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The relationship of herpes simplex virus latency
associated transcript expression to genome copy
number: A quantitative study using laser capture
microdissection
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To investigate the quantitative relationship of latent herpes simplex virus
(HSV) genomes to the expression of latency associated transcripts (LATs) we
used a combination of laser capture microdissection (LCM), polymerase chain
reaction (PCR), and quantitative real-time PCR to determine the number of
HSV genomes in individual neurons of the mouse trigeminal ganglion (TG)
during viral latency. Both LAT-positive and LAT-negative neurons detected by
in situ hybridization (ISH) and lifted by LCM contained HSV genomes detected
by PCR for HSV ICP47. The number of genomes/cell determined by real-time
PCR with probes for HSV UL44 following LCM demonstrated a Poisson distri-
bution with a predicted mean count of 178 genomes/LAT-positive neuron, and
68 genomes/LAT-negative neuron. The range was similar between the LAT-
positive and LAT-negative neurons, and there was a substantial overlap in the
distributions. These results suggest that the expression of LATs in an amount
that is detectable by ISH does not depend only on the number of HSV genomes
in the cell, and by implication suggests that neuron-speci�c factors play a role
in the regulation of LAT expression during latency. Journal of NeuroVirology
(2002) 8, 204–210.
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Introduction

Herpes simplex virus (HSV) characteristically estab-
lishes a lifelong latent state in neurons. The exis-
tence of latent genomes in sensory ganglia was �rst
inferred from the ability of virus to be reactivated
from infected ganglia that no longer harbor infec-
tious virus, and subsequently con�rmed on the cel-
lular level by the detection of latency associated
transcripts (LATs), abundant nonpolyadenylated
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RNA transcripts found in the nucleus of neurons of la-
tently infected individuals (Rock et al, 1987; Stevens
et al, 1987; Krause et al, 1988; Steiner et al, 1988;
Stevens et al, 1988). There have been con�icting re-
ports regarding the role of LAT expression in the
establishment of the latent state, or reactivation of
virus from latency (Leib et al, 1989; Bergstrom and
Lycke, 1990; Hill et al, 1990; Trousdale et al, 1991;
Thompson and Sawtell, 1997). The ability to quan-
tify viral burden at the level of single cells is essen-
tial for understanding many aspects of latency and
reactivation (Sawtell, 1997).

The estimated total number of latent genomes per
ganglion reported in the literature varies widely, in
part depending on the method used to calculate that
number, with estimates ranging from 3500 genomes
per ganglion determined by semiquantitative South-
ern blot (Sedarati et al, 1989) or semiquantitative PCR
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(Rodahl and Stevens, 1992) to 105 genomes deter-
mined by other PCR-based methods (Katz et al, 1990;
Ramakrishnan et al, 1994). Combining in situ hy-
bridization with PCR techniques, and making the
assumption that only cells that are LAT-positive by
ISH contain HSV genomes, Hill calculated the pres-
ence of 17 to 34 genomes per LAT-positive cell (Hill
et al, 1996) in latently infected rabbit trigeminal gan-
glion (TG). In a more comprehensive analysis, us-
ing semiquantitative PCR to determine the number
of genomes in neurons dissociated from latently in-
fected �xed TG, Sawtell determined that 20% of the
neurons in a TG infected by 17synC strain of HSV
contained HSV genomes, and that the number of la-
tent genomes ranged from less than 10 to more than
1000 per neuron (Sawtell, 1997). TG infected with
KOS strain HSV contained substantially fewer latent
genomes per cell than TG infected by Syn17 (Sawtell
et al, 1998).

LATs are detected by ISH in only 0.1% to 3% of
the neurons in latently infected ganglia (Roizman and
Sears, 1996), but more sensitive in situ PCR tech-
niques demonstrate that latent genomes are present
in neurons that are LAT-positive by ISH, as well
as LAT-negative by ISH (Ramakrishnan et al, 1994,
1996; Mehta et al, 1995). The relationship between
the number of latent genomes in an individual neu-
ron to the expression of LATs detectable by ISH has
not previously been investigated. One possibility is
that expression of LATs to a level detectable by ISH
is a function of the number of latent HSV genomes in
the cell. According to this hypothesis, LATs would
be detected when the number of latent genomes ex-

Figure 1 HSV DNA from LAT-positive and LAT-negative neurons of TG lifted by LCM. 30 days after infection by corneal scari�cation
LAT expression was detected by ISH. 10 LAT-positive neurons (upper panel, arrows point to examples of LAT-positive cells) and 10
LAT-negative neurons (lower panels, arrows point to examples) were collected by LCM, and the presence of HSV DNA determined by
PCR for HSV ICP47 (right column). The same TG section before LCM, after LCM, and the cells lifted onto the cap are shown as labeled.
Two PCR reactions from separate groups of 10 neurons for each condition are presented.

ceeded a threshold value. The alternative possibility
is that LAT expression from latent HSV genomes de-
pends on the presence of cell-speci�c factors within
the host cell. According to this alternate hypothesis,
the number of latent HSV genomes in LAT-positive
and LAT-negative cells would display a similar distri-
bution. To test the two hypotheses, we combined the
methods of laser capture microdissection (LCM) and
quantitative real time PCR with ISH to determine the
number of genomes per neuron in latently infected
ganglia, in order to establish the distribution of latent
genomes in TG at the single cell level, and to examine
the relationship of the number of latent genomes to
the expression of LATs detectable by ISH.

Results

We �rst determined the number of LAT-positive cells
during latency using ISH. At 30 days after corneal
scari�cation with HSV KOS, the number of neurons
in the DRG demonstrating the presence of LAT by ISH
was determined by counting all of the LAT-positive
cells in every �fth cryostat section. There were
14–28 positive cells per section, and approximately
200 LAT-positive cells in each ganglion. This number,
which is equivalent to 1% of the neurons in the gan-
glion (assuming that there are approximately 20,000
neurons in a mouse TG), is well within the range of
previous reports of the number of LAT-positive cells
determined by ISH (Roizman and Sears, 1996).

In order to determine whether HSV genomes could
be detected in LAT-negative cells, groups of 10



Single cell analysis of HSV latency

206 X-P Chen et al

LAT-positive neurons from the sectioned ganglion
were microdissected onto a single cap (Figure 1,
top row) and 10 LAT-negative neurons from the
same slide (Figure 1, bottom row) captured onto the
thermoplastic �lm-coated PCR tube cap in an identi-
cal fashion using a 15-¹M laser beam. The presence
of HSV genomes in the microdissected cells was as-
sessed by PCR using primers for HSV ICP47. Both
the LAT-positive and the LAT-negative cells were
positive for HSV genomes by PCR (Figure 1, right
column). Uninfected control ganglia were negative
for HSV by PCR (data not shown). This result is in
agreement with previous observations, obtained us-
ing in situ PCR, demonstrating that both LAT-positive
and LAT-negative cells in latently infected TG con-
tain HSV genomes (Mehta et al, 1995; Ramakrishnan
et al, 1994, 1996), but is not informative regarding the
quantitative aspects of latency in LAT-positive and
LAT-negative cells.

In order to determine how many HSV genomes
were present in the LAT-positive and LAT-negative
cells we repeated the experiment, infecting �ve mice
by corneal scari�cation with HSV-1 KOS using the
same protocol. At 30 days postinoculation the an-
imals were sacri�ced and one trigeminal ganglion
from each animal was homogenized for determina-
tion of the total number of HSV genomes by real-time
PCR with primers and probes for HSV UL44. The total
number of HSV genomes in the whole ganglia lysate
ranged from 1:7 £ 104 to 9:8 £ 105 with mean value
of 7:3 £ 104 genomes per ganglion. This number is
similar to that previously reported by our group us-
ing quantitative PCR (Ramakrishnan et al, 1994) and
the number obtained by others employing other PCR-
based techniques (Sawtell, 1998).

The second ganglion from each pair was cryostat
sectioned, processed for the presence of LATs by
ISH using the digoxigenin-labeled probe, and indi-
vidual LAT-positive and LAT-negative neurons then
microdissected by LCM (Figure 2). The number of
HSV genomes in the individually microdissected
cells was established using real-time PCR. In agree-
ment with the qualitative data, HSV genomes were
found in both LAT-positive and LAT-negative cells.
The number of HSV-1 genomes present in both LAT-
positive and LAT-negative cells displayed a Poisson
distribution (Figure 3) with a substantial overlap in
the number of HSV genomes per cell between the
LAT-positive and LAT-negative cells (Figure 3 and
Table 1). Neurons microdissected from control TG
by LCM contained essentially no detectable genomes,
although an occasional false positive for a low num-
ber of genomes was seen (Figure 3 and Table 1). To
compare the mean counts of genomes across groups
(LAT-positive, LAT-negative, and control), we per-
formed a Poisson regression with appropriate indi-
cator variables for group. Because there was signi�-
cant evidence of overdispersion in the Poisson model
(test of ® D 0: P < 0:0005), we substituted a negative
binomial model to reduce the effect of overdisper-

Figure 2 LCM of individual neurons for real-time PCR. A sin-
gle LAT-positive neuron is shown before LCM (arrow, top) and
the same section after LCM (arrow, middle). The lifted cell on the
cap is shown at the bottom (arrow, higher magni�cation). The ISH
signal for LAT appears blue in this micrograph of ISH performed
with a digoxigenin-labeled probe, and two additional LAT-positive
neurons are seen.

sion on the signi�cance tests. The predicted mean
counts were 178 genomes/cell for the LAT-positive
group, 68 genomes/cell for the LAT-negative group,
and 4 for the control group. A speci�c test of the dif-
ference between the LAT-positive and LAT-negative
groups, based on model estimates, was signi�cant
(Wald Â 2 D 4:37, df D 1, P D 0:0366).

Discussion

The distribution of latent HSV genomes at a sin-
gle cell level is an important parameter for under-
standing the establishment and reactivation of HSV
from latency. The results of this study con�rm and
extend previous observations (Sawtell, 1997) made
using semiquantitative PCR in conjunction with dis-
sociation of �xed ganglia containing latent genomes
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Figure 3 Quantitation of HSV genomes in individual neurons. The number of genomes per cell, determined by real-time PCR of individual
neurons lifted by LCM is plotted for LAT-positive and LAT-negative cells in the ganglion, and control cells lifted from an uninfected
ganglion. Cells were collected from 20 ganglion sections obtained from two different animals. The full range of number of genomes per
cell was seen in cells from each animal, but the number of animals studied does not allow a formal statistical analysis of the variation
between animals. The y axis is cut off at 40%. Inset shows the entire graph, including the full frequency of negative samples in the control
and LAT-negative groups.

(contextual analysis) to analyze viral burden at the
single cell level. According to that analysis the ma-
jority of latently infected TG neurons contain fewer
than 10 genomes, with a smaller number containing
10–100 genomes, and fewer neurons containing up
to 1000 genomes per cell (Sawtell, 1997). The overall
distribution of genomes/neuron determined directly
in our study by real time PCR combined with LCM is
similar to that found by contextual analysis; the dif-
ference in absolute numbers may be a consequence of
the difference in viral strain or the method employed.

Table 1 The number of HSV genomes/neuron determined by
quantitative real-time PCR for individually microdissected LAT-
positive (top row), LAT-negative (middle row), and control (bottom
row) cells from TG 30 days after inoculation by corneal scari�ca-
tion. The number of cells in each group and the percentage of the
total represented by that count is presented in the table

HSV genomes/neuron

ISH pattern 0 10–300 300–1000 >1000

LAT-positive 30 38% 37 46% 9 11% 4 5%
LAT-negative 104 65% 47 29% 7 4% 2 1%
Control 37 93% 3 8% 0 0% 0 0%

In the current study we also con�rmed using a
different method, previous observations made using
in situ PCR in conjunction with ISH (Ramakrishnan
et al, 1994; Mehta et al, 1995), suggesting that LAT-
negative cells also contain latent HSV genomes. The
direct con�rmation of this �nding in cells microdis-
sected from the same section used for ISH detection
by a PCR method that is independent of histology
serves as an important independent con�rmation of
the presence of HSV genomes in LAT-negative cells.
It is possible that the presence of HSV genomes in
cells that do not demonstrate LATs by ISH may re-
�ect the limit of sensitivity of the in situ hybridization
method. We are unable to retrieve RNA for RT-PCR
analysis after the tissue has undergone the ISH proce-
dure, so that we are unable to quantitate the amount
or LAT RNA in the individual neurons. Nonethe-
less, the result demonstrates that the number of LAT-
positive cells fails to represent the full distribution of
neurons that contain genomes.

The novel �nding of the current study is the ob-
servation that the number of genomes/neuron in the
LAT-positive and LAT-negative groups overlap sub-
stantially (Figure 3). The predicted mean number of
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genomes/neuron is higher in LAT-positive than in
LAT-negative cells, a statistical difference that re�ects
the fact that there are a larger number of neurons
containing detectable genomes in the LAT-positive
group. But at any level of genomes/cell (ranging
from 10 to more than 1500), both LAT-positive and
LAT-negative cells are represented. This observation
clearly demonstrates that there is no direct relation-
ship between the number of genomes in the neuron
during latency and the expression of LATs at a level
that can be detected by ISH.

Although 38% of the LAT-positive cells in our
study had no detectable genomes as assessed by
quantitative real-time PCR, the fact that these cells
expressed LATs were detectable by ISH indicates
that these cells must actually contain HSV genomes.
There are several possible explanations for this ap-
parent discrepancy. The most likely explanation is
that each of these cells contain fewer than 10 genomes
per cell, and therefore falls below the limit of detec-
tion of the PCR method employed. We cannot ex-
clude the possibility that some DNA was lost dur-
ing tissue processing and microdissection, that the
cell lifting was incomplete, or that the tissue section
did not include the region of the nucleus contain-
ing latent genomes. And, 65% of the LAT-negative
cells contained no HSV-genomes detected by real-
time PCR. Although it is possible that LAT-negative
cells with no detectable genomes by real-time PCR
in fact contain no genomes, we think it is more likely
that the same considerations described previously for
the LAT-positive population of neurons apply, and
that many of those cells also contain less than 10 (but
more than 0) genomes per cell.

Further, 7.5–30% of neurons in the ganglion, de-
pending on the titer applied to the cornea, are pos-
itive for HSV genomes determined using contextual
analysis (Sawtell, 1997). Although the results of the
current study are in general in agreement with that
previous study, we found that at a minimum 62% of
the LAT-positive cells and 35% of the LAT-negative
cells contained detectable HSV genomes. There
are several possible explanations for the difference
between the previous results and the present study:
(1) the difference in virus strain may be important;
(2) the limit of sensitivity of contextual analysis for
detecting fewer that 10 genomes/cell has not been
determined; (3) and it is possible both that some
genomes may be lost from cells during the dissoci-
ation process required for contextual analysis.

What determines whether a cell containing latent
HSV genomes will express LATs at a level suf�cient
to detect by ISH? One possibility is that expression
of LATs is a direct result of the number of genomes
in the cell; past a threshold, detectable LATs are pro-
duced. Although there is a statistically signi�cant dif-
ference between LAT-positive and LAT-negative cells
in the distribution of genomes/cell, there is a substan-
tial overlap in those distributions. These data suggest
that the expression of LATs in an amount that is de-

tectable by ISH is not simply a re�ection of the num-
ber of HSV genomes in the cell, because cells with
similar number of genomes may be LAT-positive or
LAT-negative. The alternative possibility, supported
by current study, is that some as yet unde�ned host
cell factors are likely to be responsible for this differ-
ence in LAT expression between neurons harboring
similar numbers of genomes. Further studies will be
required to identify those host cell factors. The cur-
rent study demonstrates that the combination of LCM
and quantitative real-time PCR allows the analysis of
HSV latency at a single cell level with a degree of
precision that has not previously been possible.

Materials and methods

Virus and animals These studies were carried out
with wild-type KOS strain HSV-1. Then, 4–8 weeks
old female Balb/c mice were inoculated in both eyes
with 5 £ 106 p.f.u. in 5 ¹l by corneal scari�cation,
and sacri�ced under anesthesia 30–40 days after in-
fection. The protocol for the animal studies was re-
viewed and approved by the institutional animal wel-
fare committee.

In situ hybridization (ISH) ISH for LATs was
carried out as previously described (Ramakrishnan
et al, 1994). Brie�y, 10-¹m cryostat sections of in-
fected and control trigeminal ganglia were �xed with
4% paraformaldehyde for 30 min. After equilibration
with 5£ SSC for 10 min, the tissue was hybridized
with a digoxigenin-labeled riboprobe antisense to the
LAT sequence derived from a plasmid containing the
bamHI B fragment of HSV (Gordon et al, 1988) at 56±C
overnight. After washing with decreasing concentra-
tions of buffer solution (from 2£ SSC to 0.5£ SSC),
the bound digoxigenin-labeled probe was localized
with an alkaline phosphatase-conjugated antidigoxi-
genin antibody (1:5000; Boehringer-Mannheim) de-
tected with 5-bromo-4-chloro-3-indolylphosphate
toluidium-nitroblue tetrazolium (BCIP-NBT; Vector
Laboratories).

Laser capture microdissection (LCM) and poly-
merase chain reaction (PCR) Individual LAT-
positive and LAT-negative neurons were microdis-
sected from the slide after ISH by LCM using a
PixCell LCM system (Arcturus Engineering, Santa
Clara, CA). The sections were �rst dehydrated with
two changes of 95% ethanol (2 min), two changes
of 100% ethanol (2 min), and two changes of xy-
lene (2 min) before being air dried. Cells were
lifted onto a PCR cap (Arcturus Engineering) using a
15-¹m laser beam, and groups of 10 cells on each
cap analyzed for the presence of HSV genomes by
PCR using primers speci�c for HSV ICP47 (forward
primer 50 GCG GTC GGA CGG CTT CAG ATG 30;
reverse primer 50 CGG GCG ACC CAG ATG TTT ACT
30) as described next.

The cells on the cap were dissolved in 20 ¹l
lysis buffer containing 1£ PCR buffer (Perkin-Elmer,
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without MgCl2), 1% Tween-20, and 0.4 mg/ml pro-
teinase K at 37±C overnight. Proteinase K was heat
inactivated at 99±C for 10 min. Then, 10 ¹l of cell
lysate was used in a PCR reaction containing 1£ PCR
buffer, 2 mM MgCl2, 200 ¹M each of dATP, dCTP,
dGTP, and dTTP, 0.2 ¹M primers, 2.5 U HotStarTaq
DNA Polymerase (Strategene), and 10 ¹Ci 32P-dCTP.
The PCR reaction (performed in a Perkin-Elmer 480
thermal cycler) consisted of 15-min preincubation
at 95±C, followed by 40 cycles of denaturing (94±C,
1 min), annealing (60±C, 1 min), and extension (72±C,
1 min), followed by a �nal extension of 10 min at
72±C. The PCR product was separated on a 5%
acrylamide gel and detected by autoradiographic
exposure for 16 h.

Real-time PCR analysis (�uorescent-based simul-
taneous ampli�cation and product detection) The
number of genomes in whole ganglia or individual
cells microdissected by LCM from sectioned ganglia
was quantitated by real-time PCR using primers and
probes for the HSV UL44 (glycoprotein C) gene (Cohrs
et al, 2000). Single cells lifted onto PCR caps were
lysed as described above, and 10 ¹l of lysate added to
40 ¹l containing 900 nM of primers (forward primer
50 GAT GCC GGT TTT GGA ATT C 30; reverse primer
50 CCC ATG GAG TAA CGC CAT ATC T 30), 250 nM
of probe (labeled at the 50 end with the �uorescent re-
porter dye FAM and at the 30 end with quencher dye
TAMRA (Sythegen, Houston, TX), 50 (FAM) ACC CGC
ATG GAG TTC CGC CTC (TAMRA) 30), and 1£ Taq-
Man universal mix (Perkin-Elmer, Foster City, CA).
After 2-min incubation at 50±C and 10 min of incuba-
tion at 95±C for denaturation, the samples were sub-
jected to 50 cycles of PCR (95±C for 15 s and 60±C for
1 min) in a GenAmp 5700 Sequence Detector (Perkin-
Elmer). Each PCR run contained two blank controls,
serially diluted highly puri�ed HSV DNA as stan-
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