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ABSTRACT

We sought to determine the possibility of an interrelationship between primary virus replication in the eye, the level of viral
DNA in the trigeminal ganglia (TG) during latency, and the amount of virus reactivation following ocular herpes simplex virus
type 1 (HSV-1) infection. Mice were infected with virulent (McKrae) or avirulent (KOS and RE) strains of HSV-1, and virus titers
in the eyes and TG during primary infection, level of viral gB DNA in TG on day 28 postinfection (p.i.), and virus reactivation on
day 28 p.i. as measured by explant reactivation were calculated. Our results suggest that the avirulent strains of HSV-1, even after
corneal scarification, had lower virus titers in the eye, had less latency in the TG, and took a longer time to reactivate than viru-
lent strains of HSV-1. The time to explant reactivation of avirulent strains of HSV-1 was similar to that of the virulent LAT(�)

McKrae-derived mutant. The viral dose with the McKrae strain of HSV-1 affected the level of viral DNA and time to explant reac-
tivation. Overall, our results suggest that there is no absolute correlation between primary virus titer in the eye and TG and the
level of viral DNA in latent TG and time to reactivation.

IMPORTANCE

Very little is known regarding the interrelationship between primary virus replication in the eye, the level of latency in TG, and
the time to reactivate in the mouse model. This study was designed to answer these questions. Our results point to the absence of
any correlation between the level of primary virus replication and the level of viral DNA during latency, and neither was an indi-
cator of how rapidly the virus reactivated following explant TG-induced reactivation.

Following ocular infection with herpes simplex virus type 1
(HSV-1), the virus travels in a retrograde direction toward

neuronal cell bodies and establishes latency in trigeminal ganglia
(TG) of infected mice (1–3). After establishment of latency in
neurons, the latency-associated transcript (LAT) is the only viral
product consistently detected in abundance in infected mouse,
rabbit, and human TG (4–9). LAT is important for the high, wild-
type (WT) rate of in vivo spontaneous (10) and induced (4) reac-
tivation from latency. At various times throughout the life of the
latently infected individual, the latent virus spontaneously reacti-
vates and returns to the eye in an anterograde direction (1–3). The
eye disease that is broadly referred to as herpes stromal keratitis
(HSK) or corneal scarring (CS) occurs mainly as the result of
virus reactivation rather than primary ocular infection in hu-
mans (11–15).

Neurovirulence of HSV-1 strains can influence the eye disease
in ocularly infected mice (16, 17). Based on neurovirulence in
animal studies, HSV-1 strains can be classified into two main cat-
egories: (i) avirulent HSV-1 strains, such as strains KOS and RE,
which do not kill BALB/c mice or New Zealand White (NZW)
rabbits following ocular infection and do not replicate efficiently
in the eye without corneal scarification, and (ii) virulent HSV-1
strains, such as McKrae and its LAT(�)-derived virus, dLAT2903,
that kill �80% and �50% of BALB/c mice and NZW rabbits,
respectively, following ocular infection (18–21) and do not re-

quire corneal scarification for efficient ocular infection. Thus, in
addition to the presence of LAT, the degree of HSV-1 virulence
can also influence the level of recurrence.

Following ocular infection, latent HSV genomes express LAT
in a portion of those neurons maintaining them, and virus can be
recovered by cocultivation of ex-planted ganglia (22–24). In con-
trast to spontaneous reactivation in rabbits and humans, sponta-
neous reactivation in the murine model of ocular HSV-1 is rare
(25). Previously, it was suggested that the HSV-1 genome is main-
tained in a quiescent state in sensory neurons during latency in
mice due to the absence of detectable viral protein synthesis. How-
ever, studies from mice indicate that lytic transcripts and proteins
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are expressed at very low levels in latently infected ganglia (26–28).
There is also human observational data based on tissue sampling,
which demonstrated expression of HSV-1 genes during latency
(29–32). Previously we have shown that this low level of HSV-1
gene expression in the presence of LAT is associated with T cell
exhaustion in TG of latently infected mice (28).

We have previously demonstrated a positive correlation be-
tween virus replication in the eye and eye disease following infec-
tion of both susceptible strains of mouse, such as BALB/c, and
more resistant strains of mouse, such as C57BL/6, with a virulent
HSV-1 strain of McKrae (33–35). We also have reported that the
presence of LAT correlated with a higher level of latency and T cell
exhaustion in WT C57BL/6 mice infected with McKrae (28), while
an absence of CD8� T cells correlated with lower latency (36).
However, very little is known with regard to the interrelationship
of virus replication in the eye and TG during primary ocular in-
fection, the level of viral DNA during latency, and the time to
reactivation following explant TG reactivation. To address these
issues, we examined latency reactivation in TG of WT mice versus
CD8��/� mice following infection with virulent LAT(�) versus
LAT(�) viruses. We also determined whether the dose of virus
following infection with LAT(�) versus LAT(�) viruses impacted
latency reactivation in TG of latently infected mice. In addition,
we determined if the combination of corneal scarification with the
use of avirulent strains of HSV-1 can influence latency reactiva-
tion in infected mice. Finally, the contribution of primary virus
replication to latency reactivation was determined in vitro and
in vivo.

Here, we report that despite a significant decrease in the level of
latency in CD8��/� mice infected with LAT(�) or LAT(�) virus,
the duration of explant reactivation for LAT(�)- or LAT(�)-
infected mice that were initially infected with 2 � 105 PFU/eye
were similar to that of their WT-infected counterpart. The infec-
tious dose altered the differences in the level of latency reactiva-
tion between LAT(�) and LAT(�) viruses. The levels of latency in
RE- and KOS-infected mice were different from each other; how-
ever, the duration to reactivation was similar between them. The
levels of latency in RE- and KOS-infected mice were drastically
lower than those of LAT(�) and LAT(�) McKrae viruses, and their
reactivation was similar to that of the LAT(�) McKrae virus. Pri-
mary virus replication in the eye and TG of infected mice did not
influence the level of latency reactivation in latent TG. Thus, these
studies point to the absence of any relationship between the level
of primary virus replication and the level of resulting viral DNA
during latency, and neither was an indicator of how rapidly the
virus reactivated following explant TG-induced reactivation.

MATERIALS AND METHODS
Virus and mice. Plaque-purified virulent HSV-1 strains McKrae [WT,
LAT(�)], avirulent KOS [WT, LAT(�)], dLAT2903 [virulent, LAT(�)]
(10), and avirulent HSV-1 strain RE [WT, LAT(�)] were grown in rabbit
skin (RS) cell monolayers in minimal essential medium (MEM) contain-
ing 5% fetal calf serum (FCS) as described previously (10, 37). HSV-1
strains KOS and RE were kindly provided by Richard Longnecker (North-
western University, Chicago, IL) and Robert Hendricks (University of
Pittsburg, Pittsburg, PA), respectively. In this study, mice were ocularly
infected with HSV-1 strain McKrae, KOS, dLAT2903, or RE. Throughout
the study, McKrae and dLAT2903 viruses are called LAT(�) and LAT(�),
respectively.

Female WT C57BL/6 and C57BL/6-CD8��/� mice were purchased
from Jackson Laboratories. All animal procedures adhered to the Associ-

ation for Research in Vision and Ophthalmology (ARVO) statement for
the Use of Animals in Ophthalmic and Vision Research and according to
institutional animal care and use guidelines.

Ocular infection. Mice were infected ocularly with 2 � 105, 1 � 105,
2 � 104, 1 � 104, 2 � 103, or 1 � 103 PFU per eye of HSV-1 strain McKrae
[LAT(�)] or dLAT2903 [LAT(�)] without corneal scarification. Some
mice were ocularly infected with 2 � 105 PFU per eye of HSV-1 strain KOS
or RE with and without corneal scarification. Each virus was suspended in
2 �l of tissue culture medium and administered as an eye drop.

Titration of virus in tears of infected mice. Tear films were collected
from both eyes of 10 mice per group on days 3 and 5 p.i. using a Dacron-
tipped swab (19). Each swab was placed in 1 ml of tissue culture medium
and squeezed, and the amount of virus was determined by a standard
plaque assay on RS cells.

Titer of infectious virus in the trigeminal ganglia. On day 3, 5, or 7
postinfection, mice were euthanized and the trigeminal ganglia (TG) were
isolated and homogenized individually as described previously (11). The
cell debris was removed by centrifugation at 3,000 rpm for 10 min using a
Beckman TA10 rotor. The virus titer in the supernatant was then mea-
sured using a plaque assay on RS cells as we have described previously
(16).

In vitro explant reactivation assay. Mice were sacrificed at 28 days
p.i., and individual TG were removed and cultured in tissue culture me-
dium as we described previously (38). Aliquots of medium were removed
from each culture daily for up to 15 days and plated on indicator cells (RS
cells) to assay for the appearance of reactivated virus. As the media from
the explanted TG cultures were plated daily, the time at which reactivated
virus first appeared in the explanted TG cultures could be determined.

DNA extraction and PCR analysis for HSV-1 genomic DNA. DNA
was isolated from homogenized individual TG using the commercially
available DNeasy blood & tissue kit (Qiagen, Stanford, CA) according to the
manufacturer’s instructions. PCR analyses were done using gB-specific
primers (forward, 5=-AACGCGACGCACATCAAG-3=; reverse, 5=-CTG
GTACGCGATCAGAAAGC-3=; probe, 5=-FAM-CAGCCGCAGTACT
ACC-3=) as we described previously (23, 24, 36, 39). The amplicon length
for this primer set is 72 bp. The relative copy number of gB DNA was
calculated using standard curves generated from the plasmid pAc-gB1 as
we described previously (40). In all experiments glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used for normalization of tran-
scripts.

Statistical analysis. Student’s t test and chi-squared tests were per-
formed using the computer program Instat (GraphPad, San Diego,
CA). Results were considered statistically significant when the P value
was �0.05.

RESULTS
Reactivation correlates with the amount of latency in WT but
not in CD8��/� mice. Previously we reported that latency in
CD8��/� mice following ocular infection with HSV-1 strain
McKrae was significantly lower than that of WT C57BL/6 mice
infected similarly (36, 41). However, the role of LAT in the estab-
lishment of latency reactivation in CD8��/� mice is not known.
To determine if CD8� T cells also affect the level of latency in
LAT(�)-infected mice, WT and CD8��/� mice were ocularly in-
fected with 2 � 105 PFU/eye of WT HSV-1 strain McKrae
[LAT(�)] or dLAT2903 [LAT(�)] virus. Individual TG from sur-
viving mice were isolated on day 28 p.i. Total DNA was extracted
and TaqMan quantitative PCR (qPCR) was performed to quanti-
tate viral gB DNA as described in Materials and Methods. Cellular
GAPDH DNA was used as an internal control. Consistent with
previous reports (28, 36, 41, 42), there was significantly more
HSV-1 DNA in TG from WT mice latently infected with LAT(�)

than LAT(�) virus (P � 0.0001) (Fig. 1, WT), characteristic of
more latency with LAT(�) than LAT(�) virus in WT mice. In con-
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trast to WT mice, in CD8��/� mice LAT(�) and LAT(�) viruses
had similar levels of latency, and this was similar to the amount of
latency seen in WT mice infected with LAT(�) virus (P 	 0.6) (Fig.
1, CD8��/�). Thus, LAT(�)-infected WT mice and CD8��/�

mice infected with either LAT(�) or LAT(�) virus had significantly
fewer latent viral genomes than did WT mice infected with LAT(�)

virus (P � 0.0001) (Fig. 1).
We next tested whether lower latency in TG of the above-de-

scribed mice correlated with lower explant reactivation from la-
tency. WT and CD8��/� mice were ocularly infected with 2 � 105

PFU/eye of LAT(�) or LAT(�) virus. Virus reactivation was ana-
lyzed by explanting individual TG from infected mice on day 28
p.i. as described in Materials and Methods. Consistent with pre-
vious studies, the time to reactivation in WT mice was signifi-
cantly shorter with LAT(�) virus than LAT(�) virus (5.6 
 0.2 days
versus 6.9 
 0.2 days; P 	 0.0001) (Fig. 2, WT). Surprisingly, the
time to reactivation was also significantly shorter with LAT(�)

than LAT(�) virus in CD8��/� mice (5.5 
 0.4 days versus 7.9 

0.4 days; P � 0.0001) (Fig. 2, CD8��/�), even though LAT(�) and
LAT(�) viruses had similar levels of latency in these mice (Fig. 1).
In addition, the time to reactivation with LAT(�) virus was similar
in WT- and CD8��/�-infected mice (P 	 0.8) (Fig. 2). The time
to reactivation of LAT(�) virus was also similar in WT and
CD8��/� mice (P 	 0.3) (Fig. 2). Thus, in CD8��/� mice the
time to explant reactivation did not correlate with the amount of
latency that was established.

In contrast to latent infection, analysis of the TG for infectious

virus at days 3, 5, and 7 p.i. indicated that the average amount of
HSV-1 was similar between LAT(�)- and LAT(�)-infected WT or
CD8��/� mice (P � 0.05 by Student t test) (Fig. 3). Virus was
detectable at day 3 and the titers increased from day 3 to day 5,
attaining levels similar to those of the control groups (P � 0.05 by
Student t test) (Fig. 3). Between days 5 and 7 postinfection, the

FIG 1 Effect of LAT on the level of latency in different strains of mice. WT
C57BL/6 and C57BL/6-CD8��/� mice were infected with LAT(�) or LAT(�)

virus at 2 � 105 PFU per eye. Twenty-eight days p.i., TG from infected mice
were isolated and quantitative PCR was performed on each individual mouse
TG. In each experiment, an estimated relative copy number of the HSV-1 gB for
viral DNA was calculated using standard curves generated from pGem-gB1.
Briefly, DNA template was serially diluted 10-fold such that 5 �l contained
from 103 to 1011 copies of gB, and then it was subjected to TaqMan PCR with
the same set of primers. By comparing the normalized threshold cycle of each
sample to the threshold cycle of the standard, the copy number for each reac-
tion was determined. GAPDH expression was used to normalize the relative
expression of viral (gB) DNA in the TG. Each bar for WT mice is based on 40
TG from 2 separate experiments, while each bar for CD8��/� mice is based on
20 TG. Data are presented as means 
 standard errors of the means (SEM).

FIG 2 Effect of LAT on induced reactivation in different strains of mice. WT
C57BL/6 and C57BL/6-CD8��/� mice were infected with 2 � 105 PFU per eye
of LAT(�) or LAT(�) virus as described for Fig. 1. On day 28 p.i., TG from
infected mice were isolated and each individual TG was incubated in 1.5 ml of
tissue culture medium at 37°C. A 100-�l aliquot was removed from each cul-
ture daily for 15 days and used to infect RS cell monolayers. The RS cells were
monitored daily for the appearance of CPE to determine the time of first
appearance of reactivated virus from each TG. The results are plotted as the
number of TG that reactivated daily. Numbers indicate the average time
(
SEM) that the TG from each group first showed CPE. Each point represents
the means 
 SEM from 34 TG for WT [LAT(�)], 23 TG for WT [LAT(�)], 18
for CD8��/� [LAT(�)], and 18 for CD8��/� [LAT(�)] mice.

FIG 3 Virus titers in TG after ocular infection. WT C57BL/6 and CD8��/�

mice were infected ocularly with 2 � 105 PFU per eye of dLAT2903 [LAT(�)]
or WT HSV-1 strain McKrae [LAT(�)] as described in Materials and Methods.
Mice were euthanized on the indicated days. TG were removed and homoge-
nized, and virus titers were determined as described in Materials and Methods.
Each point represents the means 
 SEM of titers from extracts of 10 TG.
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virus titers in the TGs of all groups exhibited a decline (P � 0.05)
(Fig. 3). Thus, our results suggest that the absence of LAT or CD8�

T cells had no statistically significant effect on virus replication
during the acute phase of infection in TG of infected mice (days 3,
5, and 7 p.i.). These results are similar to our published studies
showing that the absence of LAT had no effect on primary virus
replication in TG of mice and rabbits infected with LAT(�) and
LAT(�) viruses (10, 43).

Effect of initial virus dose on the level of viral latency and
time of explant reactivation in infected mice. To investigate the
effect of the dose of infectious virus, we infected WT mice with 1 �
105, 2 � 104, 1 � 104, 2 � 103, or 1 � 103 PFU per of eye of LAT(�)

or LAT(�) virus. Individual TG were isolated on day 28 p.i. Total
DNA was isolated, and TaqMan qPCR was performed to quanti-
tate viral gB DNA as described above. The data from Fig. 1 for WT

mice infected with 2 � 105 PFU per eye is reproduced in Fig. 4A
for comparison. The amount of latency in mice infected with 2 �
105 PFU of LAT(�) virus was significantly higher than that in mice
infected with 1 � 105, 2 � 104, or 1 � 104 PFU per eye of LAT(�)

virus (Fig. 4A and B, compare LAT(�) virus at 2 � 105 with LAT(�)

virus at 1 � 105, 2 � 104, or 1 � 104) (P � 0.0001). In contrast, the
level of latency in LAT(�)-infected mice was similar between the
2 � 105-PFU group and the 1 � 105- or 2 � 104-PFU group (Fig.
4A, compare LAT(�) virus at 2 � 105 with LAT(�) virus at 1 � 105

and 2 � 104) (P 	 0.8), except for the 1 � 104-PFU group (Fig.
4B). However, the amount of latency in mice infected with 1 � 104

PFU of LAT(�) virus was significantly higher than that in mice
infected with 1 � 104 PFU per eye of LAT(�) virus (Fig. 4B) (P 	
0.0005). At 2 � 105, 1 � 105, 2 � 104, and 1 � 104 PFU per eye, the
amount of latency with LAT(�) virus was significantly higher than

TABLE 1 P values for differences within LAT(�)- and LAT(�)-infected TG across dosesa

Dose (PFU/eye)

P value by strain and dose

LAT(�) LAT(�)

1 � 103 2 � 103 1 � 104 2 � 104 1 � 105 1 � 103 2 � 103 1 � 104 2 � 104 1 � 105

2 � 103 �0.0001 �0.0001
1 � 104 �0.0001 �0.0001 �0.0001 0.8892
2 � 104 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
1 � 105 �0.0001 �0.0001 �0.0001 0.0745 �0.0001 �0.0001 �0.0001 0.4245
2 � 105 �0.0001 �0.0001 �0.0001 �0.0001 0.1864 �0.0001 �0.0001 �0.0001 0.9999 0.1001
a Data from Fig. 1 and 4 with regard to WT C57BL/6 mice were analyzed across groups with analysis of variance (ANOVA) followed by Tukey’s test to correct for multiple
comparisons. Data were transformed prior to analysis with the Box-Cox method in order to meet the assumptions necessary for parametric assessment. Residuals were inspected to
confirm the overall fit and to confirm the absence of influential outliers. All analyses were performed at a two-sided alpha level of 0.05. SAS v9.3 software was used.

FIG 4 Effect of dose of virus on the level of latency in TG of latently infected mice. WT C57BL/6 mice were ocularly infected with 1 � 105, 2 � 104, 1 � 104, 2 �
103, or 1 � 103 PFU/eye of HSV-1 strain McKrae [LAT(�)] or dLAT2903 [LAT(�)] virus. On day 28 p.i., TG were harvested from the latently infected mice.
Quantitative PCR was performed on each individual mouse TG. GAPDH expression was used to normalize the relative expression of viral (gB) DNA in the TG.
Each point represents the means 
 SEM from 20 TG. The Y-scale for 1 � 104, 2 � 103, and 1 � 103 PFU is different from the Y-scale for 2 � 105, 1 � 105, and
2 � 104 PFU. Data for 2 � 105 PFU are repeated from the data shown in Fig. 1. (A) Latency in mice infected with 2 � 105, 1 � 105, or 2 � 104 PFU/eye of LAT(�)

or LAT(�) virus. (B) Latency in mice infected with 1 � 104, 2 � 103, or 1 � 103 PFU/eye of LAT(�) or LAT(�) virus.
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that of the LAT(�) group (Fig. 4A and B). At the lowest dose of 2 �
103 or 1 � 103 PFU per eye, the amounts of latency with both the
LAT(�) and LAT(�) viruses were reduced compared to those of the
higher infectious doses (Fig. 4A and B). Surprisingly, however, in
contrast to the 2 � 105-, 1 � 105-, 2 � 104-, and 1 � 104-PFU/eye
groups, the level of viral latency was similar for LAT(�) and
LAT(�) viruses in mice infected with 2 � 103 PFU/eye (Fig. 4B, 2 �
103) (P 	 0.25) and with 1 � 103 PFU/eye (Fig. 4B, 1 � 103) (P 	
0.10). These results suggest that at low dose, LAT infection does
not significantly influence the amount of latency that is estab-
lished.

Latency data shown in Fig. 4 were also analyzed in detail across
groups and are shown in Table 1. There was a significant differ-
ence in mean latency values overall between LAT(�) and LAT(�)

groups (P � 0.0001) (Fig. 4). There was also a significant differ-
ence in the dose-response curves between LAT(�) and LAT(�)

groups (P � 0.0001) (Fig. 4). At dosages below 2 � 103, no differ-
ence was observed between LAT(�) and LAT(�) groups. At dos-

ages at or above 1 � 104, there were significant differences between
LAT(�) and LAT(�) groups (P � 0.0001 for each dose) (Fig. 4).
Within both the LAT(�) and LAT(�) groups, there was a signifi-
cant dose-response difference at dosages at or below 1 � 104 (P �
0.0001 for each contrast) (Table 1). Within the LAT(�) group, the
dose-response curve plateaued at 2 � 104 with no difference ob-
served between the 2 � 104 and 1 � 105 doses (P 	 0.0745) or
between the 1 � 105 and 2 � 105 doses (P 	 0.1864) (Table 1, left).
Within the LAT(�) group, the dose-response curve also plateaued
at 2 � 104, with no difference observed between the 2 � 104 and
1 � 105 doses (P 	 0.4245) or between the 1 � 105 and 2 � 105

doses (P 	 0.1001) (Table 1, right). Thus, within both the LAT(�)

and LAT(�) groups, the dose-response curve flattened at the
dose level of 2 � 104. This suggests an optimal dose difference
between LAT(�) and LAT(�) is somewhere in the range of 1 �
104 to 2 � 104.

To determine if virus reactivation was affected at different vi-
rus doses, WT mice were ocularly infected as described above with
1 � 105, 2 � 104, 1 � 104, 2 � 103, or 1 � 103 PFU/eye of LAT(�)

and LAT(�) viruses, and virus reactivation was analyzed as de-
scribed for Fig. 2. The reactivation data and the number of TG
showing cytopathic effects (CPE) are shown in Fig. 5 and Table 2.
Consistent with an infectious dose of 2 � 105 PFU/eye (Fig. 2),
time of reactivation in mice infected with 1 � 105 PFU/eye of
LAT(�) virus was significantly shorter than that for LAT(�) virus
(5.1 
 0.3 days versus 6.4 
 0.2 days; P 	 0.002) (Fig. 5). The time
to reactivate at an infectious dose of 2 � 104 PFU/eye tended to be
faster with LAT(�) virus than LAT(�) virus (5.4 
 0.4 days versus
6.6 
 0.5 days) (Fig. 5). However, the difference did not reach
statistical significance (P 	 0.09). This may have been a result of
less TG showing reactivation compared to the experiment using
2 � 105 or 1 � 105 PFU/eye (Table 2). Interestingly, while 100% of
TG of mice infected with 2 � 105 PFU/eye of LAT(�) and LAT(�)

viruses eventually reactivated, 90% and 75% of TG infected with
1 � 105 PFU/eye of LAT(�) and LAT(�) viruses, respectively, re-
activated, while only 80% and 60% of TG infected with 2 � 104

PFU/eye of LAT(�) and LAT(�) viruses, respectively, did so (Table
2). The time to reactivate at an infectious dose of 1 � 104 PFU/eye
was also faster with LAT(�) virus than LAT(�) virus (6.2 
 0.3 days
versus 7.1 
 0.4 days) (Fig. 5), but the difference did not reach
statistical significance (P 	 0.09). Similar to the lack of significant
differences between LAT(�) and LAT(�) virus at the infection dose
of 2 � 104 PFU/eye, the lack of differences at 1 � 104 PFU/eye
between the two viruses could be associated with less reactivation
in which only 50% and 45% of TG infected with LAT(�) and
LAT(�) viruses were reactivated, respectively (Table 2). Although

FIG 5 Effect of dose of HSV-1 on explant reactivation in TG of latently in-
fected mice. WT C57BL/6 mice were ocularly infected with 1 � 105, 2 � 104,
1 � 104, 2 � 103, or 1 � 103 PFU/eye of HSV-1 strain McKrae [LAT(�)] or
dLAT2903 [LAT(�)] virus as described for Fig. 4. On day 28 p.i., TG from
infected mice were harvested and explant reactivation was performed as de-
scribed for Fig. 2. The presence of infectious virus in each culture was moni-
tored daily for 15 days and used to infect RS cell monolayers. The RS cells were
monitored daily for the appearance of CPE to determine the time of first
appearance of reactivated virus from each TG. The results are plotted as the
number of TG that reactivated daily. Numbers indicate the average time
(
SEM) that the TG from each group first showed CPE. Each point represents
the means 
 SEM from 20 TG for each virus from two separate experiments.

TABLE 2 TG reactivation detected by explant cultures in mice infected with different doses of LAT(�) and LAT(�) virusesa

Virus

No. (%) of TG showing virus/total TG by doseb (PFU/eye)

2 � 105 1 � 105 2 � 104 1 � 104 2 � 103 1 � 103

McKrae [LAT(�)] 34/34 (100) 18/20 (90) 13/16 (80) 10/20 (50) 0/16 (0) 0/10 (0)
dLAT2903 [LAT(�)] 23/23 (100) 15/20 (75) 7/12 (60) 9/20 (45) 0/12 (0) 0/10 (0)
KOS [LAT(�)] 10/20 (50) ND ND ND ND ND
RE [LAT(�)] 18/20 (90) ND ND ND ND ND
a TG from latently infected mice were isolated on day 28 p.i., and the presence of infectious virus for each TG culture was monitored daily for up to 15 days postculture as described
in Materials and Methods.
b Numbers for each virus indicate the number of TG showing CPE per total number of tested TG. Numbers in parentheses indicate the percentage of TG that showed CPE. ND, not
done.
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the means of the time to reactivate among different doses for each
virus were not statistically significant, the numbers of TG showing
reactivation were not the same and declined as the dose of infec-
tion reduced (Fig. 5 and Table 2). Additionally, no viral reactiva-
tion was detected with either virus in any of the TG from mice
infected with the lowest doses of 2 � 103 or 1 � 103 PFU/eye
during the 15-day monitoring period (Fig. 5 and Table 2). This
suggests that, at least in C57BL/6 mice infected with WT McKrae
and LAT(�) McKrae viruses, there is a minimum threshold of
latency that must be reached before viral reactivation can be read-
ily detected by explant TG-induced reactivation. This threshold
appears to require (in the absence of corneal scarification) an ini-
tial ocular infection of more than 2 � 103 PFU/eye and more than
4 � 104 copies of viral gene/�g of total TG DNA. Finally, the
above-described results suggest that at an ocular infection dose of
2 � 103 or 1 � 103 PFU/eye and without corneal scarification in
C57BL/6 mice infected with HSV-1 strain McKrae, the presence of
LAT does not significantly affect the amount of latency that is
established in TG.

Relationship of latency and reactivation following infection
with avirulent strains of HSV-1. Both McKrae [LAT(�)] and
McKrae-derived dLAT2903 [LAT(�)] viruses are virulent in
BALB/c mice and do not require corneal scarification for efficient
replication in the eye of both susceptible strains of mice, such
as BALB/c, and mice that are refractory to infection, such as
C57BL/6, which was used in the above-described studies. In con-
trast, both KOS and RE strains of HSV-1 are avirulent in BALB/c
mice and need corneal scarification for efficient in vivo replication.
Thus, to determine the pattern of latency reactivation with these
avirulent strains of HSV-1 in C57BL/6 mice, corneas were scari-
fied and mice were ocularly infected with 2 � 105 PFU per eye of
KOS or RE. Individual TG were isolated on day 28 p.i., DNA was
isolated, and TaqMan qPCR was performed to quantitate viral gB
DNA as described above. The amount of viral DNA during latency
in RE-infected mice was 3-fold higher than that for KOS-infected
mice (P � 0.0001) (Fig. 6A). However, despite corneal scarifica-
tion and an infectious dose of 2 � 105 PFU/eye, the amount of
latency in both KOS- and RE-infected mice was at least 104-fold
lower than when mice were infected with dLAT2903 [LAT(�)]
virus [compare Fig. 1, LAT(�), with 6A] (P � 0.0001). In addition,
the amount of latency established with KOS and RE was even less
than that seen with the McKrae infectious dose of 1 � 103 PFU/eye
(compare Fig. 6A to 4B, right side).

We examined reactivation of KOS and RE in C57BL/6 mice
using the same approach as that described above for LAT(�) and
LAT(�) McKrae, except that for KOS and RE corneal scarification
was performed again just prior to infection. Mice were ocularly
infected with 2 � 105 PFU/eye of KOS or RE. Time of reactivation
of KOS was similar to that of RE (6.8 
 0.5 days versus 6.6 
 0.2
days) (P 	 0.66) (Fig. 6B). However, reactivation was detected in
only 50% of TG from KOS-infected mice during the 15 days of the
monitoring period, while reactivation was detected in 90% of TG
from RE-infected mice (Table 2). These differences in the rate of
reactivation between KOS and RE were statistically significant
(Table 2) (P 	 0.01). These results suggest a lack of correlation
between the level of latency and reactivation of KOS compared to
RE in C57BL/6 mice. In addition, reactivation was readily detected
with both KOS and RE (Fig. 6B), even though the latency copy
number was approximately 1.5 � 103 and 4 � 103, respectively,
per �g of total TG DNA (Fig. 6B). In contrast, with McKrae, no

reactivation was detected even when the latency copy number was
�10-fold higher (3 � 104 to 4 � 104 per �g of total TG DNA) (Fig.
4B, right). This suggests that in C57BL/6 mice different strains of
HSV-1 require different minimal levels of latency to be established

FIG 6 Level of latency and duration of explant reactivation following ocular
infection of mice with avirulent strains of HSV-1. Cornea from wt C57BL/6
mice were scarified before ocular infection and then were infected ocularly
with 2 � 105 PFU per eye of HSV-1 strains KOS and RE. On day 28 p.i., TG
from infected mice were harvested for qPCR and explant reactivation. (A) gB
DNA in latent TG. Quantitative PCR was performed on each mouse TG.
GAPDH expression was used to normalize the relative expression of viral (gB)
DNA in the TG. Each point represents the means 
 SEM from 20 TG. (B)
Explant reactivation in latent TG. Each individual TG from infected mice was
incubated in 1.5 ml of tissue culture medium at 37°C, and the presence of
infectious virus was monitored for 15 days as described for Fig. 2. For each
virus, 20 TG from 10 mice were used. In KOS-infected mice, only 50% of latent
TG were positive for the appearance of CPE, while in the RE strain 90% of TG
showed CPE. Numbers indicate the average time (
SEM) that the TG from
each group first showed CPE. (A) gB DNA; (B) explant reactivation.

Matundan et al.

9538 jvi.asm.org October 2016 Volume 90 Number 20Journal of Virology

http://jvi.asm.org


for reactivation to be readily detected by explant TG-induced re-
activation.

Relationship of virus replication in the eye with the level of
latency and time of reactivation. The above-described results us-
ing both virulent and avirulent strains of HSV-1 suggest that there
is no correlation between the levels of latency in TG of latently
infected mice and the time of explant reactivation. To assess the
effects of primary infection on the level of latency reactivation,
mice were infected ocularly with 2 � 105 PFU/eye of McKrae
[LAT(�)], LAT2903 [LAT(�)], KOS, or RE. Corneal scarification
was not performed in mice infected with LAT(�) and LAT(�) vi-
ruses, while for both KOS and RE mice were infected both with
and without corneal scarification. Tear films were collected on
days 3 and 5 p.i., and the amount of infectious virus was deter-
mined by plaque assay. As expected, virus titers with KOS and RE
were significantly higher on both days when corneal scarification
was employed (Fig. 7) (P � 0.05). The virus titer in the eyes of
mice infected with KOS and RE strains on day 3 and day 5 p.i. were
similar following corneal scarification (Fig. 7) (P � 0.05), and
both were significantly lower than those for LAT(�)- and LAT(�)-
infected mice on both days 3 and 5 p.i. (Fig. 7) (P � 0.05). Virus
replication in the eyes of LAT(�)-infected mice was similar to that
of LAT(�)-infected mice (Fig. 7) (P � 0.05). These results suggest
that virus replication in the eye of virulent strains of HSV-1 is
greater than that of avirulent HSV-1 strains even after corneal
scarification.

DISCUSSION

Following primary herpes simplex virus type 1 (HSV-1) ocular
infection, the virus replicates in the eye. The longer it takes for the
immune system to clear the virus from the eye and the higher the
ocular viral load, the more extensive and protracted the conse-
quent ocular disease (19, 44–46). Following ocular infection, the
virus establishes latency in ganglia of the infected animals and
humans (4–9). During the life of the latently infected individual

the virus can occasionally reactivate, travel back to the eye, and
cause recurrent eye disease. Indeed, a major cause of CS is the
scarring induced by HSV-1 following reactivation from latency
(11, 47). Because of the preexisting immune response and the fact
that CS is mostly due to a pathogenic immune response, CS is
more likely to occur following recurrent rather than primary in-
fection (9, 48–50).

We have previously shown a direct correlation between virus
load in the eye and the duration of primary virus replication in the
eye with the severity of CS in ocularly infected mice (19, 44, 51).
We also have shown that severity of CS is associated with higher
latency in TG of latently infected mice (52) and higher pro-
grammed death 1 (PD-1) expression, a marker of T cell exhaus-
tion (28). Finally, we have shown that CD8�� DCs contribute to
the enhancement of latency and T cell exhaustion in the TG of
infected mice (23, 24, 36, 38, 39, 53), while CD8� T cells play no
role in maintaining latency or blocking reactivation in TG of la-
tently infected mice (41). Furthermore, the level of latency and T
cell exhaustion increased in the presence of LAT (24, 28). How-
ever, very little is known regarding the interrelationship between
primary virus replication in the eye and TG, the level of latency in
TG, and the time to reactivation of the latent virus in the explant
TG-induced reactivation mouse model. This study sought to de-
termine if such a relationship exists.

In contrast to human and rabbit, spontaneous reactivation of
latent HSV-1 in mice is limited (21, 54). Sawtell and Thompson
performed a direct comparison of in vivo reactivation in mice
following hyperthermic stress versus explant reactivation (55).
The authors reported quantitative and qualitative differences be-
tween HSV-1 reactivation in vivo and in vitro (explant). However,
more recently, it was reported that in a rabbit ocular model of
infection, the spontaneous reactivation phenotype of LAT(�) vi-
rus was similar to that in the mouse TG explant-induced reactiva-
tion model, and that both were significantly higher than that of
LAT(�) viruses (56). Based on a combination of in vivo and ex-
plant reactivation models, various groups have reported that LAT
mutants that do not express detectable amounts of LAT have a
reduced reactivation phenotype in both mice and rabbits (4, 10,
57, 58). The explant TG-induced reactivation phenotype in the
mouse is not always predictive of the in vivo spontaneous reacti-
vation phenotype in rabbits and induced reactivation in mice. In
this study and in our previously published works, we have used the
intact TG model of explant reactivation as previously reported
(59), while in other studies TG were dissociated to look at explant
virus reactivation (57). In the intact model of TG explant reacti-
vation, virus is not observed until at least day 4 after explant cul-
ture, but when TG is dissociated virus reactivation is observed
earlier after culture. Although explant TG-induced reactivation is
not an ideal way to look at virus reactivation in vivo, we believe the
intact TG model of reactivation more closely resembles the con-
ditions in vivo than the dissociated TG model. In this study, we
have shown that while there is no direct correlation between the
primary virus titer in the eye and TG with the subsequent level of
latency in the TG of infected mice, the level of viral DNA in latent
TG is directly correlated with time of reactivation in a virus- and
dose-dependent manner. The level of latency descended by ap-
proximately 15-, 7-, 4-, and 2-fold at 2 � 105, 1 � 105, 2 � 104, and
1 � 104 PFU/eye, respectively, between LAT(�)- and LAT(�)-in-
fected TG, while no specific patterns were detected in mice in-
fected with 2 � 103 or 1 � 103 of each virus. In addition, previ-

FIG 7 Virus titers in the eyes of infected mice. WT C57BL/6 mice were ocu-
larly infected with 2 � 105 PFU per eye of HSV-1 strains McKrae [LAT(�)],
dLAT2903 [LAT(�)], RE [LAT(�)], and KOS [LAT(�)] as described in Mate-
rials and Methods. The presence of infectious virus in the eyes of infected mice
was monitored on days 3 and 5 p.i. by collecting tear films from 20 eyes for each
virus. Each point represents the means 
 SEM from 20 eyes.
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ously it was shown that the effect of LAT on the latency
reactivation phenotype is mouse strain dependent (60). Similar to
our study, it was previously reported that the explant reactivation
kinetics in rabbit TG reflected the behavior of LAT in vivo in the
rabbit eye model (61).

In the present study, we confirmed that explant reactivation
occurred faster in McKrae-infected mice than in LAT(�)-infected
mice. The time to reactivation in McKrae LAT(�)-infected mice
was similar to that of LAT(�) KOS and RE strains of HSV-1. This
is consistent with previous studies showing that RE, KOS, and
dLAT2903 [LAT(�)] strains of HSV-1 had low spontaneous and
induced reactivation in rabbits, while McKrae had high reactiva-
tion (10, 62, 63). The murine model of latency and reactivation is
both mouse strain and virus strain specific (60, 64). In our studies
with McKrae viruses in C57BL/6 mice, the percentage of ex-
planted TG from which virus reactivated was dose dependent with
both LAT(�) and LAT(�) viruses. At the highest dose used, all TG
reactivated with both viruses by the end of the study period. At the
intermediate dose, the percentage of TG with reactivations de-
clined for both LAT(�) and LAT(�) viruses with a faster decline for
LAT(�) virus. At the lowest doses no reactivation was detected
with either virus. This was despite the fact that at these doses of
McKrae the level of viral DNA (latency) was significantly higher
than it was with strains KOS or RE, which both reactivated in the
same strain of mice. Previously we showed that LAT(�) virus re-
activated poorly in Swiss Webster mice compared to LAT(�) virus,
while only minimal or no significant difference was seen between
LAT(�) and LAT(�) viruses in BALB/c mice (60). In this study, we
found that following our standard ocular infectious virus dose of
2 � 105 PFU/eye, the time to reactivation of the KOS and RE WT
strains [i.e., LAT(�) virus] of HSV-1 in C57BL/6 mice was similar
to that of McKrae LAT(�) virus.

LAT is the only viral gene abundantly transcribed during
HSV-1 neuronal latency (4–6, 9). Previously in the murine model
of HSV-1 latency it was shown that the presence of LAT increases
the number of neurons in which latency is established, but LAT
has not been demonstrated to be required for establishment of
latency (10, 65). In this study, we have shown that the level of
latency in the avirulent KOS and RE strains of HSV-1 is dramati-
cally lower than that with the virulent McKrae strain of HSV-1,
even in the absence of LAT and even when the infectious dose of
McKrae was 1,000-fold less than that for KOS and RE. At higher
infectious doses, the amount of latency with McKrae LAT(�) was
higher than that with LAT(�) virus, while at a low infectious dose
no differences in the amount of latency were detected between
LAT(�) and LAT(�) McKrae. In summary, LAT expression does
not significantly affect the levels of viral genomes in TG of latently
infected C57BL/6 mice when the initial infection was performed at
a low multiplicity of infection (MOI). In contrast, at an MOI of
higher than 1 � 104, more neurons harbor latent virions and/or
may have more copies of the virus; thus, LAT demonstrates its
phenotype with regard to latency reactivation. Finally, our results
suggest that in the absence of LAT, the dose-response curve be-
tween LAT(�) and LAT(�) viruses flattened at 2 � 104 PFU per eye,
suggesting an optimal dose of infection between LAT(�) and
LAT(�) viruses would be somewhere in the higher range of 2 � 104

PFU per eye.
Overall, our results suggest that in C57BL/6 mice, (i) the

amount of latency established by the avirulent HSV-1 strains KOS
and RE is lower than that with the virulent McKrae strain; (ii) the

time to reactivation following TG explantation is similar with the
two avirulent strains examined and the virulent LAT(�) strain, but
they all are slower to reactivate than the virulent LAT(�) strain
McKrae; (iii) the initial infectious dose affects the level of latency
reactivation in C57BL/6 mice; and (iv) virus replication during
primary ocular infection does not always correlate with the level
of latency reactivation in C57BL/6 mice [McKrae LAT(�) and
LAT(�) grow similarly in mouse eyes and TG yet establish latency
and reactivate differently].
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