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Recent studies utilizing an ex vivo mouse model of herpes simplex virus (HSV) reactivation have led to the
hypothesis that, under physiologic conditions inducing viral reactivation, the immune cells within the infected
ganglion block the viral replication cycle and maintain the viral genome in a latent state. One prediction from
the ex vivo study is that reactivation in ganglia in vivo would be inhibited at early times postinoculation, when
the numbers of inflammatory cells in the ganglia are greatest. To distinguish between an effect of the immune
infiltrates on (i) infectious virus produced and/or recovered in the ganglion and (ii) the number of neurons
undergoing lytic transcriptional activity (reactivating), an assay to quantify the number of neurons expressing
lytic viral protein in ganglia in vivo was developed. Infectious virus and HSV protein-positive neurons were
quantified from days 9 through 240 postinoculation in latently infected trigeminal ganglia before and at 22 h
after hyperthermic-stress-induced reactivation. Significant increases in the amount of virus and the number of
positive neurons were detected poststress in ganglia at all times examined. Unexpectedly, the greatest levels of
reactivation occurred at the times examined most proximal to inoculation. Acyclovir was utilized to stop
residual acute-phase virus production, and this treatment did not reduce the level of reactivation on day 14.
Thus, the virus measured after induction was a product of reactivation. These data indicate that, in contrast
to observations in the ex vivo model, immune cells in the ganglia during the resolution of acute infection do not
inhibit reactivation of the virus in ganglia in vivo.

Herpes simplex virus (HSV) invades the host nervous system
during infection at the body surface (7, 38, 40, 44; for a review,
see reference 8). In the nervous system, the virus proceeds
through the lytic replicative cycle in some neurons, whereas in
others lytic-phase transcription is either not initiated or
aborted and the viral genome enters a transcriptionally re-
pressed or latent state (see reference 31 for a recent review).
These latently infected neurons serve as a lifelong reservoir of
viral genetic information within the host. Periodically, in re-
sponse to stressful stimuli, there is reentry into lytic-phase
transcription and infectious virus is produced. This virus is
amplified and shed at the surface, either asymptomatically or
in association with lesions.

In animal models and in humans, HSV reactivation occurs
despite an activated competent immune response. Although
several potential strategies for immunoevasion by HSV have
been identified (discussed in references 1, 19, and 24), which,
if any, of these strategies are important for recurrent disease
and transmission remains unclear. There is evidence in animal
models that augmenting the immune response by specific im-
munotherapeutic strategies can reduce peripheral disease as-
sociated with reactivation (13, 14, 28, 30, 47, 48). Theoretically,
immunotherapeutic strategies could function to block or re-
duce reactivation at several stages, including (i) prior to sig-
nificant viral protein expression in the neuron stimulated to
reactivate, (ii) after the onset of lytic viral transcriptional ac-

tivity but prior to the release of infectious virus, or (iii) after
virus was produced in the ganglion but before the onset of
significant replication at the surface. Studies to date have fo-
cused exclusively on the end stages of reactivation, i.e., viral
replication or lesions at the body surface, and thus the stage at
which the heightened immune response exerts an effect on the
disease process is not clear. Recently, evidence that CD8� T
cells resident in ganglia at 14 days postinoculation can block
HSV reactivation from latency in an ex vivo model was re-
ported (21) and, further, it has been reported that this effect
was at least in part due to gamma interferon (20). It was also
shown that the ability of the immune cells in the ganglia to
block ex vivo reactivation waned as the time postinfection (p.i.)
increased (21). Combined, these studies suggest that immune
augmentation strategies may be exploited to block or reduce
HSV reactivation early in the process, i.e., in the ganglion.

A first step toward addressing this issue was to determine
whether, as suggested by the ex vivo studies of Hendricks and
coworkers (20, 21), reactivation is indeed decreased at early
times p.i. in vivo. In the present study, the efficiency of HSV
reactivation from days 9 through 240 p.i. was determined.
Reactivation was quantified in three ways: (i) the number of
ganglion undergoing reactivation, (ii) the amount of virus re-
covered per reactivating ganglion, and (iii) the number of
neurons undergoing reactivation per reactivating ganglion. In
order to quantify the number of neurons reactivating, a whole-
tissue immunohistochemical (IHC) approach for the analysis
of viral protein expression during latency and after a reactiva-
tion stimulus was developed and validated. This assay, com-
bined with a quantitative analysis for the amount of infectious
virus in the ganglia at the time of peak virus production postin-
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duction, clearly demonstrated that reactivation in vivo is not
impaired at times of maximum immune cell infiltrate.

MATERIALS AND METHODS

Viral strains and stock production. Virus stocks of laboratory strain 17syn�
were generated by routine propagation on rabbit skin cell monolayers (RSC)
(38). Infected cells were harvested and sonicated, and the titer of each stock was
determined by serial-dilution plaque assay on RSC monolayers. The wild-type
HSV type 1 strain 17syn� was originally obtained from John H. Subak-Sharpe at
the Medical Research Council Virology Unit in Glasgow, Scotland.

Inoculation of mice. All procedures involving animals were approved by the
Children’s Hospital Institutional Animal Care and Use Committee and were in
compliance with the Guide for the Care and Use of Laboratory Animals. Animals
were housed in American Association for Laboratory Animal Care-approved
quarters. Male, outbred, Swiss-Webster mice (Harlan Laboratories), 4 to 5 weeks
of age, were used throughout these studies. Prior to inoculation, mice were
anesthetized by intraperitoneal injection of sodium pentobarbital (Nembutal [50
mg/kg of body weight]). A 10-�l drop containing 105 PFU was placed onto each
scarified corneal surface. In our laboratory, this inoculum titer results in �80%
survival of mice with 100% of ganglia latently infected.

ACV treatment. Acyclovir (ACV; Glaxo-Wellcome) was dissolved in 0.15 M
sterile saline at 5 mg/ml just before use. Doses of 50 mg/kg of body weight were
administered by intraperitoneal injection to mice at 8-h intervals as indicated in
Results.

Replication in vivo. In order to confirm the efficiency of inoculation and
progression of acute infection, three mice from each inoculation group were
sacrificed on days 2, 4, 6, 8, and 10 p.i. Eyes and trigeminal ganglia (TG) were
removed and assayed for infectious virus titer by serial dilution on RSC mono-
layers.

In vivo reactivation. HSV was induced to reactivate in the ganglia of mice in
vivo by using hyperthermic stress (HS). This procedure has been described in
detail previously (38). In brief, mice were placed into restrainers, suspended in a
43°C water bath for 10 min, and subsequently towel dried and placed in a 37°C
incubator to prevent hypothermia. At the indicated times posttreatment, mice
were euthanized, and the TG were removed and homogenized individually on ice
in minimal essential medium containing 5% newborn calf serum. After centrif-
ugation to pellet cellular debris, the entire homogenate (�1.5 ml) from each
ganglion was placed onto a 60-mm RSC monolayer and absorbed for 2 h with
gentle rocking at 37°C in a 5% CO2 incubator. Plates were then rinsed with
medium and overlaid with medium containing 1% carboxymethyl cellulose.
Plaques appeared within 24 to 48 h postplating. For quantification of plaques, the
carboxymethyl cellulose overlay was removed from the plates, which were then
rinsed in phosphate-buffered saline (PBS) and stained with crystal violet. Plaques
were counted under a dissecting microscope.

Antibodies and WGIHC. Immunohistochemistry (IHC) on whole-ganglia IHC
(WGIHC) was carried out with modifications of a procedure previously reported
by Luque et al. (25).

Tissue collection. Perfusion fixation and drop fixing work equally well with this
procedure. In most studies reported here, one ganglion from a mouse was used
for the detection of infectious virus, and the other was used for the detection of
viral protein; therefore, drop fixation was performed. Mice were euthanized, and
the TG were rapidly removed and placed in the appropriate solution.

Fixation. Ganglia were fixed for 2 h in 0.5% paraformaldehyde, rinsed in PBS
twice for 15 min, and then postfixed overnight in methanol containing 20%
dimethyl sulfoxide (DMSO). All of the fixation, rinsing, and incubation steps
were performed with continuous gentle mixing by placing the tubes containing
tissue on a Nutator (Adams).

Treatment for endogenous peroxidase activity. Ganglia were incubated for 1 h
in a solution of methanol containing 20% DMSO and 10% H2O2. After two
15-min rinses in 100% methanol, ganglia were stored overnight in methanol at
�70°C. Ganglia are allowed to equilibrate at room temperature for 15 min,
rinsed twice in PBS, and incubated for 2 h at 37°C in PBS containing 3.6 mg of
�-D(�)glucose (Sigma)/ml, 100 �g of glucose oxidase (Sigma)/ml, and 130 �g of
sodium azide (Mallinckrodt)/ml.

Incubation with primary antibody. Ganglia were rinsed twice in PBS and
incubated overnight at 37°C in the primary antibody, rabbit anti-HSV type 1/2
(Accurate) diluted 1:3,000 in PBS containing 2% bovine serum albumin, 5%
DMSO, and 5% normal horse serum.

Incubation with HRP conjugate. After a rinse for 5 h, which included five
changes of PBS, ganglia were incubated overnight at room temperature in a
1:500 dilution of anti-rabbit horseradish peroxidase (HRP) conjugate (Vector)
diluted in PBS containing 2% bovine serum albumin, 5% DMSO, and 5%

normal horse serum. The tissue samples were again rinsed in PBS, with five
changes over a period of 5 h, followed by a final rinse in 0.05 M Tris-Cl (pH 8.2).

Color development. Ganglia were then incubated in a solution containing 250
�g of diaminobenzidine (Aldrich)/ml and 0.004% H2O2 in 0.1 M Tris (pH 8.2).
The reaction was carefully monitored by visualizing color development and
stopped by rinsing in distilled H2O. Rinsed ganglia were either cleared in glycerol
and mounted between two glass slides or processed for routine IHC as described
below.

Note. Care must be taken to avoid including any pieces of lacrimal gland with
the ganglia. This gland contains dark brown structures that could easily appear
to be positively stained neurons if included with the TG, as shown in Fig. 8C.

IHC on sectioned ganglia. Ganglia were dehydrated, paraffin embedded, and
sectioned according to routine procedures. Blocks were serially sectioned, and a
ribbon of three to four consecutive sections was placed on each slide. For analysis
of ganglia on day 4 p.i., every other slide (for a total of 15 slides) was examined.
For analysis during reactivation, all slides were examined. Deparaffinized sec-
tions were incubated for 45 min in anti-HSV-1 antibody (Accurate), biotinylated
goat anti-rabbit antibody diluted 1:200 (Vector), and avidin-alkaline phosphatase
conjugate (Vector). Antigen-antibody complexes were visualized by using Fast
Red chromogen as previously described (17). A rabbit antibody directed against
neurofilament 200 (Sigma) was used at a dilution of 1:300, followed by an
anti-rabbit-HRP conjugate (Vector) diluted 1:500. The chromagenic substrate
VIP (Vector) was used according to the manufacturer’s directions to visualize
the deposition of anti-neurofilament-HRP complexes.

Cresyl violet staining. Deparaffinized and rehydrated sectioned ganglia were
incubated for 5 min in a solution of 10% acetic acid containing 0.5% cresyl violet
(Sigma). Sections were then rinsed in distilled H2O, dehydrated, cleared in
xylene, and mounted with Permount (Fisher Scientific). Whole ganglia and
sectioned tissue were viewed and photographed under an Olympus BX40 mi-
croscope with a digital DP-10 camera.

RESULTS

The purpose of the present study was to test the hypothesis
that immune cells infiltrating the TG during the acute stage of
ocular HSV infection block reactivation in the ganglion in vivo.
The infiltrating cells increase in number in the infected gan-
glion until 12 to 21 days p.i. and then decrease but remain in
low numbers in the ganglion during latency (22, 43). Infiltrat-
ing immune cells harvested from infected ganglia on day 14 p.i.
have been shown to block reactivation in an ex vivo model (21).
If these infiltrating cells have a similar effect in the intact
ganglia in vivo, then reactivation should be reduced when the
number of infiltrating immune cells is greatest. Traditionally,
reactivation has been measured as a “yes” or “no” event based
on the detection of infectious virus in the latently infected
ganglion or at the body surface. Because studies in the ex vivo
model indicated that not only did the infiltrate reduce reacti-
vation (virus production) but it also reduced the number of
neurons that expressed lytic viral genes, an assay to detect and
quantify the number of neurons in the ganglia expressing lytic
viral protein was developed. With this assay, the stage at which
the infiltrating cells blocked reactivation could be determined.

Infectious virus in ganglia pre-HS and 22 h post-HS from 9
to 240 days p.i. Mice were inoculated with strain 17syn� on
bilateral corneal surfaces with 105 PFU per eye. On days 9, 17,
31, 60, 90, 120, and 240 days p.i., groups of infected animals
were either untreated or induced to reactivate by HS (38).
After 22 h, both treated and untreated mice were sacrificed
and the TG were removed. One ganglion from each mouse was
harvested for analysis of infectious virus, and the other gan-
glion was processed for the detection of lytic viral proteins as
described below and in Materials and Methods.

Figure 1A shows the percentage of ganglia positive for in-
fectious virus before and after HS induction. HS has been
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shown to induce reactivation (as determined by the production
of infectious virus) in the latently infected ganglia (34–39). The
timing of peak virus production has been shown to be 22 to
24 h posttreatment (35, 38). Consistent with these previous
reports, a significant increase in the percentage of latently
infected ganglia containing infectious virus was observed at
22 h post-HS, from ca. 0 to 2% to �60% (P range, �0.0001 to
0.002 [Fisher exact test]). However, at times earlier than 30
days p.i., much greater numbers of ganglia (67% [day 9] and
27% [day 17]) contained one or more PFU prior to induction.
The increases in the numbers of ganglia positive for virus after
induction on days 9 and 17 p.i. were significant (P � 0.0421 and

0.0268, Fisher exact test). This two- to threefold increase was
less than the �20-fold increase observed after 30 days p.i. (Fig.
1A) but reflects only the presence or absence of virus. Evalu-
ating the amount of virus in the ganglia would provide a more
complete picture of the changes in lytic activity occurring post-
HS. Therefore, the infectious virus titers in the ganglion pre-
and postinduction were determined.

Figure 1B is a scattergram of the PFU recovered from each
ganglion examined at the time points indicated pre- and post-
HS. The total number of ganglia examined at each time point,
the number of ganglia negative, and the range and mean of the
PFU in the ganglia are presented in a table beneath the scat-
tergram. This analysis revealed that a large increase in infec-
tious virus within the ganglia occurred during the 22 h after
induction. At times �30 days p.i., the average PFU/ganglion
increased from 0.02 to 13.5 (P range, 0.001 to 0.009 [Student t
test, two-tailed]). This burst of infectious virus production in
the ganglion was not inhibited at early times p.i., since virus
recovered on day 9 p.i. increased from 4.7 to 148.1 PFU by 22 h
postinduction and increased from 0.5 to 36.2 PFU on day
17 p.i.

These data demonstrated that HS results in an increase in
the infectious virus titer in the TG on days 9 and 17 p.i. This
could be due to an increase in the number of neurons produc-
ing virus (e.g., reactivation) or an increase in the amount of
virus produced by lytically infected cells. Two approaches were
utilized to address this question. First, mice inoculated with
17syn� as described above were treated with ACV from days
6 though 12 p.i. to stop residual lytic viral replication. On day
14, half of these ACV-treated animals were examined without
further treatment, and the other half were induced to reacti-
vate by using HS. At 22 h post-HS, both groups were sacrificed,
and the TG were removed to determine the infectious virus
titers in the individual ganglia. As anticipated, ACV treatment
reduced lytic virus to undetectable levels (Fig. 2). At 22 h
post-HS, however, there was detectable infectious virus in 72%
of the ganglia, with a mean viral titer of 38.2 PFU (range, 0 to
200 PFU) (Fig. 2). These data provide support for the conclu-
sion that the increase in virus is a result of reactivation.

In order to further examine this issue, a second approach
was developed to directly examine and quantify the number of
viral-protein-expressing cells in the ganglia. To date, there has
been no comprehensive quantitative evaluation of the number
and type of cells producing the virus and/or viral protein ex-
pression over time after inoculation before and after reactiva-
tion induction in vivo. This is largely due to the fact that viral
protein expression is exceedingly rare during latency and re-
activation in vivo. In order to overcome the challenges of this
classic “needle in the haystack” situation, an assay was devel-
oped that is described below.

Quantitative cell-based “reactivation” assay by WGIHC. A
whole-mount labeling system seemed ideally suited to examine
and quantify in vivo reactivation of HSV. This type of ap-
proach yields an immediate, three-dimensional view of all
stained components within the tissue, thereby facilitating the
identification and, importantly, the quantification of rare, pos-
itively stained cells. Detection of HSV protein during acute
infection in whole intestine (9, 10) and cornea (42) has been
reported, as have IHC analyses of brain slices, for example (4).
These protocols were not suited for quantitative assays of adult

FIG. 1. Infectious virus in the TG from 9 to 240 days p.i. pre-HS
and 22 h post-HS induction. (A) Bar graph of the percentage of ganglia
that were found to be positive for virus. (B) Scattergram of the PFU
per ganglion detected. Each symbol represents the PFU in an individ-
ual ganglion. Aligned under each scattergram column is the total
number of TG in that group, the number of TG at 0 (negative), the
range of positive values, the mean of the total TG analyzed, and the
mean of the positive (�ve) TG values. The P value (panel A, Fisher
exact test; panel B, Student t test [two-tailed]) of the pre- and post-HS
values appears at the top of columns for each time point examined.
The total number of TG in each group is shown below the scattergram.
The P value (A, Fisher exact test; B, Student t test [two-tailed]) of the
pre- and post-HS values appears at the top of columns for each time
point examined.
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mouse whole ganglia since penetration of the reagents after
these fixation regimens were limited in adult TG (unpublished
observation). To our knowledge, there are no previous reports
of whole-mount immunolabeling of adult mouse ganglia; how-
ever, a procedure specifically adapted for the detection of
proteins in the developing mammalian nervous system has
been reported (25). This protocol, with the addition of a glu-
cose oxidase blocking procedure (1), worked well for the de-
tection of HSV proteins during acute infection in adult mouse
ganglia (Fig. 3).

Assay evaluation: reagent penetration. If reagents did not
penetrate through the entire tissue, underestimation of the
actual number of viral-protein-expressing neurons would oc-
cur. To determine the efficiency of reagent penetration, in-
fected ganglia were first stained by using whole-ganglion IHC.
These ganglia were subsequently dehydrated, paraffin embed-
ded, sectioned, and restained by using a chromagenic substrate
distinguishable from that used for the whole-ganglion staining.
Two experiments were performed. First, ganglia harvested on
day 4 of the acute infection were stained for HSV protein by
using whole-ganglion IHC. This time point was chosen because
the large number of neurons expressing viral proteins in the
ganglion at this time point would be predicted to increase the
chance of detecting “missed” positives during the restaining
process. In the second experiment, ganglia harvested from
latently infected mice at 22 h post-HS were utilized. The dep-
osition of a single chromagenic substrate, either Fast Red or
diaminobenzidine (brown), could be distinguished from the
combined deposition of the substrate products. Thus, HSV
protein-containing cells within the tissue not exposed to the
IHC reagents during the whole-ganglion staining would be
evident as exclusively Fast Red positive after the sectioning
and restaining step. The entire thickness of the ganglion tissue
blocks was sectioned. The numbers of slides stained in each
experiment are given in Materials and Methods. Of the 378
immunolabeled cells examined in day 4 acutely infected gan-
glia, 376 (99.5%) contained both brown and red precipitate,

indicating that the IHC reagents efficiently penetrated the gan-
glia. In the second experiment, latently infected ganglia at 22 h
post-HS were examined as described above. All of the neurons
(i.e., nine of nine) detected in the eight ganglia by IHC of
sectioned ganglia were detected during the WGIHC analysis,
again confirming that the reagents efficiently penetrated the
ganglia. Subsequent staining of the sectioned tissue with an
antibody to neurofilament demonstrated that the antigens
were not destroyed during the processing. A representative
section of latently infected TG harvested at 22 h post-HS and
first stained by WGIHG for HSV proteins, followed by restain-
ing after routine embedding and sectioning, is shown in Fig. 4.

To further confirm that the whole-ganglion staining would
yield valid quantitative data, the number of neurons expressing
viral proteins at 22 h post-HS was determined by using IHC on
serially sectioned TG and compared to the number detected by
using WGIHC. Ten mice latently infected with 17syn� were
induced to reactivate by using HS (38). At 22 h post-HS, the
TG from 10 mice were harvested. One ganglion from each
animal was fixed for WGIHC; the second ganglion was fixed in
4% paraformaldehyde, paraffin embedded, and serially sec-
tioned; and all sections were stained for HSV proteins as
described previously (38). Note that each group contained
equal numbers of right and left ganglia. Examples of viral-
protein-expressing neurons from sectioned and whole ganglia
are shown in Fig. 5A and B, respectively. Immunostaining was
observed exclusively in neurons in both the sectioned and the
whole ganglia, a finding consistent with the hypothesis that
reactivation is restricted to neurons. In whole ganglia, 70% (7
of 10) of the ganglia contained 1 or more HSV protein-positive
neurons, ranging from 1 to 5, with an average of 2.3 neurons/
positive ganglion. A total of 12 HSV protein-positive neurons
were detected in the sectioned ganglia, a finding somewhat less
than the total number of 16 observed in the whole ganglia. The
fact that fewer neurons were observed in the sectioned ganglia
is consistent with the inevitable loss of some tissue during
sectioning, although there was no significant difference be-
tween these groups. What was significantly different between
the two methods was the amount of labor required to obtain
the data; serial sectioning followed by IHC required �10-fold
more time than did WGIHC.

Quantification of viral-protein-expressing cells in ganglia
from days 9 to 240 p.i. The second of each ganglion pair
harvested on days 9, 17, 31, 60, 90, 120, and 240 as described
above was processed for WGIHC, and a polyclonal antiserum
directed against lytic viral proteins was used to detect viral-
protein-expressing cells. The number of viral-protein-positive
cells in each ganglion was determined. Since a study examining
a large number of ganglia for viral protein expression during
latency has not been reported previously, the results are pre-
sented here in some detail. During latency (�31 days p.i.),
detection of viral protein was rare, although at 31 days p.i.,
17% of the ganglia contained a single positive neuron. This
percentage decreased as the time p.i. increased (Fig. 6A).
During the �200 days of latency examined, a total of 92 la-
tently infected noninduced ganglia were analyzed by WGIHC.
None contained more than a single viral-protein-positive neu-
ron, and only 6.5% of the ganglia contained a single positive
neuron. This means that in a group of latently infected ganglia,
ca. 1 ganglionic neuron out of �350,000 expresses viral protein

FIG. 2. Infectious virus in the TG on day 14 p.i. of mice pre-HS and
22 h post-HS induction treated with ACV on days 6 to 12 p.i. (A) Per-
cent ganglia in which infectious virus was detected; (B) scattergram
showing the number of PFU detected in each virus-positive ganglion.
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detectable by WGIHC. Considering that 25% of these neurons
would be anticipated to contain HSV genomes (33, 34, 36, 39,
52), viral protein can be detected in �0.001% of latently in-
fected neurons. The percentage of latently infected ganglia in
which infectious virus could be detected during latency was
similar but less. Only 2 of 93 (2.2%) latently infected nonin-
duced ganglia contained detectable virus and just 1 PFU in
each of the positive ganglia. Thus, as generally accepted and
reported previously, spontaneous reactivation is rarely de-
tected in the mouse (2, 3, 11, 12, 18, 29, 38, 45, 46, 49, 50, 53).
Examination of both parameters in a single study emphasizes

the very strict regulation of not only the production of infec-
tious virus but also the translation of viral proteins during
latency.

After 30 days p.i., the percentage of ganglia containing viral-
protein-positive neurons increased from an average of 6.5%
pre-HS to �60% at 22 h post-HS (P range, �0.0001 to 0.0021
[Fisher exact test]). The average number of viral-protein-pos-
itive neurons/ganglion increased from 0.06 to 1.93 (P range,
�0.0001 to 0.004 [Student t test, two-tailed]) (Fig. 6). Although
there was a trend toward fewer PFU and fewer viral-protein-
positive neurons during reactivation with increasing time into

FIG. 3. Photomicrograph series showing representative areas of the TG after WGIHC with an anti-HSV antibody as described in Material and
Methods. Viral protein expression is shown over time in the TG of mice after corneal inoculation with HSV type 1 strain 17syn�. (A to D)
Representative samples from days 1 to 4 p.i., respectively. (D1 and D2) Images obtained at day 4 p.i., indicating the range of immunostaining
observed at this time. The boxed region, shown enlarged to the right of D1, shows a neuron (N�) that is devoid of detectable HSV protein but
surrounded by satellite cells (arrowheads) that are positive. N�, neuron positively stained. (E to G) Images representative of days 5, 7, and 30 p.i.,
respectively. (Insets, E and F) Viral protein was detected in axonal tracts through day 4 (arrows and insets) but was not observed at later times
p.i.. (H) Acute viral replication curve.
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latency, there were no significant differences among the
groups.

At earlier times p.i. (days 9 and 17) 100 and 50% of the
ganglia, respectively, contained one or more viral-protein-pos-
itive neurons (Fig. 6A). At 22 h post-HS, HSV protein-positive
neurons were detected in all ganglia (Fig. 6). Again, it is clear
that, considering the percentage of ganglia positive without
considering the magnitude of the positivity would be mislead-
ing. For example, on day 9 p.i., 100% of ganglia were positive
for viral-protein-expressing neurons pre- and post-HS. How-
ever, the number of positive neurons was 2 to 23 (mean � 11.8)
pre-HS, whereas a range of 12 to 70 positive neurons (mean �
38) were detected post-HS. Despite the fact that the same
percentage of ganglia were positive, these groups are signifi-
cantly different (P � 0.0001 [Student t test, two-tailed]). Sim-
ilarly, on day 17, the mean number of HSV-positive neurons
per ganglion increases from 2 to 12.3 by 22 h post-HS (Fig. 6B).
Inflammatory infiltrate was confirmed to be present in the
ganglia at these times (Fig. 6C).

Correlation between infectious virus and viral protein ex-
pression. These data provide the first quantitative view of in
vivo reactivation in terms of infectious virus production in the
ganglia and the number of neurons evidencing lytic gene ex-
pression. In Fig. 7, the number of positive ganglia and the
magnitude of the positivity are combined in bar graphs of the
mean PFU/ganglion (Fig. 7A and C) or mean number of viral-
protein-expressing neurons (Fig. 7B and D) pre- and post-HS
from days 9 to 240. These data show that there is a consistent
parallel between PFU count and viral-protein-positive neurons
both pre- and post-HS and that HS induces significant in-
creases in the number of PFU, as well as in the number of
positive neurons detected per ganglion at all time points ex-
amined p.i., even as early as day 9. Figure 7E shows the plot of
the average number of viral-protein-positive neurons per gan-

glion versus the average number of PFU per ganglion at the
times between days 9 and 240 p.i. examined. There is a direct
correlation between these two parameters over the entire time
examined (Pearson r value � 0.99, P � 0.0001 [two-tailed]),
strongly supporting the notion that the viral-protein-expressing
neurons are the source of the virus detected in the ganglion.

Types of cells expressing viral proteins during latency and
reactivation. In addition to the quantitative data presented
above, WGIHC allows a view of the morphology (size and
shape) of the immunolabeled cells and thereby can provide
insight into the type and metabolic state of the cells, as well as
into the distribution of the label within the cells. On days 9 and
17 p.i., the cells positive for viral proteins pre HS and post-HS
are universally neurons (Fig. 6C). A time course of protein
expression in the TG from days 0 to 9 p.i. shows that neuronal
and nonneuronal cells express viral proteins up through days 5
and 6. After this time, the number of positive cells declines
dramatically and only neurons are positive. Figure 3 shows
staining for viral proteins on day 4 p.i.

In the latently infected ganglia examined in the present
study, a total of 228 cells expressing viral protein pre- and
post-HS were observed. On the basis of morphology, all of
these viral-protein-positive cells were neurons. As shown in
Fig. 3, it is reasonable to use size and shape as criteria to
distinguish neurons from support cells in the TG. In the 92
uninduced latently infected ganglia examined, 6 neurons ex-
pressing HSV proteins were detected. Several of these neurons
showed evidence of disintegration (an example is shown in Fig.
8B). Presumably, these cells had undergone reactivation and
were in the process of being destroyed (7, 38, 40, 44). A total
of 112 latently infected ganglia were examined for viral protein
expression at 22 h post-HS, the time of peak infectious virus
production during reactivation in the TG. The vast majority of
the 228 neurons identified on the basis of viral protein expres-

FIG. 4. Analysis of penetration of IHC reagents into the TG. TG were first assayed for viral proteins by using WGIHC. These ganglia were then
embedded in paraffin, serially sectioned, and restained by using the anti-HSV antibody and a red chromagenic substrate as detailed in Materials
and Methods. (A) Portion of a latently infected TG at 22 h post-HS containing a single viral-protein-positive neuron (box). This neuron was
detected during WGIHC. (B) After restaining, no additional viral protein staining was detected. (C) The same section as in panel B after being
stained with a neurofilament antibody and VIP (Vector) as the chromagenic substrate, confirming that processing had not destroyed antigenicity
of the tissue. (D) Brown (diaminobenzidine)- and red (Fast Red)-stained neurons.
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sion as having entered lytic-phase transcription at this time
appeared intact (Fig. 8A). In many cases, axons were labeled,
confirming that the labeled cell bodies were neurons and in-
dicative of axonal transport of viral proteins and/or virus (Fig.
8A). We reasoned that if the disintegrating neurons observed
during latency represented the resolution of a “spontaneous”
reactivation event, these profiles would increase at times be-
yond 22 h post-HS when reactivation in the ganglia was being
shut off. In order to test this, ganglia were examined at 42 h
post-HS for the expression of viral proteins by using WGIHC.
At this time point post-HS, 70% (7 of 10) of the viral-protein-
positive neurons observed in 20 ganglia appeared to be neu-
rons in various stages of disintegration (Fig. 8B), a finding
consistent with the idea that these were indeed neurons in the
end stages of reactivation and that neurons do not survive this
process.

DISCUSSION

Understanding the mechanisms that regulate reactivation of
HSV from latency remains a major goal in the field of HSV
pathogenesis. The interactions between the virus and the host
immune system are undoubtedly important facets of this pro-
cess. Ultimately, prevention or reduction of infection and re-
activation will require a greater understanding of these inter-
actions. Recent studies have indicated that the immune cells
infiltrating into the TG during acute infection have the ability

to block viral reactivation in an ex vivo model (21). The rele-
vance of these ex vivo observations to reactivation in vivo has
not been previously tested. In the present study, the ability of
the ex vivo system to accurately model immune function during
reactivation in vivo was examined. In the ex vivo model, infil-
trates isolated from infected TG at 14 days p.i. blocked reac-
tivation of virus in a culture setting, but immune cells isolated
at day 34 p.i. lost this ability (21). These findings led to the
hypothesis that either the number of immune cells or the
environment in the ganglia at earlier times p.i. maintains the
immune cells in an activated state (21). If this is the case, then
reactivation should be reduced or blocked in vivo at early times
p.i., the time that the infiltrate within the TG effectively
blocked reactivation ex vivo (21). Our data indicate that in
vivo, despite abundant infiltrating immune cells in the TG,
reactivation is not blocked at early times p.i. Therefore, al-
though the inflammatory cells in the ganglia have the ability to
block infectious virus production when added to cultures ex
vivo, increased numbers of infiltrating lymphocytes in the gan-
glia do not appear to effectively inhibit or reduce reactivation
in vivo.

There are a number of potential explanations for the inabil-
ity of the ex vivo model to predict function in the in vivo
setting. Most obvious and perhaps most significant is the dif-
ference in physical cellular environments between the two
model systems. In the ex vivo model, the context of the latently
infected neurons within the ganglia is completely disrupted, as

FIG. 5. Analysis of viral protein expression in TG of latently infected mice at 22 h post-HS by using an anti-HSV antibody on serially sectioned
ganglia (A1 to A3) or whole ganglia (B1 to B3). Insets show higher magnifications of immunostained neurons.
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is the context of the inflammatory cells isolated from the TG
and added back to the cultured dissociated neurons. Axotomy
of the ganglia alone induces many metabolic changes in the
neurons, including apoptosis (27, 54). Combined with removal
of the ganglia from the animal and enzymatic stripping of the
neurons from supporting cells, the setup of the ex vivo model
is likely to result in a neuronal population that diverges dra-
matically from the physiological parameters defining neurons
during latency and reactivation in vivo. Similarly, inflammatory
cell function is context driven. Removal of the immune cells
from the ganglia eliminates exposure to the signals within this
environment. Other differences include the mouse strain (i.e.,
BALB/c versus Swiss-Webster) and the virus strain (RE versus
17syn�) utilized. Although these differences cannot be ig-
nored, in our experience the acute ocular infection and in vivo
reactivation are very similar in these two strains of mice with
strain 17syn� (unpublished observations). RE is a virulent
strain that would be expected to behave like the 17syn� strain.

The central feature of the assay presented here for HSV
gene expression is that the IHC is performed on the whole
ganglia. This not only eliminates labor-intensive serial section-
ing and unavoidable associated tissue loss but also provides for
immediate and complete visualization of expression in the gan-
glia. The types of cells being stained and their spatial relation-
ships can be determined. This approach has been utilized ex-
tensively on embryos for mapping gene expression during
development (5, 15, 51) but, to our knowledge, has not previ-
ously been utilized on adult TG. When applied to the analysis
of latent and reactivating ganglia, the advantages are quite
clear. As an example, consider that in this report more than
230 ganglia were analyzed for HSV protein expression from
day 9 though day 240 p.i. Using standard IHC on serial sec-
tioned tissue (note that serial sectioning is essential for detect-
ing the rare viral-protein-expressing cells), a minimum of
10,000 ganglion profiles would have to be processed and indi-
vidually evaluated. In contrast, the viral protein expression
pattern of the 20,000 or so neurons in an entire ganglion can be
observed in one view by using WGIHC. This is especially
significant when it is important to accurately quantify rare
events. These same advantages are provided by whole-mount
staining of reporter mutants or promoter/reporter-containing
transgenic mice, and we and others have found this approach
to be useful for certain latency and reactivation studies (16, 23,
26, 37, 41). However, the use of promoter reporter mutants as
surrogate markers for protein expression requires demonstra-
tion that expression of the reporter and the protein coincide.
Certainly, there is no scientific basis for assuming that all
promoter reporter mutants will reflect expression of the rele-
vant protein under all physiological conditions. Using
WGIHC, the uncertainty of fidelity between reporter expres-
sion and actual protein production can now be obviated by
direct detection of the relevant protein.

Viral protein was detected in about 1 of 17 uninduced la-
tently infected mouse ganglia, and only one viral-protein-ex-
pressing neuron was observed in each of these ganglia. Are
these neurons undergoing reactivation or merely expressing a
subset of viral proteins? Two lines of evidence indicate that
these neurons are indeed undergoing reactivation. First, in the
parallel analysis of infectious virus, 1 in 30 latent ganglia con-
tained detectable albeit very low levels of virus, a finding con-

FIG. 6. Viral protein expression in the TG from 9 to 240 days p.i.
before and 22 h post-HS induction. (A) Bar graph of the percentage of
ganglia that were found to be positive for viral proteins by using
WGIHC. (B) Scattergram of the number of positive neurons per gan-
glion detected. Each symbol represents the value obtained for an
individual ganglion. Aligned under each scattergram column is the
total number of TG in that group, the number of TG at 0 (negative),
the range of positive values, the mean of the total TG analyzed, and
the mean of the positive (�ve) TG values. The P value (panel A,
Fisher exact test; panel B, Student t test [two-tailed]) of the pre- and
post-HS values appears at the top of columns for each time point
examined. (C) Example of latently infected ganglia on day 17 pre-HS
induction (C.1) and 22 h post-HS induction (C.2). These TG were
subsequently embedded and stained with cresyl violet. Areas of inflam-
matory infiltrate were present before (C.3) and after induction (C.4)
(arrows).
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sistent with the hypothesis that the protein-expressing neurons
are undergoing reactivation. Second, examination of latently
infected ganglia by using the WGIHC reveals the presence of
viral-protein-positive areas that appear to be neurons at vari-

ous stages of destruction (Fig. 8), suggesting a low rate of
ongoing reactivation in the latent ganglia. Based on the survey
of 92 uninduced latently infected ganglia examined in the
present study and estimating the number of latently infected

FIG. 7. Graphic representation of mean PFU per TG (A) and mean number of viral-protein-expressing neurons per TG (B) pre-HS and 22 h
post-HS in mice from 9 to 240 days p.i. (C and D) The results from days 31 to 240 p.i. are shown on expanded scales. (E) Correlation of 0.99
(Pearson r value, P � 0.0001) was found between the mean PFU per ganglion and the mean number of viral-protein-positive neurons per ganglion
at 22 h post-HS from days 9 to 240 p.i.
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neurons to be �6,000 per ganglion (33), it can be estimated
that at any given time one latent neuron out of every 90,000
latent neurons (0.001%) is undergoing reactivation.

In a recent report, one viral-protein-positive neuron in 10
latently infected ganglia was estimated from IHC analysis of
sectioned material harvested from mice between 37 and 47
days p.i. (7). Although this 10% estimate is higher than our
average figure of 6.5%, this result can be explained if the time
of examination is considered. In our study, at 31 days p.i., 17%
of uninduced latently infected ganglia were found to be posi-
tive, whereas only 6% of ganglia were positive on day 60. The
percentage of positive ganglia among uninduced animals de-
creased from 17% on day 31 to 0% on day 240 p.i., suggesting
that the level of spontaneous reactivation decreases as the
amount of time p.i. increases. In the earlier study, Feldman et
al. (7) concluded that 1 in 5,000 latently infected neurons is
expressing lytic viral transcripts compared to our estimate of 1
in 90,000. This difference stems from the use of latency-asso-
ciated transcript-positive sites (detected by in situ hybridiza-

tion) by Feldman et al. as an estimate of latently infected
neurons in the ganglion. By in situ hybridization, latency-asso-
ciated transcripts can be detected in only a subset of latently
infected neurons, and thus this measure underestimates the
number of neurons containing the latent viral genome (32). In
the present study, 92 ganglia were examined and the number of
latently infected neurons was estimated based on detection of
the viral genome by using single neuron PCR as described
previously (33).

The parallel analyses of infectious virus and viral-protein-
expressing cells in reactivating ganglia at the time of peak virus
production in the ganglia are the first such study reported. The
results provide compelling data that the viral-protein-express-
ing cells generate the infectious virus. In other words, these are
the cells undergoing reactivation. Demonstration that these
cells contain virion particles will be required for more defini-
tive proof, and this is ongoing. However, the direct correlation
(Pearson r value � 0.99, P � 0.0001) between the amount of
infectious virus produced and the increase in the number of

FIG. 8. Photomicrographs of viral-protein-expressing neurons post-HS of latently infected animals. (A) Examples of neurons expressing viral
proteins 22 h post-HS. Note that viral proteins can often be detected in the axon, as well as in the cell body. (B) Ganglia examined at 48 h post-HS
contained viral-protein-positive neurons that appeared to be undergoing destruction. The presence of viral protein in the axon confirms that this
cell is a neuron. (C) Care must be taken to avoid pieces of lacrimal gland during the dissection of the TG (see Materials and Methods). These
glands contain very dark brown or black structures (C1), as shown here, that can be misinterpreted as stained neurons if allowed to contaminate
the ganglion preparation (C2).

4136 SAWTELL J. VIROL.



viral-protein-expressing cells strongly indicates that using an
antibody directed against HSV lytic viral proteins marks cells
undergoing viral reactivation. The modest amount of infec-
tious virus produced during reactivation in the ganglia has
been reported previously (6, 34, 38) and is consistent with
findings here. Including all experiments, we observed 222 cells
expressing viral protein at 22 h post-HS in 112 latently infected
ganglia. Examination of this large population allows us to draw
some firm conclusions about reactivation in vivo in this mouse
model. First, only cells morphologically distinguishable as neu-
rons were found to express viral proteins. Thus, consistent with
the neuron being the site of latency in the ganglion, reactiva-
tion in vivo appears to be restricted to neurons, and whether
reactivation is restricted to certain type(s) of neurons is cur-
rently under investigation. Second, there was no evidence of
lateral spread of virus to neighboring cells, indicating that in
the ganglion in vivo the release of infectious virus is highly
controlled. Third, the ability to view the distribution of selected
proteins within neurons and associated axons and/or dendrites
should be valuable for addressing certain questions of trans-
port during reactivation in vivo. In the present study, viral
proteins in neurites leading from the periphery to the ganglion
and the ganglion to the central nervous system were abundant
during the acute stage of infection. In contrast, during reacti-
vation, viral proteins were detected almost exclusively in the
neuronal process directed toward the body surface (compare
Fig. 1 and 8). Fourth, a portion of the viral-protein-expressing
neurons observed in latently infected ganglia (two of six)
showed evidence of disintegration (Fig. 8); this number in-
creased to 70% at 42 h post-HS (Fig. 8), further supporting the
notion that reactivating neurons do not survive.
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