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The in vivo ganglionic environment directs the latent herpes simplex virus transcriptional program. Since
stress-driven perturbations in sensory neurons are thought to play a critical role in the transition from latency
to reactivation, a primary concern in the selection of a valid model of the molecular interactions leading to
reactivation is the faithful recapitulation of these environments. In this study reactivation of latently infected
ganglia excised and cultured in vitro (explanted) is compared to reactivation occurring in latently infected
ganglia in vivo following hyperthermic stress. Three notable points emerged. (i) Neurons in explanted ganglia
exhibited marked morphological changes within 2 to 3 h postexplant. DNA fragmentation in neuronal nuclei
was detected at 3 h, and atypical expression of cell cycle- and stress-regulated proteins such as geminin, cdk2,
cdk4, and cytochrome c became apparent at 2 to 48 h. These changes were associated with axotomy and explant
and not with the initiation or progression of reactivation and were not observed in ganglia following in vivo
hyperthermic stress. (ii) Despite these differences, during the first 22 h primary reactivation events were
restricted to a very small number of neurons in vivo and in explanted ganglia. This suggests that at any given
time only a few latently infected neurons are competent to reactivate or that the probability of reactivation
occurring in any particular neuron is very low. Importantly, the marked changes detected in explanted ganglia
were not correlated with increased reactivation, demonstrating that these changes were not associated with the
reactivation process per se. (iii) Secondary spread of virus was evident in explanted ganglia within 36 h, an
event not observed in vivo. We conclude that explant reactivation may provide an ancillary system for selected
studies of the early events in reactivation. However, clear signs of neuronal degeneration within 2 to 3 h
postexplant indicate that these ganglia are undergoing major physiological changes not associated with the
reactivation process. This ongoing neurodegeneration could alter even the early virus-host interactions in
reactivation, and thus caution in the extrapolation of results obtained in explants to the in vivo interactions
initiating reactivation is warranted.

Herpes simplex virus (HSV) invades the host nervous system
through the innervating sensory nerve terminals at the site of
primary infection. In the sensory ganglion, acute viral replica-
tion is resolved within about 10 days postinoculation (p.i.).
Despite complete clearance of infectious virus from the gan-
glion, the viral genome remains in a transcriptionally repressed
(latent) state within the nucleus of a population of neurons.
Periodically, stimuli including fever, exposure to UV radiation,
and social stress trigger the transition from transcriptional
repression to activation of the viral genome in a minor fraction
of latently infected neurons. The result of this reinitiation of
lytic viral gene transcription is the rapid production of a small
amount of infectious virus in the ganglion, which can be trans-
ported to the surface and amplified through subsequent rounds
of replication in permissive cells (for a review see reference
43). The molecular mechanisms controlling latency and reac-
tivation remain poorly understood and a focus of active inves-
tigation.

The study of HSV pathogenesis has been greatly facilitated

by small animal models that recapitulate most aspects of the
viral life cycle observed in humans. The first definitive exper-
imental evidence of viral latency in peripheral and central
nervous tissue was obtained by explant cocultivation, a process
in which the latently infected ganglion is removed from the
animal and cultivated in vitro (9, 17, 32). This and related in
vitro methods continue as commonly used procedures to con-
firm the presence of reactivation-competent virus in ganglia.
Easy access to pharmacological manipulation has favored ex-
plant cocultivation in investigations of the molecular mecha-
nisms underlying HSV latency and reactivation. More recently,
techniques have been developed to induce viral reactivation in
the intact animal. Induction triggers of in vivo reactivation in
humans, such as UV irradiation and hyperthermic stress, have
proved similarly effective in experimental animals, and several
well-characterized models are currently in use (7, 25, 29; re-
viewed in reference 42).

Reactivation is the result of the disruption in latent-phase
transcriptional repression, presumably by stress-induced signal
transduction pathways that drive perturbations in the neuronal
molecular environment. The ganglionic milieu is thus central
to the latency-reactivation paradigm. Since the long-term ob-
jective is to understand and control HSV reactivation in the
living human host, a primary concern in the selection of a
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model of the early molecular interactions leading to reactiva-
tion is the faithful recapitulation of the neuronal environment
in vivo. In this study our goal was to gain a greater understand-
ing of how viral reactivation in explanted ganglia resembles
and differs from reactivation occurring in the intact host.

Presented here are the results of a direct comparison of the
neuronal environment and characteristics of reactivation in
latently infected trigeminal ganglia (TG) in vivo following hy-
perthermic stress and in ganglia removed from the animal and
cultivated in medium (explant). Latently infected mice were
divided into two groups. Identical analytical procedures were
used to evaluate ganglia from mice induced to reactivate virus
in vivo by hyperthermic stress and ganglia at various times
post-explant into culture in vitro. The rate of reactivation, the
cell type(s) and number(s) undergoing reactivation, and the
amount of virus produced from 22 to 96 h after induction were
determined. Additionally, neuronal morphology and the ex-
pression of selected cell cycle- and stress-related proteins were
compared from 2 to 72 h postinduction in vivo and in vitro. We
demonstrate that explanting ganglia into culture induces rapid
morphological changes in neurons accompanied by DNA frag-
mentation and altered expression and/or intracellular distribu-
tion of cell cycle-related proteins. These changes did not cor-
relate with the induction of reactivation from latency and were
not observed in ganglia following hyperthermic stress in vivo.

MATERIALS AND METHODS

Viral strains and stock production. Virus stocks of laboratory strains 17syn�
and KOS/M were generated by routine propagation on rabbit skin cell (RSC)
monolayers. 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 (HSV-1) strain 17syn� was originally obtained from John
H. Subak-Sharpe at the Medical Research Council Virology Unit in Glasgow,
Scotland. Strain KOS, originally obtained from M. Levine, University of Mich-
igan, Ann Arbor, was plaque purified and designated KOS/M (36).

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), 5 to 6 weeks
of age, were used throughout these studies. Prior to inoculation, mice were
anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg of
body weight). A 10-�l drop containing 105 PFU was placed onto each scarified
corneal surface. This inoculum titer results in �80 and 100% survival of 17syn�-
and KOS/M-infected mice, respectively, and 100% of ganglia were latently in-
fected (23, 25). As indicated in one experiment, inoculum titer was reduced by
serial 10-fold dilutions with medium, and inoculation was performed as described
above.

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 day 4 p.i., the day of peak replication in the TG. Eyes and TG were
removed and assayed for infectious virus titer on RSC monolayers.

In vivo reactivation. Latent HSV was induced to reactivate in the ganglia of
mice in vivo by the use of hyperthermic stress. This procedure has been described
in detail previously (25). In brief, latently infected mice were subjected to 43°C
for 10 min in a water bath to induce reactivation. At various times postinduction
tissues were examined for the presence of infectious virus or expression of select
viral or host cell proteins as detailed in the text.

Explant reactivation. Latent HSV was induced to reactivate in the ganglia of
mice in vitro by aseptically removing the ganglia and placing them in minimal
essential medium with 5% newborn calf serum in a 5% CO2 incubator at 37°C for
the time indicated. At the indicated times postexplant, ganglia were homoge-
nized and plated exactly as for reactivation in vivo. Additional medium and
serum conditions were tested in conjunction with the morphological and immu-
nohistochemical studies including the conditions employed by several different
groups (11, 32, 35), as well as the addition of nerve growth factor (44).

Antibodies and immunohistochemistry. Various groups of mice were perfu-
sion fixed with 4% paraformaldehyde, and TG were dissected and fixed overnight
at 4°C. Detection of cellular proteins was carried out on 8-�m sections of 4%
paraformaldehyde-fixed paraffin-embedded tissues. Previously described dehy-
dration and embedding procedures were utilized (20, 22, 25). Anti-cdk2 (M2-G,
sc-163-G), anti-cdk4 (C-22-G, sc-260-G), antigeminin (M-16, sc-8450), and anti-
cytochrome c (C-20, sc-8385) were all obtained from Santa Cruz Biotechnology,
Inc. These primary antibodies were raised in goats and used at a 1:100 dilution
in a three-step biotin-avidin-peroxidase or alkaline phosphatase assay. Antigen
unmasking was required for the detection of the cdk2 and cdk4 epitopes and was
performed using Vector’s unmasking solution and protocol. The biotinylated
anti-goat antibody (Vector) was used at a 1:200 dilution, followed by a 1:200
dilution of the peroxidase or alkaline phosphatase avidin conjugate (Vector).
Localization of complexes was detected using a solution of diaminobenzidine
(Aldrich) or Fast Red (Sigma) as described previously (20, 22, 25).

HSV proteins were detected in whole ganglia processed as described previ-
ously (12, 21). In brief, ganglia were fixed for 2 h in 0.5% paraformaldehyde,
rinsed in phosphate-buffered saline (PBS), and postfixed overnight in methanol
containing 20% dimethyl sulfoxide (DMSO). Ganglia were then incubated for
1 h in a solution of methanol containing 20% DMSO and 10% H2O2. Following
two rinses in 100% methanol, ganglia were stored overnight in methanol at
�70°C. Ganglia were 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 (Sigma)/ml. Ganglia were rinsed twice in PBS and incubated
overnight in PBS containing 2% bovine serum albumin, 5% DMSO, 5% normal
horse serum, and 0.5 �l of the rabbit anti-HSV antibody (AXL237; Accurate)/ml.
Following rinsing for 5 h with multiple changes of PBS, ganglia were incubated
overnight in horseradish peroxidase conjugate, rinsed for 5 h, and developed in
0.1 M Tris (pH 8.2) containing 250 �g of diaminobenzidine and 0.004% H2O2/
ml.

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) assay. DNA fragmentation was measured on 4% paraformalde-
hyde-fixed sectioned ganglia with the DeadEND colorimetric apoptosis detec-
tion system (Promega) according to the manufacturer’s instructions as previously
detailed (38). Tissues were viewed and photographed using an Olympus BX40
photomicroscope outfitted with an Olympus DP10 digital camera. Statistical
analyses were performed using Graphpad Prism software.

RESULTS

Replication in vivo. Viral titers in eyes and TG were deter-
mined on day 4 p.i. and ranged among individual animals from
3 � 104 to 4 � 105 and 8 � 103 to 1 � 105 in eyes and TG,
respectively. This range is consistent with many previous ex-
periments, indicating that no significant alterations in the in-
oculation or infection process had occurred.

Changes in host cell morphology and protein expression.
We first compared the basic morphology of neurons in ganglia
at various times postexplant or post-hyperthermic stress with
that of neurons in untreated ganglia. Cresyl violet-stained sec-
tions of TG from uninfected and latently infected mice before
and at 2 to 3, 22, 48, and 72 h postexplant or post-hyperthermic
stress in vivo were examined. For each treatment group, 8 or 10
ganglia (from four or five mice) per time point were embedded
in a single paraffin block. Six sections (two groups of three
consecutive sections) containing a minimum total of 48 gan-
glionic profiles were examined for each treatment group and
time point, a total of 864 TG profiles. The average number of
neurons per profile was �100; thus, on the order of 86,000
neurons were evaluated for each time point and treatment
group. The same numbers of sections from these same groups
of ganglia were analyzed by immunohistochemistry for the
expression of geminin, cdk2, and cdk4, as well as the cytoplas-
mic release of cytochrome c. These proteins were selected
because their expression in neurons reflects a major shift in the
physiological state of the neuron. Because these analyses of
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explanted ganglia revealed morphological changes and protein
expression indicative of neuronal degeneration and/or apopto-
sis, the TUNEL assay was also performed on six sections, two
groups of three consecutive sections from each group and time
point, to evaluate the extent of DNA fragmentation.

Cresyl violet staining. Compared to untreated ganglia (Fig.
1A), striking changes indicative of neuronal degeneration, in-
cluding cytoplasmic vacuolization and nuclear clearing, were
observed in explanted ganglia within 2 to 3 h postexplant (Fig.
1B), changes not present in ganglia subjected to hyperthermic
stress in vivo (Fig. 1C). These results were the same in both
uninfected and latently infected ganglia. At this early time

postexplant, many neurons appeared normal but 22% of neu-
rons exhibited the spectrum of morphological changes shown
in Fig. 1B.

Morphological changes in neurons in explanted ganglia be-
came increasingly widespread over the next 70 h (Fig. 1D, F,
and H). Nuclear condensation, loss of Nissl substance (evi-
denced by reduction in the intensity of cresyl violet staining),
reduction in average neuronal size (Fig. 1J and K) and nuclear
size (Fig. 1L, M, O, and P), and appearance of apoptotic
bodies (Fig. 1N) were the predominant changes observed.
Within 48 h, fewer than 10% of neurons were morphologically
normal compared directly to untreated neurons. In contrast,

FIG. 1. Morphological changes induced in TG following explant or in vivo hyperthermic stress. Shown are photomicrographs of cresyl
violet-stained sections of TG from normal untreated ganglia (A) and ganglia 3 h postexplant (B) and 3 h post-hyperthermic stress (C). At the top
left of each panel is a low-magnification micrograph. The boxed region is shown at higher magnification in the top right micrograph. Individual
neurons labeled 1 to 4 are shown at high magnification at the bottom of each panel. Also shown are cytoplasmic vacuoles (short arrows) and
reduced nuclear staining (long arrows). Sections of ganglia following explant (D, F, and H) or hyperthermic stress (E, G, and I) at 22 (D and E),
48 (F and G), and 72 (H and I) h are shown at the same magnification. Loss of Nissl substance is indicated by reduced staining in the explanted
ganglia (D, F, and H) compared to normal ganglia (E, G, and I). In panels J (48 h postexplant) and K (48 h post-hyperthermic stress) the
boundaries of the neurons are indicated with dashed lines. These panels are at the same magnification. Note the reduction in size of neurons in
panel J compared to those in panel K. In panels L, M, and N (48 h postexplant) and O and P (48 h post-hyperthermic stress) the boundaries of
neuronal nuclei are indicated by dashed lines. Note the change in size and staining pattern of the nuclei in explanted ganglia. An example of
apoptotic bodies observed in explanted ganglia at 48 and 72 h is shown in panel N (arrows).
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neurons in ganglia at 22, 48, and 72 h post-hyperthermic stress
(Fig. 1E, G, and I) exhibited none of these changes and were
indistinguishable from untreated neurons (Fig. 1A). These re-
sults were the same in both uninfected and latently infected
ganglia. Similar results were obtained when several alternative
explant culture conditions employed previously by others were
tested (32, 35, 37). No conditions tested prevented the mor-
phological changes observed (data not shown).

Protein expression. Neurons in explanted ganglia exhibited
alterations in the expression and/or localization of the proteins
examined compared to that of either untreated ganglia or
ganglia following hyperthermic stress (Fig. 2). These changes
occurred in both uninfected and latently infected ganglia, in-
dicating that the changes observed resulted from axotomy and
explant and not viral latency or reactivation. There was a direct
correlation between the time postexplant and the number of
neurons exhibiting changes in protein expression. Geminin, a
protein involved in blocking the initiation of inappropriate
DNA replication in dividing cells (13, 14, 45), is not detected in
untreated uninfected or untreated latently infected TG neu-
rons (Fig. 2A3 and data not shown). This protein was ex-
pressed in �10% of neurons within 2 h (Fig. 2A1), which
increased to �50% by 22 h postexplant (data not shown).
Geminin-expressing neurons (Fig. 2A4) exhibited morpholog-
ical changes similar to those observed in cresyl violet-stained
sections (Fig. 1B1 and B3). In contrast, geminin was not ob-
served in neurons in uninfected or latently infected ganglia at
any time following hyperthermic stress (data not shown and
Fig. 2A2). Intense cytoplasmic cytochrome c staining was ob-
served in some neurons within 2 to 3 h postexplant (data not
shown). By 22 h postexplant, most neurons contained elevated
levels of cytochrome c in the cytoplasm (Fig. 2B1 and B5). In
contrast, the cytochrome c staining in neurons post-hyperther-
mic stress (Fig. 2B2 and B6) was not different at any time from
that observed in untreated uninfected or latently infected gan-
glia (Fig. 2B3 and B4, respectively). Schang et al. reported the
upregulation and nuclear localization of cdk2 and cdk4 in
neurons in explanted ganglia (26). Our findings were consistent
with the exception that these investigators reported cdk4 ex-
pression in the cytoplasm of neurons prior to explant, which we
did not observe (Fig. 2D3). By 72 h postexplant, �70% of the
neurons were positive for cdk2 and �40% were positive for
cdk4 and many of the positive neurons exhibited strong nuclear
staining (Fig. 2C1 and D1, respectively). However, as in un-
treated ganglia (Fig. 2C3 and D3), cdk2 and cdk4 remained at
undetectable levels following hyperthermic stress in vivo (0
positive of �90,000 neurons tested) (Fig. 2C2 and D2). Thus,
none of the changes occurring in the expression of the cell
cycle-regulatory proteins in neurons following explant were
observed in neurons following hyperthermic stress in vivo.

TUNEL assay. Axotomy induces apoptosis in sensory neu-
rons in vivo (1, 5), and it is reasonable to assume that apoptosis
of neurons would also occur in the setting of explant in vitro.
Sections from paraffin-embedded uninfected and latently in-
fected ganglia harvested at various times postexplant or post-
hyperthermic stress were analyzed for DNA fragmentation by
the TUNEL assay to determine the extent and rate of apopto-
sis occurring in neurons. TUNEL-positive neuronal nuclei
were present in explanted ganglia by 3 h postexplant in both
uninfected and latently infected ganglia (Fig. 2I-1 and I-2 and

data not shown). After 24 h in culture, a significant number
(�50%) of neuronal nuclei showed intense TUNEL-positive
staining regardless of whether the mice were previously in-
fected (Fig. 2K-1 and K-2 and data not shown). The number of
neurons exhibiting DNA fragmentation increased in parallel
with the amount of time postexplant, and by 48 h postexplant
most neuronal nuclei were positive (Fig. 2M-1 and M-2). In
contrast, no TUNEL-positive neurons were detected in un-
treated groups (data not shown) and likewise no TUNEL-
positive neurons were detected in vivo following hyperthermic
stress at any time point tested regardless of infection status (0
positive of �270,000; Fig. 2J, L, and N).

Changes in stress-related protein expression and neuron
morphology in explanted ganglia are not correlated with
changes in the timing, magnitude, or outcome of reactivation.
Viral reactivation is defined as the production of infectious
virus from a previously nonproductive (latent) viral genome
(2). Thus, the timing and quantity of infectious virus produc-
tion are considered important diagnostic features of the reac-
tivation process. If the extensive changes seen in explanted
ganglia were important for initiating viral reactivation, one
would predict that the number of neurons reactivating and/or
the rapidity in which reactivation was initiated would differ
from that seen in vivo. To test this, groups of mice inoculated
with strain 17syn� 40 to 50 days previously were either reac-
tivated in vivo by the use of hyperthermic stress or ganglia were
explanted. The time of reactivation stimulus was considered
the time of hyperthermic stress or explant. At various times
post-reactivation stimulation, individual ganglia were assayed
for infectious virus as described in Materials and Methods.

Infectious virus was detected in equivalent percentages of
ganglia in vivo (70%, 38 of 54) and in explant (72%, 33 of 46)
at 22 h postinduction (P � 1.0, Fisher’s exact test) (Fig. 3A). In
order to confirm that infectious virus was absent prior to hy-
perthermic stress or explant, five mice from the same inocula-
tion group were sacrificed and ganglia were removed, homog-
enized, and immediately plated on indicator monolayers.
There was no evidence of infectious virus in these ganglia (0
positive of 10 tested, P � 0.0001, Fisher’s exact test). Thus, the
infectious virus detected in heat-stressed or explanted ganglia
was not preexisting but was generated during the 22 h postin-
duction. There was also no difference in the amount of virus
detected in ganglia reactivated in vivo or in explanted ganglia,
which averaged 11 and 21 PFU/ganglion, respectively (P �
0.14, Student’s unpaired t test) (Fig. 3B).

However, the difference between the frequency of reactiva-
tion following hyperthermic stress in vivo and explant was
significant at both 48 h (P � 0.0001, Fisher’s exact test) and
72 h (P � 0.0001, Fisher’s exact test) postinduction (Fig. 3).
The number of infectious-virus-positive ganglia detected in the
hyperthermic stress group had declined from the 70% detected
at 22 h to 20% (4 of 20) at 48 h post-hyperthermic stress (P �
0.0001, Fisher’s exact test) and 10% (2 of 20) at 72 h (P �
0.0001, Fisher’s exact test). In contrast, 100% (10 of 10) of the
explanted ganglia were positive at 48 and 72 h. The amounts of
infectious virus recovered from ganglia in vivo and in explanted
ganglia were also different. As shown in Fig. 3B, ganglia cul-
tivated in vitro contained 	104 PFU at 48 h and 	105 PFU at
72 h. Most ganglia maintained within the animal during the 48
or 72 h post-hyperthermic stress contained no detectable in-
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FIG. 2. Expression of cell cycle- and stress-related proteins and fragmented DNA in TG neurons following explant or in vivo hyperthermic
stress. (Top) Immunohistochemical detection of neuronal protein expression. (A1 to A4) Detection of geminin at 2 h postexplant (A1) or
post-hyperthermic stress (A2) or in untreated ganglia (A3). The brown precipitate indicates a positive reaction. Higher magnification of
geminin-expressing neuron in explanted ganglia shows that cytoplasmic vacuoles (arrows) are abundant in this neuron (A4). (B1 to B6)
Immunohistochemical staining for cytochrome c in latently infected ganglia at 22 h postexplant (B1) and post-hyperthermic stress (B2). Staining
of untreated uninfected ganglia (B3) and untreated latently infected ganglia (B4) is indistinguishable from that of latently infected ganglia
post-hyperthermic stress, light positive punctate staining (brown precipitate). Latently infected ganglia 22 h postexplant display strong diffuse
cytoplasmic staining (B1) shown at a higher magnification in B5. For comparison, cytochrome c staining of a typical neuron from ganglia subjected
to hyperthermic stress 22 h previously is shown in B6. The boundary of the neuronal cell body is indicated by a dashed line, emphasizing the
difference in neuronal size after explantation (B5). Panels C1 through C4 and D1 through D4 show staining for cdk2 and cdk4, respectively.
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fectious virus. Those that were positive contained an average
of �5 PFU Since the ganglia from both groups were assayed
identically, the difference in frequency of virus detection and
titer could not be attributed to differences in the sensitivity of
the procedure utilized to detect infectious virus.

Effect of hyperthermic stress on virus production in ex-
planted ganglia. It was possible that the differences in virus
production observed at 48 h resulted from changes due to
hyperthermic stress and not explantation, i.e., hyperthermic

Compare the absence of staining in untreated ganglia (C3 and D3) or ganglia at 72 h post-hyperthermic stress (C2 and D2) to the cytoplasmic and
nuclear staining for both cdk2 and cdk4 at 72 h postexplant (red precipitate). Neurons indicated by arrows in panels C1 and D1 are shown at higher
magnification in panels C4 and D4. (Bottom) TUNEL staining. TUNEL reactions in ganglia at 3, 24, and 48 h postexplant (I to M) are shown.
Arrows and numbers indicate examples of positive reactions in nuclei (brown precipitate), which are shown at higher magnification in the center
panels (I-2 to M-2). Most neurons were positive by 48 h postexplant (M-1, arrows, and M-2 at a higher magnification). Shrinkage of neuronal cell
bodies and nuclei is evident (M-2). In contrast, no TUNEL-positive neurons were detected in ganglia at 3, 24, or 48 h post-hyperthermic stress
(J, L, and N, respectively).

FIG. 3. Frequencies of ganglia positive for virus and virus titers
present in ganglia at various times post-reactivation stress. At the
indicated times poststress, ganglia were homogenized and plated onto
RSC monolayers to detect reactivated virus. (A) The bar graph illus-
trates the percentage of ganglia positive at various times poststress.
Light gray bars, hyperthermic stress; dark gray bars, explant into cul-
ture. The numbers of ganglia positive for virus and the numbers tested
are indicated below the bar graph. (B) Scattergram in which each point
represents the titer obtained from a single reactivated ganglion. Filled
squares, post-hyperthermic stress; filled triangles, postexplant. A hor-
izontal line indicates the mean titer of each group. TPI, time postin-
duction.

FIG. 4. Analysis of the effect of the inoculum titer on the frequency
of reactivation and virus titer within ganglia. (A) Percentage of ganglia
positive for virus at 22 or 48 h post-hyperthermic stress in vivo (light
gray bars) or explant into culture (dark gray bars). Beneath each bar
graph the number of ganglia positive and the number tested are indi-
cated. (B) Scattergram showing the titers of virus recovered from
individual ganglia. Filled squares, reactivation following hyperthermic
stress; filled triangles, reactivation in culture. A horizontal bar indi-
cates the mean value for each group, and the number of ganglia
negative for virus is shown beneath each group. TPI, time postinduc-
tion.
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stress could theoretically result in reduced permissiveness for
viral replication in the ganglia. In order to test this, groups of
mice latently infected with strain 17syn� were subjected to
hyperthermic stress or left untreated. The animals were sacri-
ficed 22 h after hyperthermic stress, and the ganglia were
explanted for 0, 22, 48, or 72 h. Untreated latently infected
mice were also sacrificed, and the ganglia were explanted for
22, 48, and 72 h. The number of virus-positive ganglia and the
amount of virus in each ganglion were determined. At 22 h
postexplant, a greater percentage of ganglia from those mice
that were subjected to hyperthermia 22 h before explant than
from the hyperthermia or explant-alone control groups was
positive for virus (Table 1). This difference achieves statistical
significance if the control groups are grouped together, 17 of
18 versus 13 of 20 (P � 0.04, Fisher’s exact test). This is not
surprising since the hyperthermic stress treatment 22 h before
explant would have induced reactivation in many of the gan-
glia. It is also clear that the mean titer of virus in these ganglia
(88.3 PFU; range, 0 to 508 PFU) is greater than that in the
explant (16.5 PFU; range, 0 to 69 PFU) or hyperthermia-alone
(6.3 PFU; range, 0 to 25 PFU) group. Again, this difference
achieves statistical significance if the control groups are com-
bined (P � 0.01, Student’s unpaired t test). Within 48 h, ex-
planted ganglia were uniformly positive for infectious virus and
viral titers were equivalent, regardless of hyperthermic stress
pretreatment (Table 1). Thus, hyperthermic stress treatment of
ganglia in vivo did not result in reduced permissiveness when
ganglia were explanted.

The preceding experiments demonstrated that, with the use
of identical assays to detect infectious virus production in the
ganglia, viral replication associated with reactivation was sim-
ilar in vivo and in vitro during the first 22 h postinduction.
Therefore, the physiological changes detected in explanted
ganglia during this timeframe did not correlate directly with
increased reactivation from latency. In an effort to further
compare reactivation in vivo and in vitro, we asked if inoculum
titer and viral strain, factors previously demonstrated to influ-
ence reactivation in vivo (20, 39, 40), also influenced reactiva-
tion in explanted ganglia.

Effect of inoculum titer. The frequency of reactivation in
vivo has been shown elsewhere to correlate directly with the
inoculum titer (20). Therefore, groups of mice were inoculated
with either 105, 104, or 103 PFU. At 	35 days p.i., animals were
either subjected to hyperthermic stress or sacrificed and the
ganglia were explanted. At 22 and 48 h postinduction, ganglion
pairs were homogenized and assayed for infectious virus as
described above. The results are shown in Fig. 4. At 22 h

postinduction, 78 and 75% of the ganglia from mice inoculated
with 105 PFU reactivated following hyperthermic stress or ex-
plant, respectively (P � 1.0, Fisher’s exact test). At this same
time, only 33 and 30% of ganglia from mice inoculated with 104

PFU and 13 and 10% of ganglia from mice inoculated with 103

PFU were positive for infectious virus following hyperthermic
stress or explant, respectively (P � 1.0, Fisher’s exact test).
Thus, there was no difference between the frequency of reac-
tivation in vivo following hyperthermic stress and that in ex-
plant during the first 22 h postinduction, and as previously
shown for reactivation in vivo, there is a direct correlation
between the input titer and the percentage of ganglia that
reactivated in explanted ganglia at 22 h (Fig. 4A). The fre-
quency of reactivation in ganglia from mice receiving 105 PFU
was significantly different from that in ganglia from mice inoc-
ulated with 104 PFU (P � 0.0002, Fisher’s exact test) and 103

PFU (P � 0.0001, Fisher’s exact test). Likewise, the reactiva-
tion frequency in ganglia from mice inoculated with 104 PFU
was different from that in ganglia from mice inoculated with
103 PFU (P � 0.045, Fisher’s exact test). By 48 h, 100% of
explanted ganglia from all input titer groups were positive for
infectious virus. In striking contrast, among ganglia undergoing
reactivation in vivo, even at the highest input titer the percent-
age of positive animals decreased from 78 to 20% at 48 h
postinduction, and no positive ganglia were detected in the
lower-input titer groups at this time (Fig. 4A). Thus, by 48 h,
the significant differences in reactivation frequencies resulting
from input titer were overwhelmed by differences in ganglionic
environment, the in vivo reactivation frequency of 20% being
significantly different from the 100% observed in explanted
ganglia (P � 0.0007, Fisher’s exact test). The amount of virus
recovered from the reactivating ganglia was not significantly
different at 22 h between ganglia reactivating post-hyperther-
mic stress and those reactivating postexplant (105 PFU, P �
0.11; 104 PFU, P � 0.56; 103 PFU, P � 0.47) and significantly
decreased in both groups with decreasing input titer (105 ver-
sus 104, P � 0.010; 104 versus 103, P � 0.019; 105 versus 103, P
� 0.006) (Fig. 4B).

One additional point of interest is that, although input titer
did not influence the number of explanted ganglia positive for
virus at 48 h (100% for all explanted groups), the range of PFU
detected in the ganglia within the inoculation group broadened
as the inoculum titer was reduced. Among the 15 mice receiv-
ing 105 PFU, the titers at 48 h postexplant ranged 20-fold (1.7
� 103 to 3.4 � 104 PFU). In contrast, the range of viral titers
in ganglia from the mice receiving an input titer of 104 or 103

PFU spanned over 10,000-fold, 2 � 100 to 4 � 104 and 2 � 100

TABLE 1. Effect of hyperthermic stress on virus production in explanted ganglia

Treatment

Result after time of explant (h):

22 48 72

% Virus positive (no.
positive/no. tested)

Mean
viral titera

% Virus positive (no.
positive/no. tested)

Mean
viral titera

% Virus positive (no.
positive/no. tested)

Mean
viral titera

Explant 70 (7/10) 16.5 100 (10/10) 1.4 � 104 100 (10/10) 5.5 � 105

Hyperthermia 60 (6/10) 6.3 10 (1/10) 0.2 0 (0/10) 0
Hyperthermia � explantb 94 (17/18) 88.3 100 (10/10) 1.5 � 104 100 (10/10) 2.3 � 105

a Mean viral titers are the averages of the numbers of PFU recovered from each pair of ganglia.
b Mice were subjected to hyperthermic stress, and 22 h later ganglia were explanted for an additional 22, 48, or 72 h.
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to 1.1 � 104, respectively. These results suggest that variability
in reactivation among animals can be reduced by using an
optimum inoculation titer.

Effect of viral strain. Viral genetic factors influence the
frequency of reactivation. HSV-1 strain KOS reactivates in
�3-fold-fewer mice than does strain 17syn� in vivo when
equivalent levels of latent infections are established (23). To
determine whether this difference would also be observed in
explanted ganglia, groups of mice were inoculated with strain
KOS or 17syn�. At 	35 days p.i., mice were induced to reac-
tivate in vivo or in vitro as described above. At 22 h postin-
duction, ganglia were homogenized and assayed for infectious
virus. As anticipated, reactivation occurred in equivalent num-
bers of 17syn�-infected ganglia at 22 h post-hyperthermic
stress or explant, 80% (8 of 10) and 75% (9 of 12), respectively
(P � 1.00, Fisher’s exact test). Although the frequency of
reactivation was reduced in KOS-infected ganglia (an expected
outcome), the number of ganglia reactivating at 22 h postex-
plant, 40% (4 of 10), was not different from the number reac-
tivating at 22 h post-hyperthermic stress, 38% (5 of 13) (P �
1.00, Fisher’s exact test). Thus, the effect of viral strain ob-
served in vivo was recapitulated in the first 22 h postexplant.
With strain KOS-infected animals, by 48 h postinduction none
(0 of 16) of the hyperthermic stress-treated mice were positive
whereas all (10 of 10) of the explanted ganglia were positive (P
� 0.0001, Fisher’s exact test). This finding was similar to that
with strain 17syn� in vivo, where only 20% (4 of 20) were
positive at 48 h versus 100% (10 of 10) in vitro (P � 0.0001,
Fisher’s exact test). Taken together with the preceding section,
these results show that the impact of inoculum titer and viral
strain on reactivation shown previously in vivo (20, 21, 23, 25,
39) is also observed in explanted ganglia, but not beyond 22 h
postinduction. In contrast, at 48 h many ganglia that did not
reactivate in vivo did reactivate in the explant setting. Whether
this difference reflects the effects of continued stress and/or
relaxed requirements for reactivation as the physiological state
of the explanted neurons degrades is not yet known.

Type and number of cells expressing lytic viral proteins. The
type and number of cells in the ganglia expressing lytic viral
proteins associated with reactivation in vivo have been re-
ported by several groups, including our own. There is agree-
ment that during reactivation viral proteins are expressed in
neurons, as opposed to other cell types, and that these neurons
are extremely rare (15, 21, 23, 25, 28, 30). In order to deter-
mine whether reactivation in explanted ganglia is similar to
reactivation in vivo in this regard, ganglia were examined at 22,
48, and 72 h post-hyperthermic stress or postexplant by the use
of whole-ganglion immunohistochemistry for HSV lytic pro-
teins. Rare HSV antigen-positive neurons were detected in
ganglia at 22 h postinduction. At this time we observed neither
significant quantitative nor qualitative differences in staining in
ganglia undergoing reactivation in vivo and in vitro. In vivo
67% (16 of 24) of the ganglia contained one or more positive
neurons and the average number of positive neurons per gan-
glion was 2.3 (range, 0 to 13). Likewise in explanted ganglia at
22 h 73% (16 of 22) of the ganglia were positive, and the
average number of positive neurons was 2.8 (range, 0 to 13).
These percentages were not significantly different (P � 0.75,
Fisher’s exact test).

Consistent with our analysis of infectious virus production

presented above, by 48 h ganglia reactivated in vivo exhibited
a reduced frequency of positive ganglia (30%) and a reduced
number of positive neurons per ganglion, which were most
often associated with inflammatory infiltrate (Fig. 5A and B).
At this time viral antigen was detected in neurons in 100% (10
of 10) of the explanted ganglia. In contrast to involvement of a
single neuron as observed in vivo, within 36 h postexplant,
areas of positive reaction to HSV proteins involving multiple
cells, including satellite and support cells, were apparent (Fig.
5C). These positive regions increased in size through time, and
by 72 h postexplant there was extensive neuronal, support cell,
and axonal tract staining (Fig. 5D and E). These observations
were consistent with the amount of infectious virus found in
similarly treated ganglia above and suggest that the major
contribution to the infectious virus produced in explanted gan-
glia beyond 22 h postinduction comes from spread of virus
within the ganglion secondary to primary reactivation.

Spread of virus versus asynchronous reactivation. While the
analysis of lytic viral proteins in explanted ganglia was indica-
tive of the spread of reactivated virus through the ganglia, it

FIG. 5. Analysis of viral protein expression as a marker for reacti-
vation and virus spread in vivo following hyperthermic stress and in
vitro following explant into culture. Shown are micrographs of whole
ganglia stained immunohistochemically for viral proteins at 48 h
post-in vivo hyperthermic stress (A and B), explanted into culture (C1
and C2, 36 h; D, 48 h; E, 72 h), or explanted into culture in the
presence of acyclovir (ACV) (G). Most ganglia subjected to in vivo
hyperthermic stress were negative at 48 h poststress (A), but 20% of
the ganglia tested contained one or more positive neurons that fre-
quently showed signs of degeneration and fragmentation (B and in-
sets). All of the explanted ganglia at 48 and 72 h postexplant contained
immunoreactive regions resembling three-dimensional plaques with
many clusters of positive cells (D and E). When acyclovir was added to
similar cultures, positive neurons were detected, but viral protein was
restricted to individual neurons (F, 72 h postexplant; G, 96 h postex-
plant).
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was formally possible that some or all of the lytically infected
neurons represented recruitment of additional latently in-
fected neurons to undergo primary reactivation. Distinguishing
between primary reactivation and spread of infectious virions
was possible because we recently determined that viral DNA
replication is not required for viral protein expression in neu-
rons entering into the lytic cycle following a reactivation stim-
ulus (N. M. Sawtell, unpublished data). Since the same num-
bers of neurons initiate lytic-phase transcription and express
viral proteins in the presence of viral DNA replication as in its
absence, it is possible to block the production of infectious
progeny and determine the number of neurons in which reac-
tivation is initiating. Antiviral drugs were employed to deter-
mine the relative contributions from primary reactivation or
from secondary spread of virus to the observed viral protein
expression in the ganglia.

Ganglia were explanted in media with and without 1 �g of
acyclovir/ml to inhibit viral DNA replication and examined at
72 and 96 h postexplant. Consistent with our previous experi-
ments, ganglia explanted for 3 days contained foci of viral
protein-positive neurons and distribution of viral proteins in
axons consistent with lateral spread and distant transport of
virus (Fig. 5E). In contrast, ganglia explanted for 3 or 4 days in
the presence of acyclovir contained many single discrete viral
protein-positive neurons and no evidence of spread to neigh-
boring cells in the ganglion. The number of viral protein-
expressing neurons was significantly greater than that observed
at 22 h (Fig. 5F and G). These data indicate that the initiation
of reactivation in explanted ganglia is not restricted to the first
22 h but is an ongoing process. In contrast, reactivation in vivo
is characterized by a transient stress stimulus and a transient
reactivation event that resolves within most ganglia between 48
and 72 h postinduction.

DISCUSSION

The molecular mechanisms directing the reactivation of the
latent HSV genome remain unknown. A detailed knowledge of
the timing and progression of primary reactivation in the gan-
glia is required to rationally explore these mechanisms. Only by
understanding the similarities and differences among models
of reactivation will it be possible to develop a cohesive exper-
imental effort among groups working toward understanding
this process. In this report, we characterize the reactivation of
latent HSV in ganglia in two widely used model systems, com-
paring the timing of infectious virus production, the quantity of
virus produced, and the number of neurons undergoing reac-
tivation. The extent and similarity of physiological changes in
the ganglion resulting from the different induction triggers
utilized (hyperthermic stress and axotomy followed by explant)
were also evaluated. The results of our study provide essential
baseline information to facilitate both the interpretation of
past studies of HSV reactivation and the design for future
studies.

Three major points emerged from this study. First, the phys-
iologic state of explanted ganglionic neurons differs extensively
from that of neurons in ganglia induced to reactivate in vivo. In
explanted ganglia, neurons exhibited marked morphological
changes soon after explant, atypical expression and/or localiza-
tion of most cell cycle- and stress-related proteins examined,

and DNA fragmentation in neuronal nuclei. The number of
neurons exhibiting these changes increased as the time postex-
plant increased. Importantly, these changes were also observed
in uninfected explanted ganglia and were absent from ganglia
undergoing quantitatively similar reactivation in vivo. Thus, we
conclude that these changes resulted from axotomy and ex-
plant and not from the initiation or progression of virus reac-
tivation.

The unusual expression in neurons of G1/S-phase protein
markers (e.g., cdk2 and cdk4), the cytoplasmic location of
cytochrome c, and TUNEL-positive nuclei following explanta-
tion indicate that axotomy followed by explant of the ganglia
results in the initiation and progression of apoptosis in neu-
rons. Indeed the observed changes are consistent with other
reports detailing the neuronal response to axotomy (1, 5).
Standard culture conditions for ganglion explant were used (9,
32, 37, 41), and several adjustments to the medium did not
significantly alter the outcome.

Second, it is reasonable to anticipate that within a given
period of time a greater number of neurons would reactivate in
response to the extreme stimulus of axotomy and explant;
however, this did not prove to be the case. The profound
physiological changes in explanted ganglia did not influence
either the number of neurons undergoing reactivation or the
number of PFU recovered from ganglia latently infected with
wild-type strain 17syn� or KOS during the first 22 h. In both
cases, reactivation occurred only in very rare neurons (one to
seven per ganglion with most positive ganglia containing one or
two positive neurons). Prior work demonstrates that these gan-
glia each contained on the order of 6,000 latently infected
neurons with a total number of viral genomes in the range of
105 to 106 (19–21, 23, 38–40). Thus, reactivation is an exceed-
ingly rare event occurring in fewer than 1 out of 1,000 latently
infected cells.

The rarity of reactivation events that we and others have
observed in vivo (15, 21, 23, 25, 28, 30) is consistent with the
hypothesis that, at any given time, the latent pool contains a
small subset of neurons that are competent to undergo reac-
tivation in response to the appropriate signals. We have found
that, despite repeated exposure to hyperthermic stress, the
reactivation frequency within a group of mice is maintained
through time (unpublished observation). That is, similar num-
bers of neurons reactivate regardless of whether the animal has
been exposed to a reactivation stimulus just once or multiple
times over a period of weeks or months. Assuming that neu-
rons that produce infectious virus do not survive (15, 16, 21, 25,
28–31), this observation indicates either that there is a mech-
anism for some latently infected cells to become reactivation
competent at any given time or that all latent genomes are
equally competent with a very low probability of reactivating.

Most latently infected neurons contain between 1 and 100
HSV genomes, but very rare neurons contain significantly
more than 1,000, suggesting that the latent genome copy num-
ber may influence reactivation (19–21, 23, 38–40). It may be
that there is a threshold of genome copies required for reac-
tivation. In this model some mechanism, perhaps occult repli-
cation of the viral genome in latently infected neurons, (19, 23,
27), results in a few reactivation-competent neurons at any
given time. However, our findings do not exclude the alternate
hypothesis that every viral genome has an equal, but very low
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(�1:105), probability of reentering the lytic pathway. It follows
from this hypothesis that 1 out of 10 neurons latently infected
with 100 HSV genome copies (1,000 total HSV genomes)
would have the same probability of reactivating as would a
single neuron containing 1,000 latent viral genomes. In this
model there would be no need of a clocking mechanism that
would permit only a few neurons to be reactivation competent
at any given time. Neither the nature of “competency” nor the
mechanism by which this occurs is understood. Although a role
for viral genome copy number is an attractive hypothesis (19,
23, 27) and there are data consistent with this hypothesis (23),
the relationship between copy number and reactivation com-
petency has yet to be fully delineated.

Regardless of mechanism, the finding that this low number
of reactivating neurons is initially unaltered by the physiolog-
ical changes in explanted neurons indicates that the profound
changes occurring within the first 22 h after axotomy and
explant were not sufficient to overcome the preexisting barriers
to reactivation. Indeed, were these changes precipitating
events in reactivation one would predict that more neurons
would have initiated reactivation in the explanted ganglia dur-
ing the first 22 h, and this was not the case. It is therefore clear
that, from the aspect of host cell signals, explant is an unnec-
essarily complex environment in which to dissect the molecular
pathway(s) leading to reactivation. Importantly, the complexity
of the physiologic changes occurring in explanted ganglionic
neurons could obviate the need for certain viral functions re-
quired for reactivation in vivo and lead to spurious conclusions
about the mechanics of reactivation. We have already identi-
fied one example of this type of environmental compensation.
A 365-bp region of the viral genome that is required for reac-
tivation in vivo is not required for reactivation in the explant
setting (unpublished data).

The third observation of importance was that there was
cell-to-cell spread of virus within the ganglia by 36 h postex-
plant, an event not observed in vivo. Viral proteins were ex-
pressed in explanted ganglia in clusters of neurons, satellite
cells, and cells along axonal tracts. Consistent with an in-
creased number of infected cells, the infectious virus titer in
explanted ganglia increased �1,000-fold from 22 to 48 h post-
explant. It was not possible to directly determine the relative
contributions of primary reactivation and subsequent second-
ary infection to the infectious virus output. Acyclovir was
added to the explant cultures to determine if primary reacti-
vation events continue to occur after 22 h postexplant and to
distinguish between those neurons undergoing primary reacti-
vation and those infected as a result of intraganglionic spread
of virus. There was a steady increase in the number of neurons
expressing viral proteins postexplant (Fig. 5). In the presence
of acyclovir, the number of neurons initiating reactivation in-
creased about 10-fold from 22 to 48 h postexplant. However, in
the absence of acyclovir, virus titer increased 1,000-fold, indi-
cating that the majority of virus in the explanted ganglion at
48 h is generated through spread within the ganglion. The
absence of full immune function is a possible explanation for
this increased viral spread (3), but it is also possible that ex-
plant-induced changes in neurons and/or supporting cells in-
crease the permissivity for HSV replication. Regardless, it is
quite clear that, distinct from reactivation in vivo, neurons
continue to reactivate in explanted ganglia. However, at times

beyond 22 h postexplant, most transcriptional activity and viral
DNA replication detected in explanted ganglia are the result of
productive infection of additional cells and not the result of
primary reactivation events.

Several groups have studied HSV gene transcription and
translation in explanted ganglia as a model of reactivation (4,
6, 10, 18, 24, 25, 33, 34). In some cases it was concluded that the
transcriptional program during reactivation differed from that
seen during lytic infection or that viral DNA replication was
required for immediate-early gene expression. When these
data are considered in the context of results presented here,
caution should be employed in interpreting these earlier stud-
ies. It is likely that the transcriptional events that they were
attempting to quantify (occurring after 24 to 48 h in culture)
were largely the result of virus spread in the explanted ganglia
and not primary reactivation events. It should be emphasized
that most investigators monitor reactivation in explanted gan-
glia by methods requiring release of virus from the explanted
tissue, an approach not designed to detect the low levels of
virus produced in a very few reactivating neurons within the
tissue. The fact that reactivation occurs within 22 h postexplant
is not generally appreciated but has been reported previously.
Using the more sensitive approach that we have utilized for
detecting reactivation in ganglia in vivo, namely, directly grind-
ing the ganglia and plating the homogenate onto indicator
cells, Klein detected from 1 to 100 PFU in seven of eight TG
latently infected with 17syn� at 24 h postexplant (8). In addi-
tion, we have shown here that strain KOS also reactivates in
this time frame, although with reduced frequency.

We conclude that explant reactivation may provide an an-
cillary system for selected studies of the early events in reac-
tivation. However, clear signs of neuronal degeneration as
early as 2 to 3 h postexplant indicate that there are dramatic
additional changes in these ganglia that are not associated with
the reactivation process. For example, we found that many
neurons in ganglia explanted in vitro expressed cdk2 and cdk4,
but this did not occur in ganglia induced to reactivate in vitro.
On the basis of similar findings in cultivated ganglia in vitro,
Schang et al. concluded that neuronal levels of cdk2 were
among the factors that determine the outcome of HSV infec-
tions of neurons (26). Our results suggest that this conclusion
may not be relevant to the in vivo setting, since cdk2 was not
upregulated following hyperthermic stress. We did not detect
cdk4 expression in TG neurons in vivo before or after hyper-
thermic stress, although it was upregulated following explant.
In contrast, Schang et al. reported expression of cdk4 in the
cytoplasm of normal neurons in vivo (26). The reason for this
discrepancy is not known, but it might be attributed to the
antibodies, fixation, and/or unmasking procedures employed.
Regardless, we show here that the nuclear cdk4 expression that
we detected in explanted ganglia is not a prerequisite or a
precipitating event for reactivation in vivo.

It is also not yet clear in what ways the changes induced in
neurons by axotomy and explantation, including neuronal apo-
ptosis demonstrated by cytoplasmic cytochrome c and TUNEL
staining, would influence the pathway(s) leading to viral reac-
tivation. Our results suggest that these changes relax the bar-
riers to reactivation and may obviate the need for certain
virally encoded functions. While such a system could ultimately
provide a fertile experimental field, understanding the basic
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details of the virus-host interactions resulting in reactivation in
the least complex and most relevant setting, i.e., in vivo, ap-
pears to be the most direct and best approach to understanding
this important question.
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