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PURPOSE. To investigate the migration of herpes simplex virus type 1 (HSV-1) between latently
infected and naive corneal tissues and trigeminal ganglion (TG) in rabbits after penetrating
keratoplasty (PKP) and transcorneal epinephrine iontophoresis.

METHODS. Two mutants, genetically constructed from HSV-1 strain 17syn1, were used to inoculate
rabbit corneas: 17DPst, a latency associated transcript (LAT) negative, low-reactivating virus and
17Pr, a high-reactivating, LAT-positive rescuant of 17DPst. Latently infected rabbits were given
corneal allografts from naive rabbits, and naive rabbits received grafts from latently infected rabbits.
Ninety days after PKP, groups of the transplanted rabbits were induced to reactivate by transcor-
neal epinephrine iontophoresis, but others were not induced. Viral shedding was monitored by tear
film cultures. Rabbits were killed 5 days after iontophoresis. Transplanted grafts, recipient corneal
rims, and corresponding TG were obtained. Nucleic acids were extracted and amplified for
detection of HSV-1 DNA and viral gene transcription.

RESULTS. In naive rabbits receiving grafts transplanted from rabbits latently infected with 17Pr
(LAT1), 3 of 6 corneal rims contained HSV DNA after induction. In contrast, none of the 5 corneal
rims from naive rabbits receiving grafts from rabbits latent with 17DPst (LAT2) contained viral
DNA. Viral DNA and gene transcripts were detected in 2 of 6 TG from naive rabbits that received
grafts from 17Pr (LAT1) latently infected rabbits. In recipient corneal rims and TG of latently
infected rabbits receiving grafts from naive rabbits, viral DNA concentration was significantly
greater with induced reactivation, compared with the results in noninduced rabbits. The amount
of viral DNA in naive grafts transplanted into 17Pr (LAT1) latently infected rabbits was significantly
higher with induction than without induction (P 5 0.018). More viral DNA and viral gene
transcripts were found in tissues from rabbits latently infected with 17Pr (LAT1) than in rabbits
latently infected with 17DPst (LAT2).

CONCLUSIONS. Corneas from latently infected rabbits contain HSV-1 DNA that can replicate after
induced reactivation. Viral migration can occur in both anterograde and retrograde directions
between the transplanted graft and the recipient corneal rim and TG. The LAT negative HSV-1
construct 17DPst has a significantly reduced ability to replicate and migrate. (Invest Ophthalmol
Vis Sci. 1999;40:2490–2497)

Herpes simplex virus type 1 (HSV-1) is capable of caus-
ing a variety of ocular infections and establishing a
lifelong cycle of latency and reactivation.1–5 HSV-1

reactivates in response to chemical and physical stress,6 UV
irradiation,7 hypothermia,8 and hyperthermia.9 In rabbits, re-

activation can be induced by transcorneal epinephrine ionto-
phoresis.10–17

Since the isolation of HSV-1 from the sensory ganglion in
1972,18 investigators have focused on the trigeminal ganglion
(TG) as a major site of viral latency. More recently, the devel-
opment of new biochemical and sensitive molecular biological
techniques has stimulated interest in the possibility of detect-
ing extraneuronal sites of HSV-1 latency. In this regard, the
cornea has received considerable attention. However, no de-
finitive studies on the molecular state of the virus-host relation-
ship and the dynamics of HSV-1 migration during corneal
latency have emerged, and, to date, there has been no single
experiment that can prove HSV-1 corneal latency.19–31

During the latent phase of HSV-1 infection, viral gene
expression is highly restricted. Only the latency associated
transcripts (LAT) are produced in abundance during latency,
and LAT have become the characteristic marker of latent HSV-1
infection.1–3,19–23 Also, LAT have been shown to have a signif-
icant association with HSV-1 reactivation; numerous studies

From the Department of Ophthalmology, Lions Eye Research
Laboratories, LSU Eye Center, Louisiana State University Health Sci-
ences Center School of Medicine, New Orleans.

Supported by United States Public Health Service Grants EY06311
(JMH), EY02672 (HEK), EY06948 (MEM), EY06996 (JML), and
EY02377 (LSU Eye Center core grant) from the National Eye Institute,
National Institutes of Health, Bethesda, Maryland; and an unrestricted
grant from Research to Prevent Blindness, New York, New York.

Submitted for publication February 5, 1999; revised May 27, 1999;
accepted June 22, 1999.

Commercial relationships policy: N.
Corresponding author: James M. Hill, LSU Eye Center, 2020 Gra-

vier Street, Suite B, New Orleans, LA 70112-2234.
E-mail: jhill@lsumc.edu

Investigative Ophthalmology & Visual Science, October 1999, Vol. 40, No. 11
2490 Copyright © Association for Research in Vision and Ophthalmology

Downloaded From: http://arvojournals.org/ on 02/13/2017



have shown that LAT-deleted viruses have a reduced ability to
undergo reactivation in the rabbit.32–37 Does the LAT-deleted
virus also spread from a site of latency to other tissues after
reactivation with less efficiency in comparison with LAT1

virus? To the best of our knowledge, there have been no
studies that correlate the ability of an HSV-1 strain to express
LAT with the potential of the virus to migrate from a site of
latency to other tissues after reactivation.

We designed experiments to study the dynamics of HSV-1
latency using 17DPst (LAT2) and 17Pr (LAT1), both of which
have 17syn1 as the parent strain.19,32,38 The purpose of this
study was to test whether the LAT1 and LAT2 strains of HSV-1
could establish latent infection in rabbit corneas and, if so,
whether there is a difference between the two strains in their
ability to be reactivated and transferred to naive tissues
through corneal grafts. We transplanted corneas from HSV-1
latently infected rabbits to naive uninfected rabbits and from
naive uninfected rabbits to latently infected rabbits to investi-
gate the potential for HSV-1 migration with respect to LAT
expression status. HSV DNA concentration and productive
viral gene transcription were measured in the grafts, recipient
corneal rims, and corresponding TG. Our results showed that
corneas from latently infected rabbits contain HSV-1 DNA,
which is able to replicate and migrate after induced reactiva-
tion, and that compared with the LAT1 construct, the LAT2

mutant has a significantly reduced ability to undergo these
processes.

METHODS

Cells and Virus
Two HSV-1 genetic constructs were used. 17DPst is a LAT2

mutant constructed from the high-reactivation phenotype par-
ent 17syn1 by deletion of a 202-bp portion corresponding to
bases 118664 through 118866. This LAT2 mutant has previ-
ously been shown to exhibit a significantly reduced reactiva-
tion frequency.19,32,38 17Pr, which is LAT1, is the rescuant of
17DPst (LAT2), and has the same high-frequency reactivation
phenotype as the parent strain 17syn1.19,32,38

Viruses were propagated on primary rabbit kidney (PRK)
cell monolayers in minimal essential medium (MEM; GIBCO
Life Technologies, Gaithersburg, MD) with 5% fetal bovine
serum and titered by plaque assay on African green monkey
kidney cell monolayers.

Establishment of Latency
The care and maintenance of all rabbits used in these experi-
ments conformed to the ARVO Statement on the Use of Ani-
mals in Ophthalmic and Vision Research. New Zealand White
rabbits (1.5–2.5 kg) were inoculated with 25 ml of a viral
suspension (1–2 3 106 plaque-forming units [pfu]) of either
17DPst (LAT2) or 17Pr (LAT1) in both eyes without scarifica-
tion. The occurrence of corneal lesions confirming acute in-
fection was verified by slit-lamp examination 3 to 8 days after
inoculation. Rabbits were also examined 20 days after infection
to verify that the corneal lesions had healed. Rabbits in which
the corneal lesions had resolved were assumed to be latently
infected.

Experimental Design
Ten weeks after inoculation, ocular swabbing was done on all
rabbits before penetrating keratoplasty (PKP) to detect spon-

taneous viral shedding. Rabbits without viral shedding were
used for transplantation. Four groups of rabbits underwent
penetrating keratoplasty. One group consisted of rabbits la-
tently infected with 17DPst (LAT2) that received grafts from
naive rabbits. The second group consisted of rabbits latently
infected with 17Pr (LAT1) that also received grafts from naive
rabbits. The third group consisted of naive rabbits that re-
ceived grafts from rabbits latently infected with 17DPst
(LAT2), and the fourth group consisted of naive rabbits that
received grafts from rabbits latently infected with 17Pr (LAT1).
In all cases one eye received a graft and the other eye remained
untreated.

Approximately 90 days after PKP, all rabbits were
swabbed again once daily for 5 consecutive days to detect
spontaneous viral shedding. Rabbits that did not shed virus
were used for the induced reactivation experiments. Rabbits
from groups 2 (rabbits latently infected with 17Pr; naive grafts)
and 4 (naive rabbits; grafts from rabbits latently infected with
17Pr) were assigned randomly to an induction or noninduction
group. All the rabbits from groups 1 (rabbits latently infected
with 17DPst; naive grafts) and 3 (naive rabbits; grafts from
rabbits latently infected with 17DPst) were assigned to induc-
tion. The induction groups received transcorneal epinephrine
iontophoresis (0.8 mAmp, 8 minutes) once daily for 3 consec-
utive days. Beginning on the day after the first iontophoresis,
tear film samples were obtained daily for 5 days for the detec-
tion of infectious virus. Similarly, tear film samples were also
obtained from the noninduction groups.

At the conclusion of the tear film–sampling period, all
rabbits were killed and the corneas were dissected into two
parts, grafts and recipient corneal rims. Corresponding TG
were also obtained. Nucleic acids were extracted and amplified
by polymerase chain reaction (PCR) for detection of HSV DNA
and RNA.

Penetrating Keratoplasty

Penetrating keratoplasty was performed as described by Root-
man et al.39 An 8.0-mm–diameter site was created in the
central cornea of the recipient and an 8.5-mm graft was sutured
into place. The 0.5-mm larger graft was used to ensure proper
wound closure and restoration of the anterior chamber. For 1
week after the transplantation, rabbit eyes were treated twice
daily with prednisolone acetate (1%) and tobramycin (0.3%).

Tear Film Cultures

Tear film was collected on a sterile Dacron swab (Puritan;
Hardwood Products, Guilford, ME). Each swab was immedi-
ately placed into a tissue culture tube containing a confluent
PRK cell monolayer in 2 ml of MEM/2% fetal bovine serum and
incubated at 37°C and 5% CO2. The swab was removed 24
hours later and the tube monitored daily for 14 days for the
appearance of cytopathic effects indicative of infectious virus.

Transcorneal Epinephrine Iontophoresis

Iontophoresis was performed once daily for 3 consecutive days
as previously described.10–17 A large eyecup (central diameter
12-mm) was used so that the cylinder containing 0.01% epi-
nephrine was in contact with both the graft and recipient
corneal rim.
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Sample Collection and Tissue Processing

Three days after the last iontophoresis, the rabbits were killed
and the grafts, recipient corneal rims, and corresponding TG
were removed aseptically. The corneal graft was defined as the
transplant excluding the suturing area in latently infected rab-
bits and including the suturing area in naive rabbits; the cor-
neal rim was the remaining peripheral part. To avoid tear film
contamination of corneal samples, the corneal surface was
thoroughly washed with sterile balanced saline solution, 5%
sodium hypochlorite, 70% ethanol, and diethylpyrocarbonate-
treated water before dissection.

The tissues were frozen in liquid nitrogen and stored at
270°C. For analysis, tissues were thawed in Trizol reagent
(GIBCO Life Technologies) and homogenized with a PRO 200
homogenizer equipped with a metal probe (PRO Scientific,
Monroe, CT). DNA and RNA were extracted with Trizol re-
agent according to the manufacturer’s instructions.

RNA solution was extensively digested with RNase-free
DNase (Sigma Chemical, St. Louis, MO) at 20 to 40 U per 100
ml RNA sample. DNA-free RNA was dissolved in 60 ml of water
by heating to 65°C for 10 minutes and placed on ice for 1
minute. The sample was then reverse-transcribed by random
primer p(dN)6 using first-strand cDNA synthesis system (Boehr-
inger Mannheim, Indianapolis, IN) at 42°C for 1 hour. After
cDNA synthesis, the reaction mixture was diluted to 100 ml
with distilled deionized water, and 25 ml was used in each PCR.

PCR Analysis

A primer pair for the HSV-1 ribonucleotide reductase (RR,
UL39) was used for detection of HSV-1 DNA. Two different
primer pairs, one specific for RR and one for the major capsid
protein gene (VP5, UL19), were chosen to examine viral tran-
scripts at different phases of transcription.40 Amplification of
the rabbit actin gene was used as a control for DNA recovery
and quantitation of the viral DNA. The sequences of the primer
pairs are given in Table 1.

Each PCR contained 0.1 mg of extracted DNA or cDNA:
0.2 mM of each primer, 1.5 mM MgCl2, 0.2 mM dNTP, 2.5 U of
Taq polymerase (Perkin-Elmer, Foster City, CA), and 13 PCR
buffer in a 50 ml final volume. Cycling reactions were carried

out in a thermal cycler (MJ Research, Waltham, MA). Each
cycle included denaturation at 94°C for 30 seconds, annealing
at 58°C for 30 seconds, and extension at 72°C for 60 seconds.
PCR primer pairs specific for viral and rabbit cellular gene were
used either separately or together. When the actin and VP5
primers were used together, annealing was carried out at 5°C
below the actin primer melting temperature. The reaction was
terminated with a 10-minute extension at 72°C. Samples un-
derwent 45 cycles of amplification. The products were elec-
trophoresed on 2% agarose gels, stained with ethidium bro-
mide, and visualized using a digital imaging system (Eagle Eye
II; Stratagene, La Jolla, CA).

DNA extracted from corresponding viral strain–infected
rabbit cornea and TG cell suspensions was used as positive
control. DNA extracted from naive uninfected rabbit cornea
and rabbit TG homogenates was used as negative control.
Reverse transcription–PCR (RT-PCR) controls included positive
control of Neo pa RNA provided by manufacturer, RNA blank
control, and AMV Reverse Transcriptase blank control. Two
separate experiments were done, and all PCR samples were
analyzed in triplicate.

DNA Quantitation

To measure the concentration of HSV DNA in grafts, recipient
corneal rims, and TG, we amplified both viral DNA using the
RR primers and cellular DNA using rabbit actin primers. Gels
were digitized and analyzed using a digital imaging system with
an image-processing software package (Optimas; Optimas, Se-
attle, WA). The perimeter of each band was manually traced,
and the mean luminescence of the pixels within this region
was calculated after subtracting the background luminescence.
The HSV DNA concentration was expressed as a ratio of the gel
band density of the RR product to rabbit actin product.

Statistical Analyses

Statistical comparisons of HSV DNA concentration between
the noninduction groups and the induction groups, as well as
between the two virus-phenotype induction groups, were
done by conducting an initial one-way ANOVA on the DNA
concentration from all the grafts, the recipient corneal rims, or

TABLE 1. Primer Pairs Used to Detect DNA Replication and Gene Transcription

Primer Pairs*
Sequence

Location† (bp)
Size of PCR

Product (bp)

Ribonucleotide reductase (RR, UL39)
59-ATGCCAGACCTGTTTTTCAA-39 88517–88536 243
59-GTCTTTGAACATGACGAAGG-39 88759–88740

Major capsid protein (VP5, UL19)
59-TGAACCCCAGCCCCAGAAACC-39 35564–35544 149
59-CGAGTAAACCATGTTAAGGACC-39 35416–35437

Rabbit actin
59-AAGATCTGGCACCACACCTT-39 — 110
59-CGAACATGATCTGGGTCATC-39 —

* Primers are listed as the upstream (mRNA sense) primer first followed by the downstream (mRNA
antisense) primer.

† Locations of the primer sequence for viral genes are based on the sequence of the 17syn1 strain of
HSV-1.
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the TG. ANOVA was performed for the grafts from naive
rabbits and separately for grafts from latently infected rabbits.
If the ANOVA was significant (P , 0.05), comparisons of
treatment means were conducted using the overall ANOVA
estimate of the treatment group mean error to conduct pro-
tected pair-wise t-tests.41 Statistical comparison of the number
of samples positive for viral transcripts between noninduction
groups and induction groups was done by conducting the
chi-square test. P , 0.05 defines significance. All data analyses
were done using procedures from the Statistical Analysis Sys-
tem (SAS Institute, Cary, NC).

RESULTS

Acute Infection and Corneal Graft Survival

Slit-lamp examination showed that acute infections by the
LAT2 mutant 17DPst, and the LAT1 rescuant 17Pr, were sim-
ilar and comparable to our previous results from the parent
strain 17syn1. This finding is consistent with the results of our
acute viral titration (post-inoculation day 7) of rabbit corneal
homogenates where we found that there is no statistical dif-
ference of acute viral replication in the rabbit cornea between
the LAT2 and LAT1 viruses (data not shown). After PKP, the
majority of the transplanted grafts remained clear. There were
no differences in wound healing or graft survival among the
PKP groups whether the rabbit was latent or naive. Also there
were no differences regardless of virus strains (data not
shown). Rabbits with complications such as corneal opacity or
severe neovascularization were excluded from this study.
There were 17 naive rabbits receiving grafts from latently
infected rabbits and 17 latently infected rabbits receiving grafts
from naive rabbits in this study.

Detection of Viral Shedding

Eyes with transplanted corneas were swabbed once daily for 5
consecutive days starting after the first iontophoresis. More
eyes shed virus in the adrenergically induced groups than the
uninduced groups as shown in Table 2. After induction, half of
the rabbits latent with 17Pr (LAT1) shed virus, compared with

1 of 5 rabbits latent with 17DPst (LAT2); 50% versus 20%, P 5
0.04, chi-square test.

HSV-1 Retrograde Migration

Naive rabbits were transplanted with corneal grafts from rabbits
latently infected with 17DPst (LAT2) or 17Pr (LAT1). Rabbits
were randomly assigned for noninduction or induced reactiva-
tion. Viral DNA concentration was measured in grafts, recipient
corneal rims, and corresponding TG. Data are summarized in
Table 3, and a representative gel is shown in Figure 1.

All the grafts from latently infected rabbits transplanted
into naive rabbits contained HSV-1 DNA; the amount of DNA
was 20-fold higher in the eyes subjected to iontophoresis
induction, compared with the uninduced eyes. The difference
in the amount of viral DNA in the induced versus uninduced
17Pr (LAT1) grafts was significant (P 5 0.038). Viral migration
from the corneal graft into the naive host tissues (as docu-
mented by detection of HSV DNA in the recipient corneal rim
and TG) was observed with the 17Pr (LAT1) after induction in
about half of the animals tested (Table 3). No viral migration
occurred with uninduced 17Pr (LAT1) or with induced 17DPst
(LAT2).

The present results demonstrated that HSV-1 DNA is
present in the corneas of latently infected rabbits and that
epinephrine iontophoresis significantly increases the amount
of HSV DNA in these corneas. The fact that viral DNA of LAT1

virus 17Pr can be detected in the recipient corneal rim and
corresponding TG of naive rabbits after induced reactivation
indicates that retrograde migration of the virus from the la-
tently infected graft to the naive recipient occurs.

HSV-1 Anterograde Migration

Rabbits latently infected with either 17DPst (LAT2) or 17Pr
(LAT1) were transplanted with corneal grafts from naive rab-
bits. Rabbits were randomly assigned to noninduction or in-
duced reactivation. Viral DNA concentration was measured in
corneas and TG. The results are summarized in Table 3, and a
representative gel is shown in Figure 2.

All the corneal rims and TG of the latently infected rabbits
contained HSV DNA; again the concentration was significantly

TABLE 2. Detection of Viral Shedding in Transplanted Rabbit Eyes

Latency Status

Induction Positive Eyes†/Total Eyes (%)Recipient* Graft

Retrograde migration
Naive 17Pr (LAT1) No 0/6 (0)
Naive 17Pr (LAT1) Yes 1/6 (17%)
Naive 17DPst (LAT2) Yes 1/5 (20%)

Anterograde migration
17Pr (LAT1) Naive No 1/6 (17%)
17Pr (LAT1) Naive Yes 3/6 (50%)
17DPst (LAT2) Naive Yes 1/5 (20%)

* Naive rabbits received corneal grafts from rabbits latently infected with either 17Pr (LAT1) or
17DPst (LAT2); rabbits latently infected with either 17Pr (LAT1) or 17DPst (LAT2) received corneal grafts
from naive rabbits. Transplanted rabbits were assigned to noninduction and transcorneal epinephrine
iontophoresis groups.

† Beginning after the first iontophoresis, tear film samples were obtained from all transplanted eyes
once daily for 5 consecutive days for the detection of viral shedding. Data are expressed as number of
positive eyes for at least one swabbing.

IOVS, October 1999, Vol. 40, No. 11 HSV Migration in Transplanted Rabbit Cornea 2493

Downloaded From: http://arvojournals.org/ on 02/13/2017



higher in the iontophoresed groups than in those not ionto-
phoresed (17Pr, LAT1, induced versus uninduced, P 5 0.0004
and P 5 0.0001 for recipient corneal rim and corresponding
TG, respectively; one-way ANOVA and protected pair-wise
t-test). Also, DNA concentrations were higher in the tissues of
animals infected with the 17Pr (LAT1) than in the 17DPst
(LAT2) strain even after induction (induced 17Pr LAT1 versus
induced 17DPst LAT2, P 5 0.007 and P 5 0.013 for recipient
corneal rim and corresponding TG, respectively). The pres-
ence of the viral DNA in naive grafts was noted most often (5/6
eyes) in animals latent for the 17Pr (LAT1) after induction but
was also seen in animals latent for 17DPst (LAT2) with induc-
tion (2/5 eyes), and in animals latent for 17Pr (LAT1) without
induction (1/6 eyes). The concentration of HSV DNA in the
naive corneal grafts was significantly higher for 17Pr (LAT1)
after induction than the 17DPst (LAT2) with induction (P 5
0.011) or 17Pr (LAT1) without induction (P 5 0.018).

These results demonstrate that the 17Pr (LAT1) migrates
from the latent recipient tissues into the naive corneal grafts in

greater concentrations and at higher frequencies than the
17DPst (LAT2) after induced reactivation. Additionally, the
increased concentration of LAT1 viral DNA in the naive grafts
after induction corresponds to an increase in the recovery of
infectious virus in tear film samples (3/6 eyes) under these
conditions, compared with the recovery from uninduced LAT1

(1/6 eyes) and induced LAT2 (1/5 eyes) rabbits (Table 2).

Detection of Viral Gene Transcription

To determine whether the migrated HSV-1 DNA correlated
with the presence of productive-phase viral gene transcription,
RNA was reverse-transcribed and amplified with both RR and
VP5 primer pairs. The results are shown in Table 4, and a
representative gel showing the amplification obtained with the
VP5 primer pair is shown in Figure 3.

In the two groups not subjected to iontophoresis induc-
tion, the total number of transcript-positive samples was low
(RR: 1 of 36 samples; VP5: 3 of 36 samples). Only one recipient
corneal rim in a 17Pr (LAT1) latently infected rabbit was
positive for the RR transcript; and the recipient corneal rim and

FIGURE 2. An example of the results of amplification of HSV-1 DNA
from grafts, recipient corneal rims, and TG from latently infected
rabbits with grafts from naive rabbits. M, molecular marker. Lanes 1
through 3 represent graft, recipient corneal rim, and TG, respectively,
from a 17Pr (LAT1) latently infected rabbit with a graft from a naive
rabbit, without induced reactivation. Lanes 4 through 6 represent
graft, recipient corneal rim, and TG, respectively, from a 17Pr (LAT1)
latently infected rabbit with a graft from a naive rabbit, with induced
reactivation by transcorneal epinephrine iontophoresis. Lanes 7
through 9 represent graft, recipient corneal rim, and TG, respectively,
from a 17DPst (LAT2) latently infected rabbit with a graft from a naive
rabbit, with transcorneal epinephrine iontophoresis.

TABLE 3. Quantitation of HSV-1 DNA in Corneas and Trigeminal Ganglia

Latency Status

Induction

DNA Concentration (Positive Samples/Total Samples)*

Recipient† Graft Graft Recipient Corneal Rim Corresponding TG

Retrograde
migration

Naive 17Pr (LAT1) No 0.02 6 0.01 (6/6) 0 (0/6) 0 (0/6)
Naive 17Pr (LAT1) Yes 0.40 6 0.11 (6/6) 0.10 6 0.08 (3/6) 0.02 6 0.02 (2/6)
Naive 17DPst (LAT2) Yes 0.46 6 0.19 (5/5) 0 (0/5) 0 (0/5)

Anterograde
migration

17Pr (LAT1) Naive No 0.002 6 0.002‡ (1/6) 0.07 6 0.03 (6/6) 0.12 6 0.04 (6/6)
17Pr (LAT1) Naive Yes 0.11 6 0.04 (5/6) 1.31 6 0.24 (6/6) 1.38 6 0.28 (6/6)
17DPst (LAT2) Naive Yes 0.004 6 0.002§ (2/5) 0.53 6 0.16 (5/5) 0.57 6 0.19 (5/5)

* Data are based on amplification of DNA samples with both ribonucleotide reductase and rabbit actin primer pairs. DNA concentration is
expressed as the ratio of the band intensity of HSV-1 DNA to rabbit actin DNA. Data are expressed as the mean 6 SEM in each group. Numbers
in parentheses represent the number of positive samples of total sample number.

† Naive rabbits received grafts from rabbits latently infected with either 17Pr (LAT1) or 17DPst (LAT2); rabbits latently infected with either
17Pr (LAT1) or 17DPst (LAT2) received grafts from naive rabbits. Transplanted rabbits were assigned to noninduction and transcorneal epinephrine
iontophoresis induction groups.

‡ One sample in six contained HSV-1 DNA with a concentration of 0.01.
§ Two samples in five had HSV-1 DNA with a concentration of 0.01.

FIGURE 1. An example of the results of amplification of HSV-1 DNA
from grafts, recipient corneal rims, and TG from naive rabbits with
grafts from latently infected rabbits. PCR products were visualized by
ethidium bromide staining. M, molecular marker. Lanes 1 through 3
represent graft, recipient corneal rim, and TG, respectively, from a
naive rabbit with a graft from a 17Pr (LAT1) latently infected rabbit,
without induced reactivation. Lanes 4 through 6 represent graft, re-
cipient corneal rim, and TG, respectively, from a naive rabbit with a
graft from a 17Pr (LAT1) latently infected rabbit, with induced reacti-
vation by transcorneal epinephrine iontophoresis. Lanes 7 through 9
represent graft, recipient corneal rim, and TG, respectively, from a
naive rabbit with a graft from a 17DPst (LAT2) latently infected rabbit,
with transcorneal epinephrine iontophoresis.
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corresponding TG of this rabbit and one corneal graft donated
by a rabbit latently infected with 17Pr (LAT 1 ) were positive
for VP5 transcripts (Table 4). In the iontophoresed groups,
more grafts, recipient corneal rims, and TG in 17Pr (LAT1)
latently infected rabbits and naive rabbits receiving grafts from
17Pr (LAT1) latently infected rabbits were positive for viral
transcripts (RR: 5 of 36 samples; VP5: 10 of 36 samples). A
chi-square test showed that the increase for VP5 transcripts
after induction was significant (P 5 0.032), but the increase for
RR transcripts was not (P 5 0.24).

Three grafts transplanted from naive rabbits into rabbits
latently infected with 17Pr (LAT1) and one naive graft trans-
planted into a rabbit latently infected with the 17DPst (LAT2)
contained detectable VP5 transcripts after induction (Table 4),
supporting the concept of anterograde migration provided by
the DNA analysis (Table 3). The presence of VP5 transcripts
after induction in at least one recipient corneal rim and corre-
sponding TG in a naive rabbit that received a graft from 17Pr
(LAT1) latently infected rabbit (Table 4) provides additional
evidence for the retrograde viral migration seen in the DNA
concentration studies.

In general, tissues from rabbits latently infected with 17Pr
(LAT1), including recipient corneal rims and TG, showed

greater transcriptional activity than the corresponding tissues
from rabbits latently infected with 17DPst (LAT2). This differ-
ence was also manifested in corneal grafts from latently in-
fected rabbits transplanted into naive rabbits. In addition, there
was a correlation between the recovery of infectious virus in
the tear film and the detection of viral transcripts.

DISCUSSION

Penetrating keratoplasty of latently infected and naive rabbits
made it possible to study the migration of HSV-1 from a site of
latency to other tissues. To the best of our knowledge, this is
the first study that correlates the ability of an HSV-1 strain to
express LAT with the potential of the viral migration after
induced reactivation in a rabbit model. We conclude from this
study that HSV-1 can migrate in both anterograde and retro-
grade directions between donor and recipient corneal tissues
and corresponding TG in rabbits after induced reactivation.

Viral DNA was recovered in 63.6% (7/11) of the naive
grafts transplanted into latently infected rabbits after induced
reactivation. Viral migration was also seen in the retrograde
direction; HSV-1 DNA was identified in 27.3% (3/11) of the
recipient corneal rims and 18.2% (2/11) of the corresponding
TG from naive rabbits that received grafts from latently in-
fected rabbits. With respect to LAT gene expression, there was
significantly more HSV DNA in naive grafts that were trans-
planted into rabbits latently infected with the LAT1 virus than
in grafts that were transplanted into rabbits latently infected
with the LAT2 virus. This difference in migration between
LAT1 and LAT2 virus was also noted in naive rabbits that
received grafts from latently infected rabbits.

HSV-1 mutants with deletions including the LAT promoter
area have significantly reduced ocular reactivation after adren-
ergic induction.32–37 17DPst (LAT2) has a 202-bp deletion of
the LAT transcription promoter, which significantly reduces
LAT transcription. Although this virus establishes latency with
the same kinetics as its parent virus, 17syn1, spontaneous and
induced reactivation is significantly reduced.19,32,38 Our obser-

TABLE 4. Analysis of Viral Gene Transcription in Corneas and Trigeminal Ganglia

Latency Status

Induction n‡

Graft*
Recipient

Corneal Rim
Corresponding

TG

Recipient† Graft RR VP5 RR VP5 RR VP5

Retrograde
migration

Naive 17Pr (LAT1) No 6 0 1 0 0 0 0
Naive 17Pr (LAT1) Yes 6 0 1 1 1 0 1
Naive 17DPst (LAT2) Yes 5 0 0 0 1 0 0

Anterograde
migration

17Pr (LAT1) Naive No 6 0 0 1 1 0 1
17Pr (LAT1) Naive Yes 6 1 3 1 2 2 2
17DPst (LAT2) Naive Yes 5 1 1 0 1 0 1

* RNA was extracted, reverse-transcribed, and amplified by PCR of 45 cycles to detect HSV-1 gene transcription. Primers specific for
ribonucleotide reductase (RR) and major capsid protein (VP5) transcripts were used. Data are expressed as the number of positive samples.

† Naive rabbits received grafts from rabbits latently infected with either 17Pr (LAT1) or 17DPst (LAT2); rabbits latently infected with either
17Pr (LAT1) or 17DPst (LAT2) received grafts from naive rabbits. Transplanted rabbits were assigned to noninduction and transcorneal
iontophoresis induction groups.

‡ n 5 number of rabbits in each group.

FIGURE 3. A representative gel showing detection of HSV-1 produc-
tive gene transcription. The results of VP5 gene amplification from
cDNA generated from RNA are shown. M, molecular marker. Lanes 1
through 3 represent graft, recipient corneal rim, and TG, respectively,
from a naive rabbit with a graft from a 17Pr (LAT1) latently infected
rabbit, with transcorneal epinephrine iontophoresis. Lanes 4 through
6 represent graft, recipient corneal rim, and TG, respectively, from a
17Pr (LAT1) latently infected rabbit with a graft from a naive rabbit,
with transcorneal epinephrine iontophoresis.
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vation suggests that the migration of this LAT2 mutant is also
significantly impaired. We believe that the reduced LAT tran-
scription could result in lower yields of the LAT2 phenotype
and that this may explain the low recovery of viral DNA and
less transcriptional activity in rabbits after induced reactiva-
tion; therefore, there was less viral migration.

We postulate that in latently infected rabbits that received
grafts from naive rabbits, reactivating HSV-1 traveled from a
latent neuronal site (most likely, the TG) into corneal tissue via
trigeminal nerves that innervate the cornea. Axoplasmic flow
within the sensory and autonomic nerves probably serves as
the conduit for the viral migration.3,5 The virus could migrate
into the naive corneal grafts through nerve sprouts or by
cell–to–cell infection. In naive rabbits that received grafts from
latently infected rabbits, HSV-1 in the grafts could have been
reactivated and undergone retrograde migration into the recip-
ient cornea rim and corresponding TG. Again, regenerated
corneal nerve endings or cell–to–cell infection could serve as
the conduit for this retrograde migration. Nicholls et al.31

studied recurrent HSV in a corneal transplantation rat model.
They found that transplantation trauma–induced HSV-1 reacti-
vation may lack clinical signs of herpetic disease, but that the
viral antigen was detectable at the graft-host junction and
extended through the stroma to the endothelium, indicating
that the graft-host junction is an area in which virus spreads
easily. Other possible routes of viral migration could not be
ruled out (e.g., the “secondary infection” by the infectious
virus reactivated from latent tissues and shed in tear films after
induced reactivation).

Our data provide important evidence to support the pos-
sibility of HSV-1 corneal latency. The cornea may serve as a
reservoir of latent HSV-1 and as a source of viral reactivation.
This conclusion is based on our ability to detect viral genomes
in recipient corneal rims and corresponding TG in naive rab-
bits that received grafts from latently infected rabbits and on
the recovery of infectious HSV-1 in the tear film of naive rabbits
that received grafts from latently infected rabbits. The cornea
has been studied for decades for its potential to harbor latent
virus and reactivation.19–31 Openshaw et al.22 studied the pres-
ence and distribution of HSV-1 in eye bank corneas and de-
tected HSV-1 DNA in 10 of 24 corneal samples. Liu et al.26

PCR-tested 18 corneal buttons obtained from corneal trans-
plantation patients who had quiescent herpes simplex kerati-
tis. Positive HSV-1 DNA was found in 17 samples. Besides DNA
detection in patient corneas, Openshaw et al.22 also used a
rabbit animal model by transplantation of corneas containing
viral DNA sequences into HSV-1 naive recipients. After 5
months, there was no evidence of HSV-1 shedding in the tear
film of the recipient rabbits, but HSV-1 DNA was detected in
the corneal grafts at a similar intensity to the PCR signal from
the donor rims.

With respect to the analysis of viral migration, our results
provide additional evidence supporting the concept of HSV-1
corneal latency and its in vivo reactivation. Our experiments
showed that HSV-1 in latently infected rabbit corneas could be
adrenergically induced to reactivate and undergo migration
into other uninfected tissues. Although our results suggest that
the cornea is able to serve as a reservoir of latent virus and
infectious virions, the TG is not excluded from serving as a
major source of latent virus. The presence of a high concen-
tration of viral DNA and productive-cycle gene expression,
coupled with a higher rate of anterograde than retrograde viral

migration, is consistent with the TG being the main source of
viral latency.

Besides true corneal latency, there are two other possibil-
ities that could account for the observed data, the first being
that the latent corneal graft transplanted to the naive rabbit
may have had coincidental viral shedding at the time of the
PKP. This would occur by a small amount of infectious virus
shed and present in the nerve endings of the cornea at the time
of PKP. This small amount of virus would not be clinically
detected by tear film culture, and it would be ultimately
cleared by the host immune system; however, there would be
sufficient infectious virus to immediately transfer to the rim of
the recipient cornea and subsequently to the TG to establish
latency after PKP.

A second possibility is that a low-grade chronic infection
of the keratocytes, endothelial cells, or both may have been
present at the time of transplantation. This would have oc-
curred after the transfer of the PKP in which there was infec-
tious HSV-1 with very slow turnover within the stroma of the
graft. This low-grade chronic infection would then be the
source of virus, which would then increase and become de-
tectable after epinephrine iontophoresis. The higher titers and
viral replication could result in migration to the corneal rim
and TG. Such a low-grade chronic infection could be consid-
ered another form of “corneal latency,” because virus was not
detected in our tear film swabs before induced reactivation.

Our results have clinical implications. HSV-1 infection has
been suspected to be the cause of both severe endothelial loss
during corneal organ culture and some failures of corneal
grafting.27 Under certain conditions, latent HSV-1 can be reac-
tivated and migrate between donor graft and recipient patient
corneal tissue. Therefore, the selection of the donor graft with
regard to the history of HSV-1 corneal infection is important.
Vigilant follow-up after the transplantation is necessary in these
instances.
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