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Competitive quantitative PCR and reverse transcriptase-PCR were used to quantitate DNA and RNA from
an attenuated ribonucleotide reductase-deleted herpes simplex virus type 1 (HSV-1) mutant in the rat
trigeminal ganglion after peripheral inoculation following corneal scarification. Amplification of ganglionic
DNA with oligonucleotide primers specific for the HSV-1 glycoprotein B (gB) gene and for the latency-
associated transcript (L4T) gene indicated that there were approximately 2 x 105 genome equivalents per

ganglion at 2 days, 7 days, and 8 weeks after inoculation. Amplification of ganglionic RNA with primers specific
for HSV-1 LAT indicated that the amount of LAT RNA was also stable over 8 weeks, with 107 LAT molecules
per ganglion at 2 days and at 7 days postinoculation and 1.4 x 107 LAT molecules per ganglion at 8 weeks. In
situ hybridization with a digoxigenin-labeled riboprobe specific for LAT detected an average of one to two
LAT-positive cells in each positive 6-,um section of trigeminal ganglion. In situ PCR detection of HSV-1
genomes in similar sections, using digoxigenin-labeled nucleotides with primers specific for HSV-1 gB,
identified as many as 120 genome-positive cells per section. These results indicate that there are approximately
50 LAT molecules per latent HSV-1 genome in the trigeminal ganglion, compared with 15 LAT molecules per

latent HSV-1 genome in the central nervous system (R. Ramakrishnan, D. J. Fink, G. Jiang, P. Desai, J. C.
Glorioso, and M. Levine, J. Virol. 68:1864-1873, 1994), but that cells with detectable LATs by in situ
hybridization represent only a small proportion of those ganglionic neurons containing HSV-1 genomes. The
presence of latent HSV-1 genomes in a large number of neurons suggests that HSV-1 may be more efficient in
establishing the latent state than would be anticipated from previous reports.

A characteristic feature of infection with herpes simplex
virus type 1 (HSV-1) is the capacity of the virus to establish
life-long latency in the nervous system of the host (14, 19, 34,
40). In the course of infection of the skin or mucosal surfaces,
virus is taken up by axon terminals and transported to the
nuclei of neuronal cell bodies in sensory ganglia, where after a
short phase of active replication (41), viral genomes persist in
a circular or concatameric form (12, 26, 31) with a chromatin-
like organization (9). Expression of the more than 70 genes of
HSV-1 is repressed in the latent state (18, 40), and only the loci
of the viral genes coding for the latency-associated transcripts
(LATs) are active. LATs are transcribed from the strand
opposite to that of the ICPO gene in the inverted repeat
sequence of the long unique (UL) segment of the viral genome
and are partially complementary to ICPO mRNA (7, 29, 32, 42,
43). A 2-kb LAT is the most abundant species, with smaller
amounts of 1.5- and 1.45-kb coterminal molecules also found
in latently infected ganglia (7, 27, 37, 43, 44, 45). These RNAs
are intranuclear and not polyadenylated (11, 37, 44). No
protein product has been associated with the LAT locus, and
no function for the LATs has been defined. Virus mutants
which do not transcribe LAT RNA are nonetheless able to
establish and maintain latency (19, 36, 39), although some of
these mutants are defective in reactivation from latency (3, 10,
22).
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We have previously reported the results of a quantitative
study characterizing the establishment of HSV-1 latency in the
rat brain following stereotactic intracranial inoculation of a

highly attenuated mutant into the hippocampal region (30).
The infecting virus was deleted for the coding sequence of both
ribonucleotide reductase (RR) subunit genes, UL39 (RR1)
and UL40 (RR2). Using DNA and RNA competitive quanti-
tative PCR, we demonstrated a large number of latent viral
genomes (8 x 104) and LAT RNA molecules (1.2 x 106) in
tissue scaped from isolated regions of single 10-pLm brain
sections. The number of viral genomes and the number of LAT
molecules remained constant up to 8 weeks postinoculation
(p.i.); there were approximately 15 molecules of LAT for each
HSV-1 genome during latency.
To compare latency in the central nervous system, estab-

lished by direct intracranial inoculation of virus, with the
natural latent state in the peripheral nervous system, we have
used the same HSV-1 mutant and competitive quantitative
PCR and reverse transcriptase-PCR (RT-PCR) techniques to
determine the number of viral genomes and LAT RNA
molecules in the trigeminal ganglion of the rat, after achieving
infection by corneal scarification and inoculation of virus. We
have combined these quantitative measurements with in situ
hybridization to determine the number of LAT (RNA)-posi-
tive cells in the ganglia and in situ PCR to define the cells
harboring viral genomes (DNA) in the same ganglia. We find
that there are a large number of neurons containing viral
genomes in the trigeminal ganglion but that only a small
fraction of these genome-harboring neurons express detectable
LATs.
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MATERUILS AND METHODS

Cells and viruses. All experiments reported were done with
a virus designated RRlCAT/RR21acZ (8), an RR-deleted
derivative of HSV-1 KOS in which the RR1 promoter drives
chloramphenicol acetyltransferase expression and the RR2
promoter drives expression of ,3-galactosidase. HSV-1 strains
mutant in the RR genes are significantly less neurovirulent
following intracranial injection into mice (5) and rats (30) and
are less able to reactivate from ganglionic latency than wild-
type virus (20). All cell culture work was carried out with Vero
cells grown in Dulbecco's modified Eagle medium supple-
mented with 10% newborn calf serum.

Infection of ganglia and preparation of ganglionic extracts.
Sprague-Dawley rats weighing 175 to 225 g were inoculated in
both eyes with approximately 2 x 106 PFU of virus in a 1-pA
volume following corneal scarification. For DNA and RNA
analyses, the animals were sacrificed by decapitation, and the
trigeminal ganglia were removed with sterile instruments and
immediately transferred to a freezing solution. The single
ganglia were homogenized in TRI reagent (Molecular Re-
search Center Inc.), and DNA and RNA were extracted as
instructed by the manufacturer. For histologic analyses, the
ganglia were frozen in isopentane, embedded in OCT embed-
ding medium (Miles Laboratory), and sectioned in a cryostat,
or animals were perfused with 4% paraformaldehyde and the
ganglia were embedded in paraffin and cut on a microtome.
Both ganglia from two animals at each time point were
individually examined by in situ hybridization and in situ PCR.
PCR amplification of DNA and RNA. DNA and RNA were

amplified as previously described (30). The primers used were
(i) for the glycoprotein B (gB) gene, ATT-CTC-CTC-CGA-
CGC-CAT-ATC-CAC-CAC-CTT (5' primer) and AGA-
AAG-CCC-CCA-TTG-GCC-AGG-TAG-T (3' primer); (ii)
for the lacZ gene, TTG-CTG-ATT-CGA-GGG-GTT-AAC-
CGT-CAC-GAG (5' primer) and ACC-AGA-TGA-TCA-
CAC-TGC-GGT-GAT-TAC-GAT (3' primer) (13); (iii) for
LAT genes, GAC-AGC-AAA-AAT-CCC-GTC-AG (5' prim-
er) and ACG-AGG-GAA-AAC-AAT-AAG-GG (3' primer)
(23); and (iv) for the glyceraldehyde phosphate dehydrogenase
(GAPDH) gene, ATT-GGG-GGT-AGG-AAC-ACG-GAA
(5' primer) and ACC-CCT-TCA-TTG-ACC-TCA-ACT-A (3'
primer).

Samples were amplified in either a PTC 100 Programmable
Thermal Controller (MJ Research Inc.) or a Bellco DNA
Pacer (Bellco Biotechnology) for 30 cycles. For the gB and
lacZ genes, the conditions were 95°C for 15 s, 54°C for 15 s,
and 71°C for 1.5 min. For the LAT and GAPDH genes,
amplification cycle conditions were 30 cycles at 95°C for 1 min
and 60°C for 1 min, followed by a single extension at 72°C for
10 min. Reaction products were separated on 4% NuSieve
agarose gels.

Competitive quantitative DNA PCR. The method used for
competitive quantitative PCR has been described previously
(30). We constructed a mutant template which is identical to a
191-bp fragment of the native HSV-1 gB gene except for a
single base pair change creating a new HpaII site 29 bases from
the 3' end. Known amounts of mutant template were added to
each reaction tube, and following amplification, the products
were digested with HpaII. DNA fragments of 191 bp repre-
senting amplified wild-type gB sequences and 162 bp repre-
senting the amplified mutant sequences were electrophoreti-
cally separated, and the amount of gB DNA in the original
sample was determined by comparison with the amount of
amplified standard.
Ten microliters of DNA extract was coamplified with a

10-fold dilution series of the mutant gB fragment ranging from
10 pg to 1 fg for 30 cycles. To eliminate heterodimer formation
(2, 15), the reaction products were diluted 200-fold and
reamplified for two cycles in the presence of 1 ,ul of [a_32p]
dCTP (400 Ci/mmol; Amersham). The amplified products
were digested with HpaII, separated on a 4% NuSieve GTG
agarose gel in 1 x Tris-borate-EDTA buffer, and exposed to
X-ray film (Hyperfilm-MP; Amersham). The approximate
amount ofgB DNA was determined by inspection of the auto-
radiograph. Ten-microliter aliquots of the ganglionic extract
were then coamplified with a twofold serial dilution of mutant
gB DNA ranging from 50 to 3.1 fg. Following HpaII digestion
and separation, the amount of radioactivity in each band was
counted with a radioanalytic imaging detector (AMBIS Inc.).
Standard linear regression curves were prepared by plotting
net counts per minute for each sample in the dilution series
against the amount of input mutant gB DNA, using the
GraphPAD INPLOT software program (GraphPAD Soft-
ware), and the amount of gB DNA was determined from the
point of equivalence of the mutant and target products.
LATDNA was quantitated in a similar manner. The normal

LAT PCR product is 195 bp long, with a BsaHI site 21 bp from
the 3' end. A mutant LAT DNA template, in which the BsaHI
site was removed as a consequence of a single base change
(30), allowed the amplification products to be distinguished
from one another following BsaHI digestion; wild-type LAT
fragments produced a 174-bp DNA, while the mutant template
produced a 195-bp DNA.
Ten microliters of each extract was amplified by using

primer pairs for the cellular GAPDH gene in the presence of
[cX-32P]dCTP as a tracer, to ensure that the extracts contained
equivalent amounts of DNA. The amounts were equivalent in
each sample (data not shown), and no adjustment was necessary.

Competitive quantitative RT-PCR. The amount of LAT
RNA in ganglia was determined by competitive quantitative
RT-PCR, using a technique described previously (30). Mix-
tures of target and standard RNAs were reverse transcribed,
and the resulting DNA templates were amplified in the
presence of the wild-type LAT primers. The amplified DNA
fragments were then processed as described for DNA quanti-
tation. The standard RNA was prepared in a series of in vitro
reactions (30).

Five microliters of extract was mixed with a 10-fold dilution
series of mutant LAT RNA ranging from 1 ,ug to 1 fg and
subjected to RT-PCR. The samples were amplified for 30
cycles and diluted 200-fold, and following reamplification for
an additional two cycles in the presence of 1 [lI of [oL-32P]dCTP
(400 Ci/mmol; Amersham), the products were digested with 20
U of BsaHI at 37°C overnight. Reaction products were elec-
trophoresed in 4% NuSieve GTG agarose gels and exposed
to X-ray film, from which visual estimates of target RNA
quantities were made. Five-microliter samples of extract were
then coamplified with a twofold serial dilution of mutant LAT
RNA ranging from 50 to 3.1 fg, using the same procedures.
PCR products were processed, radioactivity was quantitated
with the AMBIS system, and the counts were analyzed by linear
regression as described for the viral DNA determinations.

Ten-microliter aliquots of each RNA extract were amplified
by RT-PCR using primer pairs for the GAPDH transcript. The
reaction products were electrophoresed on 1% agarose gels,
the gels were dried, and the amount of radioactivity per
reaction product band was quantitated as described above. The
amounts of RNA in the extracts were equivalent, and no
adjustment in the sample was necessary.

In situ hybridization. Six-micrometer sections of infected
trigeminal ganglia on glass slides were deparaffinized in xy-
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lene, rehydrated through graded ethanols, rinsed with phos-
phate-buffered saline (PBS), treated with 1% HCl in PBS
for 5 min, and then acetylated with acetic anhydride in tri-
ethanolamine for 20 min. After successive washes with 70,
80, and 90% ethanol, the sections were equilibrated in hybrid-
ization solution (50% formamide, 10% dextran, 2x SSC [lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.01%
single-stranded DNA, 0.01% tRNA, 0.02% sodium dodecyl
sulfate) and hybridized overnight at 56°C in hybridization
buffer with a digoxigenin-labeled riboprobe antisense to the
L,AT sequence from a plasmid containing the BamHI B
fragment of HSV-1 generously provided by Jerold Gordon
of the University of Pittsburgh (16). Posthybridization, the
slides were rinsed three times with 50% formamide-1 x SSC at
56°C and twice with 1x SSC at room temperature. The bound
digoxigenin-labeled probe was localized with an alkaline phos-
phatase-conjugated antidigoxigenin antibody (1:250; Boehr-
inger-Mannheim) detected with 5-bromo-4-chloro-3-indolyl-
phosphate toluidium-nitroblue tetrazolium (BCIP-NBT;
Vector Laboratories).

In situ PCR. In situ PCR was carried out by using a
modification of previously described methods (28, 38). Six-
micrometer sections of infected trigeminal ganglia on glass
slides were deparaffinized in xylene, successively rehydrated
with graded ethanols, washed in PBS (pH 7.5) for 5 min,
washed in 1% HCl in PBS for 5 min, and then washed in PBS
for 3 h. The sections were rinsed in PCR buffer II (Perkin-
Elmer), and 25 ,u of PCR mixture (lx PCR buffer II, 1 mM
MgCl2, lx digoxigenin DNA labeling mix, 100 ng of primer
mix, 50% glycerol, 1 ,ul of Taq polymerase) was layered onto
the sections, which were covered with a glass coverslip and
sealed with nail polish, taking care to ensure that the polish did
not seep into the reaction mix. PCR amplification was carried
out in a BioOven II Thermal Cycler (BioTherm Corp.) in two
stages: first for 3 cycles at 92°C for 1 min, 54°C for 30 s, and
72°C for 30 s, and then for 25 cycles at 92°C for 15 s, 54°C for
15 s, and 72°C for 15 s. After amplification, the coverslips were
removed and the sections were washed successively with 1 X
SSC (twice for 5 min each time), 50% formamide in lx SSC
(three times for 15 min each time, 56°C), and lx SSC (twice
for 15 min each time). Following a rinse in Tris-buffered saline
(pH 7.5) and 5% normal goat serum, the digoxigenin-labeled
amplified DNA was localized by using an antidigoxigenin
antibody conjugated to alkaline phosphatase (1:250; Boehr-
inger Mannheim) and detected with BCIP-NBT (Vector Lab-
oratories). Color development was monitored visually and
stopped typically after about 30 min by washing with 0.1 M
Tris-HCl (pH 7.5)-l mM EDTA.

Southern hybridization. To confirm the specificity of the
amplification products from both solution and in situ PCR
amplification, samples were electrophoresed on agarose gels
and transferred to a nylon membrane (GeneScreen Plus;
NEN Research Products) by using a vacuum blotter (trans-
Vac TE80; Hoefer Scientific Instruments). DNA was hybrid-
ized with _y-32P-5'-end-labeled gB or LAT oligonucleotide
DNA probes complementary to sequences internal to the
primer sequences, using the Rapid-hyb buffer system (Amer-
sham Life Sciences International) as directed by the manufac-
turer. Blots were exposed to X-ray film (Hyperfilm-MP; Am-
ersham).

RESULTS

PCR analysis of viral DNA and RNA in infected rat trigem-
inal ganglia. Infection was initiated by the inoculation of 2 x
106 PFU of the RR1-RR2 mutant of HSV-1 (1 RIl of a 2 x
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FIG. 1. PCR analysis of viral DNA and RNA in trigeminal extracts
after corneal scarification and infection with the RRlCAT/RR21acZ
virus. PCR products were electrophoresed on a 1% agarose gel,
Southern blotted, and hybridized with appropriate gB or LAT oligo-
nucleotide probes. (A) Amplification of viralgB DNA and RNA, using
gB primers. Lanes: 1 to 3, DNA amplification products from day 2, day
7, and week 8 infected trigeminal extracts respectively; 4 to 6, RNA
amplification products from day 2, day 7, and week 8 infected
trigeminal extracts, respectively. (B) Amplification of viral LAT DNA
and RNA using LAT primers. Lanes: 1 to 3, DNA amplification
products from day 2, day 7, and week 8 infected trigeminal extracts,
respectively; 4 to 6, RNA amplification products from day 2, day 7,
and week 8 infected trigeminal extracts, respectively, using LAT
primers.

109-PFU/ml stock) into each eye following corneal scarifica-
tion. All infected animals survived the treatment. The persis-
tence of viral genomes and transcripts in infected ganglia was
detected by nonquantitative PCR amplification of ganglionic
DNA and RNA. The gB and LAT DNA sequences served as
representatives of the viral genome, while gB and LAT RNAs
served to measure transcription of lytic cycle and latent cycle
genes, respectively. The cellular GAPDH gene and message
served as internal controls for nucleic acid isolation and
amplification.
At 2 days, 7 days, and 8 weeks p.i., both gB (Fig. 1A, lanes 1

to 3) and LAT (Fig. 1B, lanes 1 to 3) DNAs were detected by
amplification of DNA from extracts of ganglia of inoculated
rats. No gB or LAT signals were evident in extracts of
trigeminal ganglia from uninfected animals (data not shown).
Both gB mRNA and LAT RNA were amplified from RNA
extracted from 2-day-p.i. ganglia by using RT-PCR (Fig. 1A,
lane 4; Fig. 1B, lane 4). In contrast, 7-day- and 8-week-p.i.
ganglia contained no detectable gB RNA (Fig. 1A, lanes 5 and
6) even though gB DNA sequences were present in the same

ganglia (lanes 2 and 3). LAT RNA, however, was amplified
from the same extracts at 7 days and 8 weeks p.i. (Fig. 1B, lanes
5 and 6). No gB or LAT RNA signals were found when
samples of the extract were treated with RNase before the start
of the RT-PCR, demonstrating that the templates for RT-PCR
were RNase sensitive. These results, showing that while RR1-
RR2 mutant genomes transcribed both lytic cycle (gB) and
latency (LAT) RNAs at 2 days p.i. but by 7 days expressed only
LAT RNA in the absence of gB mRNA, suggest that HSV-1
latency was established in the trigeminal ganglia by 7 days. This
characterization of the status of the viral genome as well as its
expression in trigeminal ganglia correlates with the findings of
our previous study on the establishment of latency in the rat
brain (30).

Quantitation of viral DNA and RNA in trigeminal ganglia.
The amounts of viral DNA and LAT RNA in the trigeminal
ganglia were quantitated by competitive quantitative PCR and
RT-PCR. Five infected rats at each time point were sacrificed,
and both trigeminal ganglia from the same animal were
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FIG. 2. Competitive quantitative gB DNA PCR. DNAs from infected rat trigeminal extracts were coamplified with a twofold dilution series of
competitor mutant gB DNA, using gB primers. Radioactive PCR products were digested with HpaII and electrophoresed on 4% NuSieve GTG
agarose gels. Gels were dried and exposed to X-ray film, and radioactivity was quantitated by analyzing dry gels with the AMBIS system. A
representative autoradiograph is shown. (A) Lanes: 1, 100 fg of mutant gB DNA coamplified with a day 2 uninfected trigeminal extract; 2 to 6,
twofold dilution series of mutant gB DNA, ranging from 100 fg (lane 2) to 6.25 fg (lane 6), coamplified with day 2 infected trigeminal extracts. (B)
Lanes: 1, 100 fg of mutant gB DNA coamplified with a day 7 uninfected trigeminal extract; 2 to 6, twofold dilution series of mutant gB DNA,
ranging from 100 fg (lane 2) to 6.25 fg (lane 6), coamplified with day 7 infected trigeminal extracts. (C) Lanes: 1, 100 fg of mutant gB DNA
coamplified with a week 8 uninfected trigeminal extract; 2 to 6, twofold dilution series of mutant gB DNA, ranging from 100 fg (lane 2) to 6.25
fg (lane 6), coamplified with week 8 infected trigeminal extracts.

processed together and assayed, in triplicate for each extract.
Representative data for trigeminal ganglia amplified for gB
DNA at each time point are shown in Fig. 2. The upper bands
represent the wild-type 191-bp amplified product of the viral
gB DNA in the trigeminal ganglia extracts, while the lower
bands represent the HpaII-digested 162-bp fragment derived
from the 191-bp mutant competitor DNA. The observed
decrease in radioactivity reflects the twofold dilution of the
mutant gB template, which is linear (data not shown). The
results of linear regression analyses of the average net counts
per minute of 32P detected in each band for five animals, each
ascertained from three independent measurements at each
time point, are summarized in Table 1. The amount of gB
DNA in the trigeminal ganglia remained relatively constant:
40.9, 44.1, and 46.4 fg for 2 days, 7 days, and 8 weeks p.i.,
respectively. These values correspond to 1.9 x 105 genome

equivalents per trigeminal ganglion at 2 days, 2.1 105 at 7
days, and 2.2 x 105 at 8 weeks.

Competitive quantitative PCR analysis ofLATDNA yielded
values that were consistent with the gB determinations. There
were 83.7 fg of LAT DNA per ganglion at 2 days, 90.1 fg at 7
days, and 83.9 fg at 8 weeks p.i. (Table 1). The ratios of LAT
DNA to gB DNA, 2.04, 2.05, and 1.81 for 2 days, 7 days, and 8
weeks p.i., respectively (Table 1), reflect the fact that there are

two copies of the LAT gene but only one copy of the gB gene
in each HSV-1 genome. The capacity to detect twofold differ-

ences attests to the sensitivity and accuracy of the competitive
quantitative PCR technique. Like the amount of gB DNA, the
amount of LAT DNA remained relatively constant between 2
days and 8 weeks p.i.
The amount of LAT RNA was determined by competitive

quantitative RT-PCR. Figure 3 presents representative ampli-
fication results for both trigeminal ganglia excised from single
animals sacrificed on 2 days, 7 days, and 8 weeks p.i. The upper
set of bands represent the twofold dilution series of the 195-bp
mutant standard RNA, ranging from 100 to 6.25 fg, while the
lower bands represent the 174-bp amplified target DNA after
BsaHI digestion. The average amounts of LAT RNA per
ganglion were 2.0 pg at 2 days, 2.2 pg at 7 days, and 2.9 pg at
8 weeks p.i., corresponding to 9.7 x 106, 1.0 X 107, and 1.4 x
107 LAT RNA molecules per ganglion, respectively, at those
time points (Table 1). It appears that the number of LAT RNA
molecules remained relatively constant between 2 and 7 days
and may have increased slightly by 8 weeks, although that
difference is not statistically significant. We estimate that there
were 50 to 60 LAT molecules per HSV-1 genome on the
average (Table 1).
No amplification was observed when aliquots from each

extract were pretreated with RNase prior to the reaction,
confirming that the RT-PCR exclusively amplified RNA (Fig.
3, lanes 1). In addition, there was no amplification when the
Moloney murine leukemia virus reverse transcriptase was not

TABLE 1. Quantitation of genome equivalents of HSV-1 and LAT RNAs in the rat trigeminal ganglion

Amt of gB No. of genome Amt o
Ratio of LAT Amt LAT N f LAT No. of LAT RNA

Time p.i. AtofggB equivalents A f DNA to gB RNAm L RNA molecules/genomeDNA(fg)~~ (10-') DA(g"DNA RN p) N oeue"equivalent
2 days 40.9 ± 1.9 1.9 83.7 + 7.2 2.04 2.0 + 0.2 9.7 X 106 51.1
7 days 44.1 + 4.5 2.1 90.1 + 6.6 2.05 2.2 ± 0.2 1.0 X 107 47.6
8 weeks 46.4 ± 5.1 2.2 83.9 + 1.8 1.81 2.9 ± 0.3 1.4 X 107 63.6

" Net counts per minute corresponding to amplified wild-type and mutant gB or LA T DNA were quantified by using the AMBIS radioanalytic imaging system, and
the amounts of wild-type gB DNA were determined from linear regression plots of net counts per minute against amounts of input mutant DNA. Each value shown
is an average from five different animals, each measured from three independent sections, + standard deviation. The larger amount of LAT DNA reflects the diploid
nature of the LAT gene in the HSV-I genome.

h The gB PCR product is 191 bp, which corresponds to 1.26 x 105 g/mol. The total number of gB molecules was calculated by using Avogadro's number. Since gB
is a single-copy gene, the number of gB molecules is also the number of genome equivalents.

' The amount of LAT RNA was calculated in a manner similar to that forgB DNA, by using linear regression plots of net counts per minute against amounts of input
mutant LAT RNA. Each value shown is an average from five different animals, each measured from three independent sections, + standard deviation.
dThe LA T PCR product is 195 bp, corresponding to 1.28 x 1()5 g/mol. As in the case ofgB, the total number of LAT RNA molecules was calculated from Avogadro's

number.
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FIG. 3. Competitive quantitative RT-PCR of LAT RNA. RNAs from infected trigeminal ganglia were reverse transcribed and coamplified with

a twofold dilution series of competitor mutant LAT RNA as described in the text. Radioactive RT-PCR products were digested with BsaHI and
electrophoresed on 4% NuSieve GTG agarose gels. Gels were dried and exposed to X-ray film. Radioactivity was quantitated by analyzing dried
gels with the AMBIS system. A representative autoradiograph is shown. (A) Lanes: 1, RT-PCR products from day 2 infected trigeminal extract
after RNase treatment; 2, RT-PCR products from day 2 infected trigeminal extract; 3 to 7, RT-PCR products from a twofold dilution series of
mutant LAT RNA, ranging from 50 fg (lane 3) to 3.1 fg (lane 7), added to day 2 infected trigeminal extracts; 8, RT-PCR products from day 2

infected trigeminal extract without addition of reverse transcriptase. (B) Lanes: 1, RT-PCR products from day 7 infected trigeminal extract after
RNase treatment; 2, RT-PCR products from day 7 infected trigeminal extracts; 3 to 7, RT-PCR products from a twofold dilution series of mutant
LAT RNA, ranging from 50 fg (lane 3) to 3.1 fg (lane 7), added to day 7 infected trigeminal extract; 8, RT-PCR products from day 7 infected
trigeminal extracts without addition of reverse transcriptase. (C) Lanes: 1, RT-PCR products from week 8 infected trigeminal extract after RNase
treatment; 2, RT-PCR products from week 8 infected trigeminal extract; 3 to 7, RT-PCR products from a twofold dilution series of mutant LAT
RNA, ranging from 50 fg (lane 3) to 3.1 fg (lane 7), added to week 8 infected trigeminal extracts; 8, RT-PCR products from week 8 infected
trigeminal extracts without addition of reverse transcriptase.

added to the untreated reaction mixture (Fig. 3A, lane 8; Fig.
3B, lane 8; Fig. 3C, lane 7). To confirm that the restriction
digestions were complete after the PCR, extracts in the
absence of any standard competitor RNA were amplified and
restriction enzyme digested, resulting in a single product of 174
bp (Fig. 3A, lane 2; Fig. 3B, lane 2; Fig. 3C, lane 2).

Identification of neurons expressing LAT RNA. Six animals
were inoculated in each eye, and at each time point (2 days, 7
days, and 8 weeks), two animals were sacrificed and the four
trigeminal ganglia were individually processed for analysis by
in situ hybridization. The distribution of ganglion cells express-

ing LAT RNA was determined by in situ hybridization with a

digoxigenin-labeled riboprobe antisense to the LAT RNA
sequence. Every 5th slide (containing four 6-p.m sections per
slide) or every 10th slide (containing two 6-pLm sections) was

examined. Every ganglion had LAT-positive cells, although
many sections contained no LAT-positive cells. The number of
positive cells in the ganglia were generally few, although there
is a suggestion that the 2-day ganglia may have more than the
7-day and 8-week tissues (Table 2). The sections from the
7-day and 8-week ganglia which showed LAT-positive cells
typically contained only one to two positive cells per section
(Fig. 4A and B; Table 2), and the maximum number of
LAT-expressing cells seen in any single section was five. These
data are consistent with previous reports of in situ hybridiza-
tion studies of LAT expression in latently infected trigeminal
ganglia (6, 20, 33, 34). We estimate that there were approxi-
mately 10 to 20 LAT-positive cells per ganglion at 7 days and
8 weeks, although we did not perform in situ hybridization on

serial sections through the ganglion.
In situ PCR. To determine whether viral genomes in the

ganglion were restricted to the LAT-positive neurons detected
by in situ hybridization, we examined selected sections from
the same ganglion by in situ PCR to detect HSV-1 DNA. gB
primers and digoxigenin-labeled nucleotides were used to
produce digoxigenin-labeled DNAs in situ, which were then
localized by using an alkaline phosphatase-conjugated anti-
digoxigen antibody detected with the BCIP-NBT substrate.
In contrast to in situ hybridization which detects LAT RNA,
in situ PCR detection of viral DNA showed many positive
cells in every section chosen because of their proximity to
LAT-positive sections. The signals, localized to neuronal cells,

were nuclear in location and varied in intensity (Fig. 4C
and D). The number of positive neurons in sections (at least
10 sections from each animal) from all 12 ganglia were
counted. The maximum number of HSV-1 DNA-positive cells
in the ganglia ranged from 29 to 120 per section. The data in
Table 2 presents the distribution of the maximum number of
gB DNA in situ PCR-positive cells observed in the 12 infected
ganglia.
A number of controls were performed to determine that the

in situ PCR results were specific for the HSV-1 gB gene
sequence. (i) In situ PCR using gB primers and uninfected
ganglia failed to show any labeled nuclei (Fig. 4E). (ii) No in
situ signals were detected in infected ganglia, using a primer
pair for the HIV tat gene not present in the tissue (Fig. 4F).
(iii) DNase treatment of sections from infected animals prior
to PCR eliminated the PCR signals (Fig. 4G). (iv) Finally,
DNA extracted from sections of infected ganglia after PCR
was completed hybridized to gB-specific probes in Southern
blot analyses. Single radioactive bands of the expected length
were observed (Fig. 5).

TABLE 2. Maximum number of in situ hybridization and in situ
PCR-positive neurons per section in the HSV-1

latent trigeminal ganglia"

No. of positive neurons

Assay 2 days p.i. 7 days p.i. 8 wk p.i.

Left Right Left Right Left Right

In situ hybridization 5 4 3 3 5 5
for LAT RNA 29 8 3 5 3 4

In situ PCR forgB 54 91 52 51 31 46
DNA 59 116 29 73 62 120

" Six rats were each inoculated with 2 x 1)" PFU virus in a I-,ul volume
following corneal scarification. At each time point, two animals were sacrificed.
all trigeminal ganglia were excised, and 6-p.m sections were processed for ill situ

hybridization and in situ PCR as described in the text. At least 10 sections from
each of the 12 infected ganglia were examined for hybridization and for
PCR-positive cells.
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FIG. 4. In situ detection of HSV-1 DNA and RNA in trigeminal ganglia. (A and B) In situ hybridization of trigeminal ganglion with a

digoxigenin-labeled riboprobe for HSV-1 LAT at 7 days (A) and 8 weeks (B) p.i. Arrowheads point to positive cells. (C and D) In situ PCR of
parallel sections with oligonucleotide primers for HSV-1 gB DNA sequences and digoxigenin-labeled nucleotides at 7 days (C) and 8 weeks (D)
p.i. Controls: (E) Uninfected ganglion, amplified with primers for the HSV-1 gB gene; (F) 8-week-p.i. ganglion amplified with primers for HIV tat;
(G) 8-week-p.i. ganglion, amplified with primers for HSV-1 gB gene after overnight DNase I treatment. Bar, 100 ,um.
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1 2 3

FIG. 5. Southern hybridization of DNA extracted off single 6-,um
sections after in situ PCR using gB primers. Extracted DNA was
electrophoresed on a 1% agarose gel in 1 x Tris-borate-EDTA buffer,
transferred to a GeneScreen Plus membrane, and hybridized with an
internal 32P-labeled gB oligonucleotide probe. Lanes: 1, DNA from a
week 8 infected ganglionic section after amplification; 2, DNA from an
uninfected ganglionic section after amplification; 3, control 191-bp gB
fragment.

DISCUSSION

The data presented in this report offer important new
information in the consideration of the biology of HSV-1
latency in peripheral ganglia. We have obtained specific quan-
titation of the number of genomes which persist in the
trigeminal ganglion and the number of LATs in the ganglion
during latency and have defined the relationship of HSV-1
genome-bearing cells to LAT RNA-containing cells in the
ganglion. PCR demonstration of persistent HSV-1 genomes,
with RT-PCR demonstration of LAT RNA but not gB mRNA
at 7 days and 8 weeks p.i., shows that the RR-defective
attenuated mutant virus established a latent state in these
neurons. Although we have not directly demonstrated the
absence of replicating virus or reactivation of virus from these
ganglia, it is likely that the viral genomes are latent because of
the absence of lytic gene expression.

Competitive quantitative PCR established that there were

approximately 2 x 105 genome equivalents per ganglion at 2
days, 7 days, and 8 weeks p.i. Each eye had been inoculated
with 2 x 106 PFU, and the RRlCAT/RR21acZ viral stock
contains 90 genome equivalents for each PFU (30), so that
each eye received approximately 1.8 x 108 genomes. The
recovery of 2 x 105 genome equivalents per ganglion repre-
sents 1 inoculated genome in 1,000 that established latency in
the trigeminal ganglion under the conditions of the experi-
ments. The similarity in amounts of viral DNA at 2 days and 7
days is consistent with the absence of viral replication in the
ganglion. These data are in accord with evidence from others
that RR-defective mutants do not produce infectious virus in
trigeminal ganglia (20). Using another RR1 deletion mutant
virus and a noncompetitive quantitative PCR technique, Katz
et al. (21) found 104 genome equivalents per trigeminal
ganglion in the mouse.
The amount of LAT RNA detected by RT-PCR was stable

in the trigeminal ganglion over 8 weeks p.i., with 9.7 x 10'
molecules per ganglion at 2 days, 1 x 107 molecules per
ganglion at 7 days, and 1.4 x 107 molecules per ganglion at 8
weeks. In contrast to the central nervous system, where we
found approximately 15 LAT molecules per genome during
latency (30), this represents 51.1, 47.6, and 63.6 LAT molecules
per genome in the trigeminal ganglion at the three respective
time points. The amount of LAT molecules is maintained, and

there is no evidence for loss of transcripts over 8 weeks. Taking
both the DNA and RNA data into account, we conclude that
once latency is established in the trigeminal ganglion, there is
no significant loss of template or transcript over 8 weeks, and
presumably for the life of the host.
The number of genomes which have been previously re-

ported to persist in latently infected trigeminal ganglia varies
widely. Using wild-type KOS and a mouse model, Rodahl and
Stevens (33) found 3,500 genomes in trigeminal ganglion at 21
days p.i. In contrast, Cai et al. (4) estimated that there were 500
to 50,000 genomes persisting in their model. Katz et al. (21)
estimated 5 x 105 genomes, and Sawtell and Thompson (35)
measured 1.2 x 106 to 3.6 x 107 genomes per trigeminal
ganglion during latency. Although our model differs in species
(Sprague-Dawley rats versus various mouse strains), in the use
of a deletion mutant compared with wild-type KOS, and in our
use of a competitive instead of a noncompetitive PCR assay,
our value of approximately 2 x 105 genomes per trigeminal
ganglion is well within the range reported by other workers.
The number of LAT-positive cells which we detected per

ganglion is also within the range of estimates obtained by
others using different model systems. Jacobson et al. (20)
found 12 LAT-positive cells in each tissue section after estab-
lishing latency in the trigeminal ganglion with wild-type KOS
but only 2.5 LAT-positive cells per section when latency was
established with a thymidine kinase-deficient (TK-) mutant,
which like our RR- mutant is replication defective in neurons.
Coen et al. (6) similarly found 8 LAT-positive cells per section
of trigeminal ganglion after inoculation with wild-type KOS
but only 1.5 to 2.5 LAT-positive cells per section after inocu-
lation with a TK- mutant. Sawtell and Thompson (35) aver-
aged 31 detected cells (using a lacZ reporter gene driven by the
LAT promoter) in latent ganglia in their model. Only Rodahl
and Stevens (33) found a high number of LAT-positive cells
(340), but they used anterior chamber inoculation rather than
the corneal scarification used in our study. In this context, the
presence of one to five LAT-positive cells per section that we
detected in latent ganglia appears to conform to previous
reports.
While previous estimates of the number of HSV-1 genomes

per cell during latency in the mouse trigeminal ganglion have
ranged from 0.3 to 3 (21, 35), these values are based on the
total number of cells in the ganglion, a number which includes
satellite cells. Because HSV-1 establishes latency in neurons,
the actual number of genomes in each cell that contains HSV
genomes must be substantially higher than those earlier esti-
mates. Sawtell and Thompson (35) calculated 3 x 104 to 1 X
106 genomes for each LAT-positive cell in their model. The in
situ PCR, however, demonstrates that a large proportion of
HSV genome-bearing neurons in the trigeminal ganglion do
not express detectable LATs. We found as many as 120
neurons harboring viral genomes by in situ PCR in a single
section, and the number of positive cells per section detected
by in situ PCR was at least 10-fold and sometimes 50-fold
greater than the number of LAT-positive cells per section
detected by in situ hybridization from the same ganglia. A
similar discordance was reported by Gressens and Martin (17)
in the mouse trigeminal ganglion and brain latently infected
with wild-type HSV-2; they also used in situ PCR to detect viral
DNA and in situ hybridization for detection of LAT RNA-
expressing neurons. The rodent trigeminal ganglion contains
only about 20,000 neurons, of which 250 to 400 project to the
cornea (1, 24). Thus, the number of genome-containing neu-
rons in our model is of the same order of magnitude as the
number of neurons in the ganglion that project to the cornea,
and consequently the number of HSV-1 genomes per positive
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cell must be considerably less than that calculated for LAT-
positive cells. We are currently carrying out a double-label
tracing study to determine whether all of those neurons
contain HSV-1 genomes and whether HSV-1 genomes are
restricted to neurons projecting directly to the cornea.
How can the apparent disproportion between the number of

HSV-1 genome-bearing neurons and the number of LAT-
positive cells be understood? One explanation is that while all
latent HSV-1 genomes produce similar amounts of LAT RNA
(calculated at approximately 50 LATs per genome by compet-
itive quantitative PCR), those genomes are heterogeneously
distributed, with many cells containing few genomes and
isolated cells containing many genomes. In this case, all the
neurons harboring any viral genomes would produce LAT
RNA, but since only those nuclei containing at least a thresh-
old level appear as LAT positive by in situ hybridization, only
a few positive cells are detected. It is not immediately apparent
how the development of such a heterogeneous distribution of
HSV genomes might be explained. In situ RT-PCR might
establish that there is a wider distribution of LAT-positive cells
than can be detected by in situ hybridization. A second possible
explanation is that the genomes are relatively homogeneously
distributed throughout neurons in the ganglion, but that only
some of these genomes are producing LATs. In this case, the
average number of LATs per genome calculated by competi-
tive quantitative PCR could not be extrapolated to apply to all
genomes. Neurons in the trigeminal ganglion can be classified
by differential gene expression of neurotransmitters, growth
factor receptors, and other phenotypic markers (25). Specific
cellular factors may be required to transactivate LAT expres-
sion, which would then occur in only a restricted subset of the
ganglionic neurons harboring latent viral genomes. If this is
indeed the case, then there would be 5 x 105 LAT molecules
per LAT-positive cell in our experimental system. The occur-
rence of cells which harbor viral genomes but which do not
appear to contain LAT RNA would support the contention
that LAT expression is not a requirement for the establishment
or maintenance of the latent state, an idea that is also
supported by the observation that LAT-deleted mutant viruses
are able to establish latency (19, 36, 39).
These observations also have implications for the potential

use of HSV-1 as a gene transfer vector for the nervous system.
The presence of latent viral genomes in a large number of cells
suggests that HSV-1 may be more efficient in establishing the
latent state, that is, establishing latency in a higher proportion
of neurons, than would be anticipated from previously re-
ported data. However, the paucity of LAT expression suggests
that alternative strategies for driving gene expression may need
to be developed in order to fully exploit those genomes which
persist in the nervous system as a platform for gene expression.
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