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A two-cell system for the stimulation of herpes simplex virus type 1 (HSV-1) from an in vitro model of
long-term (quiescent) infection is described. Rat pheochromocytoma (PC12) cells differentiated with nerve
growth factor were infected with HSV-1 strain 17. Little, if any, cytotoxicity was observed, and a quiescent
infection was established. The long-term infection was characterized by the absence of all detectable virus in
the culture medium and little, if any, detectable early or late viral-gene expression as determined by reverse
transcriptase PCR analysis. The presence of HSV-1 DNA was determined by PCR analysis. This showed that
approximately 180 viral genomes were present in limiting dilutions where as few as 16 cells were examined. The
viral DNA was infectious, since cocultivation with human corneal fibroblasts (HCF) or human corneal
epithelial cells (HCE) resulted in recovery of virus from most, if not all, clusters of PC12 cells. Following
cocultivation, viral antigens appeared first on PC12 cells and then on neighboring inducing cells, as deter-
mined by immunofluorescent staining, demonstrating that de novo viral protein synthesis first occurred in the
long-term-infected PC12 cells. Interestingly, the ability to induce HSV varied among the cell lines tested. For
example, monkey kidney CV-1 cells and human hepatoblastoma HepG2 cells, but not mouse neuroblastoma
cells or undifferentiated PC12 cells, mediated stimulation. This work thus shows that (i) quiescent HSV
infections can be maintained in PC12 cells in vitro, (ii) HSV can be induced from cells which do not accumulate
significant levels of latency-associated transcripts, and (iii) the activation of HSV gene expression can be
induced via neighboring cells. The ability of adjacent cells to stimulate HSV gene expression in neuron-like
cells represents a novel area of study. The mechanism(s) whereby HCF, HCE, and HepG2 and CV-1 cells
communicate with PC12 cells and stimulate viral replication, as well as how this system compares with other
in vitro models of long-term infection, is discussed.

All herpesviruses establish latent infections in their natural
hosts. Following productive infection of permissive cells at the
periphery, herpes simplex virus type 1 (HSV-1), for example,
usually colonizes neurons of the peripheral nervous system
(reviewed in reference 40). The virus may, from time to time
and by unclear mechanisms, reactivate from latency and cause
productive infection at or near the site of initial entry into the
host.

The molecular and cellular mechanisms involved in estab-
lishing, maintaining, and mediating reactivation from latency
are unclear. In recent years, studies have centered on the role
of latency-associated transcripts (LAT) in latency (1, 3, 10, 15,
22, 23, 29, 31, 32, 35, 42, 43, 45, 53). Since LAT are the only
family of transcripts detected by Northern blotting or conven-
tional in situ hybridization in the latently infected neurons,
expression of the more than 70 genes of HSV-1 is repressed (6,
9, 11, 14, 15, 46, 47). As many as 40,000 LAT copies may be
present in each latently infected cell (51). However, it was
shown that there is a group of neurons latently infected with
HSV that have such low LAT levels that reverse transcription-
PCR (RT-PCR) amplification is necessary for detection (38).
Despite the convenience of LAT as a marker of latently in-

fected cells in mice and rabbits, the percent HSV DNA-con-
taining neurons in which abundant LAT have accumulated is
30% or less (12, 13, 19, 21, 33, 34a). Thus, there appear to be
at least two populations of latently infected neurons with re-
spect to LAT levels: those with abundant LAT and those with
few or no detectable LAT. Although HSV mutants unable to
produce LAT can reactivate, the reason that some, but not all,
cells accumulate vast amounts of LAT and whether subpopu-
lations of cells unable to accumulate LAT are competent to
support reactivation, are not known. Most studies of latency
and reactivation are conducted in animal models. However,
the small number of neurons which harbor the viral genome,
the complexity of the in vivo setting, and ethical constraints
place limits on animal studies. Thus, an in vitro model which
resembles natural latency is appealing. There have been a
number of reports of tissue culture models of latency (20, 24,
41, 44, 50), some of which involve B lymphocytes or fibroblasts
as the host cells (24, 50). However, studies with fibroblasts or
lymphocytes may not be representative of neuronal-cell viral
latency seen following natural infection. Perhaps the best-stud-
ied in vitro system is primary explant rat neonatal dorsal root
ganglia, which has been shown to be dependent on nerve
growth factor (NGF) for the maintenance of the latent viral
state (44, 54, 55). However, preparation of dissected dorsal
root ganglia is inconvenient, and they contain heterogeneous
groups of cells, including support tissue as well as neurons.
Furthermore, in all of the in vitro models mentioned above,
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either antiviral agents, such as acyclovir, nonpermissive tem-
peratures, or low infectious doses were needed to facilitate the
establishment of latency.

We, therefore, further explored the possibility of using the
rat pheochromocytoma (PC12) tissue culture line as a model of
long-term in vitro HSV infections which might resemble in vivo
latency or other aspects of pathogenesis. In the presence of
NGF, PC12 cells cease division, extend long processes which
have been shown to support action potentials, and acquire
many biochemical properties characteristic of the peripheral
nervous system (17, 18). We have previously shown that HSV
can establish a long-term infection of NGF-differentiated PC12
cells which in some respects resembles in vivo latency (2). In
that system, while the level of virus in the medium was low, it
was not zero. This suggested an occurrence of either a persis-
tent infection or periodic reactivation. Moreover, reactivation
from the majority of cells in the population involved NGF
deprivation following the return of PC12 cells to a morpholog-
ically undifferentiated state. The NGF-deprived PC12 cells
were then destroyed by HSV replication. Since reactivation of
HSV from latently infected neurons probably occurs in an
environment where neurons do not lose their differentiated
phenotype, it was of interest to use the long-term-infected
PC12 system to define conditions resulting in a complete ab-
sence of virus production. These conditions would then be
used to pursue alternative mechanisms of reactivation of the
viral genome. This article describes modifications of the PC12
cell system in which HSV-1 infection resolves into completely
quiescent infection with respect to virus production.

Herpes simplex viruses are the leading cause of blindness
among the infectious agents in the United States (34a). Herpes
eye diseases may be the result of primary or recurrent infection
(8, 52). In both cases, permissive corneal cells such as stromal
fibroblasts and epithelial cells play a role either in supporting
viral replication or in communicating with surrounding cells,
perhaps neurons. The role of interaction between permissive
corneal cells and latently infected neurons is uncertain.

In this report, a two-cell system of long-term infection from
which HSV can apparently be stimulated is described. “Long-
term infection” and “stimulation of virus” are used to describe
this system instead of “latency” and “reactivation” in order to
avoid confusion or overstatements. Long-term infection, as
discussed here, can be achieved in NGF-treated PC12 cells
with a high infectious dose (a multiplicity of infection [MOI] of
20), in the absence of antiviral agents, and at an incubation
temperature of 37°C. Two weeks after infection, there was no
detectable virus in the culture medium, and the cultures are

therefore called long-term infections. However, stimulation of
HSV, as defined by the appearance of infectious virus, could be
induced by cocultivation with primary human corneal fibro-
blasts (HCFs), or human corneal epithelial cells (HCEs), and
human hepatoblastoma cells (HepG2). Monkey CV-1 cells,
under appropriate conditions, could also stimulate viral repli-
cation. However, mouse neuroblastoma (NA) or undifferenti-
ated PC12 cells were ineffective. To our knowledge, this is the
first report directly demonstrating a role of adjacent or sup-
porting cells in influencing HSV gene expression in neuron-
like cells. The possibility that information from some, but not
all, types of permissive cells stimulates HSV gene activity in the
long-term-infected PC12 cells is discussed, and the way in
which this system compares to in vivo models and other in vitro
models is considered.

MATERIALS AND METHODS

Virus and cells. CV-1 cells (from the American Type Culture Collection
[ATCC]) were maintained in Eagle’s minimal medium plus 5% calf serum.
HepG2 cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. HSV-1 strain 17 was prepared in CV-1
cells. Virus titers were determined by a standard plaque assay on a CV-1 mono-
layer under methylcellulose. PC12 cells from ATCC were grown in RPMI 1640
supplemented with 10% heat-inactivated horse serum and 5% heat-inactivated
fetal bovine serum (PC12 medium). HCF and HCE cultures were prepared as
previously described (7). NA cells (a gift from Bernard Dietzshold, Thomas
Jefferson University) were maintained as described elsewhere (50). The medium
used in cocultivations was the medium used for inducer cells.

Differentiation of PC12 cells. To differentiate PC12 cells, 105 cells were seeded
on poly-L-orinithine (Sigma, St. Louis, Mo.)-coated 25-cm2 culture flasks. The
following day, cells were incubated in PC12 medium containing 100 ng of 2.5S
NGF (Collaborative Biomedical Products, Bedford, Mass.)/ml for 1 week. Me-
dium was replaced every 3 days. On day 7, 20 mM fluorodeoxyuridine (FdUrd)
(Sigma) was added for 2 to 3 days to eliminate undifferentiated PC12 cells. Fresh
NGF-supplemented medium was supplied thereafter.

Establishment of long-term HSV-1 infection. Differentiated PC12 cultures
were infected with HSV-1 strain 17 at an MOI of 20 (2 3 106 PFU/flask).
Following a 1-h incubation at 37°C, cultures were treated with 3 ml of sodium
citrate buffer (pH 3), modified as described elsewhere (4), for 30 s to 1 min to
inactivate residual virus. Buffer was removed and flasks were rinsed with PC12
medium once. After low-pH treatment, cultures were incubated at 37°C with
fresh medium containing NGF. To monitor for the release of HSV-1 progeny,
the culture medium was collected and titered on CV-1 cells by a standard plaque
assay.

RNA isolation and RT-PCR. Total cellular RNA was isolated from cell culture
by using the Trizol reagent (Gibco-BRL, Rockville, Md.). RNA was treated with
DNase I (Boehringer Mannheim) to eliminate DNA contamination. One micro-
gram of RNA was denatured with glyoxal and subjected to a 1% agarose gel for
electrophoresis to determine the quality of RNA. cDNA was synthesized from
0.5 mg of total RNA isolated from each T25 flask in a total 20-ml volume with the
SuperScript Pre-amplification System (Gibco-BRL) according to the manufac-
turer’s instructions. PCR amplifications were carried out with 2.5 U of Taq
polymerase (Fisher Scientific, Pittsburgh, Pa.), primers, and 1 ml of cDNA in a
50-ml reaction volume. Primers and internal oligonucleotide probes used in this

TABLE 1. Primer and internal oligonucleotide probe sequences used in this study

Primer Sequences Product size (bp) Reference

Rat GAPDH Sense: 59 AAC CCT TCA TTG ACC TCA ACT A 39 622 37
Antisense: 59 CTT CTC CAT GGT GGT GAA GAC 39

HSV ICP27 Sense: 59 TTT CTC CAG TGC TAC CTG AAG G 39 283 11
Antisense: 59 TCA ACT CGC AGA CAC GAC TCG 39
Probe: 59 TCC TTA ATG TCC GCC AGA CGC 39

HSV TK Sense: 59 ATG GCT TCG TAC CCC TGC CAT 39 531 48
Antisense: 59 GGT ATC GCG CGG CCG GGT A 39
Probe: 59 AAC CG CGT CTG CGT TCG ACC A 39

HSV gC Sense: 59 GAA ACT GCC TCC ACC GGG C 39 628 48
Antisense: 59 GGC GTC ACC TCG CCG ATA ATC 39
Probe: 59 CTC CGT TGT ATT CTG TCA 39

HSV LAT Sense: 59 CGG CGA CAT CCT CCC CCT AAG C 39 149 11
Antisense: 59 GAC AGA CGA ACG AAA CGT TCC G 39
Probe: 59 GTT TCT TTA ACC CGT CTG GGG 39
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study are listed in Table 1. Amplifications consisted of 40 cycles of denaturation
at 94°C for 1 min, annealing at 60°C for 45 s, and extension at 72°C for 1 min.
PCR products were resolved by electrophoresis through 1% agarose gels, visu-
alized by ethidium bromide staining, and then transferred onto a Genescreen
membrane (NEN Life Science Products, Boston, Mass.). The membranes were
hybridized with the specific probe of interest by using the Renaissance CDP-Star
Chemiluminescence detection system (NEN Life Science Products).

Determination of the RT-PCR assay sensitivity. To determine the RT-PCR
assay sensitivity for each primer set, PCR fragments of each primer set were
cloned into the pCR-Script cloning vector (Stratagene, La Jolla, Calif.) according
to the manufacturer’s specifications. Each clone was then transcribed by in vitro
transcription (Promega, Madison, Wis.) according to the manufacturer’s speci-
fications. RNA was quantitated by spectrophotometry. Serial fivefold dilutions of
a known amount of RNA mixed with 0.5 mg of PC12 total RNA were reverse
transcribed by the first-strand cDNA synthesis system (Gibco-BRL), followed by
PCR amplification with specific primers. After 40 cycles of amplification, the
PCR product was resolved by agarose gel electrophoresis, visualized by ethidium
bromide staining, and then transferred onto a Genescreen membrane (NEN Life
Science Products). The membranes were hybridized with a specific internal
oligonucleotide probe by using the Renaissance CDP-Star Chemiluminescence
detection system (NEN Life Science Products). The assay sensitivity was deter-
mined as the highest dilution which yields a visible band after hybridization.

Quantification of HSV-1 genomes in long-term-infected PC12 culture. One
25-cm2 flask of a PC12 culture with a long-term HSV-1 infection was trypsinized,
and cells were collected by centrifugation, dispersed by passing through a 22-
gauge needle three times, and then counted by trypan blue exclusion. A series of
10-fold dilutions of cells were prepared, treated with low pH (pH 2.4) as de-
scribed previously (30), and then subjected to 40 cycles of PCR with a series of
dilutions of known amounts of HSV-1 strain 17 DNA by using the primers
specific for HSV-1 thymidine kinase (TK) gene. The PCR products were then
resolved by agarose gel electrophoresis, visualized by ethidium bromide staining,
and photographed. The photograph was then scanned with a Hewlett-Packard
Scanjet 3C, and the band intensity was analyzed by using BioMax software
(Kodak Scientific Imaging System). The quantity of HSV-1 genome in long-term-
infected cells was determined by comparing the intensity readings of PCR-
amplified bands.

Immunofluorescence and antibodies. A total of 104 PC12 cells were seeded
and differentiated on poly-L-orithine-coated one-well chamber slides. A long-
term HSV-1 infection was established as described above. HepG2 cells were used
to induce the quiescent viruses. To prevent virus spread from cell to cell, meth-
ylcellulose medium was added 4 h after overlay. At 48 h after stimulation, the
culture was rinsed twice with phosphate-buffered saline (PBS) and then fixed
with acetone-methanol (1:1) at 220°C for 10 min. After two washes with PBS
and one wash with wash buffer (0.8% bovine serum albumin [BSA]–0.1% gelatin
in PBS), the slides were incubated with the blocking reagent (0.8% BSA–0.1%
gelatin–5% goat serum in PBS) at room temperature for 20 min. This was
followed by a 1:100 dilution of rabbit polyclonal antibodies to the extreme C
terminus of neurofilament H (Chemicon International Inc., Temecula, Calif.)
and Cy3-conjugated affinity-purified anti-rabbit antibodies (Chemicon) with in-
tervening washing steps with wash buffer and PBS. Finally, slides were incubated
with a 1:50 dilution of fluorescein isothiocyanate (FITC)-conjugated polyclonal
rabbit anti-HSV-1 and -2 antibody (Chemicon) and examined with a fluorescence
microscope (Olympus BX-FLA system). The anti-HSV monoclonal antibody
(MAb) 8D2 was prepared and purified as described previously (28). A 1:500
dilution of ascites fluid of MAb 8D2 was used; this dilution was shown by
standard virus neutralization assays (28) to be sufficient to neutralize all 1,000
PFU of HSV in a reconstruction experiment in which 1,000 PFU of HSV were
incubated with MAb.

RESULTS

Virus production following infection of NGF-treated PC12
cells as a function of time. PC12 cells were seeded onto poly-
L-ornithine coated flasks and differentiated with 100 ng of
NGF/ml as described in Materials and Methods. One week
later, almost all (more than 99%) of the PC12 cells in the
culture were differentiated, on the basis of morphological eval-
uation (e.g., they contained processes at least 2 cell diameters
in length). Since, in previous studies of NGF-differentiated
cells (2), the population of undifferentiated cells appeared to
persist, undifferentiated cells were eliminated from the cul-
tures following 2 to 3 days of incubation in medium containing
20 mM 5-fluorodeoxyuridine. Differentiated cultures were then
infected at an MOI of 20 with HSV-1 strain 17. One hour after
inoculation, cultures were rinsed with sodium citrate, pH 3.0,
to inactivate residual viruses. The efficiency of inactivation by
sodium citrate buffer was greater than 99%, as shown in Table

2. After sodium citrate buffer treatment, the infected NGF-
differentiated PC12 cultures were maintained continuously in
NGF-supplemented medium. To monitor for virus growth, me-
dium was collected and assayed for infectious particles on a
CV-1 monolayer by a standard plaque assay. As shown in Fig.
1, in each of the five flasks examined, there was production of
progeny virus, peaking and dropping at 2 to 3 days after infec-
tion, although the titer never exceeded 105 PFU per flask of
105 cells. Since each flask contains 105 cells, a low level of virus
production could represent very inefficient viral production
from a minority of the population, which tolerate synthesis and
release of virus and then recover. Another possibility is that an

FIG. 1. HSV-1 production in NGF-treated PC12 cells as a function of time
following infection. PC12 cells maintained in five separate flasks were differen-
tiated with NGF and infected with HSV-1 as described in Materials and Meth-
ods. At the indicated times after infection, aliquots of medium were removed and
the number of PFU was determined by a standard plaque assay on monolayers
of CV-1 cells. Each value is presented as total PFU in each flask. Each dot
represents the results from a different flask. The dashed line represents the
minimum level of detection by the standard plaque assay, which is 40 PFU/flask.

TABLE 2. Inactivation of infectivity following sodium
citrate (pH 3) incubationa

Treatment Virus titer (PFU/ml)b

Medium onlyc..................................................................... 2.3 3 105

2.0 3 105

2.7 3 105

2.7 3 105

3.6 3 105

Sodium citrate (pH 3)d ..................................................... 8 3 102

,10
5 3 102

5 3 101

7 3 101

a An NGF-differentiated PC12 culture was infected with 2 3 106 PFU of
HSV-1 strain 17. After 1 h of incubation at 37°C, five infected flasks were treated
with sodium citrate (pH 3), 3 ml each, for 1 min, which was then replaced with
normal NGF medium. Five control flasks received only normal NGF medium.
Two hours after treatment, 0.5 ml was collected from each flask and the infec-
tious virus titer was determined on a CV-1 monolayer.

b Each value represents the infectious virus titer from 1 of the 10 flasks
described in footnote a.

c Average infectious virus titer, 2.66 3 105 PFU/ml.
d Inactivation efficiency, 99.7 to 99.99%.
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antimitotic agent did not completely eliminate undifferentiated
cells, and it is these cells which synthesize progeny after viral
infection and are eventually eliminated from the culture by
virus-induced cytopathic effect. In any event, following the
initial period of virus production, there is a complete lack of
detectable virus in the culture medium. This was true for each
of the 25 flasks examined over more than three experiments.
Cultures surviving infection with HSV-1 are, at this point,
designated as long-term or quiescently infected cultures.

HSV-1 DNA is detected in long-term-infected PC12 cultures.
To investigate if the lack of virus production in long-term-
infected cultures was due to the disappearance of viral ge-
nomes from the cultures, the presence of viral DNA was ex-
amined. Long-term HSV-infected PC12 cells were trypsinized,
collected, passed through a 22-gauge needle three times, and
counted. It was noticed that there were still cell clusters in cell
suspensions, even after passing through the needle, which
could be due to the aggregation of PC12 cells after NGF
treatment. By counting cells from three independent flasks, it
was determined that there was a range of 2 3 104 to 6 3 104

cells per flask, which were mostly within clusters. PCR analysis
with primers specific for the TK gene was performed to quan-
tify HSV genomes in limiting numbers of long-term-infected
cells. Serial fivefold dilutions of known amounts of HSV-1
strain 17 DNA were used as a reference in the PCR analysis.
As shown in Fig. 2, in this experiment, HSV DNA was detected
in the dilutions containing as few as 16 cells per reaction. As
shown by densitometry, the amplification of 80 to 400 copies of
HSV-1 genome was within the linear range. The intensity read-
ing of the ethidium bromide-stained band from 16 cells sug-
gests that the quantity of HSV-1 genomes is approximately 180
copies. Therefore, 16 PC12 cells in long-term-infected cultures
harbor a minimum of 11 genomes per cell on average, and
approximately 22,000 to 67,000 copies of the HSV-1 genome
are present per culture flask.

HSV gene expression in long-term-infected cells. The hall-
mark of HSV latency is limited, if any, viral gene expression
(47). The LAT appear to be the only viral-gene products which
accumulate abundantly in neurons derived from latently in-
fected humans and animals (15), although low levels of non-
LAT viral gene expression have been observed by using ex-
tremely sensitive methods (26, 27). It was therefore of interest
to determine which, if any, viral-gene products were present in
long-term-infected PC12 cell cultures. RNA was isolated from
long-term-infected PC12 cultures 2 weeks after infection, a
time at which no virus was detected in the culture medium (as
determined by sampling at three separate times). This was

FIG. 2. Detection of HSV-1 DNA in long-term-infected PC12 cells. A long-
term-infected PC12 culture lacking detectable virus in the medium was
trypsinized. Cells were collected, passed through a 22-gauge needle three times,
counted, and diluted as indicated. Each cell dilution was treated with sodium
acetate (pH 2.2) and subjected to PCR with the primer specific for the TK gene
of HSV-1. A fivefold dilution of a known amount of HSV-1 DNA was used under
the same PCR condition to estimate the number of HSV genomes in each
reaction mixture as described in Materials and Methods. A densitometric anal-
ysis of the gel is given at the bottom.

FIG. 3. HSV-1 gene expression in long-term-infected PC12 cells. Total RNA was extracted from HSV-1-infected PC12 culture as described in Materials and
Methods. A total of 0.5 mg of total RNA was reverse transcribed (RT), and the cDNA was then subjected to a PCR with the primers specific for HSV-1 alpha 27, TK,
gC, and LAT genes as listed in Table 1. After 40 cycles of amplification, PCR products were resolved by agarose gel electrophoresis and visualized by ethidium bromide
staining (A). The gel was then transferred onto a membrane and hybridized with specific probes as described in Materials and Methods. (B) Chemiluminescence
exposure of the Southern hybridization of PCR products. Lanes F1 show the results obtained with cDNA from an NGF-differentiated PC12 culture 24 h after infection
with HSV-1 strain 17, with (1) and without (2) RT. Lanes F2, F3, and F4, cDNAs from three individual long-term HSV-1-infected flasks. (C) Assay sensitivity of each
primer after Southern hybridization of RT-PCR products.
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compared with RNA isolated from productively infected NGF-
differentiated PC12 cells 24 h after infection with HSV-1. The
expression of four key viral transcripts (alpha 27, TK, gC, and
LAT) representing the different kinetic classes was examined.
Primers and amplification schemes are described in Materials
and Methods. Figure 3A shows the results of RT-PCR analysis
of RNA isolated from the long-term-infected cultures. Clearly,
although viral RNA is detected in samples from productively
infected PC12 cells (Fig. 3A, lane F1), no HSV-1 transcripts
were detected in samples from long-term-infected cultures
(lanes F2 through F4). That is, neither alpha 27 transcripts, TK
transcripts, gC transcripts, nor LAT had accumulated in the
long-term-infected PC12 cells even to levels detectable by
RT-PCR. Since glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) RNA is a constitutively produced cellular (host)
transcript, it was used to indicate the relative amount of RNA
in each sample. The relatively equal amounts of GAPDH RNA
detected in each sample suggest that similar amounts of RNA
were present in each experimental set. Also, the failure to
detect a PCR product from any samples when RT was omitted
confirms that RNA and not DNA was being detected in the
samples. Parenthetically, viral transcripts could not be detected
in RNA derived from long-term-infected cultures, as deter-
mined by Northern hybridization (data not shown).

Since extremely low levels of viral-gene expression have
been reported to occur from various regions of the viral ge-

nome in long-term-infected cells (26, 27), we explored the
possibility that HSV gene expression occurred in the long-
term-infected PC12 cells at levels beneath the level of even
direct RT-PCR detection. The sensitivity of transcript detec-
tion was thus enhanced approximately 100-fold by Southern
blot hybridization of the products of the RT-PCR, immobilized
in membranes, with labeled probes. The primers and specific
internal oligonucleotide probes used are listed in Table 1 and
described in Materials and Methods, and the assay sensitivity is
shown in Fig. 3C. Figure 3B shows that when this sensitive
assay was used to detect viral transcripts, gC RNA, a marker of
late gene expression, could still not be detected in any samples
of RNA from long-term-infected cultures. However, a minority
of the long-term-infected cultures did appear to contain ap-
proximately 30,000 copies of alpha 27 (Fig. 3B, lane F3) and
1,200 copies of TK (Fig. 3B, lane F2) transcripts per flask. LAT
could be detected in all three flasks containing long-term-
infected cells by using this sensitive method of detection. These
data suggest that viral-gene expression does occur in a limited
way in a minority of the long-term-infected PC12 cell cultures,
possibly in subpopulations of cells. The meaning of this is
considered in the Discussion.

HCFs induce HSV from long-term-infected cultures. Under
physiological settings of in vivo conditions, latently infected
cells are in intimate contact with other, noninfected cells. To
test the possibility that the HSV genome in long-term-infected

FIG. 4. Morphology of NGF-differentiated PC12 cells. A total of 105 undifferentiated PC12 cells were seeded onto a poly-L-ornithine-coated flask (A). The next
day, cells were incubated in medium containing NGF for a week. On day 7, the antimitotic agent FdUrd was added to the growth medium for an additional 2 days to
eliminate undifferentiated cells. (B) NGF-differentiated PC12 cells 10 days after treatment and prior to HSV-1 strain 17 infection. Thirteen days after infection, the
culture was overlaid with HCFs. (C and D) Long-term-infected PC12 culture before and 1 day after HCF overlay, respectively.
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PC12 cells could be influenced and even stimulated (“reacti-
vated”) by neighboring noninfected cells, a two-cell system was
used. HCFs were chosen as the inducer cells because they are
sites of recurrent infection in the eyes and are highly permis-
sive both in vivo and in vitro. In addition, these cells are in
proximity to the axon processes of the peripheral ganglia,
which may harbor latent HSV genomes in vivo (34). Figure 4A
and B show PC12 cells prior to and 10 days after NGF treat-
ment, respectively. No cytopathic effect was detectable in
NGF-differentiated PC12 culture 13 days after HSV-1 strain 17
infection (Fig. 4C). In these experiments, NGF removal alone
did not induce the appearance of virus in the culture medium
(see Discussion). However, long-term-infected cultures that
had been shown to be devoid of infectious virus were overlaid
with confluent monolayers of primary HCFs (Fig. 4D). Curi-
ously, HCFs appeared to move under PC12 cells to form a
monolayer, while the differentiated morphology of PC12 re-
mained. Figure 5 shows the dramatic virus growth following
HCF overlay: although most flasks remained devoid of virus by
day 2, infectious virus was recovered in the culture medium,
with titers reaching 105 to 106 per flask by day 4. Therefore,
long-term-infected PC12 cells contain infection-competent
HSV genomes which were reactivated by an overlay of corneal
fibroblasts.

The possibility that the ability of overlaying cells to mediate
stimulation was restricted in cell type was tested. Long-term-
infected cultures were overlaid on day 15 after HSV-1 infection
with cells of the following lines: undifferentiated PC12, NA,
HCF, HCE, CV-1, or HepG2. As expected, HCFs were able to
stimulate virus 2 days after overlay, as shown in Table 3. In-
terestingly, only CV-1 cells, HCEs, and HepG2 cells could
mediate the stimulation of virus from long-term-infected cul-
tures. No virus was detectable in culture media of PC12 cells
overlaid with cells of the neuronal lineage (PC12 or NA cells)
for 4 days after overlay. Moreover, it is noted that, unlike the
situation with HepG2 cells, the ability of CV-1 cells to mediate
the stimulation of HSV from long-term-infected cultures de-
clined with the age of the long-term cultures. This is consid-
ered further in the Discussion.

The possibility that the virus stimulated from long-term-

infected cells was due to residual virus from the initial inocu-
lum or a persistent infection was tested by determining if the
stimulation was reduced by incubation with anti-HSV serum in
order to neutralize the virus remaining in the medium of long-
term cultures. Briefly, 3 days prior to stimulation with HepG2
cells, long-term-infected PC12 cells were incubated with an
amount of MAb 8D2 that could neutralize 1,000 PFU of HSV
(see Materials and Methods) (28). HepG2 cells were then
added to the cultures, as usual, and the amount of virus stim-
ulated from the long-term cultures was measured. Stimulation
of the long-term-infected PC12 cultures by HepG2 cells was
not influenced by the presence of the MAb to HSV in the
culture medium for a time prior and up to the time of induc-
tion. This suggests that the source of virus infecting the HepG2
cells used for induction was within PC12 cells (was intracellu-
lar) and inaccessible to the MAb.

To test whether the failure of PC12 and NA cells to mediate
reactivation is due to a nonpermissiveness to viral replication,
the single-step growth kinetics of HSV-1 strain 17 in PC12,
NA, CV-1, and HepG2 cells were compared. Although HSV-1
strain 17 replication in NA, CV-1, or HepG2 cells was compa-
rable, PC12 cells yielded 1 to 2 log units less infectious-virus
growth than the others (data not shown). Nevertheless, all
these four cell lines were permissive to HSV replication. Thus,
the failure of NA and PC12 cells to induce reactivation was not
due to nonpermissiveness to viral replication.

In addition, the efficiency of plating (EOP) of HSV-1 strain
17 on each of the relevant cell lines was tested. Briefly, 1,000-
PFU aliquots (as defined by plaquing on CV-1 cells) were used
to inoculate flasks containing 100,000 PC12, HepG2, NA, or
CV-1 cells, and the numbers of infectious centers were deter-
mined by plating on CV-1 monolayers. The EOPs of HSV-1
were comparable for CV-1 and HepG2 cells. The EOPs of
HSV-1 on NA and PC12 cells were 60 and 10%, respectively,
relative to CV-1 cells. These experiments were performed in
triplicate, at two different times. Since each long-term-infected
PC12 cell flask contained fewer than 40 PFU (Fig. 5), as as-
sessed on CV-1 cells, the EOP data suggest that for residual
HSV to have infected and been amplified in the PC12 cells
used as stimulator (Table 3), at least 400 PFU would have had
to be present.

The stimulation of HSV from long-term-infected cultures
occurs ubiquitously throughout the culture. As previously
stated, following overlay with CV-1 cells or HCFs, long-term-
infected cultures produced infectious HSV (Table 3). Al-
though medium from long-term-infected cultures overlaid with

FIG. 5. Reactivation of HSV-1 in long-term-infected cultures. NGF was re-
moved from long-term HSV-1-infected PC12 cultures at the time indicated by
the arrow and then replaced with 5 ml of medium/flask or overlaid with HCFs.
Culture medium was collected daily to monitor for virus content. There were
three flasks for each group. The dashed line represents the minimum level of
detection by the standard plaque assay, which is 40 PFU/flask.

TABLE 3. Long-term-infected cultures produce HSV-1 following
overlay with inducer cellsa

Cell type
Resultb on:

Day 1 Day 2 Day 3 Day 4

No overlay 2 2 2 2
PC12 2 2 2 2
NA 2 2 2 2
HCF 2 11 1111 111111
HCE 2 11 1111 111111
HepG2 2 1111 111111 111111
CV-1 2 2 11 11111

a Long-term-infected PC12 cultures were overlaid with cells of the indicated
lines on day 15 after infection. Culture medium was collected daily and assayed
for infectious virus content on CV-1 cells.

b Each plus sign represents 1 log unit of virus detected in culture medium per
flask. A minus sign indicates that no virus was detected. The limit of detection
was 40 PFU/flask. There were three flasks in each group.
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inducer cells contained substantial amounts of HSV, the virus
in the culture medium was likely to have included progeny
from PC12 cells which were amplified in the permissive indi-
cator cells. Thus, it was not clear if the source of virus infecting
the indicator cells was many or few PC12 cells. To distinguish
between these possibilities, long-term-infected PC12 cells were
overlaid with CV-1 monolayers under plaquing conditions, in
methylcellulose medium, where diffusion of virus was very lim-
ited. Five days after overlay, typical HSV-induced plaques
were seen widely distributed throughout the flasks. More than
500 plaques were counted, with many merging zones of cyto-
pathic effect. NGF-treated PC12 cells grew in clusters of 5 to
50 cells, and nearly every cluster was associated with a virus
plaque.

Detection of induced HSV antigens on long-term-infected
PC12 cells following stimulation. To more directly observe and
locate HSV antigens appearing after stimulation of long-term
PC12 cells, dual immunofluorescence staining was performed.
PC12 cells were seeded and differentiated onto chamber slides
as described in Materials and Methods. After long-term infec-
tion was established, HepG2 cells were overlaid to stimulate
quiescent viruses. Methylcellulose medium was used to impede
virus diffusion. Mock-infected NGF-differentiated PC12 cul-
tures were also overlaid with HepG2 cells as a negative control
for HSV antigen. Two days after HepG2 overlay, slides were
processed for immunofluorescence staining by using antibodies
to neurofilaments and HSV antigens as described in Materials
and Methods. The specificity of anti-neurofilament antibodies
was confirmed by showing binding to NGF-differentiated PC12
cultures and not to HepG2 cells (data not shown). Figure 6
shows immunofluorescence staining of mock-infected (Fig. 6A
through C) and long-term-infected (Fig. 6D through F) PC12
cultures overlaid with HepG2 cells. Figure 6A, B, and C all
show the same field of mock-infected PC12 cells, and Fig. 6D,
E, and F all show the same field of long-term-infected PC12
cells. The photographs in panels A and D were taken under the
light microscope, those in panels B and E were taken under the
filter which permits the visualization of red fluorescence (anti-
neurofilament staining) only, and those in panels C and F were
taken under the filter for visualization of green fluorescence
(anti-HSV antigen staining). As shown in Fig. 6B, PC12 cells
were positively stained by anti-neurofilament antibodies, while
HepG2 cells were negative. There was no detectable HSV
antigen on either PC12 or HepG2 cells or mock-infected cul-
tures, as shown in Fig. 6C. In contrast, after 2 days of overlay
with HepG2 cells, long-term-infected PC12 cells expressed
HSV antigens detected by FITC-conjugated polyclonal anti-
HSV antibodies (Fig. 6F). By counting the number of neuro-
filament-positive cells (to restrict the view to PC12-derived
cells) which were also HSV antigen positive, it is estimated that
at least 70% of the long-term PC12 cell clusters harbored
quiescent HSV which had been stimulated. These data dem-
onstrate that (i) infectious HSV detected in the stimulated
culture medium (Fig. 5) originates from the long-term-infected
PC12 cells and (ii) as implied elsewhere, almost all PC12 cells
in the long-term-infected cultures harbor HSV.

DISCUSSION

HSV reactivation from latent infection normally occurs from
neurons in a complex in vivo physiological setting in which
multiple cell types interact. In this report, we describe a novel
two-cell system for the stimulation of HSV from an in vitro
infection in which the virus is quiescent with regard to produc-
tion of infectious virus. The quiescently infected PC12 cells are
called long-term-infected rather than latent cultures in order

to avoid confusion with in vivo latency. However, in the long-
term-infected cultures described here, there is extremely lim-
ited, if any, viral-gene expression. Moreover, the viral genome
can be induced by cocultivation with specific cells.

PC12 cells were differentiated with NGF and infected with
HSV-1 strain 17. After an initial period in which low-level viral
replication occurred (Fig. 1), possibly in a minority of cells, a
quiescent infection was established. Northern hybridization
and RT-PCR failed to detect any HSV-1 transcripts (including
LAT) from RNA derived from long-term-infected PC12 cells.
This was surprising because LAT have been shown to accumu-
late in the nuclei of neurons derived from latently infected
animals in great abundance, up to 40,000 copies per neuron
(51). However, PC12 cells in the long-term-infected cultures
did accumulate low levels of LAT, as determined by Southern
blot hybridization of the RT-PCR products (Fig. 3). Thus, by
using methods that could detect as few as 200 RNA molecules
per reaction, it appears that all long-term-infected cultures
tested contained a minority of PC12 cells that were harboring
LAT. This level of LAT was too low to be detected by North-
ern blot hybridization or direct RT-PCR. Although LAT were
synthesized following productive infection of NGF-treated
PC12 cells, the amount of LAT detected was at least 10 times
less than that seen in samples derived from productive infec-
tion of undifferentiated PC12 cells (data not shown). Thus, it
may also be that LAT stability, accumulation, or synthesis, is
different in undifferentiated, NGF-differentiated, and latently
infected cells. In this regard, we note that the accumulation of
LAT is dependent upon alternative splicing and the failure of
the host cell to efficiently debranch the LAT lariat (39, 56).
Perhaps long-term-infected PC12 cells have sufficient levels of
debranching enzyme to eliminate LAT.

The immediate-early gene alpha 27 and the early tk gene
were also detected by Southern blot hybridization to RT-PCR
products in a minority of the flasks containing long-term-in-
fected cultures. Transcripts of the late gC gene were not de-
tected in any long-term-infected cultures (Fig. 3). Since there
were no detectable gC transcripts and spontaneous release of
infectious particles, as measured by plaque assay, did not oc-
cur, it is unlikely that the alpha 27 or TK transcripts were from
“smoldering” infections. It is possible that, occasionally, abor-
tive viral replication occurs in subpopulations. Perhaps abor-
tive reactivations occur during in vivo latent infection (27).
This is under investigation.

The presence of LAT is associated with latency in vivo (9,
15), but abundant LAT are actually not present in most latently
infected cells (51). There appear to be at least two populations
of latently infected neurons in vivo: (i) those with abundant
LAT and (ii) those with few or no detectable LAT. Therefore,
it appears that the PC12 long-term infections described in this
report are more representative of the subpopulation of latently
infected cells which have no detectable LAT or very low levels
of LAT.

In spite of the fact that mutant viruses unable to synthesize
LAT can reactivate, whether the subpopulation of cells in vivo
which are LAT negative, or have very low levels of LAT, can
support reactivation remains an open question. We demon-
strate here that long-term-infected PC12 cells which harbor
few or no LAT can support the stimulation and release of
HSV.

NGF deprivation alone did not induce virus appearance in
long-term-infected cultures described in this report (data not
shown). In a previous report, for example, NGF deprivation
alone was sufficient to cause the dedifferentiation of PC12 cells
and the appearance of virus in the culture medium (2). In that
report, there was evidence that the viral genome was not com-
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FIG. 6. Immunofluorescence staining of HSV-1 antigens on long-term-infected PC12 cells following reactivation. NGF-differentiated PC12 cultures were prepared
in chamber slides. The cultures were infected with HSV-1 strain 17 at an MOI of 20 (D through F) or mock infected (A through C). Twenty-two days after infection,
the cultures were overlaid with HepG2 cells in methylcellulose medium to stimulate quiescent viruses. Two days later, the cultures were fixed and stained with
anti-neurofilament (red) and anti-HSV (green) antibodies. Panels A, B, and C all show the same field of the mock-infected culture. Panels D, E, and F all show the
same field of the long-term-infected culture. The photographs in panels A and D were taken under the light microscope, those in panels B and E were taken under
the filter visualizing red fluorescence, and those in panels C and F were taken under the filter in which green fluorescence only was visualized. Arrows point to the
stained PC12 cells.
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pletely quiescent, since low levels of infectious virus could be
detected in the culture medium of the long-term-infected cells.
It is possible that the reactivation observed before was a com-
bination of stimulation from latently infected cells and rein-
fection of dedifferentiated PC12 cells. However, in the system
described here, there is no detectable virus in the long-term-
infected culture medium. Perhaps all undifferentiated PC12
cells were eliminated by the antimitotic agent FdUrd.

It is possible that the source of virus infecting the CV-1 cells,
HepG2 cells, or HCFs (see Fig. 5) was residual virus persisting
in the culture medium or cell membranes of long-term-in-
fected cells and not a stimulation event induced by the over-
laying cells. This possibility is considered unlikely because (i)
HSV antigens were detected only on anti-neurofilament-
stained PC12 cells after 48 h after induction by a HepG2 cell
overlay in the methylcellulose medium (Fig. 6); (ii) infectious
virus was not recovered for more than 2 days following cocul-
tivation with inducer cells (had there been residual virus in the
long-term-infected cultures, progeny would have been de-
tected within 1 day following cocultivation with permissive
CV-1 or HepG2 cells); (iii) when amounts of an HSV-specific
MAb sufficient to neutralize 1,000 PFU of HSV per flask were
included in the culture medium prior to stimulation with
HepG2 cells, they did not prevent HepG2 cell induction; and
(iv) finally, although HepG2 cells could induce stimulation of
virus from long-term cultures regardless of the length of time
in culture, the ability of CV-1 cells to induce virus declined to
zero 20 days after primary infection. Thus, since the EOP of
HSV-1 on CV-1 cells was similar to that on HepG2 cells, if
residual virus was responsible for the stimulation achieved by
HepG2 cells after 20 days of long-term culture, CV-1 cells
would also have been effective stimulators, since they would
also have been targets of residual virus infection.

The mechanism whereby human corneal cells, HepG2 cells,
or CV-1 cells induce the stimulation of HSV from the quies-
cently infected cultures is unclear. The inducer cells could
produce a soluble factor (a hormone or neurotransmitter)
which stimulates the viral genome in the long-term-infected
PC12 cells. Experiments to test this hypothesis are under way.
Another possibility is that cell adhesion molecules or other
plasma membrane molecules on the inducer cells interact di-
rectly with NGF-treated PC12 cell membranes or cell matrix
structures to communicate a signal which stimulates viral-gene
activation. In any case, HSV stimulation did not require that
PC12 cells dedifferentiate and lose their neuron-like morphol-
ogy. This is an important distinction from our previous work, in
which reactivation occurred predominantly from dedifferenti-
ated PC12 cells, following NGF removal. Stimulation was also
independent of the presence or absence of NGF, although
NGF could apparently depress stimulation kinetics (data not
shown). In addition, cell manipulation alone, such as trypsin-
ization of long-term-infected PC12 cells and overlaying long-
term-infected PC12 cells on the monolayer of CV-1 cells, did
not induce the appearance of virus in the culture medium.

Thus, although more work clearly needs to be done to de-
termine the extent to which the PC12 cell system can predict
features of in vivo HSV latency, the availability of a tissue
culture model in which viral-gene expression can be induced by
activator cells provides an attractive means to study, at a min-
imum, how one cell can elicit viral gene expression in another.
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