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positive KOS strain, but reactivation from latency occurred at
a frequency of 0 to 10% (4, 7, 17).
After 28 to 30 days, mice were anesthetized (methoxyflurane) and exsanguinated by cardiac puncture. HSV inoculation
of mice, as well as housing and eventual sacrifice, were done in
accordance with institutional and federal guidelines. TG and
DRG (from lumbar vertebrae 4 and 5) were removed and
washed in balanced saline solution. TG were cut into five or six
pieces, and DRG were bisected. Ganglion fragments were cultivated at 37°C in medium consisting of medium 199 without
tryptose phosphate broth and containing 2% dialyzed calf serum (Gibco BRL, Gaithersburg, Md.). In some instances, explant medium was supplemented with TdR and/or DPM (Sigma, St. Louis, Mo.). After explantation for 5 days, ganglia were
homogenized and tested for reactivated infectious HSV on
Vero cell monolayers (17). Results are presented in terms of
individual TG and DRG pairs from lumbar vertebrae 4 and 5
being positive or negative for HSV reactivation.
Initially we investigated TK-negative HSV to supplement
prior results which had demonstrated that although the dlsactk
mutant virus reactivated poorly from latently infected ganglia,
reactivation was greatly enhanced by the addition of TdR to
the explant medium. This was demonstrated for three different
TK-negative mutants (17). In Table 1 it is shown that dlsactk
reactivation did not occur when explant medium did not contain supplemental TdR but that reactivation occurred at a
frequency of 100% when explant medium contained supplemental TdR (100 M). In ganglia latently infected with TKnegative HSV, supplemental TdR may have facilitated the
synthesis of TdR nucleotides by means of very low levels of
viral TK that might have been present, but synthesis was more
likely facilitated by means of cellular TK.
However, when the explant medium contained DPM in ad-

In experimental models of herpes simplex virus (HSV) infection, expression of viral thymidine kinase (TK) has been
shown to be important for viral latency. This was first suggested
in studies of mice infected with TK-negative HSV. It was
shown that in cases of acute infection, HSV replicated well in
ocular tissues but not in trigeminal ganglia (TG) and that HSV
reactivated poorly in ganglia during latency. Subsequently it
was shown that establishment of latency was intact, i.e., latency-associated transcript (LAT) was readily detected in ganglion
neurons, but reactivation was impaired (4, 5, 16). The defect of
reactivation was explored in studies which showed that TKnegative HSV could in fact readily reactivate in ganglia if
explant medium was supplemented with thymidine (TdR) (17).
The present study extended this observation in three ways.
First, it was shown that if a nucleoside transport inhibitor is
added along with supplemental TdR, the effect of TdR on
enhancing TK-negative HSV reactivation is blocked. This suggests the specific roles of TdR and phosphorylation by TK in
the reactivation process. Second, it is shown that the nucleoside transport inhibitor also blocks wild-type HSV reactivation
from latency. Lastly, supplemental TdR decreased the dipyridamole (DPM) block of wild-type HSV reactivation.
Latent infection of TG and lumbar dorsal root ganglia
(DRG) was established in randomly bred CD-1 mice (Charles
River Laboratories, Wilmington, Mass.) by standard methods.
In brief, mice were anesthetized (methoxyflurane), and corneal
inoculation (5 l) or footpad inoculation (25 l) was performed (17). Inoculation was performed with either TK-positive wild-type HSV type 1 (HSV-1; strain KOS, 5 ⫻ 108 PFU/
ml) or with mutant TK-negative HSV-1 (dlsactk, 4 ⫻ 108
PFU/ml). The titers of the viruses were determined on Vero
cells using standard methods. The KOS virus had been used
previously (16, 17). It readily established latency (i.e., LAT
expression) and reactivated from latency in explants with a
frequency of 90 to 100%. The dlsactk mutant strain was kindly
provided by D. Coen (Harvard Medical School, Boston,
Mass.). It was shown to express less than 1% of parental TK
activity (4, 7). LAT expression during latency in mice inoculated with dlsactk was similar to that in mice with the TK-

TABLE 1. TdR-enhanced reactivation of TK-negative HSV
(dlsactk) and DPM inhibition of this effect
Supplemental TdR in
medium (concn)

No. of ganglia reactivated/no. tested
(% positive) in medium with DPM at
indicated concn (M)
0

No
Yes (100 M)

* Corresponding author. Mailing address: Division of Neurology,
500 University Dr., Hershey, PA 17033. Phone: (717) 531-8692. Fax:
(717) 531-4694. E-mail: rtenser@psu.edu.

a
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ND, not done.

0/10 (0)
10/10 (100)

25

50
a

ND
10/18 (56)

ND
0/19 (0)
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Herpes simplex virus (HSV) reactivation from latency was investigated. Reactivation of thymidine kinasenegative HSV, which is defective for reactivation, was greatly enhanced by thymidine (TdR). The reactivationenhancing effect of TdR was blocked by dipyridamole (DPM), a known nucleoside transport inhibitor. DPM
also inhibited wild-type HSV reactivation, suggesting potential antiviral use.
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TABLE 2. DPM inhibition of wild-type HSV (strain KOS)
reactivation
Tissue tested

DRG
TG

No. of ganglia reactivated/no. tested (% positive) in
medium with DPM at indicated concn (M)
0

25

50

10/10 (100)
10/10 (100)

1/12 (8)
6/12 (50)

0/12 (0)
1/12 (8)

TABLE 3. Decrease of the DPM inhibitory effect on wild-type
HSV (strain KOS) reactivation by TdRa
Tissue tested

DRG
TG
a

0

50

100

200

0/10 (0)
3/10 (30)

4/11 (36)
6/11 (54)

6/11 (54)
8/11 (73)

6/11 (54)
7/11 (64)

DPM was added to the medium at a concentration of 25 M.

evaluated. Supplemental TdR in the explant medium partially
reversed the blocking effect of DPM (Table 3). Nucleoside
transport in mammalian cells is mediated by multiple transport
mechanisms, and some transporters are less sensitive to DPM
than are others (2, 9). Excess TdR apparently circumvented
the inhibition of reactivation by DPM, although specific mechanisms of inhibition remain to be determined.
DPM has been used occasionally in antiviral studies (18),
including investigations of HSV (14). In the latter study, it was
not shown to be a potent antiviral. However, that study investigated the effect of DPM on HSV replication in cell culture, a
situation which differs markedly from reactivation from latency. First, the molecular state of the virus differs, and second,
the amount of virus present probably differs. It is suggested
that DPM may be effective in blocking HSV reactivation from
latency because during reactivation the HSV genome is in a
particularly vulnerable state or perhaps simply because only a
small amount of virus is present.
The possibility of a toxic effect of DPM on latently infected
neurons as a means of explaining inhibition of HSV reactiva-

FIG. 1. Effect of DPM on HSV replication. HSV KOS at a multiplicity of infection of 0.01 was added to confluent Vero cell monolayers in
35-mm-diameter plates. After adsorption for 1 h at 37°C, medium with or without DPM was added, and the plates were incubated at 37°C. Plates
were freeze-thawed at the times indicated, and supernatant fluids were titrated on Vero cell monolayers. The results are the average of two
independent studies.
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dition to 100 M TdR, reactivation was inhibited (Table 1).
DPM is a known nucleoside transport inhibitor (6, 11, 12).
Blocking of the reactivation-enhancing effect of TdR, probably
by inhibition of TdR transport into latently infected neurons,
supports the existence of specific roles for TdR and phosphorylation by TK in facilitating HSV reactivation. This conclusion
is supported by the observation that other nucleosides were
minimally effective in enhancing reactivation of TK-negative
HSV mutants (17).
With evidence that DPM blocked the effect of TdR on
TK-defective HSV reactivation, we investigated the effect of
DPM on reactivation of wild-type HSV in explant culture.
Results with TG and DRG explanted in standard medium
without supplemental TdR are shown in Table 2. Reactivation
of HSV was inhibited in both tissues by DPM in a dosedependent manner. Reactivation of HSV was inhibited in
DRG somewhat more so than in TG. This was probably due to
a greater HSV latency load in the latter, although it has been
noted that HSV latency may otherwise differ somewhat between these tissues (13). Lastly, the effect of TdR on the
DPM-mediated inhibition of wild-type HSV reactivation was

No. of ganglia reactivated/no. tested (% positive) in
medium with TdR at indicated concn (M)
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tion cannot be completely excluded. This was investigated in
part in a viral growth study (Fig. 1). Only a slight antiviral effect
of DPM in a dose-dependent pattern was noted, and significant
cellular toxicity was unlikely. In addition, the 25 M DPM
concentration used was similar to that used in other HSV
studies, where there was no apparent cellular toxicity with 20
M DPM (14). It does remain possible that DPM is particularly toxic to neurons and that destruction of neurons led to
reactivation in ganglia.
However, the results in Table 3 show that reactivatable virus
was present, albeit when supplemental TdR was added, indicating that at least some latently infected neurons survived
DPM treatment. Lastly, DPM has been clinically used as an
antiplatelet agent (6, 11, 12) and neurotoxicity has not been
noted.
Although it is a nucleoside transport inhibitor, DPM has
been shown to not inhibit transport into cells of nucleoside
analogue antivirals such as acyclovir (8), zidovudine (1, 3), and
lamivudine (3, 10). These observations and the reported DPM
inhibition of transport of nucleosides such as TdR and deoxycytidine, which compete with the antivirals for kinase-mediated
phosphorylation, have suggested mechanisms by which DPM
may potentiate the antiviral effect of the dideoxynucleoside
drugs (15).
There is widespread clinical experience with DPM as an
antiplatelet agent; the mechanism of action may be inhibition
of nucleoside transport, particularly of adenosine transport,
into platelets (6, 11, 12). The antiviral results obtained in the
present study suggest that DPM may also be clinically useful
for the inhibition of HSV reactivation from latency.
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