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Defined herpes simplex virus type 1 (HSV-1) mutants KOS/1 and KOS/62 (positive and negative,
respectively, for latency-associated transcripts [ILATs]) express the Escherichia coli 13-galactosidase ((3-Gal)
gene during latency. These mutants were employed to assess the functions of the latency-associated
transcription unit on establishment and maintenance of and reactivation from the latent state. It was found that
in the trigeminal ganglia, the frequencies of hyperthermia-induced reactivation of KOS/62 and an additional
LATs- mutant (KOS/29) were reduced by at least 80%c. Quantification of latently infected neurons expressing
the 13-Gal gene revealed that the LATs- mutant KOS/62 established -80%o fewer latent infections in the
trigeminal ganglia than did KOS/1 (LATs+). This reduction in establishment which is evident in the trigeminal
ganglia could account for the reduced frequency of reactivation from this site. In striking contrast, both LATs-
mutants reactivated with wild-type frequencies from lumbosacral ganglia. Quantification of (-Gal-positive
neurons at this site revealed that KOS/62 established as many as or more latent infections than the LATs+
virus, KOS/1. Colocalization of HSV antigen and 13-Gal suggested that the decreased establishment by LATs-
mutants in trigeminal ganglia was the result of inefficient viral shutoff. Thus, one function of the HSV-1 LATs
transcription unit is to promote the establishment of latency in trigeminal but not lumbosacral ganglia. Such
a function may be relevant to understanding the distinct clinical recurrent disease patterns of HSV-1 and
HSV-2.

It has been well documented that the latency-associated
transcription unit is the single region of the herpes simplex
virus (HSV) genome which produces a detectable RNA
during latency (4-6, 20, 26, 33, 36, 38, 40, 44, 45). The
precise functional significance of transcriptional activity
from this region in the establishment, maintenance, and
reactivation phases of latent infection is still unclear. Data
generated from studies utilizing various LATs- mutants in
animal model systems have demonstrated that the LATs
transcription unit is not an absolute requirement for any of
these aspects of latency (15, 17, 22, 27, 35, 37), with the
possible exception of induced reactivation in vivo (14). In
the study described in reference 14, an LATs- mutant
reactivated significantly less frequently by induction via
iontophoresis of epinephrine in the rabbit eye model, al-
though spontaneous virus shedding and reactivation in co-
cultivated ganglia in vitro were not affected (14). Addition-
ally, the finding reported by several investigators that
LATs- mutants reactivate with delayed kinetics in coculti-
vation studies has been taken as evidence for a reactivation
function of LATs (22, 37). However, a clear interpretation of
this finding is difficult since others have reported normal
reactivation kinetics in this system with LATs mutants (2,
16, 17, 35).
A recent study has demonstrated that the major 2-kb

transcript from the LATs region is actually a stable intron
which is antisense to the immediate-early transcription fac-
tor ICPO and that the intron can function to down regulate
ICPO production in transient assays (10). These findings
suggest a possible role in establishment of latency. While the
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LATs transcript (7, 19, 46, 47) and intron have also been
detected during lytic infection of cultured cells, no effect of
these low levels of the intron on ICPO expression could be
detected (7). The LATs promoter has been shown to contain
neuron-specific promoter elements (1, 7, 47), and thus an
increased level of the LATs intron could result in the down
regulation of ICPO in this cell type during the establishment
of latency.
Because the HSV genome cannot be detected in situ in

latently infected tissues, only hybridization methods on
DNA extracted from ganglia have been employed to quan-
titatively evaluate establishment by LATs- mutants (14, 22,
35). From those studies, it was concluded that LATs-
viruses established an equivalent amount of latency. How-
ever, the methods are not sensitive enough to detect HSV
sequences in all ganglia known to be latently infected (14).
Thus, to date, the method used to estimate latency estab-
lished by LATs- mutants must be considered semiqualita-
tive and inadequate for quantitation of the number of latently
infected neurons.
The availability of LATs+ and LATs- mutants in which

the LATs promoter drives the Eschenchia coli 3-galactosi-
dase (13-Gal) gene has allowed the direct comparison of the
relative number of latent infections established by these
mutants. In addition, development of the hyperthermia
induction procedure (34a) has provided a system with which
to examine the induced reactivation frequencies of these
mutants in both trigeminal and lumbosacral ganglia in vivo in
the absence of spontaneous reactivation events. The pheno-
types of LATs- viruses were dramatically different depend-
ing on the anatomical site of latency. That is, the induced
reactivation frequency of the LATs- mutants from trigemi-
nal ganglia was reduced by nearly an order of magnitude.
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Surprisingly, the induced reactivation frequency of the
LATs- mutants from lumbosacral ganglia was indistinguish-
able from that of the wild type. This is the first report to
demonstrate a phenotype for the LATs transcription unit
dependent on the anatomical location of latency.

Quantitative analysis of establishment function demon-
strated that the LATs- mutant KOS/62 established latent
infection in 87% fewer trigeminal ganglionic neurons than
did KOS/1 (LATs+), a likely explanation for the reduced
reactivation frequency of KOS/62 from this site. Less than
15% of the KOS/1 ,3-Gal-positive neurons contained detect-
able HSV antigen 3 to 4 days postinfection (p.i.). However,
HSV antigen was detected in the majority of the 1-Gal-
expressing neurons infected with KOS/62, suggesting that
the failure to establish latency was the result of inefficient
viral shutoff. Our findings demonstrate that the LATs play a
role in promoting efficient establishment in trigeminal gan-
glionic neurons and that loss of this function is not mani-
fested in lumbosacral ganglia.

MATERUILS AND METHODS

Construction of viral mutants. The three mutants used in
this study, KOS/1, KOS/62, and KOS/29 (kindly provided by
L. T. Feldman), were constructed from the parental strain
KOS(M). KOS/29 is an LATs promoter mutant which has a
200-bp PstI fragment (118,659 to 118,863 bp) deleted in the
internal long repeat and in the equivalent position in the
terminal long repeat (8). This deletion removes the CREB
binding site (23), the TATA, and the transcriptional start site
(8). The virus produces no detectable LATs (8). KOS/62 is
an LAT- mutant in which HSV type 1 (HSV-1) sequences
from the SaclI site at 118,842 bp to the HpaI site at 120,466
bp of the internal long repeat and the corresponding region of
the terminal long repeat were deleted and replaced with the
E. coli 13-Gal gene. Both copies of the LATs are disrupted in
this virus (reference 11 and this report). Thus, the LATs
promoter drives 1-Gal in this virus. In KOS/1, a large region
of the LATs promoter was placed in front of the 1-Gal gene
and inserted into the EcoRV site at 97,646 bp in the glyco-
protein C locus. This resulted in the disruption of glycopro-
tein C and the expression of 1-Gal during latency in an
LATs+ virus (12). The genomic structures of these viruses
are shown schematically in Fig. 1. All restriction enzyme
sites are referred to as the corresponding positions in the
published HSV-1 sequence of strain 17 syn+ (for a review,
see reference 24).

Southern blot analysis of viral genomic structures. In order
to confirm that the virus reactivating in the cultures had the
expected genomic structure, total infected cell DNA was
isolated, digested with various restriction endonucleases
according to the manufacturers' (Bethesda Research Labo-
ratories, Promega, and New England Biolabs) recommenda-
tions, electrophoresed in agarose gels, transferred to nitro-
cellulose, and probed with various nick translated 32P-
labeled probes as described previously (3, 9).

Quantitative PCR detection of HSV DNA present in latently
infected ganglia. Quantitative polymerase chain reaction
(PCR) was carried out precisely as previously described
except that both trigeminal ganglia from each mouse were
pooled for DNA extraction (18). Briefly, mice were infected
as described above, and DNA was extracted from the
ganglia at 30 days p.i. Tissues were disrupted in 20 mM Tris
(pH 7.5)-200 mM EDTA (pH 8.0) and 1.0% sodium dodecyl
sulfate and incubated at 50°C with 100 ,ug of proteinase K
(Sigma) per ml overnight. Samples were extracted with

phenol-chloroform (lx) and chloroform (1 x) and precip-
itated with ethanol in the presence of 0.3 M sodium acetate.
Samples were hydrated in 100 ,ul of 10 mM Tris (pH 8.0)-i
mM EDTA (TE) and incubated with 100 ,ug of RNase A
(Sigma) at 37°C for 2 h, incubated for an additional 2 h with
proteinase K as described above, and again extracted and
precipitated. After hydration, aliquots which were not used
further were quantified in a Beckman model 2400 spectro-
photometer. Additional aliquots were examined by gel elec-
trophoresis to assess the size of the DNA.
Samples (100 ng) of ganglionic DNA or, as a standard, 100

ng of mouse brain DNA spiked with known concentrations
of HSV DNA was mixed with 50 pmol of each of two primer
pairs. One primer pair, CTTAACAGCGTCAACAGCGT
and CAAAGAGGTGGCGGAGT, is specific for the
HSV-1 TK gene, and the second pair of primers, AGTGT
GCGGGGATGCAGT and ACGCGAGAGCCCCACGTA, is
specific for a single-copy mouse gene (adipsin [18]). The
DNAs were reacted in a 100-pl volume in the presence of 50
mM KCl-10 mM Tris (pH 8.4)-4.5 mM MgCl2-100 ,ug of
gelatin per ml-200 ,uM each deoxynucleoside triphosphate-4
U of Taq polymerase (Bethesda Research Laboratories).
PCR was performed for 30 cycles of 1 min at 94°C, 2 min at
55°C, and 3 min at 72°C, with a final extension of 7 min at
72°C. Products were electrophoresed on 12% polyacryl-
amide gels and transferred to nylon filters (Magnagraph;
Molecular Separations Inc.) and UV cross-linked. The filters
were prehybridized and hybridized exactly as described
previously (18). The probe for the HSV PCR product was
CAGATCTTGGTGGCGTG end labeled with T4 polynucle-
otide kinase (Bethesda Research Laboratories) according to
the enzyme manufacturer's protocol. The probe for the
mouse PCR product was end-labeled AGTCGAAGGTGTG-
GTTAC. Blots were washed as described previously (18)
except that additional washes at 52°C were performed. Blots
were exposed to X-ray film (Kodak) for photography and
exposed in a Molecular Dynamics PhosphorImager and
analyzed with ImageQuant software (Molecular Dynamics)
for quantification.
Acute replication kinetics. The kinetics of acute replication

of these viruses was determined as described previously
(42). In brief, 4- to 5-week-old Swiss Webster mice were
bilaterally inoculated via corneal scarification with 5 x 104
PFU in 10 jil per eye. On days 1 through 7 p.i., animals (n =
3 per day for each virus) were sacrificed by lethal dose of
sodium pentobarbital, and eyes and trigeminal ganglia were
aseptically removed, snap frozen, and stored at -70°C.
Tissues were subsequently homogenized in media, and serial
10-fold dilutions of homogenates were overlaid with media
containing 0.3% human immunoglobulin G and monitored
for plaque formation.

Cocultivation. Male Swiss Webster mice, 4 to 5 weeks old,
were inoculated as described above with KOS/1, KOS/62,
KOS/29, or KOS(M). At 30 days p.i., animals were sacri-
ficed and trigeminal ganglia were removed aseptically and
cocultivated as described previously (43). In later experi-
ments, mice were inoculated bilaterally via both corneal
scarification (5 x 104 PFU per eye) and the snout (3 x 105
PFU per 25 ,ul per whisker pad) with KOS/1 or KOS/62.
Cocultivation of trigeminal ganglia from animals inoculated
was carried out at 90 and 140 days p.i.

Induced reactivation in vivo. Mice were inoculated as for
cocultivation studies. In addition, groups of animals were
inoculated via the footpad with 5 x 10 PFU as described
previously (41). Thirty days p.i., mice were subjected to the
hyperthermia induction procedure as described in reference
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FIG. 1. Representation of genomic structures of HSV-1 LATs+ (KOS/1) and LATs- (KOS/62) mutants showing the locus of E. coli a-Gal
gene insertion. Details of the LATs promoter ,-Gal construct for KOS/1 are being reported elsewhere (11). The construct for KOS/1 was
inserted into the EcoRV site within the glycoprotein C locus of the parental strain, KOS(M). In the KOS/62 construct, the region in the
internal long repeat is expanded, showing the SacII and HpaI sites. This same region is contained within the terminal long repeat (arrowhead).
HSV sequences between these two restriction sites in both the internal long repeat and the terminal long repeat were deleted and replaced
by the of E. coli a-Gal gene. Abbreviations: mu, map units; UL, unique long region; Us, unique short region.

34a. Twenty-four hours posttreatment, relevant ganglia were
removed, homogenized, and assayed for infectious virus as
described above.

,-Gal staining in ganglia. Evaluation of in vivo LATs
promoter activity. Male Swiss Webster mice, 4 to 5 weeks
old, were inoculated with KOS/1 or KOS/62 as described
above. On days 2, 3, 4, 6, 15, 30, 90, and 140 p.i., animals
were anesthetized with sodium pentobarbital (50mg/kg of
body weight) and perfused with a solution of 1% paraform-
aldehyde-0.02% glutaraldehyde-0.02% Nonidet P-40 in
phosphate-buffered saline (PBS), pH 7.2. Ganglia were re-
moved, postfixed for 15 min in the same solution, rinsed in
PBS, and placed in a solution containing 5 mM of potassium
ferricyanide, 5 mM of ferrocyanide, 2 mM of MgCl2, 0.02%
Nonidet P-40, and 0.1 ,ug of 5-bromo-4-chloro-3-indolyl-,B-
galactopyranoside (X-Gal) (Fisher Biotech) per ml in PBS,
pH 7.2. After an overnight incubation at 31°C, ganglia were
rinsed in PBS, cleared in glycerol, and mounted between two
glass slides. Assessments of the type and number of 1-Gal-
containing cells per ganglion as well as the distribution and

intensity of staining within the 1-Gal-positive cell population
were carried out independently by two observers (N.M.S.
and R.L.T.).

Colocalization of 13-Gal and HSV antigen. Ganglia from the
preceding section from days 3, 4, and 6 p.i. were rinsed in
PBS and postfixed in 4% paraformaldehyde for 3 h. The
subsequent dehydration, paraffin embedding, and immuno-
peroxidase staining for HSV antigens were as described in
reference 34a. Serial sections (10 ,um thick) were cut and
systematically examined so that assessment of antigen could
be made at multiple levels in each neuron.

RESULTS

The following experiments were designed to confirm and
extend previous studies examining the function of the LATs
transcription unit in establishment, maintenance, and in vivo
reactivation. The experimental plan was to compare the
LATs- establishment/reactivation phenotype in trigeminal
and lumbosacral ganglia. Induced in vivo reactivation from
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FIG. 2. Southern blot analysis of DNA isolated from rabbit skin
cells infected with virus recovered from latently infected trigeminal
ganglia. Shown are Sall digests of two independent isolates of
KOS/1 (K/1) and KOS/62 (K/62) probed with 32P-labeled sequences

specific for the E. coli ,-Gal gene. The first lane contains SalIl-
digested DNA obtained from KOS(M) (KM)-infected rabbit skin
cells.

both of these ganglionic sites was now possible with the
hyperthermia induction procedure described in reference
34a.

Since LATs transcripts have been detected at relatively
constant levels in ganglionic neurons during latency, the
LATs promoter has been considered to be continually active
in latently infected cells (for a review, see reference 39).
Therefore, LATs+ (KOS/1) and LATs- (KOS/62) mutants
which contained n-Gal controlled by the LATs promoter
were utilized so that latently infected cells could be detected
histochemically and counted. The establishment efficiency
of the LATs- and LATs+ mutants could thus be compared
directly at the cellular level. The feasibility of this approach
has been demonstrated in a previous study in which the
3-Gal gene was inserted behind the LATs promoter in an

LATs- mutant (15). Although quantitative analysis of la-
tency was not done in that study, latently infected neurons
were identified histochemically as "blue cells."

Characterizatiop of HSV-1 LATs+ and LATs- mutants.
The genomic structures of KOS/1 (LATs+) and KOS/62
(LATs-) are shown schematically in Fig. 1. These structures
were confirmed by Southern blot restriction fragment length
polymorphism analysis with seven different restriction en-

zymes and a variety of specific probes. A representative blot
is shown in Fig. 2. The DNAs were cleaved with SalI and
probed with radiolabeled sequences specific for the E. coli
p-Gal gene. As expected, no hybridization was seen in the
KOS(M) lane. The KOS/62 lanes each contained a labeled
band at about 4.1 kb, which was in agreement with the
predicted size of 4.15 kb (from a SalI site at the 5' end of the
13-Gal gene to the HSV-1 SalI site at 120,902 bp in the
internal long repeat or the corresponding site in the terminal
long repeat at 5,464 bp). As described above, both copies of
the LATs are disrupted in this mutant. The KOS/1 lanes
contained a 4.8-kb band, which was in agreement with the
predicted size of 4.832 kb from the Sall site in the ,B-Gal gene
to the viral SalI site at 98,739 bp. KOS/29 has a 200-bp
deletion in both copies of the LATs promoter, is LATs-,
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FIG. 3. Reactivation of LATs+ and LATs- mutants from la-
tently infected mouse trigeminal ganglia after explant cocultivation.
The percentage of ganglia positive for virus is represented on the
vertical axis. Bars represent the cumulative percentages of positive
ganglia at a given time point. Ten ganglia for each virus were tested.
The reactivation profiles at 30 days (A) and 140 days (B) p.i. are

shown. Abbreviations: K/i, KOS/1; K/62, KOS/62; K/29, KOS/29.

and has been previously described (8). No unexpected
perturbations of the genomes were detected (Fig. 2 and data
not shown).

Establishment and reactivation phenotypes of KOS(M),
KOS/1, KOS/62, and KOS/29 in trigeminal ganglia. Groups of
animals were inoculated via bilateral corneal scarification
with 5 x 104 PFU of each of the three mutants, KOS/1
(LATs+), KOS/62 (LATs-), and KOS/29 (LATs-), and the
parental strain, KOS(M). At 30 days p.i., trigeminal ganglia
from animals inoculated with each virus were evaluated for
(i) latent virus by explant cocultivation and (ii) the ability of
the virus to reactivate in vivo. In addition, latency in ganglia
from KOS/1- and KOS/62-infected mice was quantified by
counting the cells in which active transcription from the
LATs promoter was detected as 1-Gal activity.

Explant cocultivation. The establishment function of
KOS(M), KOS/1, KOS/62, and KOS/29 was assessed qual-
itatively by standard explant cocultivation 30 days p.i. Virus
was recovered from trigeminal ganglia of 100% of the mice,
demonstrating that all three mutant viruses could establish a

latent infection and reactivate in vitro (Fig. 3A). Both
LATs- viruses, however, reactivated with significantly de-

urn-a
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FIG. 4. Comparisons of the frequencies of in vivo reactivation

(A) and the numbers of latently infected neurons (B) in trigeminal
ganglia of mice latently infected with LATs+ and LATs- viruses.
These data are compiled from results with mice inoculated bilater-
ally via corneal scarification. The number of animals positive for
virus of the number tested is indicated below each bar in panel A.
Solid circles in panel B represent individual animals. The number of
blue neurons is the total number in the two trigeminal ganglia of each
animal. The dashed line is drawn at the frequency of reactivation
determined in panel A. Abbreviations are same as for Fig. 3.

layed kinetics (P < 0.005; Student's t test), a finding reported
by others (22, 37). These results clearly demonstrated that
100% of the animals were latently infected by these inocu-
lation procedures.
Induced reactivation in vivo. To date, the only phenotypic

difference of an LATs- mutant demonstrated in vivo has
been a decreased frequency of reactivation induced by
iontophoresis of epinephrine in the rabbit eye model (14). To
examine whether the reactivation frequency of LATs- mu-

tants would also be reduced in mice when the hyperthermia
induction procedure was used, the reactivation system de-
scribed in reference 34a was employed. Latently infected
mice were subjected to hyperthermia as described and were

sacrificed 24 h later, and the relevant ganglia were assayed
for infectious virus. A comparison of the induced reactiva-
tion frequencies of KOS(M), KOS/1, KOS/29, and KOS/62
clearly demonstrates that both LATs- mutants (KOS/29 and
KOS/62) reactivated with a greatly reduced frequency, (re-
activating in 6% [3 of 51] and 0% [0 of 36] of the animals,
respectively, than either the parental virus [KOS(M)] (reac-
tivating in 35% [7 of 20] of the animals) or the LATs+ mutant

(KOS/1) (reactivating in 18% [7 of 40] of the animals) (Fig.
4A). Statistical analysis (Fisher's exact test) of these results
showed a significant difference in reactivation frequencies
between the parental strain, KOS(M), and both KOS/29 (P =
0.02) and KOS/62 (P = 0.002). The difference between
KOS(M) and KOS/1 was not significant.

Quantitation of latently infected cells. The preceding data
suggest two alternatives. First, the LATs transcription unit
might be required for induced reactivation. Second, tran-

scription from this locus may be important prior to reactiva-
tion, i.e., in the establishment of latency, with the pheno-
typic expression of this function being reduced frequency of

reactivation. In order to distinguish between these two
alternatives, it was essential to accurately determine the
number of latently infected cells in the ganglia of animals
inoculated with LATs+ and LATs- mutants. By using,-Gal
expression as a marker of latently infected neurons, ganglia
latently infected with KOS/1 (LATs+) or KOS/62 (LATs-)
were fixed and assayed for enzyme activity in situ. To avoid
the inaccuracy inherent in generating a number from sec-
tioned ganglia, the histochemical assay was performed with
whole ganglia which were subsequently cleared and pressed.

Quantitative analysis was carried out with groups of 20
latently infected ganglia from mice inoculated via the cornea
with either the LATs+ (KOS/1) or the LATs- (KOS/62)
mutant. This analysis revealed a dramatic difference in
establishment efficiencies between KOS/1 and KOS/62 (P =
0.00004). The number of latently infected neurons in KOS!
1-infected trigeminal ganglia averaged 45.8 neurons per
mouse (range, 16 to 133) and for KOS/62, the number
averaged 5.9 (range, 0 to 15). Therefore, the number of
latently infected neurons in ganglia of mice inoculated with
the LATs- mutant was reduced nearly an order of magni-
tude (Fig. 4B). These data strongly suggested that the LATs
locus was functioning to facilitate establishment of latency.
With the assumption that all blue neurons are equally

capable of reactivating in this model, it is possible to
compare the reactivation frequency observed with the vari-
ance about the mean in the number of latently infected
neurons per mouse. Such an analysis predicts that about 80
latently infected neurons per mouse are required for reacti-
vation in this model. Extrapolation of these results to
KOS/62 predicts a reactivation frequency of less than 1 per
200 mice.
Acute replication kinetics. It was now important to dem-

onstrate that the reduced number of latently infected cells in
the ganglia of KOS/62-infected mice was not a result of
inefficient replication of this virus in vivo. Therefore, the
acute replication kinetics for KOS/1, KOS/62, KOS/29, and
KOS(M) were determined. Groups of mice (n = 21 per
group) were inoculated bilaterally via comeal scarification
with 5 x 104 PFU of each virus. The amount of infectious
virus in the eyes and trigeminal ganglia pooled from three
animals on days 1 through 7 was determined as PFU per
gram of tissue. As shown in Fig. 5, KOS/1, the LATs+
mutant, replicated less efficiently than KOS(M), yielding
approximately 10-fold-fewer PFU per gram in both the eyes
and trigeminal ganglia. The reason for this has not been
determined but may involve the loss of glycoprotein C,
which has been shown to play a nonessential role in HSV
infectivity (13). In contrast, both LATs- mutants (KOS/62
and KOS/29) reached titers at the periphery and in the
trigeminal ganglia equivalent to those of the parental strain
[KOS(M)] and with identical kinetics. Therefore, differences
in the establishment or reactivation capabilities of LATs-
mutants could definitely not be attributed to the inability of
these viruses to replicate efficiently during the acute phase of
infection or to replicate to detectable levels in ganglia after
reactivation.
These results indicated that LATs were indeed functioning

to facilitate establishment but did not preclude an additional
role for LATs in induced reactivation. If the reduced reac-
tivation phenotype of LATs- mutants was due solely to the
reduced numbers of latently infected ganglionic neurons,
increasing this number should result in increased reactiva-
tion frequency. In order to test this hypothesis, we devel-
oped a bilateral corneal scarification and snout abrasion
inoculation procedure to increase the portal of entry of the
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FIG. 5. Acute replication kinetics of LATs' and LATs- viruses following bilateral corneal scarification. Mice were infected as described

in the text, and at the indicated times p.i., samples were assayed in triplicate for virus content. Symbols: V, KOS(M); 0, KOS/1; *, KOS/62;
0, KOS/29. GM, gram.

virus. Animals inoculated by this procedure with KOS/1 and
KOS/62 were evaluated 30 days p.i. for observation of
induced reactivation frequency and quantitation of latently
infected neurons as described above. Results from these
experiments are shown in Fig. 6A. An increased frequency
of reactivation in the KOS/1-infected mice (30%, 6 of 20) was
seen. However, as in the previous experiment, no reactiva-
tions in KOS/62-infected animals (0 of 30) were detected.

This inoculation procedure resulted in an increase in the
number of latently infected (,-Gal-positive) neurons in KOS/
1-infected ganglia (average, 61.5; range, 17 to 125), which
could explain the increase in reactivation frequency ob-
served. KOS/62-infected animals also had an increase in the
number of latently infected cells compared with animals
inoculated via bilateral corneal scarification alone (average,
23.2; range, 16 to 33). However, this number was still 64%
less than the number of latently infected neurons seen with
KOS/1 and was still far less than the predicted number of
latently infected neurons required for reactivation in this
model (Fig. 6B). These data confirmed results from our first
set of experiments, indicating that the LATs function to
facilitate the establishment of latency. Because the number
of latently infected neurons detected in KOS/62-infected
mice was still very low, it was not possible to determine
whether LATs also functioned directly in reactivation.

Analysis of HSV DNA present in latently infected ganglia.
Several laboratories have previously reported that the LATs
locus plays no role during the establishment of latency (16,
17, 22, 35). This conclusion was based on experiments
designed to quantify HSV DNA present in latently infected
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FIG. 6. Comparisons of the frequencies of in vivo reactivation (A)

and the numbers of latently infected neurons (B) in trigeminal ganglia
of mice latently infected with LATs+ and LATs- mutants. These data
are compiled from results with mice inoculated bilaterally via corneal
scarification and snout abrasion. The number of animals positive for
virus of the number tested is indicated below each bar in panel A.
Solid circles in panel B represent individual animals. The number of
blue neurons is the total number in the two trigeminal ganglia of each
animal. The dashed line is drawn at the frequency of reactivation
determined in panel A. Abbreviations are same as for Fig. 3.
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FIG. 7. Quantification of HSV DNA present in latently infected trigeminal ganglia by PCR. Mice were infected with KOS(M), KOS/1, or
KOS/62 as described in the text. Thirty days p.i., ganglion pairs were harvested and DNA was extracted for quantitative PCR. Two primer
pairs were present in the PCR as described in Materials and Methods. One pair is specific for the HSV-1 TK gene, and the second pair is
specific for the single-copy mouse adipsin gene. PCR products were electrophoresed and blotted to nylon membranes. The blots were
hybridized to a 32P-labeled oligonucleotide specific for the HSV TK gene product (top panels) and then stripped and hybridized to a probe
specific for the product of the mouse adipsin gene (bottom panels). The left panels are a reconstruction of known amounts of HSV genomes
in 100 ng of mouse DNA. The right panels show results with 100 ng of latently infected ganglionic DNA. Autoradiograms were produced for
photographic purposes. The blots were also scanned on a Molecular Dynamics Phosphorlmager, and counts per minute (CPM) present in the
bands were determined by using ImageQuant software (table at right).

ganglia by slot blot hybridization. We next sought to deter-
mine whether the amount of HSV DNA present in latently
infected ganglia was correlated with the number of i-Gal-
positive neurons present. The purpose of these experiments
was twofold: to determine the HSV genome copy number
present per LATs promoter-positive neuron, and to gain
evidence that some unknown difference in LATs promoter
activities between KOS/1 and KOS/62 was not responsible
for the observed difference in establishment frequencies
identified in trigeminal ganglia as described above.

Initial experiments to quantify HSV DNA present in
latently infected ganglia by slot blot hybridization were
inconclusive. By preadsorbing the probe employed to a filter
saturated with mouse DNA, a specific signal could be
obtained at 104 HSV genomes per 1 ,ug of mouse DNA.
Regardless of the infecting strain, 3 x 104 to 2 x 105 HSV
genome equivalents per microgram were detected in samples
of latently infected ganglia. Although the amount of HSV
DNA detected in the ganglia infected with LATs- mutants
was often lower than that in the LATs+ samples, the groups
overlapped, a result consistent with previous reports by
others (22, 35). However, the level of sensitivity was not
sufficient to detect HSV DNA in all latently infected ganglia
and not linear enough at this level to unambiguously docu-
ment a 30 to 60% difference between strains (data not
shown). Therefore, the more sensitive approach of quanti-
tative PCR in which both HSV and mouse DNA could be
simultaneously quantified was employed (18).

Pairs of trigeminal ganglia from mice latently infected with
KOS(M), KOS/1, or KOS/62 were pooled, and the DNA was
extracted and treated precisely as described previously (18).
Results of such an analysis are shown in Fig. 7. The top
panels are from an autoradiogram of the resulting blot
probed with an oligonucleotide specific for the HSV TK gene

PCR product. The bottom panels are from an autoradiogram
of the same blot hybridized to an oligonucleotide probe
specific for the mouse adipsin gene PCR product. The
radioactivity present in the bands was quantified by exposing
the blots on a Molecular Dynamics Phosphorlmager and
analyzing the resulting image with ImageQuant software. As
can be seen, a reasonable linearity was seen in the standards
reconstruction experiment between 320 and 3.2 x 105 ge-
nomes of HSV in 100 ng of mouse DNA. Linearity fell off
above and below this range, and competition between the
primer pairs was observed.
Both mice infected with KOS(M) had larger amounts of

latent DNA than did those infected with KOS/1, indicating
that this mutant did not establish abnormally high levels of
latent infections. However, the KOS/62-infected mice con-
tained significantly less latent HSV DNA than did those
infected with KOS/1. In fact, very few copies were detected
in one of the KOS/62-infected mice, and neither value from
these animals was within the linear range of the standards.
The number of genome copies present in the KOS/1-infected
mice could be estimated with reasonable accuracy. With the
assumption that about 20 ,ug of DNA was present in a
trigeminal ganglion as we performed the dissections (an
average number derived during the course of these studies;
data not shown), there would be 3.6 x 107 and 1.2 x 106
HSV genome equivalents per ganglion in the KOS/1-infected
mice. These numbers are consistent with those reported by
others (0.3 to 3.0 HSV genomes per cell genome [18, 35]), as
there are between 106 and 107 cells in the ganglion. The
average number of blue neurons present in 10 ganglia from
mice inoculated with KOS/1 at the same time as those
mentioned above was 31.2 (range, 13 to 146). Therefore,
there were between 3 x 104 and 1 x 106 HSV genome
equivalents per blue neuron. The biological significance and
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VIRAL MUTANT

FIG. 8. Comparison of the frequency of in vivo reactivation from

lumbosacral ganglia of mice latently infected with LATs+ and

LATs- viruses. These data were compiled from results with mice

inoculated via footpad abrasion. The number of animals positive for

virus of the number tested is indicated below each bar. Abbrevia-

tions are same as for Fig. 3.

activity of the HSV DNA detected by these techniques is not

known (18), but the fact that less was found in ganglia

latently infected with KOS/62 is consistent with the hypoth-

esis that this mutant fails to establish latency efficiently.

Establishment and reactivation in lumbosacral ganglia.

Because hyperthermia effectively induces reactivation in

vivo in lumbosacral ganglia (34a), it was possible to test

LATs- mutants for establishment as well as induced reacti-

vation phenotype at this ganglionic site. Groups of mice

were inoculated via the footpad with equivalent titers of

KOS(M), KOS/1, KOS/62, or KOS/29. Thirty days p.i.,

latently infected animals were evaluated for induced reacti-

vation frequency, and the number of latently infected neu-

rons was determined as described above.

In direct contrast to the results obtained with trigeminal

ganglia, the frequency of induced reactivations of these same

mutants from the lumbosacral ganglia were indistinguishable

from the wild type (Fig. 8). The two LATs- mutants,

KOS/29 and KOS/62, reactivated by induction in 53% (8 of

15) and 47% (14 of 30) of the animals, respectively. These

values are not statistically different from the 53% (9 of 17

animals) reactivation rate of the parental strain KOS(M) and

are higher than that for the LATs+ mutant, KOS/1, at 21% (4

of 19 animals). Thus, the reduced reactivation phenotype

observed with trigeminal ganglia was not observed with

lumbosacral ganglia.

The number of latently infected neurons in KOS/62

(LATs-)-infected lumbosacral ganglia was now higher (av-

erage, 80 per mouse; range, 51 to 101) than the number in

KOS/1-infected ganglia (average, 56; range, 43 to 84). These

data demonstrate that when sufficient numbers of lumbosac-

ral ganglionic neurons were latently infected with LATs-
mutants, induced reactivation was also efficient. In addition,

the block in establishment observed with the trigeminal

ganglia was not apparent with the lumbosacral ganglia. The

results demonstrate clearly that no generalized defect is

present in the mutant KOS/62. This virus is fully capable of

replicating at the body surface, transporting to ganglion
cells, establishing latency, and, as the mutant KOS/29,
reactivating from lumbosacral ganglia in response to hyper-
thermia.
LATs expression during establishment. The preceding re-

sults suggest strongly that transcription from the LATs locus
is associated with a greatly increased frequency of establish-
ment of latency in trigeminal, but not dorsal root, ganglionic
neurons. If this hypothesis was correct, one would predict
that the LATs promoter would be active early during the
acute infection stage as latency is being established. Further,
by comparing LATs promoter activity of KOS/1 and KOS/62
in both trigeminal and lumbosacral ganglia, it would be
possible to determine the time at which this locus exerts its
effect on establishment frequency.
The LATs promoter activity was examined by quantifying

,-Gal expression in ganglia over time. Groups of animals
were inoculated with either KOS/1 or KOS/62 by using
bilateral corneal scarification combined with bilateral snout
abrasion or footpad inoculation routes. Groups of animals
were sacrificed at various times p.i. for assessment of LATs
promoter activity. These data are summarized in Fig. 9.
Blue cells could be detected as early as 2 days p.i. with

either virus at both anatomic locations. However, the num-
ber detected was low. On day 3, equivalent numbers of blue
neurons were seen in trigeminal ganglia from the KOS/1- and
KOS/62-infected mice (n = 8 ganglia for each; averages were
163.5 and 193.8, respectively, and ranges were 72 to 225 and
95 to 292, respectively). This was also true of day 4 ganglia,
although by this time one ganglion from a mouse infected
with KOS/62 had a low number of blue neurons (KOS/1, n =
10, average was 168.2, and range was 77 to 192; for KOS/62,
n = 10, average was 157.7, and range was 32 to 304). By day
6, the difference between KOS/1 and KOS/62 observed at 30
days p.i. was readily apparent and statistically very signifi-
cant (KOS/1, n = 12, average was 197, and range was 103 to
390; (KOS/62, n = 14, average was 90.9, and range was 24 to
152; P = 0.0004, unpaired T test).
As shown in Fig. 10, many intensely blue neurons with

blue axonal processes were present on day 6 in trigeminal
and lumbosacral ganglia from both KOS/1- and KOS/62-
infected animals. It was evident at this time point that for the
trigeminal ganglia, there were far fewer blue neurons in
KOS/62-infected ganglia than in ganglia infected with equiv-
alent titers of KOS/1 (Fig. 10A and B). In contrast, lum-
bosacral ganglia examined on day 6 from mice inoculated
with KOS/1 or KOS/62 were indistinguishable (Fig. 10C and
D). At both sites by day 15, the intensity of blue was
markedly lower and the actual number of blue neurons had
decreased in parallel in KOS/1- and KOS/62-infected ani-
mals. This decrease in the number of blue neurons continued
through day 30. The overall intensity also further dimin-
ished, the diffuse cytoplasmic staining present earlier in most
cells was no longer apparent, and a punctate distribution of
the enzyme within the positive neurons was most common.
A most significant finding of this experiment was that

equal numbers of p-Gal-positive neurons were seen in
trigeminal ganglia infected with either KOS/1 or KOS/62
through 3 to 4 days p.i., after which time the numbers began
to diverge. Clearly then, both of these viruses reached the
ganglia and expressed the LATs promoter in equivalent
numbers of neurons early after infection. These data sug-
gested that transcription from the LATs locus exerted its
influence early during acute infection (between days 3 and 6)
and might be involved in the switch from acute infection to
latency. If this was the case, one would predict that with
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FIG. 9. LAT promoter transcription and HSV antigen production during the establishment of latency. Shown is the comparison of the

average numbers of LATs promoter transcription positive (blue) neurons and the percentages of these which were also HSV antigen positive
in trigeminal ganglia of KOS/1- and KOS/62-infected mice on days 3, 4, and 6 p.i. Mice were bilaterally inoculated on the cornea and snout.
The total number of blue neurons per animal was determined from ganglionic whole mounts stained with X-Gal as described in the text. Each
bar represents the average from 8 to 14 animals. The ganglia were subsequently processed for the detection of HSV antigen, and the
percentage of HSV antigen-positive ,3-Gal-positive neurons was determined by examining serial sections. A minimum of 125 1-Gal-positive
neurons were examined for each group. The superimposed open bars represent the percentages of 1-Gal-positive HSV antigen-positive
neurons determined from the sectioned ganglia (see text for details).

LATs+ strains such as KOS/1, expression of the LATs
promoter would be associated with a shutoff of viral protein
synthesis on days 3 to 4 p.i. and that two populations of cells
would be detected at this time: one expressing LATs and one
expressing viral antigen. In contrast, with KOS/62 (LATs-),
expression of the LATs promoter would colocalize with
HSV antigen in neurons. Further, such a difference between
these strains should be detectable in trigeminal but not
lumbosacral ganglionic neurons.
Immunohistochemical staining for HSV antigens was

combined with detection of 1-Gal to examine the relation-
ship between LATs promoter activity and antigen produc-
tion. Animals were inoculated as above with either KOS/1 or
KOS/62, and relevant ganglia were harvested and processed
on days 3 and 4 p.i. Serial sections were examined with a
100x oil immersion objective, and care was taken to exam-
ine several levels of each blue neuron for the presence of
HSV antigen. It was found that in all cases, there were 5 to
10 times more antigen-positive neurons than neurons ex-
pressing 1-Gal. Therefore, the LATs promoter was active
only in a small subset of infected neurons. HSV antigen
could be detected in some of the blue neurons. It was of
particular interest that compared with results for ganglia
infected with KOS/1, there was a significantly higher fre-
quency of colocalization of 13-Gal and HSV antigen in
KOS/62-infected trigeminal but not lumbosacral ganglia
(summarized in Fig. 9).

In KOS/62-infected trigeminal ganglia on day 3 p.i., 47%
(118 of 249) 1-Gal-positive neurons also contained HSV
antigen. Only 16% (21 of 131) of the blue neurons in
KOS/1-infected ganglia also contained HSV antigen. By day
4 p.i., the difference between the strains was even greater

(colocalization with KOS/62, 62.4% [103 of 165]; colocaliza-
tion with KOS/1, 11.4% [14 of 125]). In lumbosacral ganglia,
colocalization occurred at about the same frequency with
both viruses (day 3, colocalization with KOS/1, 23% [30 of
130]; colocalization with KOS/62, 20% [40 of 200]; day 4,
colocalization with KOS/1, 18% [15 of 85]; colocalization
with KOS/62, 14% [30 of 210]).
With both viruses, the amount and subcellular distribution

of HSV antigen staining in 1-Gal-expressing cells was vari-
able, ranging from pale to intense staining restricted to the
nucleus to diffuse or punctate cytoplasmic staining. Vacuo-
lar degeneration and abnormal nuclear morphology were
occasionally apparent, indicating that at least some of these
neurons did not survive. These findings may account for the
reduction in establishment of latency seen with KOS/62 in
trigeminal ganglia. Indeed, the nearly threefold decrease in
establishment seen with this inoculation route is in close
agreement with the three to fourfold increase in antigen-
positive, 1-Gal-positive cells and indicates that KOS/62 may
not be efficiently shut off during establishment.

Maintenance of latency. Long-term experiments were per-
formed to determine whether the absence of the LATs
transcription unit resulted in a more rapid loss of latently
infected neurons. Animals from the group infected as de-
scribed above were maintained and analyzed for the virus'
ability to reactivate in cocultivation and for the number of
blue neurons present at 90 and 140 days p.i. As can be seen
in Fig. 3B, virus in 100% of the ganglia from animals infected
with both LATs+ and LATs- mutants reactivated by ex-
plant cocultivation at 140 days p.i. This is in agreement with
a previous report examining the long-term maintenance of an
LATs- mutant (35). However, the kinetics of reactivation of
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FIG. 10. In situ localization of E. coli a-Gal activity in 'representative whole mounts of trigeminal (A and B) and lumbosacral (C and D)
ganglia 6 days after inoculation with equivalent titers of the LATs' mutant KOS/1 (A and C) and the LATs- mutant KOS/62 (B and D).

both viruses were reduced significantly from those seen at 30
days p.i. (compare with Fig. 3A). The number of n-Gal-
positive neurons also declined at 90 days p.i. (n = 20; for
KOS/1, the average was 39.9 and the range was 20 to 59; for
KOS/62, the average was 12.4 and the range was 3 to 27).

This trend continued through 140 days (n = 6; for KOS/1 the
average was 30.6 and the range was 24 to 45; for KOS/62, the
average was 11.6 and the range was 6 to 18), but the decrease
observed was not significantly different from the observa-
tions at 90 days. Therefore, regardless of the genotype,
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latent infections were maintained with comparable efficien-
cies throughout the 4.5-month period of study, indicating no
role for LATs in maintenance. The number of cells express-
ing 13-Gal decreased over the first 30 days p.i. with both
viruses (see above), and this trend continued for the length
of the study. This suggests that some LATs-expressing
neurons either down regulated this promoter, lost the virus,
or died. Further, the kinetics of reactivation in cocultivation
cultures reflected the number of blue neurons detected.
Thus, as the number detected was reduced, reactivation in
culture required more time.

DISCUSSION

The LATs are a related group of RNA molecules found in
the nucleus of a population of neurons in latently infected
ganglia (4, 5, 20, 26, 33, 38, 40, 44, 45). Because this is the
only region of the HSV genome transcriptionally active
during latency, a great deal of effort has been placed in
determining the functional significance of the LATs or

protein products from this locus. The LATs RNAs have
been mapped on the viral genome by in situ hybridization of
latently infected ganglia by using a series of small oligonu-
cleotide probes (45). The promoter for the LATs has been
identified some 700 bp upstream from the start of the LATs
(8). This has led to the demonstration that the LATs are a

metabolic byproduct of a larger transcription unit (7, 10).
However, to date, no functional mRNA or protein encoded
by this locus has been identified.

Studies with mice have found that LATs- mutants reac-

tivate in vitro with reduced kinetics (22, 37) or reduced
frequency (22) in trigeminal ganglia in explant cocultivation
experiments. In similar experiments, others have shown that
LATs mutants reactivate with wild-type kinetics and fre-
quency in mouse trigeminal ganglia (2) and dorsal root
ganglia (35) and rabbit trigeminal ganglia (14). The reduced
reactivation kinetics observed in the studies above has been
interpreted as a reduced ability of LATs- mutants to reac-

tivate. Our data suggest that this phenomenon may be
explained at least in part by reduced establishment by such
mutants.
There has been only one report of in vivo reactivation

studies with an LATs mutant. After iontophoresis of epi-
nephrine in the rabbit eye model, an LATs- mutant was not
induced to reactivate above the background of spontaneous
virus shedding. The authors concluded that the LATs locus
enhanced induced reactivation but were unable to determine
whether the LATs were an absolute requirement (14).

Analysis of these findings is complicated by the fact that it
is not possible to quantify the establishment of latency by
LATs- mutants on a cellular level. The ability of HSV-1
LATs mutants to establish latent infections has been ad-
dressed by indirect measures, including determination of
acute viral replication kinetics and quantitation of viral DNA
extracted from ganglion tissues (14, 16, 22). These experi-
ments have led to the general consensus that the LATs locus
is not required for establishment of latency (39). Unfortu-
nately, these methods are not sensitive enough to detect
viral DNA in all ganglia known to be latently infected (14)
and may not reflect the true amount of biologically active
viral DNA present (22).

In this study, it was demonstrated that KOS/29 reactivated
in vivo in trigeminal ganglia in response to hyperthermia,
although with greatly reduced frequency. In lumbosacral
ganglia this mutant, as well as the LATs- mutant KOS/62,
reactivated with wild-type frequency. These findings dem-

onstrate that the LATs locus is not an absolute requirement
for induced reactivation from trigeminal ganglia and appears
to play no role in induced reactivation from the lumbosacral
ganglia in this model. Analysis of establishment of latency by
the LATs- mutant KOS/62 following corneal inoculation
demonstrated 87% fewer latently infected neurons in trigem-
inal ganglia than was found with the LATS+ mutant KOS/1.
Further confirmation of a defect in establishment is the fact
that quantitative PCR revealed fewer HSV genomes present
in KOS/62 latently infected ganglia. Reduced establishment
is a likely explanation for the lack of reactivation of this
mutant from this anatomic location. However, our findings
do not preclude the possibility that the LATs transcription
unit may also function in reactivation from this site. In
lumbosacral ganglia, KOS/62 established as many as or more
latent infections than KOS/1 and reactivated with wild-type
frequency.
Examination of ganglionic neurons for LATs promoter

activity (13-Gal) and HSV antigen during the establishment
phase of infection demonstrated that the LATs promoter
was active in only a small subset of infected neurons. In
KOS/1-infected ganglia, the great majority of 3-Gal-positive
neurons contained no HSV antigen, a finding consistent in
both trigeminal and lumbosacral ganglia. Conversely, in
trigeminal ganglia infected with KOS/62, the majority of
1-Gal-positive neurons contained HSV antigen, while in
lumbosacral ganglia, the extent of colocalization was similar
to that observed with KOS/1. Light microscopic examina-
tion indicated that at least some of these 1-Gal-positive,
antigen-positive neurons did not survive. These results
strongly suggest that viral shutoff in trigeminal neurons is
inefficient in the absence of LATs transcription. Thus, we
conclude that expression of the HSV-1 LATs locus facili-
tates establishment of latency in the trigeminal but not the
lumbosacral ganglia. The LATs function is not an absolute
requirement but serves to greatly increase the number of
neurons in which establishment occurs.

In humans, the most common site of HSV-1 latency is the
trigeminal ganglia, resulting from primary infection of the
oral mucosa. Primary oral-labial infections with HSV-1 recur
more frequently than such infections with HSV-2. The
converse is also true in that HSV-2 recurrences are much
more prevalent than HSV-1 recurrences after primary geni-
tal infection (21, 32). However, to date, specific viral func-
tions which contribute to this ganglionic site-specific behav-
ior have not been identified. This is the first report of an
HSV-1 genotype expressed as distinct phenotypes in ganglia
at different anatomic locations. This finding emphasizes the
importance of considering the anatomic site used for exper-
imental analyses of establishment and reactivation functions
of HSV-1 LATs. Furthermore, it suggests the intriguing
possibility that the LATs transcription unit may play a role
in the clinical recurrence patterns of HSV-1 and HSV-2 in
humans.
The fact that the HSV-1 LATs function to enhance estab-

lishment in trigeminal but not lumbosacral neurons would
seem at first to be a paradox, and it may be that the mouse
model breaks down in this regard. However, our findings are
consistent with the pattern of recurrent disease in humans if
one postulates that the permissiveness of neurons at various
ganglionic sites varies and that this permissiveness plays an
important role in the progression of a reactivation event
to disease recurrence at the body surface. It is very clear
that establishment of latency can occur in the absence of
LATs or most other HSV gene transcription (15-18, 22, 27,
35, 37). Therefore, the idea of a default establishment
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pathway, due to the nonpermissiveness of the neuron, must
be entertained. If one postulates that lumbosacral neurons
are less permissive than trigeminal neurons,' one could
predict that this default pathway might be dominant for
HSV-1 and that the effect of the absence of LATs transcrip-
tion in HSV-1 strains would not be seen in this tissue.
Conversely, in more permissive trigeminal neurons the effect
would be apparent, as the default pathway would no longer
be as dominant.

Neurovirulence is clearly not a prerequisite for the estab-
lishment of or reactivation from latency (43). Therefore,
neurovirulence is likely to be titrated by a combination of the
requirement to preserve the host and the requirement to
replicate in neurons following reactivation to produce recur-
rent disease. If lumbosacral neurons are less permissive,
HSV-2 strains would be predicted to be more neurovirulent
than HSV-1 strains. This has long been known to be true
(28-31). This model would also predict that HSV-1 could
establish latency in lumbosacral neurons and, because
HSV-1 is less capable of replication in these cells, reactivate
without causing apparent disease at the body surface. An
additional prediction of this hypothesis is that HSV-2 strains
would also carry an establishment function which would be
apparent in the normal target tissue. It has recently been
reported that HSV-2 also encodes LATs during latency and
that the transcription unit is similar to but distinct from that
seen in HSV-1 (25). It will be of great interest to examine the
roles of the HSV-2 LATs in establishment and reactivation
and compare the phenotypic expression of HSV-2 LATs-
mutants in trigeminal and lumbosacral ganglia. Such exper-
iments are currently in progress.

Finally, a variety of procedures have been shown to
induce the reactivation of HSV-1 experimentally, and these
include UV light, superinfection, chemical treatments, ion-
tophoresis of epinephrine, physical trauma, neurectomy
(reviewed in reference 34), and transient hyperthermia (34a).
It should be emphasized that the interplay of viral and host
factors which lead to reactivation and recurrent disease is
undoubtedly complex and that the relative importance of any
one factor may be dependent on the nature of the induction
event and, as demonstrated in this study, the specific gan-
glionic site of latency.
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