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ABSTRACT Herpes simplex virus 2 (HSV-2) can be transmitted in the presence or
absence of lesions, allowing efficient spread among the general population. Recur-
rent HSV genital lesions are thought to arise from reactivated latent virus in sensory
cell bodies of the dorsal root ganglia (DRG). However, HSV-2 has also been found la-
tent in autonomic ganglia. Spontaneous reactivation or a low level of chronic infec-
tion could theoretically also occur in these peripheral nervous tissues, contributing
to the presence of infectious virus in the periphery and to viral transmission. Use of
a recently described, optimized virus with a monomeric mNeonGreen protein fused
to viral capsid protein 26 (VP26) permitted detection of reactivating virus in ex-
planted ganglia and cryosections of DRG and the sacral sympathetic ganglia (SSG)
from latently infected guinea pigs. Immediate early, early, and late gene expression
were quantified by droplet digital reverse transcription-PCR (ddRT-PCR), providing
further evidence of viral reactivation not only in the expected DRG but also in the
sympathetic SSG. These findings indicate that viral reactivation from autonomic gan-
glia is a feature of latent viral infection and that these reactivations likely contribute
to viral pathogenesis.

IMPORTANCE HSV-2 is a ubiquitous important human pathogen that causes recur-
rent infections for the life of its host. We hypothesized that the autonomic ganglia
have important roles in viral reactivation, and this study sought to determine
whether this is correct in the clinically relevant guinea pig vaginal infection model.
Our findings indicate that sympathetic ganglia are sources of reactivating virus, help-
ing explain how the virus causes lifelong recurrent disease.
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Herpes simplex virus 2 (HSV-2) is globally pervasive, with approximately 417 million
people aged 15 to 49 years old infected—an estimated 11.3% global prevalence

(1) with a reported U.S. prevalence of 15.7% (2). Episode severity ranges from brief and
asymptomatic, the most prevalent means of HSV-2 transmission, to painful genital
lesions (3, 4). Severe acute genital herpes may be associated with sensory deficits,
urinary retention, constipation, and erectile dysfunction (5, 6). Up to 15% of women
report urinary retention during HSV-2 infection, but the mechanism remains unclear (7).
While primary infections are more often symptomatic, recurrences are frequently
asymptomatic, facilitating transmission of virus even when no lesions are present (3, 4).
In addition, HSV-2 infection during pregnancy can have devastating effects, including
spontaneous abortion, low birth weight, premature delivery, and infection of the
neonate. In neonates, localized infection, dissemination, and encephalitis can result in
severe disability or death. Approximately 70% of mothers are asymptomatic at the time
of birth, when neonatal herpes is typically transmitted (8, 9).

After the initial infection of epidermal and mucosal keratinocytes within the repro-
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ductive tract, the virus travels retrograde from the axon terminal to the soma of the
sensory neuron. The virus forms an episome within the neuronal cell body’s nucleus,
persisting for the lifetime of the host in latency, evading detection and immunity, with
episodic reactivation to cause lesions or asymptomatic shedding. Upon reactivation,
the virus travels anterograde, exiting the axons to replicate in the periphery. There is
ample evidence that the virus also infects and establishes latency in peripheral auto-
nomic ganglia, potentially giving rise to autonomic symptoms during acute infection
(10–16), and HSV-1 can be induced to reactivate from autonomic ganglia by neurec-
tomy (17), but spontaneous reactivation via autonomic pathways has not yet been
demonstrated.

It is known that HSV-2 enters the axon termini of sensory neurons whose somata
congregate in the coccygeal and sacral plexus of the dorsal root ganglion (DRG). These
neurons innervate a specific dermatome of the genital skin and buttocks associated
with sites of viral reactivation-induced lesions, but sensory neurons are not the only
neurons that innervate the reproductive tract or this specific dermatome. Autonomic
sympathetic and parasympathetic termini represent alternative neuronal pathways for
the virus. The parasympathetic preganglionic neurons that innervate the genitourinary
tract arise from the sacral region of the spinal cord (SC) (S2-S4), the same spinal level
as the DRGs in which HSV-2 establishes latency during genital infection. Similarly, the
sympathetic ganglia have highly branched axons that innervate the genitourinary tract,
as well as the dermis of the skin, providing potential routes for anterograde and
retrograde transport of virus to and from the peripheral tissues.

After infection of rabbit eyes with HSV-1, reactivating HSV was detected both in
tears and in saliva, suggesting more loci of reactivation than could be explained by
reactivation within a single division of the sensory trigeminal ganglion (18). Recent
human studies suggest that asymptomatic reactivation, contributing to viral shedding
in the reproductive tract, is not rare. Analyses of human biopsy specimens revealed
multiple sites of reactivation, widely distributed over the genital tract and deep within
the dermis in the absence of obvious peripheral lesions (19). The large number of
concurrent noncontiguous reactivation sites suggests that these recurrences may be
derived from a neuron that innervates the deep dermis at multiple peripheral locations,
such as those located in peripheral autonomic ganglia (20). Thus, reactivation within
peripheral autonomic ganglia could explain some important aspects of viral patho-
genesis.

While humans are the only natural host for HSV-2, mice, guinea pigs, and rabbits can
be infected and used for study of reactivation in vivo. In the murine vaginal infection
model, HSV-2 can spread not only to the dorsal root sensory ganglia (DRG), but to the
autonomic parasympathetic neurons of the major pelvic ganglia (MPG) and the sym-
pathetic chain (12). HSV-1 has also been reported in enteric neurons following vaginal
infection of mice, resulting in “toxic megacolon,” a neutrophil-mediated inflammatory
response that led to mortality. Homogenates of parasympathetic enteric neurons and
sensory DRG, but not of the sympathetic chain, contained infectious virus in these
studies (11). However, the role of the sympathetic chain could not be established in
these experiments, since HSV does not spontaneously reactivate to cause lesions in
latently infected mice. In contrast, HSV-2 does reactivate spontaneously to cause lesions
in vaginally infected female guinea pigs, more closely modeling human disease and
allowing study of both acute infection and viral recurrence. During acute infection of
guinea pigs, typical human autonomic symptoms, such as urinary retention, may also
be observed. Rapid but independent spread of acutely infecting virus both to DRG and
spinal cord (SC) suggests that the virus may spread to the SC via nonsensory (e.g.,
autonomic) neuronal pathways (15). In guinea pigs with latent HSV-2 ocular infection,
immediate early and early genes were detected in sympathetic superior cervical
ganglia, while only immediate early genes were found in parasympathetic ciliary
ganglia. Furthermore, HSV-2 reactivated from in vitro-infected, cultured primary adult
sympathetic superior cervical and parasympathetic ciliary neurons as well as from
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sensory trigeminal neurons (21), indicating that HSV-2 is capable of reactivating in
autonomic ganglia.

Using the guinea pig as a spontaneous reactivation model with a recently described
and optimized fluorescing virus, we investigated the ability of HSV-2 to reactivate from
autonomic ganglia after genital infection. We used viral fluorescence in neurons during
latency to detect likely viral reactivation, which we confirmed by also detecting viral
glycoproteins via immunostaining. We also quantified expression of viral genes in
autonomic and sensory ganglia to assess potential viral reactivation from these loca-
tions.

RESULTS
Autonomic and sensory ganglia harbor reactivation-competent HSV-2. To de-

tect reactivation-competent latent virus in the dorsal root ganglia (DRG) and the sacral
sympathetic ganglion (SSG), we infected guinea pigs intravaginally with “Nedel,” a
fluorescent mNeonGreen minor capsid fusion (VP26) HSV-2 recombinant virus that
expresses the VP26-mNeonGreen fusion protein only during productive infection (22).
Nedel replicates with wild-type kinetics and reactivates from latency in vivo. We then
explanted ganglia from the animals 36 days later, during the latent phase of infection.
Ganglia were enzymatically and mechanically dissociated for plating into chamber
slides. In this model, axotomy during dissection stimulates reactivation, while the
nutrient-rich medium allows for the regrowth of axons (23, 24). Fluorescence became
visible at 48 h with maximum intensity materializing 72 h after plating. Fluorescence
emerged from the expected sensory DRG (Fig. 1A and B) and from the sympathetic SSG
(Fig. 1C and D). The explanted ganglia at 72 h were fragile, and many did not remain
adherent to the slide following triple labeling and intermittent washes, preventing
quantification of reactivation in these experiments. The fluorescent green capsid
protein (VP26-mNeonGreen) colocalized with the red fluorescent HSV-2 polyclonal
antibody (pAb) (AF546) within magenta-labeled neurons (pan-neuronal stain) from the
DRG and SSG. Thus, autonomic ganglia that innervate the genital tract harbor
reactivation-competent latent HSV, as do the DRGs.

HSV-2 reactivation occurs in vivo in both sensory and autonomic neurons. To
determine whether virus in autonomic ganglia is reactivation competent in vivo,
latently infected guinea pigs were deeply anaesthetized and underwent cardiac per-
fusion with paraformaldehyde 36 days postinfection, followed by fluorescent immuno-
labeling of cryosections from the DRG and SSG. The cardiac perfusion ensured that
euthanasia would not stimulate reactivation postmortem and that samples obtained
would accurately reflect what was occurring in vivo. Green fluorescence was observed
in neurons in the DRG (Fig. 2A and B) and SSG (Fig. 2C and D), indicating the presence
of fluorescent capsid protein expressed from Nedel. Since this productive infection
occurred in animals 36 days after infection and Nedel expresses mNeonGreen only
during productive infection, the observed green fluorescence is presumed to be due to
reactivation of the latent virus. The colocalization of capsid fluorescence and HSV-2
antigen detected by immunostaining was similar throughout the DRG. In some small
neurons of the SSG, the capsid’s fluorescent signal colocalized with anti-HSV-2 glyco-
protein, confirming the presence of virus. As expected, in vivo reactivation was too rare
to draw statistically evaluable conclusions. Nonetheless, with 3 reactivating neurons
found per 1,200 counted neurons in both the DRG and SSG, this observation was
consistent with similar rates of in vivo viral reactivation in sensory ganglia versus
autonomic ganglia.

To further evaluate our observations of capsid protein and viral glycoprotein
production in the labeled cryosections, HSV-2 viral RNA was quantified in 20 additional
latently infected guinea pigs by droplet digital reverse transcription-PCR (ddRT-PCR).
We evaluated the expression of the latency-associated transcript (LAT), which is the
only transcript abundantly expressed during latency. LAT was detected in all 20
infected animals in both the DRG and SSG, providing further evidence that latency can
be established and maintained in the autonomic ganglia. The finding of more LAT in
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symptomatic versus asymptomatic animals in both the DRG and SSG (Fig. 3A) may be
because animals harboring more latent virus (as suggested by more LAT) also had a
greater likelihood of symptomatic reactivation. Significantly more LAT expression
was detected in the DRG than in the SSG, suggesting the presence of more
gene expression-competent latent virus in the DRG (Fig. 3A and B, Mann-Whitney
P � 0.0032). Consistent with this interpretation, in a separate experiment, greater
concentrations of viral DNA were also observed in the DRG versus the SSG (Fig. 3C) (689
and 335 genomes, respectively; P � 0.163; t test; n � 6 each group). These experiments
do not rule out a contribution to LAT expression of reactivating virus, though the
relative infrequency of reactivation relative to latency in ganglia suggests that most LAT
in ganglia taken from animals undergoing spontaneous reactivation is expressed from
latent virus.

Expression of glycoprotein D, a late gene, is likely to represent ongoing or recent
reactivation. While gD levels were not correlated with the presence of symptomatic
recurrence (suggesting that gD expression in ganglia might sometimes either lead or
trail peripheral observations), relatively high levels of gD were observed both in the
DRG (in 20/20 animals) and SSG (in 16/20 animals) (Fig. 4A). Greater quantities of gD
expression were detected in the DRG compared to the SSG in 12/20 animals. However,
7/20 animals exhibited greater quantities of gD transcripts in the SSG than in the DRG.
When examined across all animals, transcript levels of gD were not statistically different

FIG 1 HSV-2 reactivates from both sensory DRG and sympathetic SSG. (A) Representative images of in vivo
Nedel-infected, dissociated, and explanted sensory dorsal root ganglia (DRG). (Top left) VP26-mNeonGreen
expressed from Nedel; (top right) HSV-2 pAb AF546 against HSV-2 gH/gL; (bottom left) pan-neuronal stain; (bottom
right) merge. (B) Expanded image from panel A showing mNeonGreen expressed from Nedel in DRG neuron. (C)
Sacral sympathetic ganglia (SSG). (Top left) VP26-mNeonGreen expressed from Nedel; (top right) HSV2 pAb AF546
against HSV-2 gH/gL; (bottom left) pan-neuronal stain; (bottom right) merge. (D) Expanded image from panel C
showing mNeonGreen expressed from Nedel in SSG neurons.
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between the DRG and SSG (Fig. 4B, P � 0.1222). Identification of gD RNA in both of
these locations is consistent with the qualitative findings in fluorescently labeled
cryosections, which also indicate that in vivo reactivations can occur in both of these
ganglia. Normalization of gD transcript levels to LAT expression levels (Fig. 4C and D)
revealed that on a LAT-adjusted basis, gD levels were higher in the SSG of 10 animals
and in the DRG of 8 animals, suggesting that if LAT expression levels are proportional
to the quantity of latent virus, there is a similar propensity for latent virus to reactivate
in each location, consistent with the microscopic observations (Mann-Whitney test,
P � 0.7533).

DISCUSSION

We used three different approaches to investigate the ability of HSV-2 to reactivate
from autonomic ganglia, and we consistently found that the virus is latent and
reactivation competent in both DRG and SSG. Given previous experiments that re-
vealed LAT and viral DNA in the autonomic ganglia, viral reactivation in ganglia after an
axotomy-induced neural stress signal is not unexpected (4, 15, 22). However, this is the
first description of HSV-2 reactivation from latently infected autonomic ganglia in a
clinically relevant vaginal model of infection, in which virus reactivates spontaneously
to cause recurrent disease.

Use of the guinea pig model, in which spontaneous reactivation gives rise to
peripheral recurrent lesions, is a strength of our study. Using measures of capsid
expression sufficient to give rise to substantial fluorescence, combined with expression

FIG 2 In vivo reactivation. Confocal images of immunolabeled, Nedel-infected frozen tissue sections. (A) DRG. (Top
left) Detection of mNeonGreen fluorescence; (top right) immunofluorescence using pAb HSV-2-AF546; (bottom left)
pan-neuronal stain; (bottom right) merged. Yellow arrows point to cells exhibiting fluorescent capsid and
anti-HSV-2 pAb. (B) Expanded merged DRG from panel A. (C) SSG. (D) Expanded merged SSG from panel C. Bar (in
panels C and D) � 50 �m.
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of viral glycoproteins in the same cell, along with expression of gD RNA, we did not
observe substantial differences in the propensity of virus to reactivate in the autonomic
SSG, compared with the DRG, which is a known source of reactivating virus.

The ability of HSV-2 to reactivate from autonomic ganglia has important implica-
tions for our understanding of viral pathogenesis. Autonomic reactivation leading to
shed virus in the reproductive tract may explain both the relatively high frequency and
the relatively diffuse locality of subclinical reactivations observed in otherwise asymp-
tomatic humans, thus contributing to HSV-2’s spread among the general population
(25). Viral shedding from autonomic ganglia, which may lead to recruitment of deep,

FIG 3 LAT gene expression per 200 ng total RNA from the DRG and SSG per individual animal (A) and aggregate LAT gene
expression from the DRG and SSG (B). In panel B, median values with interquartile ranges (error bars) (Mann-Whitney, P �
0.0032, n � 20 per group) are shown. (C) Genomes per 200 ng of total DNA. Column heights represent the mean values
for six animals (689 and 335, respectively). Error bars represent the standard errors of the means.
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dermal, resident T cells that are susceptible to HIV infection (26) also could help explain
the association of HSV-2 infection with the increased risk of HIV infection. If, as has been
hypothesized (26), widespread autonomic reactivation recruits deep, dermal, resident T
cells that are susceptible to HIV infection, this might further explain how HSV predis-
poses to HIV acquisition.

The presence of HSV latency in distinct arms (somatic versus autonomic) of the
peripheral nervous system suggests the possibility that stimuli for reactivation from
different types of neurons may vary. Clinical interventions specifically targeted to
subtypes of neurons might thus influence reactivation rates. Animal models that use
pain, heat, or UV light to stimulate reactivation most likely target sensory neurons that
respond to these stimuli. Therefore, those models may not reflect reactivation from
autonomic neurons, which are more sensitive to hormonal fluctuation than sensory

FIG 4 (A and B) Late gene gD expression per individual animal (A) and aggregate expression from the DRG
and SSG (B). In panel B, median values with interquartile ranges (error bars) (n � 20, Mann-Whitney, P �
0.1222) are shown. (C and D) Relative gD gene expression normalized to LAT per individual animal (C) and
shown as aggregate expression from the DRG and SSG (D) (n � 20, Mann-Whitney, P � 0.7533).
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neurons. Increased hormone levels, which have also been found to impact HSV
reactivation (27), seem more likely to specifically target autonomic neurons, as is also
likely the case for iontophoresis of epinephrine, which has been used as a reactivation
stimulus in in vivo ocular models. Ex vivo and in vitro models that are focused on
sympathetic neurons likely have specific relevance to clinically important reactivation
from autonomic neurons (27, 28), since different stimuli induce reactivation in sensory
neurons (29).

The knowledge that HSV-2 is latent and reactivation competent in autonomic
ganglia also has practical implications for preclinical study of vaccines and interventions
against recurrent genital herpes. To the extent that viral latency is evaluated only in
dissected dorsal root ganglia, it is possible that important sites of latency could be
missed. For example, the emergence of the fairly diffuse autonomic ganglia as an
important reservoir of reactivating virus suggests that gene therapy directed only at the
DRG is unlikely to be successful in eradicating all latent or reactivating virus (30).
Similarly, antivirals designed to specifically target reactivation mechanisms in sensory
neurons may not be effective in autonomic neurons.

Previous reports of autonomic neuron involvement following HSV infections drew
various conclusions. Differences in tissue dissections, animal models, and identification
of neuronal tissue could potentially account for those discrepancies (11, 12, 21). In the
acute murine vaginal model, HSV-2 was found in sympathetic neurons (12), while in a
different experiment in the same model, HSV-1 gene expression and infectious virus
from homogenate was detected in only parasympathetic neurons (11). In the guinea
pig model, both HSV-1 and HSV-2 DNA and viral gene expression were detected in
sympathetic and parasympathetic ganglia during latency after ocular infection (21).
These differences in observations could be explained by differences in the animal
models, the tropism between HSV-1 and HSV-2, the quantity of virus used to infect, or
the method’s sensitivity for detection of reactivating virus. Since the sacral sympathetic
ganglia innervate the skin and reproductive tract in small-animal models, this is the
autonomic site that is most likely infected during genital infection (31, 32). However,
our study is the first to specifically assess latent and recurrent HSV-2 infection in these
ganglia. The ability of HSV-2 to reactivate from the SSG suggests that other autonomic
ganglia may also be sources of viral reactivation. Future studies could help to define the
relative roles of sensory, parasympathetic, and sympathetic reactivation in recurrent
human disease and the relative importance of their roles in other aspects of HSV
pathogenesis.

MATERIALS AND METHODS
Viral strains and stock production. HSV-2 strain 333 was originally obtained from Gary Hayward

(Johns Hopkins University, Baltimore, MD). mNeonGreen was obtained from Allele Biotech (San Diego,
CA), and the recombinant fluorescent virus Nedel has recently been described (22). Nedel expresses
mNeonGreen as a fusion protein with VP26 during productive infection. The recombinant and parental
strain virus were propagated in Vero cells (ATCC CCL-81).

Animals. Female Hartley guinea pigs (5 used for explant, 5 used for cryosections, 20 used for
ddRT-PCR; 125 to 150 g; Charles River Breeding Laboratories, Wilmington, MA) were intravaginally
inoculated with 1 � 106 PFU HSV-2 strain 333 or recombinant virus Nedel, as previously described (33).

Ex vivo explant reactivation. Dorsal root ganglia and sacral sympathetic ganglia were harvested
and cultured as previously described (34). Ganglia were enzymatically dissociated in collagenase, papain,
and dispase (Worthington) before mechanically triturating and plating on Matrigel-coated eight-well
Lab-Tek II chamber slides (Thermo Fisher Scientific). Cultures were then fixed for 5 min in 4% parafor-
maldehyde, gently rinsed in phosphate-buffered saline (PBS) and immunolabeled. Immunolabeled
neuronal cultures were evaluated by using a Zeiss LSM 710 upright confocal laser scanning microscope.

In vivo. (i) Cryosectioning. Under anesthesia, animals were cardiac perfused with PBS followed by
cardiac perfusion with 4% paraformaldehyde. Dorsal root ganglia and the sacral sympathetic chains were
dissected, rinsed in PBS, and sucrose protected overnight. Tissues were embedded in OCT (TissueTek),
and 10-�m sections were made with a cryostat (Leica). Sections were permeabilized, blocked, and
immunolabeled before viewing with a Zeiss LSM 710 upright confocal laser scanning microscope.

(ii) Immunolabeling of explanted ganglia and cryosections. The antibodies used included the
following: NeuroTrace 640/660 deep-red or 594 red fluorescent Nissl stain (catalog no. N21483; Thermo
Fisher Scientific), mouse anti-HSV-2 gH/gL (catalog no. H2A269-100; Virusys, Taneytown, MD), mouse
anti-HSV gB (catalog no. HA056-100; Virusys), mouse anti-HSV gD (HA025-100; Virusys), sheep anti-rat
choline acetyltransferase 1:500 (catalog no. OSC00041W; Invitrogen), goat anti-mouse IgG (H�L) highly
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cross-adsorbed secondary antibody, Alexa Fluor 546 (catalog no. A-11030; Thermo Fisher Scientific),
donkey anti-sheep IgG H&L (Alexa Fluor 594) (ab150180; Thermo Fisher Scientific). After permeabilization
and blocking in blocking/permeabilizing buffer (5% serum [goat or donkey], 0.1% bovine serum albumin
[BSA], 0.01% Triton X-100) for 1 h at room temperature (RT), samples were labeled with the primary
antibody for 24 h at 4°C, secondary antibody for 24 h at 4°C, labeled with Nissl stain for 2 h at RT before
4=,6=-diamidino-2-phenylindole (DAPI) staining. Cryosections also were treated with TrueBlack for 30 s.

Droplet digital RT-PCR of HSV-2 genes in ganglia. Tissue was harvested from CO2-euthanized
animals during the latent phase of infection and homogenized using the Precellys 24 homogenizer and
CKMix beads (ceramic zirconium oxide mix beads of 1.4 mm and 2.8 mm in 2-ml standard tubes). All
animals were studied at least 21 days after vaginal infection. Animals denoted as having symptomatic
recurrent lesions were euthanized on the first day of symptoms (after at least a 3-day symptom-free
period), while asymptomatic animals were lesion-free for at least 3 days prior to euthanasia. RNA was
extracted in TRISure per the manufacturer’s instructions (Bioline, London, UK). Previously described
primers and probes were used (35) for gD and LAT. Bio-Rad’s QX100 system was used to generate and
read droplets. ddRT-PCR conditions were as follows, all single cycle except as otherwise noted: 60 min at
50°C; 10 min at 95.5°C; 40 cycles with each cycle consisting of 30 s at 95°C and 1 min at 60°C; and 10 min
at 98°C. Statistics were performed using GraphPad Prism version 7.0 for Windows (GraphPad Software,
La Jolla, CA).

qPCR of HSV-2 genomes in ganglia. Tissue was harvested from six CO2-euthanized animals during
the latent phase of infection (77 days postinfection) and homogenized using the Precellys 24 homoge-
nizer and CKMix beads (ceramic zirconium oxide mix beads of 1.4 mm and 2.8 mm in 2-ml standard
tubes) in RLT lysis buffer (Qiagen). DNA was isolated manually with the AllPrep DNA/RNA minikit
(Qiagen). Previously described primers and probes were used (35) for LAT using the following thermal
conditions: 2 min at 50°C; 10 min at 95°C; 40 cycles with each cycle consisting of 15 s at 95°C and 1 min
at 60°C. Genomes were quantified based on standards created by serial dilutions of known quantities of
HSV-2 DNA. Results reflect the means from two independent quantitative PCRs (qPCRs).
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