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Famciclovir (FCV) and valaciclovir (VACV) have previously been shown to be potent inhibitors of herpes
simplex virus type 1 (HSV-1) in a murine cutaneous model. In the present study, mice were inoculated in the
skin of the left ear pinna with herpes simplex virus (HSV) type 1. Antiviral therapy was started on different
days postinoculation (p.i.), terminating at the end of day 10 p.i. The compounds were administered twice daily
by oral gavage at 50 mg/kg of body weight/dose. Mice were sampled on day 5 p.i., during the acute phase of the
infection, and the titers of infectious virus in the target tissues (ear, brain stem, and trigeminal ganglia) were
determined. At 2 to 3 months p.i., the ipsilateral and contralateral trigeminal and cervical dorsal root ganglia
were explanted, and four different methods were used to detect latent HSV. The methods were (i) conventional
explant culture for 5 days followed by homogenization, (ii) long-term culture (up to 73 days) of whole ganglia,
followed by homogenization, (iii) dissociation by enzymatic disaggregation and an infectious center assay, and
(iv) in situ hybridization to detect latency-associated transcripts (LATs). The conventional explant culture
method was the least sensitive method, while in situ staining for LAT was the most sensitive, and all mice,
including those treated from early times with FCV, were shown to be latently infected. Significantly less latent
virus was detected by all four methods, however, in ganglia obtained from mice that had been treated with FCV
in comparison with the amount detected in ganglia from mice that had been treated with VACV. However, in
no case was latency completely eliminated.

The ability to establish latent infections in the neurons of the
peripheral nervous system is the hallmark of the alpha herpes-
viruses, of which herpes simplex virus (HSV) is by far the best
studied (13, 28). Following a productive infection in permissive
epithelial cells, HSV type 1 (HSV-1) often establishes a qui-
escent infection within neurons of the peripheral sensory gan-
glia which innervate the peripheral inoculation site. Thus, in-
fection of the skin or mucosal surfaces is rapidly followed by
axonal translocation of virus leading to the establishment of
ganglionic infection. The rate of establishment of latent foci is
related to the dose of the inoculum (9), although it has been
shown previously that following the administration of moder-
ate inoculum doses the ganglia become infected within 24 to
48 h of inoculation (10, 17, 18, 21). It has been known for many
years that latent infections can reproducibly be detected by
explantation of the affected ganglia (22) and incubation of
whole ganglia for a few days followed by homogenization and
assay for the presence of infectious virus (9). We have reported
previously that this simple technique revealed marked differ-
ences in the ability of oral famciclovir (FCV) and valaciclovir
(VACV) to affect the establishment of latency in mice with
HSV-1 (24) or HSV-2 (25). However, judged by the same
reactivation technique, neither drug was able to affect the
incidence of virus reactivation when a similar treatment was
applied to mice in which latent infection had already been
established (11).

The present study extends the observations presented above
by using a variety of in vitro reactivation techniques. Methods
involving long-term cocultivation were intended to increase the
sensitivity of the simple reactivation assay, and the use of an
enzymic disaggregation technique was used in order to obtain

a quantitative comparison of the number of latently infected
foci. Finally, sections of ganglia were stained using in situ
hybridization for HSV latency-associated transcripts (LATs) in
order to detect the presence of HSV in individual neurons.
These more sensitive tests demonstrated the presence of latent
infection in groups of mice whose ganglia were scored negative
by the simple reactivation test. However, the results also con-
firmed earlier findings that, using similar doses of the two
prodrugs, FCV is superior to VACV in mice in preventing or
reducing the number of ganglionic cells in which demonstrable
latent infections are established. The differences between the
compounds were particularly marked in relation to the con-
tralateral, as opposed to the ipsilateral, ganglia. These findings
are discussed in relation to possible differences in the mode of
action of the compounds in vivo.

MATERIALS AND METHODS

Virus strain and tissue culture. The virus strain used was HSV-1 SC16. This
strain of virus has been extensively characterized in mice (15) and has been used
previously for studying antiviral compounds (5, 9, 11, 23).

Mice and virus inoculation. The skin of the left ear pinna of each of 650
female 4-week-old BALB/c mice (Bantin and Kingman, Kingston, United King-
dom) was inoculated with 105 PFU of HSV-1 SC16 by previously published
methods (11).

Antiviral compounds and treatment regimen. FCV and VACV were supplied
by SmithKline Beecham (Brentford, United Kingdom). The activities of acyclovir
(ACV) and penciclovir (PCV), which are the active metabolites of VACV and
FCV, respectively, were measured by means of a plaque reduction assay with
BALB/c 3T3 cells. The 50% effective doses (6 standard deviation) were 0.01 6
0.01 and 0.02 6 0.01 mg/ml ACV and PCV, respectively (11). FCV and VACV
were dissolved in double-distilled deionized water and were administered by oral
gavage (50 mg/kg of body weight/dose) twice daily, with treatment commencing
1, 2, 3, 4, or 5 days postinoculation (p.i.). All treatments were terminated on day
10 p.i.

Measurement of clinical signs. Mice were assessed once per day when signs of
clinical disease were noted. Mice with a flaccid ear pinna which failed to respond
to a gentle stimulus were recorded as showing “ear paralysis.” Other neurological
signs were recorded, including circling, unsteady gait, and monolateral and bi-
lateral hind limb paralysis. Skin thickness was measured daily in individual mice
by means of an engineer’s micrometer screw gauge. Mean values with standard
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deviations were calculated for groups of eight mice. Mortality was assessed
separately by using groups of 20 mice. These methods have previously been
described in detail (9).

Titration of virus in tissue samples. Tissue samples (ear pinna, brain stem, or
left trigeminal ganglia) were obtained from three mice in each treatment group
on day 5 p.i. only. This included one group of mice (the day 5 to 10 p.i. treatment
group) that had been exposed to the drugs for a period of approximately 6 h
before tissues were sampled. Each tissue sample was homogenized and titrated
independently for infectious virus by a plaque assay on monolayers of BHK-21
cells as described previously (11). All tissues were coded prior to testing, and the
code was not broken until all samples had been titrated.

Detection of latent virus in the ganglia by conventional explant culture. All
surviving mice were divided into groups of five mice each, with each group being
assigned a different reactivation technique. Ganglia innervated by the ear pinna
(left [ipsilateral] and right [contralateral] trigeminal ganglia and left and right
cervical dorsal root ganglia [CII, CIII and CIV pooled]) were obtained from five
mice per group (except the positive control group, from which only three mice
were used) on day 44 p.i. Ganglia were placed in 0.5 ml of Eagle’s minimal
essential medium (EMEM) in 2-ml glass vials with loose lids, and the vials were
incubated at 37°C for 5 days. The ganglia were then processed as described in
detail previously (24). Samples were coded before testing and were read blind.

Detection of latent virus in the ganglia by long-term culture. For detection of
latent virus in the ganglia by long-term culture, ganglia from five mice from each
treatment group were sampled on day 43 p.i. The contralateral and ipsilateral
trigeminal ganglia were removed and placed in serum-free EMEM. Freshly
prepared BHK-21 cell monolayers were transferred to medium containing 5%
newborn calf serum immediately prior to use. The dissected ganglia were washed
in EMEM and were then placed onto the cell sheet. The ganglia remained intact
throughout the period of incubation. Every 5 to 7 days the ganglia were carefully
transferred to fresh cell sheets if there was no sign of any cytopathic effect (CPE)
in the cell monolayer. This continued until all the ganglia obtained from positive
control (untreated) mice had shown signs of a CPE in the cell monolayers. The
longest period of culture of ganglia by this method was 73 days.

Isolation of infectious centers by disaggregation of ganglia. The methods for
isolation of infectious centers were adapted from those described previously (16,
19). Briefly, a quantity of rat tail collagen was prepared at 4 mg/ml in 0.02 N
acetic acid. This was used to coat six-well tissue culture plates. The coated plates
were exposed to ammonium hydroxide for 3 min before adding 3 ml of sterile,
distilled water to each well and leaving the plates in a fume hood overnight. The
plates were washed three times with a weak trypsin solution prior to use.

For this test groups of four mice per treatment (three mice from the infected,
untreated controls) were sampled on day 50 p.i., and the left trigeminal ganglia
were removed. Each ganglion was placed in a 50-ml conical tube containing 5 ml
of EMEM. The tubes were vortexed to wash the ganglia and were then spun at
2,500 3 g for 10 min in a refrigerated centrifuge. The supernatant was carefully
removed, and 3 ml of dissociation mixture (EMEM, sodium bicarbonate, 0.02 M
HEPES, 0.125% trypsin, 0.02% collagenase) was added to each ganglion. All
samples were incubated on a shaking platform at 37°C for 1 h before being spun
at 2,000 3 g for 10 min at 4°C. The pellets were resuspended in 3 ml of EMEM
containing 10% fetal calf serum (FCS) and 0.75% sodium bicarbonate. All the
ganglia dissociated into single-cell suspensions at this point. The resulting cell
suspensions were then placed neat and at a 1:10 dilution onto the collagen-
coated plates. For each sample from each mouse, three wells were inoculated
with the neat suspension and three were inoculated with the 1:10 dilution. All the
plates were placed at 37°C for overnight incubation. The following morning, all
the medium was carefully removed from each plate and then 106 BHK cells were
added to each well in 3 ml of EMEM containing 10% FCS. The cells were
allowed to settle for 5 h, and then the medium was removed and was replaced
with 3 ml of EMEM containing 5% FCS and 2% carboxymethyl cellulose per
well. The plates were then incubated at 37°C for a further period of 5 days. All
wells were checked daily for any signs of developing plaques. The numbers of
infectious centers (i.e., plaques) were enumerated from the wells containing the
neat suspension and the 1:10 dilution. The CPE was confirmed to be virus
specific by further passage in BHK-21 cells. The results for the various treatment
groups were then compared by means of the paired and unpaired two-tailed
Student’s t test.

Detection of LATs by in situ hybridization. Probes for the detection of LATs
were made by T7 polymerase transcription of HindIII-linearized pSLAT 2 with
a digoxigenin (DIG) detection system as previously described in detail (1). The
plasmid pSLAT 2 was a gift from Stacey Efstathiou. After transcription, the
reaction mixtures were ethanol precipitated and the product was resuspended in
100 ml of 10 mM Tris (pH 8)–1 mM dithiothreitol with RNase inhibitor.

Single ganglia were fixed in periodate-lysine-paraformaldehyde at room tem-
perature for 16 h, transferred to 50% ethanol, and then paraffin embedded.
Sections (thickness, 5 mm) were collected onto glutaraldehyde-activated, 3-ami-
nopropyl-triethoxysilane-coated slides and were dewaxed in xylene before use.

Sections were digested with 100 mg of proteinase K per ml at 37°C for 5 min
for cervical dorsal root ganglia and 6 min for trigeminal ganglia. Overnight
hybridization was carried out at 25°C below the theoretical melting temperature
(72°C). One to three microliters of DIG-labelled riboprobe was used in each 100
ml of hybridization solution. One stringent wash in 0.13 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)–30% formamide–10 mM Tris-HCl (pH 7.5)

was carried out at 10°C below the melting temperature (75°C) for 30 min. Bound
probe was detected with alkaline phosphatase-conjugated anti-DIG Fab frag-
ments according to the manufacturer’s instructions (Boehringer Mannheim).
Positive cells contained brown stain confined to the nucleus. The staining pattern
varied among individual neurons, and there was some block-to-block variation. A
characteristic nucleoplasmic signal was seen, although individual cells showed
various signal distributions and intensities. Cell nuclei which contained a level of
brown staining clearly above the background level were scored as positive. The
number of LAT-positive cells in each section was recorded. All sections from all
tissues were counted, and the mean number of positive neurons per group was
enumerated. For the photography, 10 representative sections from each ganglion
were examined. Five mice from each treatment group were tested. Every in situ
hybridization test with the LAT probe included RNase- and DNase-treated
sections to attempt to rule out any spurious staining artifacts.

RESULTS

Clinical signs. In the absence of antiviral therapy, all mice
developed erythematous ears and ear paralysis, and 90% of
these mice had ear lesions that were visible macroscopically.
Although treatment with neither FCV nor VACV affected the
production of erythema, FCV was markedly superior to VACV
in reducing the incidence of visible ear lesions (Table 1). Nei-
ther compound reduced the incidence of ear paralysis except
when VACV therapy commenced on day 1 or 2 p.i. and FCV
therapy commenced on day 1, 2, 3, or 4 p.i.

Mortality. The mortality rate among the infected, untreated
controls was 40%, with mice dying between days 7 and 10 p.i.
The mortality rate in the VACV-treated groups decreased in
relation to the time of onset of therapy (Table 1), and all mice
survived when treatment with VACV was commenced on day
2 p.i. or earlier. The mean time to death was similar for
VACV-treated mice and for those that died without antiviral
therapy. No mice in any of the groups treated with FCV died,
even when the onset of therapy was delayed to day 5 p.i.

Weight gain. VACV therapy had little effect on restoring
weight gain. In contrast, FCV therapy produced a rapid resto-
ration of weight gain to the uninfected control values within 1
day of commencement of therapy (Fig. 1A and B).

Inflammation of the ear. For both compounds there was a
graded relationship between the time of commencement of
therapy and the extent of inflammation, as judged by increased
ear thickness (Table 1). VACV therapy was less effective at
reducing the ear thickness increase except when therapy com-

TABLE 1. Clinical signs in mice treated for various times with
FCV or VACV

Drug and time
(days) p.i.
(n 5 20)

% of mice affected by the following clinical signs:

Red
ear

Ear
lesions

Ear
paralysis

Neurologic
signs Death Ear swelling

(AUC)a

None 100 90 100 35 40 28

VACV
5–10 100 70 80 10 10 30
4–10 100 70 80 5 5 31
3–10 100 40 90 5 5 31
2–10 100 50 80 0 0 25
1–10 100 0 30 0 0 21

FCV
5–10 100 40 80 0 0 23
4–10 100 30 40 0 0 20
3–10 100 0 25 0 0 17
2–10 90 0 10 0 0 12
1–10 90 0 0 0 0 4

a For each group, the curve described by time and mean group ear thickness
was plotted on graph paper. The area under the curve was then cut out and
weighed.
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menced on day 1 or 2 p.i. FCV was more effective and, in
addition, produced a favorable response even when the com-
mencement of therapy was delayed until day 3 p.i.

Virus growth in the ear on day 5 p.i. In infected, untreated
mice, titers of infectious virus (in the range of 3.5 3 104 to
4.1 3 104 PFU/ear) were detected in the samples on day 5 p.i.
A delay of treatment with VACV until 4 days p.i. or later had
no effect on the virus titer at day 5. However, when VACV
treatment was commenced on day 1, 2, or 3 p.i., the mean virus
titers measured on day 5 were reduced by 2.1, 1.2, and 1.1 log10
PFU/ear, respectively. When FCV treatment commenced on
day 1 p.i., the level of infectious virus on day 5 p.i. was below
the level of detection at ,0.5 log10 PFU/ear (representing a
reduction in titer of .4.0 log10 PFU/ear). For FCV treatments
starting on days 2, 3, and 4, the virus titers measured on day

5 were reduced by 2.8, 1.9, and 1.8 log10 PFU/ear, respec-
tively.

Virus growth in the brain stem on day 5 p.i. The titer of
infectious virus in the infected, untreated control samples at
day 5 p.i. was approximately 4 log10 PFU/brain stem. Treat-
ment with either FCV or VACV from day 1 p.i. reduced the
titer of infectious virus on day 5 p.i. to below the level of de-
tection. When treatment with FCV was delayed to day 2, 3, or
4, the reductions in virus titer on day 5 p.i. were 2.7, 1.4, and 1.6
log10 PFU, respectively. For VACV the log10 reductions in vi-
rus titers were slightly less at 2.4, 1.3, and 1.4 log10 PFU for
days 2, 3, and 4, respectively.

Virus growth in the trigeminal ganglia on day 5 p.i. The re-
ductions in virus titer observed in trigeminal ganglia were sim-
ilar to those described above for the brain stem samples. The
infected, untreated controls contained an average of 3.2 6 0.2
log10 PFU per ganglion.

Having ascertained that the acute infection had been estab-
lished, that this was comparable in terms of clinical signs and
the distribution of infectious virus with those found in previous
experiments, and that the therapy with each drug had been
effective in a dose-dependent manner, the surviving mice were
maintained for a period of approximately 8 weeks, by which
time all infectious virus would have been cleared from all tis-
sues. Groups of mice were then killed and the relevant ganglia
were analyzed for the presence of latent virus by means of a
variety of different methods.

Conventional explant culture. For conventional explant cul-
ture, explanted ganglia were incubated whole at 37°C for 5
days and were then homogenized and tested for the presence
of infectious virus. In the three control mice from the group
which had received no chemotherapy, all ganglia (trigeminal
and cervical) were positive for virus reactivation, both for the
ipsilateral and for the contralateral ganglia (Table 2). For mice
that had received VACV, all ipsilateral ganglia were positive,
irrespective of when therapy commenced. For the mice that

FIG. 1. Effect of antiviral therapy on the weight gain of HSV-1-infected mice.
The skin of the left ear pinna of all mice was inoculated with 105 PFU of HSV-1.
FCV or VACV was administered by oral gavage at 50 mg/kg/dose twice daily.
Antiviral therapy commenced on day 1, 2, 3, 4, or 5 p.i., with all treatments
terminating on day 10 p.i. Vertical bars represent standard deviations; error bars
have been omitted from those points where the error is very small. (A) FCV-
treated mice. (B) VACV-treated mice. E, uninoculated control; F, infected,
untreated control; v, days 1 to 10 p.i.; ‚, days 2 to 10 p.i.; µ, days 3 to 10 p.i.;
{1, days 4 to 10 p.i.; Q, days 5 to 10 p.i.

TABLE 2. Proportion of mice yielding positive reactivation
following conventional explant culture of ganglia after inoculation

of the ear pinna and treatment with FCV or VACV

Drug and time (days) p.i.
(n 5 3–5)

Proportion of mice positive for isolation
of infectious virus from ganglia

at 44 days p.i.a

Ipsilateral ganglia
(left)

Contralateral ganglia
(right)

TGb Dorsal rootc TG Dorsal rootc

None 3/3 3/3 3/3 3/3

VACV
5–10 5/5 5/5 3/5 5/5
4–10 5/5 5/5 5/5 5/5
3–10 5/5 5/5 5/5 5/5
2–10 5/5 5/5 0/5 0/5
1–10 5/5 5/5 0/5 0/5

FCV
5–10 5/5 5/5 5/5 0/5
4–10 5/5 5/5 0/5 0/5
3–10 5/5 5/5 0/5 0/5
2–10 0/5 0/5 0/5 0/5
1–10 0/5 0/5 0/5 0/5

a The proportion is indicated as number of mice positive for isolation of
infectious virus/total number of mice in the group.

b TG, trigeminal ganglia.
c CII, CIII, and CIV pooled.
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had commenced therapy with FCV from day 1 or day 2, both
trigeminal and cervical ganglia were negative by this test. For
the contralateral ganglia, chemotherapy with FCV from any
time point yielded negative dorsal root ganglia; however, the
contralateral trigeminal ganglia from mice in which FCV ther-
apy was delayed until day 5 were positive for all five mice
tested. For mice receiving VACV therapy the pattern of la-
tency in the contralateral ganglia was less clear-cut. Contralat-
eral ganglia were positive for all groups in which treatment was
delayed until day 3 p.i. or later, with the exception of the
contralateral trigeminal ganglia from mice treated with VACV
from day 5, of which only three of five mice yielded positive
results.

Long-term culture. For long-term culture, explanted ganglia
were maintained in culture for many weeks and were finally
homogenized and tested for the presence of infectious virus.
In addition to the groups that yielded positive ganglia by the
conventional test, all ipsilateral ganglia scored positive when
tested by long-term culture. In some cases, however, evidence
of infectious virus was not detected in the contralateral ganglia
(Table 3).

Disaggregation of ganglia. The mean number of infectious
centers obtained for the untreated controls was 82 per ipsilat-
eral trigeminal ganglion (Table 4). Mice treated with both anti-
viral compounds gave similar results when treatment was de-
layed to day 5 p.i. However, all other treatment groups showed
significant reductions in the numbers of infectious centers.
These results confirmed a greater quantitative reduction in
latently infected cells in ganglia from mice treated with FCV
compared with the reduction for mice treated with VACV.
There were highly significant differences (P , 0.001) between
FCV-treated and VACV-treated animals when treatment started
on day 2 p.i. or day 5 p.i. for experiment 1 and day 1 p.i. or day
2 p.i. for experiment 2 (Table 4). No samples from either of the
two early treatment groups (FCV or VACV from days 1 to 10
p.i.) were available for testing.

The experiment was repeated on a smaller scale with a view
to confirming the quantitative results obtained by disaggrega-
tion and staining for LAT by in situ hybridization (see below).
This also enabled the missing data points for disaggregated
ganglia (therapy from days 1 to 10) to be addressed.

In the second experiment, 80 mice were inoculated and
treatment by oral gavage as described above was initiated from
days 1 and 2 p.i. only. The clinical signs and mortality were
closely similar to those recorded in the first experiment (data
not shown). Ten mice from each experimental group were
killed during the period from 7.5 to 8 weeks p.i., and trigeminal
and cervical ganglia from five mice were disaggregated and five
were tested by in situ hybridization (see below). The mean
number of infectious centers obtained from control mice and
mice treated from days 2 to 10 was closely similar to those
observed in experiment 1. Neither VACV nor FCV completely
eradicated the latent infection by this test.

Detection of latently infected neurons by means of in situ
hybridization. Mice were killed 6 to 7 weeks after inoculation,
their ganglia were explanted and fixed, and sections were an-
alyzed by means of a DIG-labelled riboprobe. In the ganglionic
sections obtained from survivors of the infection without treat-
ment, numerous neurons stained positive for major LAT
(Fig. 2A). The stain was confined to the nucleus and had a
punctate distribution characteristic of this probe (1). The
DNase-treated, latently infected sections gave results similar
to those given by the infected, untreated control sections.
All RNase-treated, latently infected sections were negative
(data not shown). Sections of ganglia from uninfected mice
processed identically were completely negative for major

LAT staining (Fig. 2B), and a sense riboprobe also gave no
positive neurons, although this probe did show positively stain-
ing neurons when it was applied to acutely infected ganglionic
sections obtained at 5 days p.i. (data not shown). For each
experimental group analyzed by in situ hybridization, a DIG-
labelled probe specific for ICPO (an immediate-early gene)
was applied to the sections to provide an internal control for
nonspecific hybridization or staining artifacts. The number of
positively staining neurons/section (6 standard error) was
124 6 2.09 for the left trigeminal ganglion and 58 6 2.87 for
the left CIII (Table 5).

The ganglia from mice treated with VACV starting from 4
days p.i. or earlier showed reduced numbers of LAT-positive
neurons (Table 5). For FCV there was a reduction in all treat-
ment groups. A second experiment was carried out as de-
scribed above to cover the treatment time from day 1 to day
10 p.i. These results were consistent with those of experiment
1 and confirmed the results obtained by disaggregation that
even when treatment was initiated on day 1 p.i., a small num-
ber of positively staining neurons remained in all sections (Ta-

TABLE 3. Mice yielding reactivated HSV-1 from long-term
cultures of trigeminal ganglia after inoculation of the ear

pinna and treatment with FCV or VACV

Ganglion type, drug,
and time (days) p.i.

(n 5 5)

Proportion of mice with reactivated HSV-1
from long-term cultures of trigeminal

ganglia after the following
no. of passagesa:

3 14 Homogenates

Ipsilateral ganglia
None 3/5 5/5 NA

VACV
5–10 2/5 3/5 5/5
4–10 2/5 2/5 5/5
3–10 3/5 3/5 5/5
2–10 2/5 5/5 NA
1–10 2/5 4/5 5/5

FCV
5–10 1/5 5/5 NA
4–10 2/5 2/5 5/5
3–10 1/5 4/5 5/5
2–10 3/5 3/5 5/5
1–10 2/5 2/5 5/5

Contralateral ganglia
None 3/5 3/5 5/5

VACV
5–10 1/5 4/5 5/5
4–10 2/5 2/5 5/5
3–10 2/5 2/5 5/5
2–10 2/5 3/5 5/5
1–10 3/5 4/5 5/5

FCV
5–10 1/5 3/5 5/5
4–10 2/5 2/5 3/5
3–10 0/5 1/5 1/5
2–10 3/5 3/5 3/5
1–10 2/5 2/5 2/5

a The supernatants of intact trigeminal ganglia cultures were assayed for HSV
after 3 and 14 passages. After the last culture, the ganglia were homogenized and
another culture was performed. NA, not applicable. Proportion indicates number
of mice with reactivated HSV-1/total number of mice.
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ble 5 and Table 6; Fig. 2C and D). Sections from ganglia
treated with FCV from day 1 p.i. contained approximately 30%
positive neurons compared with the number present in gan-
glion sections from infected, untreated control mice.

The results confirmed that of the methods used the in situ
method was the most sensitive marker for latency. Further-
more, the relative reduction in latently infected cells in mice
treated with FCV compared with the level in mice treated with
VACV was also confirmed. In the second experiment, a
smaller number of latently infected foci was detected in the
trigeminal ganglia by means of LAT (approximately 26 cells/
section) in mice that had been treated from day 1 p.i. with
FCV. In mice that had received VACV from day 1 there was
also a reduction in the number of cells staining positive (ap-
proximately 75 compared to 108 cells/section); however, when
the start of treatment was delayed to day 2 p.i., FCV-treated
animals gave an average of 32 cells/section, while VACV-
treated animals gave 106 cells/section.

DISCUSSION

We have reported previously that mice treated from early
times after infection with HSV-1 (24) or HSV-2 (25) with equal
doses of oral FCV or VACV showed differences in the appar-
ent incidence of latency when the explanted ganglia were an-
alyzed for the presence of latent infections by a simple explant
test. By the test, FCV appeared to be markedly superior to
VACV in preventing the establishment of latency; moreover,
when the commencement of treatment was delayed to up to 4
days after virus inoculation, a reduced incidence of latent in-
fections was detected. In mice infected with moderate doses of
HSV-1, latency has been shown to be established before 24 to
48 h after inoculation (10, 17, 18, 21). However, in line with
many earlier studies, for example, in which alternative com-
pounds, e.g., ACV (3, 9, 18, 20), brivudine, (10) or ganciclovir
(14), were used, neither FCV nor VACV appeared to affect
the incidence of latency once it has been established. Thus,

treatment for 2 weeks during a 2- to 3-month period after virus
inoculation had no effect on the incidence of latency (24).

In view of the apparent difference between FCV and VACV
regarding the prevention of latent infections in the murine
model, a large experiment was carried out in order to compare
the incidence of latency by a variety of different methods to
detect the presence of virus. Long-term cultures were at-
tempted to improve the sensitivity of detection, and ganglia
were disaggregated in order to obtain more quantitative data
on the number of latently infected foci established in the gan-
glia. The method chosen for administration of the drugs was
oral gavage, which allowed a precise daily administration of the
antiviral compounds. This was considered necessary for an
accurate comparison between the two different compounds to
address concern that the difference between FCV and VACV
was due to different levels of drug intake. However, we have
observed over a number of previous experiments that admin-
istration per os is a significantly less effective method of treat-
ment than free administration in the drinking water, although
the quantities of drug consumed over the 24-h period were
approximately the same. This may explain why the apparent
protection from latency in ganglia obtained in the present
experiment was less than that reported previously in mice to
which drugs had been administered in drinking water (24).

Notwithstanding, the results of the more sensitive tests for
latency showed, beyond a doubt, that more ganglia contain
latent infections than are shown by the simple tests used in our
previous investigation (24, 25). Long-term cultures for up to 73
days demonstrated that all ganglia (both ipsilateral and con-
tralateral) from VACV-treated mice were positive for latent
HSV, including mice treated from day 1. It was noted, how-
ever, that some virus reactivation cultures remained negative
throughout a series of up to 14 passages and became positive
only when the ganglion tissue fragment was finally homoge-
nized. It is unlikely that any neurons in the culture remained
viable for more than 1 to 2 days; therefore, the implication of
these findings is that, assuming that the original latent infection
in the ganglion is confined to the neurons, the virus must have
passed to other cell types in the culture within the first few days
of incubation. Generally, the results of ganglion explant culti-
vation methods for the assessment of latency are consistent
with those of preliminary studies on ganglionic tissue sections
by in situ hybridization for the detection of LAT RNA.

Another important finding from this study is that trigeminal
ganglia from mice that had received either FCV or VACV
from the earliest time at which treatment was commenced (day
1 p.i.) contained LAT-positive cells. In more recent experi-
ments we have found that, using drinking water therapy (which
is more efficacious), and starting therapy before virus inocula-
tion, a small number of LAT-positive cells remain detectable
(25a).

Despite the increased detection of latent infection by the
more sensitive techniques, the distinction between FCV and
VACV remained, and in particular, there appeared to be sig-
nificantly fewer infected foci in the mice that received FCV.
Furthermore, when mice were treated with FCV from 4 days
p.i. or earlier, some contralateral ganglia were assessed as
negative for latency by all four methods. There are several
possible explanations for the different effects of the two com-
pounds. First, although the administration of equal doses of
FCV or VACV yielded similar concentration-time curves for
the active metabolites (PCV and ACV, respectively [11]), it is
not known whether the two compounds are distributed to the
neural compartments in mice with equal efficiencies. It was
notable that FCV completely prevented mortality, even when
the start of therapy was delayed until day 5 p.i. This could

TABLE 4. Number of infectious centers obtained from individual
latently infected ipsilateral trigeminal ganglia following

disaggregation and plating of single cells

Drug and time (days) p.i.
(n 5 3–5)

No. of infectious centers from TGa

Expt 1 Expt 2

None 82 6 5.3 76 6 3.6

VACV
5–10 81 6 5.0b ND
4–10 30 6 2.5c ND
3–10 42 6 2.9c ND
2–10 45 6 2.1b,c 43.2 6 1.7b,c

1–10 ND 30.1 6 1.3b,c

FCV
5–10 61 6 4.2d ND
4–10 33 6 2.8c ND
3–10 30 6 5.5c ND
2–10 3.8 6 1.1c 4.2 6 0.4c

1–10 ND 1.6 6 0.6c

a Values are means 6 standard errors for three, four, or five mice per group
tested independently. The results were obtained by using a two-tailed Student’s
t test (unpaired for experiment 1 and paired for experiment 2). All samples were
compared with the relevant control. ND, not done.

b P value of ,0.001 when VACV-treated mice were compared with mice
treated with equivalent dose of FCV.

c P , 0.001.
d P , 0.05.
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simply reflect higher neural compartment concentrations of
PCV compared with those of ACV. Second, although the two
compounds have broadly similar potencies against HSV in
tissue culture (4, 6), their mechanisms of action have been
shown to differ markedly at the enzyme level (26). Thus, the
relative affinities of ACV and PCV for the HSV-coded thymi-
dine kinase and ACV and PCV triphosphates for HSV-coded
DNA polymerase differ by up to 2 orders of magnitude (re-
viewed by Field [8]). Third, we have observed repeatedly that
recurrence of infectious virus occurs in the central and periph-
eral nervous system following the cessation of VACV therapy
in mice (12, 24, 25) and that the virus titers during recurrence

are frequently of a magnitude similar to the peak titers ob-
tained during the acute phase of the infection without treat-
ment. This (brief) period of active virus replication could allow
the colonization of further neurons or enable spread of the
virus to contralateral ganglia. No such recurrence has been
detected on cessation of FCV treatment.

There exist further important differences between the com-
pounds; these include the fact that ACV is an obligate chain
terminator, whereas PCV is not (7), and the observation that
the intracellular half-life of PCV triphosphate (approximately
10 h) is significantly greater than that of ACV triphosphate,
which has been shown to be approximately 0.7 h (7, 27). This
difference in the stability of the metabolic products of the two
compounds in infected cells appears to correlate with a more
sustained antiviral effect in both tissue culture (2) and animal
infections (5, 23). These are also factors that may help to
explain the differences between the compounds apparent from
the present murine model.

Although the data are not shown in the present report,
antiviral therapy starting at day 3 or later had very little effect
on the virus titers in the ear pinna (i.e., the local infection site);
therefore, we believe that the effects of the inhibitors on the
establishment of latency must operate within the nervous sys-
tem itself and are not simply reflecting a reduction in axonal
supply of virus from the periphery during therapy.

It is noteworthy that the studies described in this paper were
carried out with equal doses and identical dosing regimens for
the two compounds being tested. We have not carried out
experiments to optimize the dosing schedules for either com-
pound; however, our previous tests showed toxicity, manifested
by marked weight loss, when VACV was given per os at 150 or
200 mg/kg twice daily or administered in the drinking water at
5 mg/ml. Although we accept that effects on the establishment
of latency similar to those shown here for FCV may be
achieved by using increased doses or more frequent adminis-
tration of doses of VACV, to date, we have obtained no data
to support this possibility.

Further work is required to establish which, if any, of the
factors described above are the most important. Only when
these have been properly elucidated will it be possible to de-
termine whether or not the present findings concerning the
superior effects of FCV in comparison with the effects of
VACV may be extrapolated to humans and whether the ap-
parent advantage of one drug over the other is simply correct-
able by the administration of higher doses of VACV. Alterna-
tively, the results may remain an interesting phenomenon but
one that is unique to the murine infection model.

Finally, it remains to be determined whether the quantita-
tive reduction in latent foci reported in the present study is
associated with a reduced ability to reactivate the infection in
vivo following appropriate stimuli and whether the apparently
reduced burden of latently infected neurons would improve
the prognosis for humans with primary herpes simplex treated
early after exposure to the infection.
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