JVI

Journals.ASM.org

Herpes Simplex Virus 1 Reactivates from Autonomic Ciliary Ganglia
Independently from Sensory Trigeminal Ganglia To Cause Recurrent
Ocular Disease

Sungseok Lee,® Angela M. Ives,® Andrea S. Bertke®

Department of Biomedical Sciences and Pathobiology® and Department of Population Health Sciences,” Virginia-Maryland College of Veterinary Medicine, Virginia
Polytechnic Institute and State University, Blacksburg, Virginia, USA

ABSTRACT

Herpes simplex virus 1 (HSV-1) and HSV-2 establish latency in sensory and autonomic neurons after ocular or genital infection,
but their recurrence patterns differ. HSV-1 reactivates from latency to cause recurrent orofacial disease, and while HSV-1 also
causes genital lesions, HSV-2 recurs more efficiently in the genital region and rarely causes ocular disease. The mechanisms regu-
lating these anatomical preferences are unclear. To determine whether differences in latent infection and reactivation in auto-
nomic ganglia contribute to differences in HSV-1 and HSV-2 anatomical preferences for recurrent disease, we compared HSV-1
and HSV-2 clinical disease, acute and latent viral loads, and viral gene expression in sensory trigeminal and autonomic superior
cervical and ciliary ganglia in a guinea pig ocular infection model. HSV-2 produced more severe acute disease, correlating with
higher viral DNA loads in sensory and autonomic ganglia, as well as higher levels of thymidine kinase expression, a marker of
productive infection, in autonomic ganglia. HSV-1 reactivated in ciliary ganglia, independently from trigeminal ganglia, to cause
more frequent recurrent symptoms, while HSV-2 replicated simultaneously in autonomic and sensory ganglia to cause more
persistent disease. While both HSV-1 and HSV-2 expressed the latency-associated transcript (LAT) in the trigeminal and supe-
rior cervical ganglia, only HSV-1 expressed LAT in ciliary ganglia, suggesting that HSV-2 is not reactivation competent or does
not fully establish latency in ciliary ganglia. Thus, differences in replication and viral gene expression in autonomic ganglia may
contribute to differences in HSV-1 and HSV-2 acute and recurrent clinical disease.

IMPORTANCE

Herpes simplex virus 1 (HSV-1) and HSV-2 establish latent infections, from which the viruses reactivate to cause recurrent dis-
ease throughout the life of the host. However, the viruses exhibit different manifestations and frequencies of recurrent disease.
HSV-1 and HSV-2 establish latency in both sensory and autonomic ganglia. Autonomic ganglia are more responsive than sen-
sory ganglia to stimuli associated with recurrent disease in humans, such as stress and hormone fluctuations, suggesting that
autonomic ganglia may play an important role in recurrent disease. We show that HSV-1 can reactivate from autonomic ganglia,
independently from sensory ganglia, to cause recurrent ocular disease. We found no evidence that HSV-2 could reactivate from
autonomic ganglia independently from sensory ganglia after ocular infection, but HSV-2 did replicate in both ganglia simultane-
ously to cause persistent disease. Thus, viral replication and reactivation in autonomic ganglia contribute to different clinical
disease manifestations of HSV-1 and HSV-2 after ocular infection.

erpes simplex virus 1 (HSV-1) and HSV-2 infect and establish
latency in peripheral sensory ganglia, including the trigemi-
nal ganglia (TG) after orofacial infection and the dorsal root gan-
glia (DRG) after genital infection. While both viruses can reacti-
vate from latency to cause recurrent lesions throughout the life of
the host, HSV-1 and HSV-2 demonstrate different patterns of
recurrent disease. HSV-1 is more likely to produce recurrent le-
sions in the orofacial region, while HSV-2 rarely, if ever, recurs
orofacially, even if primary infection occurs in the mouth, nose, or
eyes. HSV-1 is becoming more common as a cause of genital her-
pes, but HSV-2 recurs much more efficiently after genital infec-
tion. Although 60 to 90% of individuals with genital HSV-2 dem-
onstrate symptomatic recurrences, only 25% with genital HSV-1
infections experience symptomatic recurrences (1, 2), demon-
strating that HSV-1 and HSV-2 characteristic recurrent disease
patterns are not simply a result of differences in the site of initial
infection.
Upon reaching the sensory ganglia after peripheral inocula-
tion, the viruses replicate in some neurons, while establishing la-
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tentinfection in others. The sensory neuronal populations that are
permissive for productive infection differ between HSV-1 and
HSV-2. Sensory neurons recognized by monoclonal antibody
Fe-A5 (A5+) limit productive HSV-1 infection (3, 4). In contrast,
sensory neurons bound by the monoclonal antibody KH10 or
isolectin IB4 (IB4+) limit productive infection of HSV-2 (3-5).
Similar percentages of these nonoverlapping populations of sen-
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sory neurons are found in TG (10 to 12%) and DRG (13 to 15%).
HSV-1 and HSV-2 demonstrate neuronal specificity for A5+ and
IB4+ neurons, respectively, regardless of the route of infection.
One-half of the LAT-positive latent HSV-1 reservoir is found in
A5+ neurons, and one-half of the LAT-positive latent HSV-2 res-
ervoir is found in IB4+ neurons, in the TG after ocular infection
or in the DRG after genital infection (5-9). Thus, different pat-
terns of HSV-1 and HSV-2 recurrence cannot be adequately ex-
plained by preferential establishment of latency in different types
of sensory neurons.

The orofacial and genital regions innervated by the sensory TG
and DRG are also extensively innervated by autonomic nerve end-
ings. Sympathetic neurons of the superior cervical ganglia (SCG)
and parasympathetic neurons in the ciliary ganglia (CG) innervate
the conjunctival epithelium and stroma (6), and mixed auto-
nomic neurons in the major pelvic ganglia (MPG) innervate the
genitourinary tract. In both humans and animal models, HSV-1
and HSV-2 latent viral DNA has been detected in autonomic gan-
glia, including the SCG, CG, pterygopalatine ganglia (PTG), and
MPG (also referred to as the paracervical ganglia) (7-12). The
autonomic pathways are intimately involved in physiological ac-
tivities associated with symptomatic recurrences in humans, in-
cluding the stress response, febrile response, and hormone regu-
lation. Although sensory ganglia are considered to be the site of
reactivating HSV, reactivation of latent virus residing in auto-
nomic ganglia could contribute to recurrent symptoms.

To determine whether differences between HSV-1 and HSV-2
in autonomic ganglia may contribute to the viruses’ different pat-
terns of recurrent disease, we used a guinea pig ocular infection
model to evaluate clinical signs and to analyze viral DNA load and
gene expression in sensory and autonomic ganglia at various time
points postinoculation. After ocular infection, reactivation of
HSV-1 occurred from autonomic ganglia to cause recurrent dis-
ease symptoms, but there was no evidence that HSV-2 could in-
dependently reactivate from autonomic ganglia to cause recur-
rences. We also provide evidence that differences in viral gene
expression in sympathetic and parasympathetic ganglia are likely
responsible for differences between HSV-1 and HSV-2 virulence
and reactivation.

MATERIALS AND METHODS

Virus strains. HSV-1 strain 17+ was originally transferred from John
Hay (SUNY Buffalo, Buffalo, NY) and HSV-2 strain 333 from Gary Hay-
ward (Johns Hopkins, MD) to the Krause lab (FDA, Bethesda, MD). Vi-
ruses were propagated in Vero cells (ATCC), and first-passage stocks were
transferred to the Margolis lab (UCSF, San Francisco, CA). Viruses were
propagated in Vero cells, and first-passage stocks were transferred to the
Bertke lab (Virginia Tech, Blacksburg, VA). Viruses were propagated in
Vero cells and titrated in duplicate by plaque assay in Vero cells. Stock
viruses were diluted in Dulbecco’s modified Eagle medium (DMEM) for
guinea pig and mouse inoculations.

Guinea pig ocular infection and sample collection. Female 3-week-
old Hartley guinea pigs (HillTop Laboratories) were infected with 5 X 10°
PFU of HSV-1 or HSV-2 by corneal inoculation after scarification. Guinea
pigs were observed daily for 60 days postinfection (dpi). The severity of
acute infection was graphed as the mean lesion score for each group of
animals through day 14, based on a scale of 0 to 4 (0, no symptoms; 1,
inflammation or redness; 2, one or two lesions; 3, three to five lesions; 4,
more than five lesions, coalescence of lesions, or deep stromal involve-
ment). The frequencies of recurrence were graphed as cumulative recur-
rences per guinea pig from days 15 to 60 postinfection (p.i.). At various
time points (days 1, 2, 3, 4, 7, 10, 14, 30, and 60), guinea pigs were sacri-
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ficed, and SCG, CG, and TG were collected into RLT buffer (Qiagen),
homogenized, and frozen until further processed for quantitative PCR or
reverse transcription (RT)-PCR. Experiments were performed twice, and
data from the two experiments were combined. Acute severity was statis-
tically analyzed by Mann-Whitney test (SPSS) using the area under the
curve per guinea pig. Cumulative recurrences were statistically analyzed
by Mann-Whitney test (SPSS) using cumulative recurrences per individ-
ual animal. All studies were approved by and conducted in accordance
with the Virginia Tech Institutional Care and Use Committee (IACUC#
13-008-CVM).

Quantitation of HSV load and gene expression. Viral DNA and RNA
were extracted from homogenized tissues with the Qiagen AllPrep DNA/
RNA minikit (Qiagen) according to the instructions of the manufacturer.
After RNA extraction, cDNA was synthesized using the iScript cDNA
Synthesis kit (Bio-Rad). Quantitative PCR was performed on a Viia7 real-
time PCR machine (Applied Biosystems), using the iTaq universal probe
mix (Bio-Rad) and ZEN primer/probe sets (IDT) specific for genes en-
coding HSV-1 or HSV-2 thymidine kinase (TK) and latency-associated
transcript (LAT) and immediate early (IE) genes encoding ICPO (infected
cell protein 0), ICP27, and ICP4, as follows: HSV-1 TK forward, 5'-AAA
ACCACCACCACGCAACT-3', reverse, 5'-TCATCGGCTCGGGTACG
TA-3', and probe, 5'-TGGGTTCGCGCGACGATATCG-3'; HSV-1
LAT forward, 5'-ACCCACGTACTCCAAGAAGGC-3', reverse, 5'-TAA
GACCCAAGCATAGAGAGCCA-3', and probe, 5'-TCCCACCCCGCCT
GTGTTTTTGT-3"; HSV-11ICPO forward, 5'-GATGCAATTGCGCAACA
C-3', reverse, 5'-GCGTCACGCCCACTATCAG-3', and probe, 5'-GCTG
TGCAACGCCAAGCTGGTGTA-3'; HSV-1 ICP27 forward, 5'-GCGGC
TGTGCTGGATAA-3', reverse, 5'-GCGAACACAGTTCGT
CCA-3', and probe, 5'-TTTCTCCAGTGCTACCTGAAGGCGCGA-3';
HSV-1 ICP4 forward, 5'-CATGGCGTAGCCCAGGT-3', reverse, 5'-GG
CCTGCTTCCGGATCT-3', and probe, 5'-CCGGTGATGAAGGAGCTG
CTGTT-3'; HSV-2 TK forward, 5'-TAATGACCAGCGCCCAGAT-3’,
reverse, 5'-CGATATGAGGAGCCAAAACG-3’, and probe, 5'-ACAATG
AGCACGCCTTATGCGGC-3'; HSV-2 LAT forward, 5'-GTCAACACG
GACACACTCTTTTT-3', reverse, 5'-CGAGGCCTGTTGGTCTTTATC-
3’, and probe, 5'-CACCCACCAAGACAGGGAGCCA-3'; HSV-2 ICPO
forward, 5'-GGTCACGCCCACTATCAGGTA-3', reverse, 5'-CCTGCA
CCCCTTCTGCAT-3', and probe, 5'-CAACGGAATCCAGGTCTTCAT
GCACG-3'; HSV-2 ICP27 forward, 5'-CTTTCTGCAGTGCTACCTGA
A-3', reverse, 5'-CAGGATGACCAACACAAAGGA-3', and probe, 5'-C
GACGCCTGTCGGACATTAAGGAT-3'; and HSV-2 ICP4 forward, 5'-G
TCGTCGTCGTCGTCAG-3', reverse, 5'-CCGCCTCTGACTCATCAA
A-3', and probe, 5'-ATGCAGACGAGGAGGAGGAG-3'. Viral DNA
load was determined by quantifying viral DNA by quantitative PCR
(qPCR) using HSV-1 and HSV-2 TK gene-specific primers and probes
(13, 14). All assays were normalized to 18s rRNA (Applied Biosystems)
and reported as quantity in 200 ng of DNA or RNA.

In vitro infection. Trigeminal ganglia (TG), superior cervical ganglia
(SCG), and ciliary ganglia (CG) were removed from 6-week-old Swiss
Webster mice and cultured on Matrigel-coated 8-well Lab-Tek II cham-
ber slides (Thermo Scientific), as previously described (3). Briefly, ganglia
were digested in papain, collagenase, and dispase (Worthington), fol-
lowed by mechanical trituration with a pipette. TG were passed through
an OptiPrep (BD Biosciences) gradient to enrich for neurons; SCG and
CG were plated without the gradient step, since they contain minimal
axonal debris in the cell suspension. Cells were washed and plated in
Neurobasal A medium supplemented with 2% B27, 1% penicillin-strep-
tomycin, L-glutamine, neurotrophic factors, and mitotic inhibitors (Life
Technologies). Four days after 3,000 neurons per well were plated, me-
dium was removed, neurons were inoculated with HSV-1 (strain 17+) or
HSV-2 (strain 333), viruses were allowed to adsorb for 1 h, and complete
Neuro medium (Neurobasal A, B27, L-glutamine, and neurotrophic fac-
tors, with no mitotic inhibitors) was added. Neurons were fixed with 2%
paraformaldehyde and immunostained for HSV antigens with polyclonal
antisera (Dako). Neurons were counted to determine the percentage of
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HSV-positive neurons. Infections were repeated in duplicate: TG (15 cul-
tures), SCG (4 cultures), CG (2 cultures).

Ex vivo reactivation. Six-week-old Swiss Webster mice (Harlan) were
ocularly infected with HSV-1 VP26-GFP or HSV-2 VP26-GFP (where
GFP is green fluorescent protein). Mice were euthanized 21 days postin-
oculation, and TG, SCG, and CG were collected into Neurobasal A me-
dium supplemented with B27 and penicillin-streptomycin. Ganglia were
dissociated as described above and plated onto 24-well plates coated with
Matrigel (BD Biosciences). Human immunoglobulin (hIgG) was in-
cluded in the medium to prevent viral spread from infectious virus re-
leased into the medium from reactivating neurons. Reactivation was de-
termined by daily observation of GFP expression in neurons for the first 3
days after plating. Locations of reactivating neurons, as detected by GFP
expression, were carefully recorded, and superimposed signals were ex-
cluded on subsequent days to ensure that reactivating neurons were
counted only once. Data represent the mean results from three separate
infection experiments, using 10 mice per virus for each experiment. All
studies were approved by and conducted in accordance with the Virginia
Tech Institutional Care and Use Committee (IACUC# 13-003-CVM).

RESULTS

Acute disease and cumulative recurrences in the ocular guinea
pig model. To characterize HSV-1 and HSV-2 ocular disease in a
guinea pig model, female guinea pigs were inoculated by topical
application of virus (5 X 10°> PFU of virus) and observed for 60
days for clinical signs. During the acute phase of infection (1 to 14
dpi), HSV-2 produced significantly more severe ocular disease
than did HSV-1 infection (Fig. 1A) (P = 0.002 by Mann-Whitney
test). Both viruses produced corneal and periorbital lesions, cor-
neal clouding, conjunctivitis, and blepharitis (Fig. 1C). However,
HSV-2 produced deep stromal ulcerations in 18 of 42 guinea pigs
(42.9%), of which 12 were bilateral, while similar deep lesions
were observed in only 1 of 40 (2.5%) guinea pigs infected with
HSV-1. Between days 5 and 9 p.i., head tilting, rotational head
movement, and postural instability consistent with vertigo were
observed in 13 guinea pigs infected with HSV-2; these symptoms
resolved in 2 to 4 days, and similar signs were not observed in
HSV-1-infected guinea pigs.

HSV-1 produced recurrent corneal and periocular lesions at a
significantly higher frequency from days 15 to 60 p.i. than did
HSV-2 (Fig. 1B) (P = 0.020 by Mann-Whitney test). HSV-1 pro-
duced asymptomatic latent infection with defined episodes of
symptomatic recurrences, consisting of 1 or 2 corneal and/or peri-
ocular lesions that cleared in 2 to 4 days (Fig. 1C). However,
HSV-2 produced a more persistent form of symptomatic disease,
characterized by continuous eruption of lesions and corneal
clouding over a period of 5 to 18 days with minimal clearance
between episodes. In addition, all nine of the HSV-2-infected
guinea pigs observed throughout the 60-day period developed ve-
sicular lesions on the nose, while none of the animals infected with
HSV-1 developed nose lesions, suggesting a more extensive zos-
teriform spread with HSV-2 than HSV-1.

Viral DNA in sensory and autonomic ganglia. To determine if
differences in viral DNA load were responsible for differences in
lesion severity and recurrence frequency, viral DNA levels were
evaluated at various time points in sensory and autonomic gan-
glia, including the sensory trigeminal ganglia (TG), sympathetic
superior cervical ganglia (SCG), and parasympathetic ciliary gan-
glia (CG). Both HSV-1 and HSV-2 efficiently infected sensory
neurons in the TG after ocular infection, as expected (Fig. 2A).
Viral DNA increased during the first 4 days of infection, correlat-
ing with increasing clinical severity of the infections. By day 14 p.i.,
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FIG 1 Acute severity and cumulative recurrences in the guinea pig ocular
model. (A) Severity of acute infection from 1 to 14 dpi, graphed as the mean
lesion score for each group of guinea pigs on each day of observation, based on
ascale of 0 to 4 (0, no symptoms; 1, inflammation or redness; 2, 1 or 2 lesions;
3, 3 to 5 lesions; 4, >5 lesions or coalescence of lesions); HSV-1, n = 40;
HSV-2, n = 42; P = 0.002 by Mann-Whitney test. (B) Cumulative recurrences
per guinea pig for each group during latent infection from 15 to 60 dpi; HSV-1,
n = 11; HSV-2, n = 9; P = 0.020 by Mann-Whitney test. (C) Representative
images of HSV-1 and HSV-2 acute (day 7) and recurrent (HSV-1, day 22;
HSV-2, day 39) ocular disease.

alatent viral DNA reservoir was established, and it was maintained
throughout the 60-day experiment (Fig. 2A). Although the quan-
tity of HSV-1 DNA was consistently lower than the quantity of
HSV-2 (P = 0.0001), the viruses produced nearly identical pat-
terns within the TG, reaching a peak on day 4 p.i. and decreasing
thereafter.

In the sympathetic SCG, HSV-1 viral DNA increased tran-
siently on day 2 postinfection and then maintained a static quan-
tity of viral DNA in the ganglia, suggesting that the virus replicated
briefly within the ganglia early after infection and then established
a latent reservoir in the SCG, which remained stable throughout
the 60-day observation period (Fig. 2B). HSV-2 viral DNA showed
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FIG 2 Viral DNA quantities and thymidine kinase gene expression of HSV-1 and HSV-2 in sensory and autonomic ganglia of guinea pigs. HSV-1 and HSV-2
viral DNA extracted from ganglia was quantified by qPCR in sensory trigeminal ganglia (TG) (A), sympathetic superior cervical ganglia (SCG) (B), and
parasympathetic ciliary ganglia (CG) (C). HSV-1 and HSV-2 viral gene thymidine kinase (TK) copy number was quantified by qRT-PCR in sensory trigeminal
ganglia (D), sympathetic superior cervical ganglia (E), and parasympathetic ciliary ganglia (F). (n = 2 to 4 samples per group per time point.)

minor variability between time points but remained relatively sta-
ble throughout the infection period. While there was a significant
difference in the quantities of viral DNA detected in the SCG (P =
0.0001), the overall patterns were similar, with both viruses main-
taining a similar quantity of viral DNA at all time points.

In the parasympathetic CG, viral DNA was detected 1 day after
inoculation and both HSV-1 and HSV-2 viral DNA increased on
day 2 p.i. However, HSV-2 DNA remained elevated from day 3
through day 14 p.i., while HSV-1 DNA began decreasing on day 3
p.i. (P = 0.0001) (Fig. 2C).

A significantly greater quantity of HSV-2 viral DNA was de-
tected in all three sensory and autonomic ganglia analyzed, imply-
ing that the viral load could have been responsible for the differ-
ence in severity of disease but not for the difference in recurrence
frequency.

Thymidine kinase expression in sensory and autonomic gan-
glia. HSV encodes the enzyme TK, which is important for HSV
replication in neurons (15). Expression of TK was analyzed to
verify active viral replication in the ganglia, as opposed to just the
presence of viral DNA.
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During acute infection (1 to 14 dpi), HSV-2 expressed higher
levels of TK in TG, SCG, and CG than did HSV-1, correlating with
the more severe acute disease symptoms observed in the guinea
pigs. In the sensory TG, HSV-1 and HSV-2 expressed relatively
similar patterns of TK expression (Fig. 2D), although HSV-2 TK
expression was generally higher than HSV-1 expression (P =
0.0001). In the sympathetic SCG, however, TK expression was
detected from HSV-2-infected animals only on days 1 and 4 p.i.
and from HSV-1-infected animals on day 2 (Fig. 2E). Considering
the quantity of viral DNA detected in the SCG, these results indi-
cate that adult sympathetic SCG limit both HSV-1 and HSV-2
replication during acute infection of guinea pigs after ocular in-
fection. In the parasympathetic CG, HSV-2 TK expression was
sustained at high levels for the first 4 days after infection (Fig. 2F),
which was significantly different from HSV-1 TK expression dur-
ing the same time period (P = 0.025). HSV-1 TK expression was
detected at a high level on day 2 and at decreased levels on days 3
and 7. Combined with the detected DNA quantities, these patterns of
TK expression suggest that sensory TG and parasympathetic CG sup-
port both HSV-1 and HSV-2 replication, resulting in large quantities
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FIG 3 Immediate early gene expression in sensory and autonomic ganglia of guinea pigs. HSV-1 and HSV-2 viral immediate early (IE) ICPO gene expression was
quantified by qRT-PCR in sensory trigeminal ganglia (A), sympathetic superior cervical ganglia (B), and parasympathetic ciliary ganglia (C). HSV-1 and HSV-2
viral IE ICP27 gene expression was quantified by qRT-PCR in sensory trigeminal ganglia (D), sympathetic superior cervical ganglia (E), and parasympathetic

ciliary ganglia (F). (n = 2 to 4 samples per group per time point.)

of viral DNA in the ganglia at latent time points. However, CG pref-
erentially support HSV-2 replication rather than HSV-1 during the
first 4 days of acute infection. Even though large quantities of HSV-1
and HSV-2 viral DNA are present in the SCG, neither virus replicates
efficiently in the SCG after ocular infection.

During latent time periods, HSV-2 TK expression was detected
in TG, SCG, and CG (Fig. 2D, E, and F), coincident with observed
recurrent lesions. On day 14, TK expression was detected in 2 of 4
TG; one of these guinea pigs concurrently expressed TK in the CG.
On day 30, TK was detected in a single guinea pig in both TG and
SCG. On day 60, TK was detected in a single guinea pig in the TG
only. HSV-2-infected guinea pigs that had lesions at the time of
tissue analysis expressed TK in just TG or in both TG and auto-
nomic ganglia; thus, the recurrent lesions could have originated
from replicating virus in either the TG or the autonomic ganglia.
HSV-1 TK was detected in TG and CG, but not SCG during latent
time points. On day 14, one guinea pig with no lesions expressed
TK in the TG only, demonstrating that HSV-1 can replicate in the
TG without producing peripheral lesions. Another guinea pig
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with lesions on day 14 p.i. expressed TK in CG only, demonstrat-
ing that HSV-1 can reactivate from the CG independently of the
TG to cause recurrent ocular lesions. HSV-1 TK expression was
also detected on day 60 in the TG of a single animal, which had
lesions but no detectable TK expression in other ganglia. Thus,
HSV-1 can reactivate from either TG or CG to produce recurrent
ocular lesions.

IE gene expression in sensory and autonomic ganglia. HSV
produces immediate early (IE) genes, which manipulate the host
cell replication and antiviral mechanisms to promote viral early
(E) and late (L) gene expression. Infected cell protein 0 (ICPO) is a
ubiquitin ligase involved in both lytic and latent infections and has
been implicated in reactivation from latency (16, 17). ICPO ex-
pression was detected in guinea pig TG very early after infection,
onday 1 p.i. for HSV-2 and day 2 p.i. for HSV-1, but there was no
significant difference in expression profiles (Fig. 3A). In sympa-
thetic SCG, ICPO expression was delayed compared to expression
in TG, but the expression profiles for HSV-1 and HSV-2 were
similar (Fig. 3B). Expression profiles differed in CG, however;
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while both HSV-1 and HSV-2 ICPO0 transcripts were detected on
day 2 p.i., HSV-2 continued to express ICPO at all time points but
HSV-1 expressed ICPO at detectable levels during acute infection
only, and at lower levels than HSV-2 (Fig. 3C). These results sug-
gest that the functions of ICPO may differ between HSV-1 and
HSV-2 in parasympathetic neurons.

Another viral IE gene encodes a multifunctional protein,
ICP27, that contributes to host cell shutoff, downregulates the
interferon response, and promotes viral transcription and trans-
lation (18). In guinea pig TG, HSV-1 and HSV-2 both expressed
ICP27 during acute infection (days 1 to 14 p.i.), but expression
was also detected in HSV-2-infected ganglia analyzed at latent
time points, suggestive of an ongoing persistent infection (Fig.
3D). No ICP27 was detected in SCG from either virus (Fig. 3E),
and expression was sporadically detected in CG (Fig. 3F), suggest-
ing that ICP27 expression is not required for lytic infection in
autonomic neurons.

LAT expression in sensory and autonomic ganglia. The laten-
cy-associated transcript (LAT) is the most abundant gene ex-
pressed during HSV latency. While not required for establishment
of latency, LAT exon 1 is necessary for HSV type-specific neuron
specificity and characteristic patterns of reactivation (4, 13, 19).
To determine if differences in LAT expression play a role in dif-
ferences between HSV-1 and HSV-2 recurrence frequency, LAT
expression was analyzed in the sensory and autonomic ganglia.

In the TG, LAT expression was detected on day 1 p.i. and in-
creased thereafter, as expected, demonstrating the establishment
of latent infection in the TG (Fig. 4A). A similar pattern of LAT
expression was detected in the sympathetic SCG, although LAT
expression was first detected later after infection on day 3 for
HSV-1 and day 4 for HSV-2 (Fig. 4B). The sustained presence of
viral DNA and LAT expression in the SCG demonstrates that both
HSV-1 and HSV-2 established latency in sympathetic ganglia as
effectively as in sensory TG, and there were no significant differ-
ences between HSV-1 and HSV-2 LAT expression in the TG or
SCG (P = 0.231 and 0.200, respectively).

A different pattern of LAT expression was identified in para-
sympathetic CG (Fig. 4C). HSV-1 LAT expression was detected at
a high level on day 2 p.i. and persisted throughout the 60-day
period of analyses. Since both viral DNA and LAT expression per-
sisted, these data show that HSV-1 established a LAT-positive la-
tent infection in the guinea pig CG after ocular infection. How-
ever, HSV-2 LAT expression was not detected in the CG at any
time point (P = 0.0001), suggesting either that HSV-2 is not ca-
pable of reactivation from ciliary ganglion neurons or that LAT is
not required for reactivation from ciliary ganglia.

Viral infection and reactivation in primary cultured neu-
rons. Animal models of HSV infection are necessary to identify
differences in severity of disease and recurrence frequencies of
HSV-1and HSV-2. In an animal model, however, hormone levels
and the immune response are involved in regulating disease sever-
ity and also contribute to viral reactivation to either limit or pro-
mote symptomatic recurrences. To identify any differences in the
abilities of HSV-1 and HSV-2 to productively infect sensory and
autonomic neurons without the influence of the adaptive immune
response or exogenous hormone induction, cultured primary
adult murine ganglionic neurons from TG, SCG, and CG were
infected with HSV-1 or HSV-2 ata multiplicity of infection (MOI)
of 10. Nine hours after infection, the percentages of cultured neu-
rons that were productively infected with HSV-1 or HSV-2 were

8388 jviasm.org

Journal of Virology

A LAT expression
< 1.E+06 - TG WHSV1
-4
B OHSV2
L
' 1.E+04 -
o
[=]
o
o
S~
w
2 1.E+02
[-%
o
o
]
]
& 1.E+00 -
S 0 0L & 8D > S O
L LN Y P
3 o o o ¢
PP P PP PP PP
Day Post-Infection
B
< SCG WHSV1
< 1.6+06 -
o OHSV2
=
2
ul.E+04‘
o
[=}
o
o
>
& 1.6+02 -
-9
o
(&)
[
& LE+00 -
S 0 0o & 89 X 0 ©
N A R\ AT Y N M
3 @& @& @& @& S\ N\ X
PP P F PP PP
Day Post-Infection
C
cG WHSV1
S 15406 -
& mHSV2
K]
o
w 1.E+04 -
[=]
o
g
& 1.E+02 -
‘|
o
o
2
£ 1E+00 A
(U]

S > S &
o \ Q) ©
SR AR AR AN QPGP G

Day Post-Infection
FIG 4 LAT gene expression in sensory and autonomic ganglia of guinea pigs.
HSV-1and HSV-2 viral gene LAT copy number was quantified by qRT-PCR in
sensory trigeminal ganglia (A), sympathetic superior cervical ganglia (B), and
parasympathetic ciliary ganglia (C). (n = 2 or 3 samples per group per time
point.)

determined, using polyclonal antisera to visualize HSV productive
cycle antigens. HSV-1 and HSV-2 were detected in similar per-
centages of TG and CG cultured neurons (Fig. 5A). In cultured
SCG, however, HSV-1 productively infected a significantly greater
percentage of cultured neurons (18.8%) than did HSV-2 (8.7%).
In the guinea pigs, neither HSV-1 nor HSV-2 productively in-
fected SCG efficiently, suggesting that extracellular factors limit
HSV-1 productive infection of SCG neurons in vivo in the guinea
pig model. Additional studies are required to determine whether
these extracellular factors are immune system- or hormone-re-
lated factors or a host-specific restriction mechanism.

The guinea pig ocular infection studies demonstrated that
HSV-1 could reactivate from CG independently from TG to cause
symptomatic recurrences. However, the guinea pig studies did not
provide evidence that HSV-2 recurrences could be caused by viral
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FIG 5 HSV-1 and HSV-2 in cultured murine primary neurons. (A) Percent-
age of cultured primary adult murine neurons productively infected in vitro
with HSV-1 or HSV-2 at an MOI of 10 for 10 h, immunostained for HSV
antigens with polyclonal antisera, in trigeminal ganglia (TG, P = 0.045, n = 30
cultures/virus), superior cervical ganglia (SCG, P = 0.015, n = 8 cultures/
virus), and ciliary ganglia (CG, P = 0.880, n = 4 cultures/virus). (B) Cumula-
tive number of reactivating neurons over 3 days ex vivo from ganglia harvested
and cultured from adult mice latently infected with GFP-expressing HSV-1 or
HSV-2. The graph represents three separate experiments, including 10 mice/
group for each experiment.

reactivation in autonomic ganglia independently from TG. To
determine if HSV-1 and HSV-2 could reactivate from individual
autonomic neurons, mice were infected with HSV-1 or HSV-2
viruses that express a VP26-GFP fusion protein during replica-
tion. VP26, expressed by a late gene, is a small capsid protein that
decorates the outer surface of the mature capsids, bound to VP5
(20-22); previous studies have demonstrated that the HSV VP26-
GFP reporter viruses effectively represent productive infection (3,
5). Twenty-one days postinfection, when the viruses had estab-
lished latency, TG, SCG, and CG were removed from infected
mice, cultured, and observed for viral reactivation, visualized by
expression of GFP in individual neurons. Cumulatively over 3
days after culture, HSV-1 and HSV-2 both reactivated in a greater
number of autonomic neurons than of TG neurons (Fig. 5B),
demonstrating that autonomic neurons effectively support viral
reactivation. HSV-1 also reactivated much more efficiently from
CG neurons, with an average of 160 cumulative reactivations, than
did HSV-2, with an average of 61 cumulative reactivations in in-
dividual neurons, demonstrating the viral type selectivity of HSV
reactivation.

DISCUSSION

Although HSV-1 and HSV-2 infect the same tissues and produce
lesions with similar characteristics, there are significant differ-
ences in recurrent disease patterns between HSV-1 and HSV-2.
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HSV-1 is most often associated with recurrent orolabial lesions
and keratitis, while HSV-2 is more commonly associated with
recurrent genital lesions. Ocular infections caused by herpesvi-
ruses present a serious clinical problem throughout the world, and
an estimated 500,000 people have recurrent ocular HSV infections
in the United States alone. While both HSV-1 and HSV-2 can
cause ocular disease, HSV-1 is far more likely to spread to the eyes
and cause recurrent disease, causing herpes simplex keratitis char-
acterized by dendritic lesions and inflammation of the cornea,
eventually leading to irreversible blindness. While HSV-1 orola-
bial lesions and herpes keratitis are commonly seen in healthy
adults, reports of recurrent HSV-2 oral or ocular disease are rare
and typically associated with immunocompromised status (23,
24). HSV-2 ocular disease most often manifests as acute retinal
necrosis, rather than the recurrent keratitis characteristic of
HSV-1 (24, 25). While the incidence of HSV-1 genital disease is
increasing due to changes in sexual behavior, HSV-2 is more likely
to cause recurrent genital lesions, and the anatomical specificity of
recurrent disease is not simply due to the site of infection; 60 to
90% of individuals with genital HSV-2 experience recurrences,
while only about 25% of people with genital HSV-1 develop re-
current lesions (1, 2). It is not clear why these similar viruses
reactivate preferentially in an anatomical site-specific manner to
cause different patterns of recurrent disease.

In our guinea pig model, HSV-1 produced acute disease symp-
toms, which cleared in most animals by day 14, and then produced
periodic recurrences in the form of corneal and/or periocular le-
sions. The corneas became hazy during these episodic recurrences,
suggestive of inflammation. Thus, guinea pig ocular disease
caused by HSV-1 was clinically similar to human disease, which is
characterized by recurrent corneal and/or periocular lesions along
with inflammation and corneal clouding. After HSV-2 ocular in-
fection, the guinea pigs experienced a more persistent form of
symptomatic infection with deep stromal involvement, rather
than defined episodic recurrences. The rare occurrences of human
HSV-2 ocular disease typically take the form of persistent retinal
necrosis. Although we did not evaluate the retinas of our guinea
pigs, the persistent, necrotic disease characteristics observed in
our guinea pigs were consistent with human HSV-2 ocular dis-
ease. HSV-1 reactivated in the guinea pigs spontaneously to cause
episodic symptomatic recurrences, while HSV-2 rarely reactivated
after day 30 p.i., also consistent with recurrent disease frequencies
in humans. Therefore, the guinea pig ocular model is a valuable
model for investigating differences between HSV-1 and HSV-2
ocular disease.

Previous studies have demonstrated that HSV-1 and HSV-2
viral DNA is regularly found in the autonomic ganglia of humans
and also in animal models after ocular or genital infection (7, 10,
12, 26-32). Although many investigators have reported findings
related to HSV activity in the sympathetic and parasympathetic
autonomic ganglia, it is still not clear whether virus in the auto-
nomic ganglia contributes to the pathogenesis of herpetic disease,
either for severity of acute disease symptoms or for recurrent dis-
ease episodes. Since autonomic innervation and response patterns
differ significantly between the face and the genitalia, it is highly
likely that differences in viral behavior within autonomic ganglia
account for the anatomical differences in HSV-1 and HSV-2 re-
current disease.

Our results in the guinea pig model demonstrate that HSV-1
and HSV-2 infected and established latency in autonomic and
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sensory ganglia after ocular infection. HSV-1 and HSV-2 behaved
similarly in sensory trigeminal ganglia after ocular infection, with
respect to patterns of viral DNA loads and gene expression
throughout the time of analyses. However, the viruses behaved
very differently in autonomic ganglia, which likely contributed to
differences in the pathogenesis of acute disease as well as differ-
ences in reactivation. Both viruses established latency in sympa-
thetic SCG, with comparable viral DNA loads and expression of
LAT. However, HSV-1 did not express TK in the SCG except in a
single animal on day 2 p.i., and HSV-2 TK expression was sporadic
in only a few animals. In addition, neither HSV-1 nor HSV-2
expressed ICP27 in the SCG. Thus, neither virus replicated effi-
ciently in adult SCG after ocular inoculation. Although some viral
replication of HSV-2 did occur in the sympathetic ganglia of three
guinea pigs during symptomatic recurrent disease, there was no
evidence that the recurrence originated in the SCG, since virus was
simultaneously replicating in the TG. HSV-1 was, however, capa-
ble of productively infecting cultured SCG neurons in vitro, sug-
gesting that extracellular factors may act on the SCG neurons to
inhibit HSV-1 viral replication in vivo in the guinea pig model.
Additional studies are needed to determine whether those factors
are immunological or hormonal in nature or whether they repre-
sent a species-specific restriction.

In the ciliary ganglia, both HSV-1 and HSV-2 replicated during
acute infection, shown by increases in viral DNA and expression
of TK and ICPO. In several animals, HSV-1 and HSV-2 TK levels
were higher in the CG than in the TG, particularly for HSV-2,
suggesting that virus replicating in the CG during acute infection
was contributing to acute disease symptoms. However, HSV-2
failed to express LAT in the CG at latent time points, suggesting
either that HSV-2 was incapable of reactivating from the CG or
that LAT is not necessary for HSV-2 reactivation from the CG.
During HSV-2 recurrences, TK expression was detected in TG and
CG simultaneously in a single animal, providing no evidence that
recurrences originated from the CG since virus was also replicat-
ing in the TG. In contrast, HSV-1 expressed LAT in the CG
throughout the 60-day period of analyses. At latent time points,
guinea pigs displaying recurrent HSV-1 lesions expressed TK in
either TG or CG, but never both, demonstrating that HSV-1
symptomatic recurrences could originate from either the TG or
the CG. To develop more effective antivirals that can inhibit reac-
tivation and prevent recurrent herpetic disease and viral transmis-
sion to new hosts, it is imperative to fully understand the processes
involved in viral reactivation from neurons. HSV-1 and HSV-2
demonstrate preferences for productively infecting and establish-
ing latency in specific types of neurons, and not only sensory neu-
rons but autonomic neurons as well. Different populations of
neurons are dependent on, and responsive to, a broad range of
neurotrophic factors and hormones, depending on the repertoire
of receptors and host factors expressed. Physiological stimuli that
are known to reactivate HSV-1 and/or HSV-2, in vivo or in vitro,
have a greater effect on activation and signaling cascades in auto-
nomic neurons than in sensory neurons, and autonomic neurons
harbor latent virus. Our studies demonstrate that HSV-1 is capa-
ble of reactivation from autonomic ciliary ganglia, independently
from sensory trigeminal ganglia, to cause recurrent lesions after
ocular infection, while actively replicating HSV-2 was not de-
tected in CG independent of TG. Although additional studies are
necessary, the ability of HSV-1, but not HSV-2, to independently
reactivate from ciliary ganglia to cause recurrent disease may ex-
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plain the greater orofacial recurrence frequency of HSV-1 than of
HSV-2.
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