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Upon infection of murine trigeminal ganglia with herpes simplex virus type 1 (HSV-1), an immune response
is initiated resulting in significant infiltration of CD8� T cells. Previous investigators have observed a lack of
apoptosis in HSV-1 trigeminal ganglia even in the presence of cytotoxic immune cells. To determine the role
of the latency-associated transcript (LAT) in inhibiting apoptosis, we examined mice during acute and latent
infection with HSV-1 (strain 17 or a LAT-negative deletion mutant strain 17 N/H) by terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) and fluorescence-activated cell sorting
(FACS). FACS analysis revealed CD8� T cells in the trigeminal ganglia by day 7, with more being present in
17- than 17 N/H-infected trigeminal ganglia (6.22% versus 3.5%) and a decrease in number through day 30
(2.7% to 1.2%). To detect apoptotic CD8� T cells, sections were assayed by TUNEL and stained for CD8� T
cells. By day 7, �10% of CD8� T cells in both 17- and 17 N/H-infected trigeminal ganglia had undergone
apoptosis. By day 30, 58% and 74% of all T cells had undergone apoptosis in 17- and 17 N/H-infected trigeminal
ganglia, respectively. Furthermore, no HSV strain 17-infected trigeminal ganglion neurons were apoptotic, but
0.087% of 17�Sty and 0.98% of 17 N/H-infected neurons were apoptotic. We conclude that the antiapoptotic
effect of LAT appears to require the LAT promoter, with most of the antiapoptotic effect mapping within the
StyI (�447) to the HpaI (�1667) region and a minor contribution from the upstream StyI (�76) to StyI (�447)
region.

Herpes simplex virus type 1 (HSV-1) infects epithelial cells
and undergoes an active lytic infection. New viral progeny is
released and infects neighboring sensory neurons. Upon infec-
tion of these sensory neurons, HSV-1 establishes a latent in-
fection, which lasts for the life of the neuron, while maintaining
the ability to reactivate. HSV-1 latency is characterized by a
lack of viral gene expression except for latency-associated tran-
scripts (LAT) (for a review, see references 10 and 38). The LAT
is transcribed as an 8.3-kb primary transcript which is processed
into a stable 2-kb LAT intron (8, 43) and a 6.3-kb poorly defined
mRNA. The exact function of the LAT remains to be definitively
established, but experiments with LAT-negative mutants seems to
suggest a role for LAT in establishing latency, reactivation from
latency, and antiapoptosis (1, 15, 16, 29, 30, 40).

Upon infection of neurons, HSV-1 is capable of both induc-
ing and inhibiting apoptosis (3, 12). Several HSV-1 genes have
been implicated in inhibiting apoptosis. During acute infection
in Jurkat cells, apoptosis appears to be inhibited by the imme-
diate-early genes Us3, ICP27, and Us5 (2, 3, 18, 22). Viral
glycoproteins (US6 and US5) have also been shown to block
apoptosis during a productive infection in SK-N-SH cells (45).

During the primary infection, immunity to neuronal infec-
tion is mostly innate in nature with the involvement of com-
plement (6), natural killer cells (24), and interferon (44). Fol-
lowing viral replication in the mucosa, virus enters sensory

nerve terminals and HSV virions are transported to the nerve
ganglia by retrograde transport (4). In mice, infection of the
trigeminal ganglia results in virus replication and neuronal cell
death in some nerves (27). Because there is inflammation as-
sociated with HSV replication in mouse trigeminal ganglia, a
T-cell-mediated response is mounted against HSV (24). The
appearance of CD8� T cells has been well documented at the
site of infection on the mucosa, around infected sensory neu-
rons, and in the central nervous system (7, 37). The importance
of cytotoxic T cells in controlling HSV infections and pathology
has been clearly demonstrated in CD8� T-cell-depleted mice,
with these immune-deficient mice having significant neuronal
death in the trigeminal ganglia when infected with HSV-1 (25,
35).

The possible role of CD8� T cells in HSV latency is less
clear. Following infection by ocular scarification, HSV estab-
lishes a latent infection in the trigeminal ganglia of mice. By 3
days postinfection, CD8� T cells begin infiltrating the trigem-
inal ganglia, peaking at 14 days and persisting there for months
(20, 24, 39). However, even with the near-constant presence of
CD8� T cells, neurons in infected trigeminal ganglia evade
eradication by cytotoxic T cells. HSV-1 has an array of de-
fenses against the cytotoxic mechanisms of CD8� T cells.
Upon infection, ICP47 down regulates expression of antigen
associated with major histocompatibility complex class I,
thereby allowing infected cells to evade cell-mediated immu-
nity (11). Even though ICP47 is much less effective in murine
than human tissue (41), infection of mice with an ICP47-null
mutant exhibited reduced neurovirulence in mice (13). HSV
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can also evade the immune system by infecting and eliminating
antiviral T cells (31). Infected tissue can also inactivate CD8�

T cells through the expression of US3 (36).
Once CD8� T cells successfully engage target cells, they are

capable of inducing apoptosis by Fas ligand (14, 19, 33) and
granzymes A and B (28). Even with the constant presence of
antiviral CD8� T cells, trigeminal ganglion neurons remain
resistant to apoptosis during HSV latency (17, 21, 40). One
viral factor that has been implicated in this protection from
apoptosis is the LAT. The antiapoptotic qualities of LAT have
been documented in vitro as well as in vivo (1, 16, 30). In this
study, we investigate the contribution of LAT to protecting
neurons from apoptosis using HSV-1 mutants containing a
large deletion including the LAT promoter, exon 1, and the 5�
half of the 2-kb intron (17 N/H) (5) and a mutant containing a
deletion in LAT exon 1 (17�Sty) (26). We demonstrate that
part of the HSV-1 LAT region protects trigeminal ganglion
neurons from apoptosis during viral latency.

MATERIALS AND METHODS

Infection of mice and isolation of trigeminal ganglia. Six- to eight-week-old
female BALB/c mice (Jackson Laboratories) were anesthetized with an intra-
peritoneal injection of ketamine (87 mg/kg of body weight)-xylazine (13 mg/kg of
body weight) and inoculated with 2.5 � 104 PFU per eye of HSV-1 17�, 17 N/H
(5), and 17�Sty (26) (Fig. 1). At 7, 15, and 30 days postinfection, mock-, 17�-,
and 17 N/H-infected mice were sacrificed by cervical dislocation and trigeminal
ganglia were removed. Mice infected with 17�Sty had their trigeminal ganglia
extracted and processed only at day 30.

Trigeminal ganglia (TG) were processed for sectioning by fixing them in 4%
paraformaldehyde for 4 h. TG were then incubated in 100% ethanol overnight
followed by 70% ethanol overnight. TG were then embedded in paraffin and
sectioned.

TG were processed for fluorescence-activated cell sorter (FACS) analysis by
placing them in phosphate-buffered saline (PBS) containing collagenase type XI
(1 mg/ml; Sigma, St. Louis, MO) and incubating them at 37°C for 90 min with
trituration every 15 min. Samples of cells were removed every 15 min and
checked by microscope to gauge cellular dissociation. Cells were washed twice
with PBS and used for immunohistochemical staining or terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) analysis.

In situ hybridization. A LAT probe was made using a digoxigenin-nick trans-
lation system (Roche, Manheim, Germany). Briefly, a vector containing a
BstEII-BstEII subfragment of the BamHI B fragment (119195 to 120092) was
linearized with HindIII and labeled with digoxigenin-11-dUTP using the above
kit. The labeled probe was purified using a Sephadex G-50 spin column. Trigem-
inal ganglion tissue sections were fixed and mounted on slides, and in situ
hybridization was performed as described previously (23, 42).

Immunohistochemical staining. Tissue sections on slides were deparaffinized
and rehydrated. The tissue was incubated in 5% bovine serum albumin in PBS at
room temperature for 1 h followed by incubation with an anti-CD8 primary
monoclonal antibody (BD Pharmingen) at a dilution of 1:5,000 in PBS at 4°C
overnight. The slides were then incubated with a fluorescein-conjugated anti-rat
secondary antibody (Sigma) at a dilution of 1:2,000 at room temperature for 2 h.
Slides were mounted with 50% glycerol and viewed with a Leica DMRE fluo-
rescent microscope connected to a Hamamatsu digital cameral. Microscope
images are captured and processed using Improvision Open Lab version 3.1.6
software.

TUNEL analysis. TUNEL analysis on tissue sections was performed by first
permeabilizing the tissue with permeabilization solution (0.1% Triton X-100,
0.1% sodium citrate) for 2 min on ice. Following permeabilization, the slides
were washed with PBS and the TUNEL reaction was done using the fluorescein
in situ cell death detection kit (Roche, Germany). Slides were viewed and
analyzed using the microscope and image analysis software detailed above.

FACS analysis. Dissociated cells were washed twice in PBS. Cells were then
resuspended in 500 �l of ice-cold PBS and fixed with 5 ml of cold ethanol, which
was added drop by drop while vortexing the mixture. Fixed cells were counted,
and 2.5 � 105 cells were added to a 1.5-ml Eppendorf tube in which they were
washed twice with PBS. TUNEL analysis was done with the in situ cell death
detection kit (Roche, Germany). DNA in apoptotic nuclei incorporated fluores-
cein-labeled nucleotides and was analyzed by FACS (excitation, 488 nm; emis-
sion, 560 nm) at the Wistar Institute Flow Cytometry Facility.

Trigeminal ganglion neurons were disassociated and fixed as described above.
Cells were counted and stained for CD8 using a phycoerythrin (PE)-conjugated
anti-mouse CD8a monoclonal antibody (BD Pharmingen) at a dilution of 1:250
in FACS buffer (1� PBS, 1% bovine serum albumin). Cells were incubated on
ice for 1 h and washed three times in FACS buffer.

RESULTS

C57BL/6 mice were infected with the HSV-1 LAT-null mu-
tant 17 N/H and its parent virus, 17�. The deletion spans from
the NotI site 5� of the LAT promoter (118443) to the HpaI site

FIG. 1. Map of HSV-1 genome and LAT deletion mutants. (A) Linear map of the HSV-1 genome with its unique long (UL) and unique short
(US) regions flanked by inverted repeat (IR) elements. (B) LAT region of the HSV-1 genome. The LAT region is enlarged to show the
latency-active promoter (LAP1) and the 2-kb LAT intron. (C) LAT deletion region in 17 N/H. (D) Exon 1 deletion region in 17�Sty. (E) LAT
deletion region in 17� A/H.
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halfway into the 2-kb LAT intron (120463) (Fig. 1c). A 400-bp
piece of � DNA was inserted into this deleted site (5). Because
essential promoter elements were deleted, no LATs are made.
Apoptosis experiments were also performed on 17�Sty-in-
fected trigeminal ganglia. 17�Sty contains a 370-bp (11880 to
119250) deletion in exon 1 (Fig. 1d) (26). This deletion re-
moves just over half of the exon 1 sequence.

Following corneal scarification and infection with HSV-1 (2
� 104 PFU/eye), mice were sacrificed at 7, 15, and 30 days
postinfection. Initial experiments were focused on the effect of
LAT on apoptosis of neurons during latency. Since 30 days
postinfection is widely accepted as a point in time by which
latency has been established, the trigeminal ganglia of mice
from this time point were used for our apoptosis studies. In situ
hybridization for the LAT was performed using a riboprobe
directed against the HSV-1 LAT intron (see Materials and
Methods). In Fig. 2a, there are 2 LAT-positive neurons in a
section of 17�-infected trigeminal ganglia. The TUNEL assay
done on the same section shows a number of apoptotic nuclei
(Fig. 2b). Careful visual inspection shows that none of the
apoptotic nuclei colocalized with trigeminal ganglion neurons.
Because the probe that was used is located in the deletion
found in 17 N/H, no LAT signal is seen in 17 N/H sections (Fig.
2c). The TUNEL assay on the same section shows a large
number of apoptotic nuclei as seen with 17�-infected trigem-
inal ganglia. A more careful and thorough survey of 17 N/H
sections reveals apoptotic neurons. Figure 3a shows phase pic-
tures of a 17 N/H-infected section with a well-defined neuronal
cell body (see also Fig. 9a). The TUNEL assay done on the
same section clearly shows an apoptotic nucleus in that neuron
(Fig. 3b; see Fig. 9c). Mock-infected trigeminal ganglia had no
apoptotic cells when subjected to TUNEL assay (data not
shown).

To measure the incidence of neuronal apoptosis, a large
number of neurons in 17�-, 17�Sty-, 17 N/H-, and mock-

infected trigeminal ganglia were identified by morphology and
apoptotic neurons were counted (Fig. 4). Three independent
experiments were performed, and approximately 1,000 neu-
rons were identified and scored for apoptosis in each experi-
ment. These neurons were derived from 15 mice (5 mice per
experiment), and every attempt was made to ensure that the
neurons counted were from as many different trigeminal gan-
glia as possible to provide a wide distribution of neurons. For
example, 10 or more slides were counted from each experi-
ment, and only nonsequential slides were used to ensure that
the same neurons were not counted two or more times. Stan-
dard deviations were calculated from the data from the three
experimental groups. Of the neurons in trigeminal ganglia in-
fected with 17 N/H, 0.98% were apoptotic. HSV-1 17�-in-
fected trigeminal ganglia had no apoptotic neurons, and almost
no apoptotic neurons were observed in mock-infected
(0.009%) and 17�Sty-infected (0.087%) trigeminal ganglia.
Statistical analysis (t tests) of the above data shows that there
are significantly more apoptotic neurons in trigeminal ganglia

FIG. 2. Detection of LAT expression and apoptosis in 17�- and 17
N/H-infected trigeminal ganglia. BALB/c mice were infected with 17�

(A, B) and 17 N/H (C, D). At 30 days postinfection, mice were sacri-
ficed, trigeminal ganglia were extracted and fixed, and sections were
cut and processed for in situ hybridization for LAT message (A, C) and
apoptosis (B, D) using the fluorescein in situ cell death detection kit
(Roche). Sections were visualized by light microscopy and fluorescent
microscopy using a fluorescein filter.

FIG. 3. Detection of apoptotic neurons in 17 N/H-infected trigem-
inal ganglia. Trigeminal ganglia were explanted 30 days postinfection
from 17 N/H-infected BALB/c mice. Neuronal apoptosis was detected
using the fluorescein in situ cell death detection kit (Roche). Sections
were visualized by light microscopy (A) and fluorescent microscopy
(B).

FIG. 4. Percentage of neurons in 17�-, 17�Sty-, 17 N/H-, and
mock-infected trigeminal ganglia that are apoptotic. 17�-, 17�Sty-, 17
N/H-, and mock-infected BALB/c mice were sacrificed 30 days postin-
fection, and trigeminal ganglia were explanted and sectioned. Neurons
were identified by morphology, and apoptosis was determined by the
presence of fluorescent nuclei using the fluorescein in situ cell death
detection kit (Roche). The asterisk indicates statistically significant
differences (P � 0.05) between 17 N/H- and 17�Sty-infected trigemi-
nal ganglia and between mock- and 17�-infected trigeminal ganglia.
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infected with 17 N/H than in trigeminal ganglia infected with
17�Sty or mock-infected trigeminal ganglia (P � 0.05).

Given the low incidence of apoptotic neurons in 17�- and 17
N/H-infected trigeminal ganglia, we decided to try to identify
the apoptotic cells observed in Fig. 2b and d. Hematoxylin and
eosin staining of trigeminal ganglion sections shows a large
number of infiltrating cells in 17�- and 17 N/H-infected tri-
geminal ganglia (Fig. 5b and c) but not in mock-infected tri-
geminal ganglia (Fig. 5a). Several investigators have proposed
that immune cells infiltrate HSV-1-infected trigeminal ganglia
and may undergo apoptosis (20, 40). To determine whether the
infiltrating cells seen in hematoxylin- and eosin-stained trigem-
inal ganglion sections (Fig. 5) were cytotoxic T cells, sections
were stained with an anti-CD8 antibody followed by a fluores-
cein-conjugated secondary antibody. In Fig. 6, we see CD8� T
cells entering 17�-infected trigeminal ganglia by day 7 (Fig. 6a)
and remaining there at day 15 and 30 (Fig. 6b and c, respec-
tively). A similar pattern of CD8� T-cell infiltration was ob-
served in 17 N/H-infected trigeminal ganglia (6d, e, and f). No

CD8� T cells were observed in mock-infected trigeminal gan-
glia (Fig. 6g, h, and i).

CD8� T-cell infiltration was quantitated by FACS analysis
(Fig. 7). Disassociated trigeminal ganglia were stained for
CD8a antigen with a PE-conjugated antibody. Values of the
percentage of total trigeminal ganglion cells that are CD8� T
cells were graphed in Fig. 8. A significant number of CD8� T
cells enter 17�- and 17 N/H-infected trigeminal ganglia by day
7 (Fig. 8) (8.8% and 8.07% of total cells, respectively). In

FIG. 5. Trigeminal ganglion sections stained with hematoxylin and
eosin. Trigeminal ganglia were explanted at day 15 postinfection from
mock (A)-, 17� (B)-, and 17 N/H (C)-infected BALB/c mice.

FIG. 6. Detection of CD8� T cells in trigeminal ganglia. Trigeminal ganglia of mice infected with 17� (A, B, C) or 17 N/H (D, E, F) or mock
infected (G, H, I) are shown at day 7 (A, D, G), 15 (B, E, H), and 30 (C, F, I). Trigeminal ganglia were sectioned and stained with a monoclonal
antibody against the antigen CD8a followed by a fluorescein-conjugated secondary antibody. Sections were visualized by fluorescence microscopy.

FIG. 7. FACS analysis of infiltrating CD8� T cells. 17� (A, B, C)-
and 17 N/H (D, E, F)-infected BALB/c mice were sacrificed on day 7
(A, D), 15 (B, E), and 30 (C, F) postinfection. Trigeminal ganglia were
explanted, dissociated by collagenase, and stained with a PE-conju-
gated anti-CD8a monoclonal antibody. Cells were analyzed by flow
cytometry.
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17�-infected trigeminal ganglia, CD8� T-cell levels peak at
day 15 (Fig. 8) (12.9%). In 17 N/H-infected trigeminal ganglia,
CD8� T-cell levels decrease from day 7 levels at day 15 (8.8%
to 5.12%). Despite decreasing in number, there are a substantial
number of CD8� T cells left in 17�- and 17 N/H-infected trigem-
inal ganglia (Fig. 8) (8.3% and 4.2%, respectively) at day 30.

To determine whether the apoptotic cells seen in infected
trigeminal ganglia are CD8� T cells, sections of 17�- and 17
N/H-infected ganglia were stained with anti-CD8 antibody and
subjected to TUNEL analysis. Fields were recorded for CD8
staining (PE filter) and TUNEL (fluorescein filter) and over-
laid using Improvision Open Lab version 3.1.6 software. In Fig.
9, this analysis was done on 30-day-postinfection 17 N/H-in-

fected trigeminal ganglia. Higher-magnification pictures of
these sections shows apoptotic CD8� T cells and neurons.
Phase pictures clearly shows 3 cell bodies of neurons (Fig. 9a).
CD8 staining (Fig. 9b) shows a number of cytotoxic T cells in
the field. TUNEL analysis of the same section shows 2 apo-
ptotic neurons (a rare event) and a number of other apoptotic
cells. Overlaying the fields (Fig. 9d) reveals that all of the
CD8� cells in Fig. 9b are undergoing apoptosis. These apo-
ptotic CD8� T cells appear to be surrounding apoptotic neu-
rons.

To quantitate how many CD8� T cells are undergoing ap-
optosis, disassociated trigeminal ganglion cells were stained
with an anti-CD8 PE-conjugated antibody and assayed by
TUNEL before quantification by FACS analysis (Fig. 10).
FACS analysis shows that in 17�- and 17 N/H-infected trigem-
inal ganglia, initial infiltrating CD8� cells undergo apoptosis at
a very low rate (Fig. 11) (6.3% and 10%, respectively). As
infiltrating CD8� T cells continue to enter 17�- and 17 N/H-
infected trigeminal ganglia, they undergo apoptosis at a much

FIG. 8. CD8� T-cell infiltration into 17�- and 17 N/H-infected
trigeminal ganglia. Trigeminal ganglia from 17� (white bars)- and 17
N/H (black bars)-infected mice were explanted at 7, 15, and 30 days
and analyzed by flow cytometry (Fig. 7). Values for the number of
CD8� T cells detected in trigeminal ganglia relative to the total num-
ber of cells counted were graphed.

FIG. 9. Localization of CD8� T cells and apoptosis in 17 N/H-
infected trigeminal ganglia. BALB/c mice were infected by corneal
scarification with 2.5 � 104 PFU of 17 N/H virus in each eye. At 30 days
postinfection, mice were sacrificed and trigeminal ganglia were ex-
tracted and sectioned for slides. Slides were stained for CD8a antigen
and apoptosis using TUNEL. Sections were viewed by light microscopy
(A), UV microscopy using a rhodamine filter to view CD8a staining
(B), and UV microscopy using a fluorescein filter to view TUNEL
staining (C). (D) Fields B and C were merged for colocalization of
CD8 cells and apoptosis.

FIG. 10. FACS analysis of CD8� T cells and apoptosis. 17� (A, B,
C)- and 17 N/H (D, E, F,)-infected BALB/c mice were sacrificed on
day 7 (A, D), 15 (B, E), and 30 (C, F) postinfection. Trigeminal ganglia
were explanted, dissociated by collagenase, and stained for CD8� T
cells with a PE-conjugated anti-CD8a monoclonal antibody and
TUNEL using fluorescein-conjugated nucleotides. Cells were analyzed
by flow cytometry.

FIG. 11. Apoptosis of CD8� T cells infiltrating trigeminal ganglia.
BALB/c mice were infected with 17� (white bars) and 17 N/H (black
bars) by corneal scarification and sacrificed at 30 days postinfection.
Explanted trigeminal ganglia were digested with collagenase, and dis-
sociated cells were stained for CD8� T cells and apoptosis using
TUNEL. Cells were analyzed by FACS, and values were graphed.
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higher rate at 15 days (Fig. 11) (53.4% and 59.9%, respec-
tively) and at 30 days (Fig. 11) (57.8% and 75.7%, respec-
tively).

DISCUSSION

HSV-1 establishes latency in the peripheral nervous system,
with LAT being the only detectable transcript (10, 32). While
LAT expression has been implicated in the establishment of
latency and reactivation from latency, several investigators
have demonstrated an antiapoptotic effect in vivo and in vitro
(1, 29). Transfection of expression vectors containing the LAT
sequence into tissue culture cells protect those cells from ap-
optotic agents such as ceramide, etoposide, and anti-Fas anti-
body (1, 29, 30). Investigators have mapped this in vitro anti-
apoptotic effect to exon 1 (1) or the first 1.5 kb of the LAT (1,
29, 30).

This antiapoptotic effect is more difficult to detect in vivo.
The trigeminal ganglia of rabbits infected with the LAT-neg-
ative mutant dLAT2903 (	161 to �1667; 7 days postinfection)
have been shown to have a large number of TUNEL-positive
apoptotic neurons (30). Few apoptotic neurons were observed
in the trigeminal ganglia infected with the LAT-positive pa-
rental virus or a rescuant of dLAT2903. Apoptosis in these
neurons was further confirmed by staining for the apoptotic
protein PARP (a caspase-3 cleavage product of poly-ADP-
ribose polymerase) (30).

In this study, mice were inoculated with a LAT-negative
mutant (17 N/H), a partial exon 1 deletion (371 bp deleted
from the 660 bp in exon 1) mutant (17�Sty), and the parent
strain (17�). Once latency is established at 30 days postinfec-
tion, trigeminal ganglia were excised, fixed, and stained for
apoptosis by TUNEL. We observed no apoptotic neurons in
17�-infected trigeminal ganglia, and only 0.087% of all neu-
rons in 17�Sty-infected trigeminal ganglia were apoptotic. 17
N/H-infected trigeminal ganglia had significantly more apopto-
tic neurons (0.98%; P � 0.05). Based on our results with
17�Sty and 17 N/H, we conclude that the in vivo antiapoptotic
effect of the LAT is located within the a fragment of the 3� end
of exon 1, which was not part of the 17�Sty deletion (�447 to
�661), and the 5� end of the LAT intron (�661 to �1667).
This mapping is in agreement with that of Inman et al. (16).

Even though the LAT deletion in our mutant is similar to
that used by other investigators, we observed significantly more
apoptotic neurons. Other investigators observed that infection
of mouse trigeminal ganglia with the LAT-null mutant 17�A/H
resulted in a decrease in survivability in trigeminal ganglion
neurons (40). However, they observed (contrary to our results)
practically no evidence of apoptosis in the eradicated neurons.
One possible explanation for this discrepancy is the deletion
difference between their LAT-null mutant 17�A/H (	1136 to
�828) (Fig. 1D) and our mutant 17�N/H (	359 to �1667).

Although neither LAT mutant expresses detectable levels of
LAT, it is clear that 17�A/H is similar to strain 17 in terms of
protecting neurons from apoptosis, even though 17�N/H has a
significant sequence difference. Thus, the antiapoptotic effect
could be from a small transcript originating at the LAT pro-
moter and mapping in the region from �828 to �1667. It is
formally possible that it may be due to the effect of the DNA
sequence in this region. Our data support the observations

made by Perng et al. (30) that the LAT has an antiapoptotic
effect. Data obtained in this study with the 17�Sty mutant
support the mapping of the antiapoptotic function to a region
including at least a portion of exon 1. A prior study showed by
in situ hybridization that 17�Sty expresses a LAT (�399 to
�1296) (26).

We also show that CD8� T cells infiltrate trigeminal ganglia
during the early stages of HSV-1 infection and remain there
past the establishment of latency. These observations concur
with those of other investigators who showed a population of
CD8� T cells in trigeminal ganglia after 84 days (20). During
the lytic phase of infection, significant levels of viral antigens
are present which stimulate the recruitment of cytotoxic cells
to the trigeminal ganglia. However, upon establishment of
latency in neurons, viral genomes are transcriptionally silent
except for LAT expression. Feldman et al. (9), using in situ
hybridization, demonstrated that a small percentage of neu-
rons express viral transcripts, such as ICP4, during the latent
phase in mice. It was thought that these cells were very rare
reactivating neurons. Despite their low frequency (less than 1
positive cell detected per ganglion), it is possible that they
contribute to the CD8� infiltrate.

Once cytotoxic T cells are recruited to an infected area, they
can eradicate target cells by inducing apoptosis by engaging the
target cell’s Fas receptor with Fas ligand, found on the T cell’s
surface (14, 33), and subsequently releasing lytic granules (28).
The documented in vivo antiapoptotic effect of LAT may pro-
tect infected neurons in trigeminal ganglia from cytotoxic T
cells. HSV-1 can inhibit apoptosis by cytotoxic T cells 2 h
postinfection during the lytic phase of infection (16). It was
postulated that the HSV-1 protein kinase Us3 is responsible
for lytic-phase apoptosis protection. We believe that the HSV
LAT may act as an inhibitor of cytotoxic-T-lymphocyte-di-
rected apoptosis during latency, since we observe a large num-
ber of apoptotic neurons in 17 N/H-infected trigeminal ganglia
and none in 17�-infected trigeminal ganglia. These CD8� T
cells may be recruited into the infected trigeminal ganglia by
the low-level expression of viral transcriptional activators like
ICP4, as described by Feldman et al. (9).

As we see in Fig. 2, 9, and 10, there are a number of
nonneuronal apoptotic cells. By colocalizing CD8 staining and
TUNEL staining, we see that up to 80% of apoptotic cells are
cytotoxic T cells (data not shown). There are several possible
reasons why CD8� T cells recruited to infected trigeminal
ganglia undergo apoptosis. One such phenomenon is called
activation-induced T-cell death, in which activation through
CD3 T-cell molecules in the absence of an inflammatory re-
sponse activates pathways that lead to caspase activation and
cell apoptosis (34). This would correspond with our observa-
tion that significant CD8� T-cell apoptosis occurs at days 15
and 30, which would be a point where lytic infection is ending
and inflammation is resolving.

Another theory concerning cytotoxic T-cell apoptosis is that
HSV-1 infection of cytotoxic T cells leaves them vulnerable to
apoptosis from other virus-specific cytotoxic T cells. This pro-
cess is called fratricide and may, in effect, be a mechanism of
viral immune evasion (31). We have identified HSV-1-infected
apoptotic T cells during the early phase of infection (7 days
postinfection) but not at latent time points (30 days postinfec-
tion).
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In conclusion, we show that neurons in mouse trigeminal
ganglia, infected with a LAT-expressing HSV-1, are protected
from apoptosis once they become latent. We also show a con-
stant presence of CD8� T cells in the trigeminal ganglia of
infected mice. A possible source of antigen for this recruitment
of CD8� T cells may be the low-level expression of viral tran-
scriptional transactivators observed by Feldman et al. (9). Even
in the continual presence of CD8� T cells, latent neurons
infected with a LAT-expressing HSV-1 remain protected from
apoptosis, possibly because of the expression of LAT.
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