail recently (Gow et al, 1995)
and is illustrated in Figure 1. Briefly, a standard
cDNA synthesis was used to synthesise either
coding (genomic, plus) or non-coding (template,
minus) enteroviral strands. Equal aliquots of RNA
(1 mg) were copied into cDNA using 200 units of
(MMLV) reverse transcriptase (BRL) and 0.5 mg of
either the oligonucleotide coding for the plus strand
e.g. P1 or for the minus strand e.g. P4 of CVB5. The
two parallel complementary first strand cDNA
populations obtained were then amplified sepa-
rately in a nested PCR reaction, using nested
oligonucleotide primer sets. Thirty-five cycles of
amplification were carried out, each cycle consist-
ing of 948C for 1 min, 558C for 1 min and 728C for
1.2 min. Titration experiments were performed to
ensure that the reaction had not gone to completion
by exhaustion of the dNTPs, PCR primers or Taq

polymerase enzyme. PCR products were electro-
phoresed through a 2.0% agarose gels in 16TBE
buffer, stained with ethidium bromide and visua-
lised under ultraviolet illumination.

For in situ hybridisation piRD-3673 cells were
cultured on RNAse-free, poly-L-lysine coated cover
slips in multiwell tissue-culture plates, in MEM
containing 5% foetal calf serum for 24 h. Cells were
then washed in PBS and fixed in 4% paraformalde-
hyde for 1 h at 48C. Cytospin preparations of the
cultured cells were then examined by in situ
hybridisation (Farquharson et al, 1990; Hillan,
1990). Coverslips were attached to glass slides with
GlassBond prior to the in situ procedure. Digox-
ygenin-labelled oligonucleotide probes, V POS and
V NEG, specific for the positive strand and negative
strands of viral RNA respectively (see above) were
obtained from Genosys, Cambridge, UK. Uninfected
RD cells were used as a negative control and CVB5-
infected HEp2 cells as a positive control.

The semiquantitative parallel complementary
RT-PCR demonstrated that the ratio of plus (geno-
mic) to minus (template) RNA in the piRD-3673 cell
cultures was approximately 60 : 1 on densitometry
(not shown). The range for several experiments was
48 to 68 : 1, with the mean being 60 : 1. Three primer
sets had been selected to make sure that any non-
specific, preferential binding of oligonucleotides
could be detected.

In Figure 2, the results of taking samples for
electrophoresis from the reaction mixtures at cycles
15, 20, 25 and 35 are shown. The results from the

Figure 1 Outline of the parallel complementary RT-PCR
method for the analysis of genomic and template viral strands.
Two populations of cDNA are synthesised from aliquots of RNA,
using either a plus or a minus strand primer. PCR is then
performed separately on the two cDNA populations, using
nested PCR primers. The products are visualised on ethidium
bromide-stained agarose gels.

VIRAL GENOMIC/TEMPLATE RNA STRAND ANALYSIS BY PCR

piRD piRDHEp2 HEp2
Cycle No 15202535 15202535 15202535 15202535

Genomic
positive

P4

P1 Z1

Z3

Template
negative

Primer sets: P5 + P7 Z1 + P7

Figure 2 Analysis of acutely (HEp2) and persistently (piRD)
infected cells by parallel complementary RT-PCR. cDNA
populations were synthesised from RNA aliquots isolated from
infected cells using primers P4 or Z3 (for genomic cDNA) or
primers P1 or Z1 (for template cDNA). PCR was then carried out
using nested primer sets P5+P7 (for the P4 and P1 cDNAs) or
Z1+P7 (for the Z3 and Z1 cDNAs). Aliquots (20 ml) of the PCR
reactions removed at 15, 20, 25 and 35 amplification cycles and
electrophoresed through ethidium-bromide stained 2% agarose
gels were visualised under ultraviolet light. The size marker was
the BRL 123 bp ladder. Enterovirus PCR products were 289 bp
(P5-P7) and 286 bp (Z1-P7).
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piRD cells are compared to those from CVB5-
infected HEp2 cells, using two of the primer sets.
The plus strand cDNA was synthesised using P4 or
Z3 (minus strand primers) and the minus strand by
P1 or Z1 (plus strand primers). It can be seen that
genomic PCR products were readily detected at 15
cycles in both cell cultures, whereas template PCR
products are only just visible at 25 cycles. Thus
there was an obviously increased ratio of genomic to
template viral material in the persistently infected
carrier cell culture, similar to that in the acutely
infected control cells.

In the in situ hybridisation studies, the genomic
strand probe revealed a strong hybridisation signal
in 3% of the piRD-3673 cells (Figure 3). No necrotic
cells were seen, unlike in the acutely infected HEp2
cell cultures. In the latter, signal was detectable in
more than 70% of cells (not shown). In the
individual RD or HEp2 cells which were positive,
the appearance of the signal was the same i.e. a
dense mass occupying most of the cytoplasm. As
regards the template strand probe, this was detect-
able with difficulty as a very faint brown signal,
again in approximately 3% of the piRD cells (not
shown). No signal was detected in the negative
control of uninfected HEp2 cells hybridised with a
non-viral plasmid vector.

Enteroviruses usually cause acute lytic infections
but there is no doubt that they can be responsible for
persistent infection of the nervous system. In mice,
Theiler's virus causes persistent infection accom-
panied by primary demyelination (Cash et al, 1988)
while in immunosuppressed patients, chronic
meningoencephalitis and poliomyelitis may occur
(Wilfert et al, 1977; Davis et al, 1977; Webster et al,
1993; McKinney et al, 1987). A role for entero-
viruses has been postulated in the post-polio
syndrome (Sharief et al, 1991) and in motor neurone

disease (Martyn et al, 1988; Woodall et al, 1994)
although, as discussed by Dalakas (1995) in the
latest review, these findings have not been con-
firmed.

Persistent viral infections have attracted a great
deal of interest since Oldstone et al (1982) and
Oldstone (1991) showed convincingly that there is a
particular pattern of damage in persistent, as
opposed to acute, infections: namely, no histologi-
cal signs of cell death or inflammation in the tissue
affected but interference in cell function. He
suggested that dysfunction in differentiated cells,
in the absence of cell damage, is the hallmark of a
persistent viral infection. This is of obvious interest
in trying to establish the aetiology of several
disorders of the central nervous system in which
there is deficient production of neuro-hormones or
neurotransmitters in the absence of any signs of cell
damage. Indeed, Oldstone and his colleagues have
already shown that in mice infected at birth with
LCMV, apparently normal pituitary cells are virally
infected and produce no hormones while normal-
appearing neurones fail to secrete somatostatin
(Oldstone, 1991; Lipkin et al, 1988).

The mechanism of persistence is unknown but
studies of LCMV have shown that it is likely to be
related to mutation (Matloubian et al, 1990; Salvato
et al, 1991). Enteroviruses mutate frequently and a
change in a single nucleotide in the 5' non-
translated region (NTR) of the poliovirus, for
instance, can cause a dramatic change in virulence
(Evans et al, 1985; Pelletier et al, 1991). Mutant
polioviruses will establish persistence in vitro,
associated with a reduced lytic effect and a change
in cell tropism (Pelletier et al, 1991). Mutant
Theiler's virus can persist in glioma cell lines and
then fail to induce demyelination in the usual
mouse model (Patrick et al, 1990). Similarly, a
chimeric Theiler's virus may show altered cell
tropism (Jarousse et al, 1994).

Many workers have reported that enteroviruses
can establish persistence easily in vitro (Martino et
al, 1995; Borzakian et al, 1992; McLaren et al, 1993).
When they do, they produce carrier cell cultures
(Schnurr and Schmidt, 1989) in which there is
detectable viral genome or antigen in 2 ± 10% of the
cells (Borzakian et al, 1992; McLaren et al, 1993)
associated with a reduced lytic potential. The
release of enterovirus, however, may not depend
on cell lysis (Martino et al, 1995) so that a persistent
infection can be established by a non-lytic method
of spread. The focal nature of the persistent
infection in vitro in this carrier cell culture is
similar to the picture of chronic myocarditis in vivo,
where foci of infected myocytes amongst uninfected
fibres are a striking feature (Kandolf et al, 1991).

The in vitro model used here was established in
RD cells which are immortalised cells derived from
an embryonal rhabdomyosarcoma (McAllister et al,
1969). Myoglobin and myosin ATPase are readily

Figure 3 In situ hybridisation, magnification 61000. Using the
VPOS (genomic) digoxygenin-labelled oligonucleotide probe,
obvious genomic signal is seen in the cell cytoplasm of an
infected piRD cell.
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detectable although only occasional myofibrils are
found. Wild-type coxsackie B virus, however, will
cause a cpe in the cell culture, indicating that the
cell receptors for virus are unchanged. The effects
on cell metabolism of persistent enteroviral infec-
tion have not yet been determined but are now
under investigation. They may be difficult to detect,
since only a small proportion of cells are involved
and the majority could mask any virus-induced
alterations. However, it will be important to
establish whether or not persistent enteroviruses
have similar effects to LCMV.

Our model of enteroviral persistence is similar to
those reported by others, the virus having been
passaged more than 100 times without any cpe or
inhibition of cellular protein synthesis. The altered
electrophoretic mobility of two virus proteins, p39
and p33, confirms that mutations have occurred
(McLaren et al, 1993). Mutations in p39 and p33, as
well as in VP1, have also been observed in
coxsackie B virus released from persistently in-
fected lymphoid-derived cell lines (D Amarasekera,
HB Gimenez, E Argo and P Cash, submitted for
publication). Although the biological effects of
these protein mutations are not yet known, they
could influence virus replication and maturation of
the virion, leading to disruption in the normal
process of virus infection and permitting the
development of a persistent coxsackie B virus
infection.

Kandolf and co-workers studied the possible
mechanisms of persistence extensively in a murine
model of enteroviral myocarditis after Cash et al
(1988) originally reported restricted replication in
Theiler's virus infection. The latter workers devel-
oped single-stranded RNA probes for strand-speci-
fic detection of enteroviral RNA in order to analyse
replication. It was found that, while positive strands
were produced in great excess compared to negative
strands in the acute phase, in the second, persistent,
phase, the amounts of positive and negative strand
RNA were equal in the same infected myocardial
cells (Hohenadl et al, 1991; Kandolf et al, 1991;
Klingel et al, 1992). It was concluded that a
defective virus had established persistence and that

abnormal transcription was fundamental to this.
Similar results with the abnormal production of
equal amounts of positive and negative strands of
enteroviral RNA (Cunningham et al, 1990) were
reported after a study of muscle biopsies from four
patients with the chronic fatigue syndrome, a
disorder in which enterovirus persistence has also
been suggested (Archard et al, 1988; Gow et al,
1991).

We looked for the same phenomenon in this in
vitro model. Using a parallel complementary RT-
PCR assay and in situ hybridisation, however, we
found that the ratio of positive to negative viral
strands was clearly asymmetrical in the in situ and
PCR tests, similar to that found in an acute lytic
infection and in contrast to the above findings.

There results also illustrate the problems of
defining enteroviral persistence in that there may
be different patterns of infection, e.g. productive
and `latent'. There has been an implicit assumption
that they are the same but this may not be the case
and the opposing views have been ably debated
recently (Melchers et al, 1994; Muir and Archard,
1994). It has been suggested that abnormal tran-
scription is fundamental to the establishment of
persistence but we have shown that transcription
was normal in our in vitro model, indicating that
mutations which result in reduced viral multi-
plication and cytopathogenicity, are not necessarily
associated with abnormal transcription. Other viral
and host factors have to be taken into account in
diseases due to persistent enteroviral infection
since it may be that enteroviruses have evolved
more than one mechanism of persistence.
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