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ABSTRACT Herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) infect and establish
latency in peripheral neurons, from which they can reactivate to cause recurrent dis-
ease throughout the life of the host. Stress is associated with the exacerbation of
clinical symptoms and the induction of recurrences in humans and animal models.
The viruses preferentially replicate and establish latency in different subtypes of sen-
sory neurons, as well as in neurons of the autonomic nervous system that are highly
responsive to stress hormones. To determine if stress-related hormones modulate
productive HSV-1 and HSV-2 infections within sensory and autonomic neurons, we
analyzed viral DNA and the production of viral progeny after treatment of primary
adult murine neuronal cultures with the stress hormones epinephrine and cortico-
sterone. Both sensory trigeminal ganglion (TG) and sympathetic superior cervical
ganglion (SCG) neurons expressed adrenergic receptors (activated by epinephrine)
and the glucocorticoid receptor (activated by corticosterone). Productive HSV infec-
tion colocalized with these receptors in SCG but not in TG neurons. In productively
infected neuronal cultures, epinephrine treatment significantly increased the levels
of HSV-1 DNA replication and production of viral progeny in SCG neurons, but no
significant differences were found in TG neurons. In contrast, corticosterone signifi-
cantly decreased the levels of HSV-2 DNA replication and production of viral prog-
eny in SCG neurons but not in TG neurons. Thus, the stress-related hormones epi-
nephrine and corticosterone selectively modulate acute HSV-1 and HSV-2 infections
in autonomic, but not sensory, neurons.

IMPORTANCE Stress exacerbates acute disease symptoms resulting from HSV-1 and
HSV-2 infections and is associated with the appearance of recurrent skin lesions in
millions of people. Although stress hormones are thought to impact HSV-1 and
HSV-2 through immune system suppression, sensory and autonomic neurons that
become infected by HSV-1 and HSV-2 express stress hormone receptors and are re-
sponsive to hormone fluctuations. Our results show that autonomic neurons are
more responsive to epinephrine and corticosterone than are sensory neurons, dem-
onstrating that the autonomic nervous system plays a substantial role in HSV patho-
genesis. Furthermore, these results suggest that stress responses have the potential
to differentially impact HSV-1 and HSV-2 so as to produce divergent outcomes of in-
fection.
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Herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) infect mucosal cells and then
establish a lifelong latent infection in sensory and autonomic ganglia innervating

the site of infection. HSV-1 is commonly associated with orolabial lesions (cold sores)
and ocular disease (herpes simplex keratitis), while HSV-2 causes genital lesions. Both
viruses can reactivate from latency to cause recurrent disease, which also tends to occur
in different anatomical patterns. Although HSV-1 is diagnosed in approximately 30% of
primary genital herpes cases, HSV-2 is more likely to reactivate to cause recurrent
genital lesions (1). More rarely, HSV-1 causes necrotizing encephalitis with a high
mortality rate, and HSV-2 can cause recurrent sacral meningitis. The mechanisms that
cause these differences in the acute and recurrent disease patterns of HSV-1 and HSV-2
are not understood.

Stress is strongly correlated with the exacerbation of acute HSV disease symptoms
and the appearance of recurrent disease in humans and animal models (2–7). Psycho-
social stress has been correlated with oral herpes recurrences in humans (8). Psycho-
logical stress at the time of infection increases HSV-1 titers and pathology following
intranasal or vaginal infection in mice (7, 9). Epinephrine (EPI), a catecholaminergic
hormone secreted by the adrenal medulla to induce the “short-term” fight-or-flight
stress response, is regulated by the sympathetic nervous system. Iontophoresis of
epinephrine has been used to induce HSV-1 reactivation in the rabbit ocular model of
infection (5), as well as in mice (10) and nonhuman primates (11), demonstrating the
ability of epinephrine to impact HSV-1. Cortisol, a glucocorticoid secreted by the
adrenal cortex that induces a “long-term” stress response, binds to the glucocorticoid
receptor (GCR), regulating metabolism and immune system suppression. Persistent
stress has been correlated with the reactivation of both HSV-1 and HSV-2 in humans (3,
4). Cold-restraint stress in rats and hyperthermic stress in mice have been reported to
increase concentrations of corticosterone (CORT) (the rodent equivalent of cortisol in
humans) in plasma, resulting in HSV-1 reactivation (6, 12). In addition, treatment of the
immortalized neuronal cell line PC12 and human gingival fibroblasts with dexameth-
asone (DEX), a GCR agonist, resulted in increases in HSV-1 DNA replication and
infectious virus yields during productive infection (13, 14). Furthermore, dexametha-
sone treatment increased the mortality of mice acutely infected with HSV-1 (15),
significantly increased HSV-1 ocular shedding and corneal ulceration in latently infected
rabbits (16), consistently induced the reactivation of bovine herpesvirus 1 in calves (17),
and could induce HSV-1 keratitis in humans (18). Taken together, the stress hormones
epinephrine and corticosterone have impacts on acute and latent infections with HSV-1
and HSV-2.

The mechanism through which these stress factors impact HSV disease severity and
recurrences is thought to be suppression of the immune system, permitting the viruses
to escape immune surveillance (2, 7, 12, 19). However, the receptors for the two major
stress hormones, epinephrine and cortisol, are expressed selectively by the different
types of neurons infected by HSV, including sensory and autonomic neurons (20, 21).
Therefore, epinephrine and cortisol may contribute to the ability of the viruses to
replicate efficiently in specific types of neurons, which may impact disease severity and
the ability to reactivate later to cause recurrent lesions (22–29).

HSV-1 and HSV-2 preferentially establish latency in different types of sensory
neurons: HSV-1 prefers sensory neurons recognized by the monoclonal antibody Fe-A5
(A5� neurons), while HSV-2 prefers neurons bound by isolectin B4 (IB4� neurons) (30,
31). In murine adult neuronal cultures, A5� and IB4� neurons are nonpermissive for
productive infection with HSV-1 and HSV-2, respectively, leading to preferential estab-
lishment of latency in these neurons (32, 33). Thus, latency is established in neurons
that do not support efficient productive infection. The viruses also establish latency in
autonomic neurons (34–39), which are highly responsive to endocrine factors. There-
fore, we hypothesized that stress hormones, acting through their cognate receptors,
could potentially modulate productive HSV-1 and HSV-2 infections by acting directly on
neurons rather than indirectly, through their effects on the immune system.

Although stress and the stress-related endocrine factors epinephrine and cortisol are
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strongly correlated with HSV-1 and HSV-2 reactivation, their effects on primary infection
are not clear. Since these viruses infect sensory and autonomic neurons, the latter of
which are exquisitely sensitive to endocrine factors, we sought to determine whether
stress hormones differentially modulate HSV-1 and HSV-2 lytic infections at a cellular
level in primary adult sensory and autonomic neurons. Characterization of stress
hormone receptor expression and analysis of viral replication in primary adult sensory
and autonomic neurons showed that the stress hormones epinephrine and corticoste-
rone have differential effects on HSV-1 and HSV-2. Furthermore, these differential
effects occurred only in autonomic neurons, not in sensory neurons.

RESULTS
Stress hormone receptor expression in sensory and sympathetic neurons.

Cell-type-specific differences in adrenergic (epinephrine) and glucocorticoid (cortisol)
receptor expression have been reported previously (20, 21). In order to identify differ-
ences in receptor expression by different populations of sensory and autonomic
neurons relevant to HSV infection, we used immunofluorescence to determine the
expression profiles of the glucocorticoid receptor (GCR) and adrenergic receptors (ARs)
in cultured primary adult murine neurons from sensory trigeminal ganglia (TG) and
sympathetic superior cervical ganglia (SCG).

Among sensory TG neurons, a significantly greater percentage of IB4� neurons
(78.6%), which support productive HSV-1 infection, expressed the GCR (P � 0.001) than the
percentage of A5� neurons (25.3%), which support productive HSV-2 infection (Fig. 1A).

FIG 1 Expression of stress hormone receptors in sensory and sympathetic neurons. Adult murine neuronal cultures from sensory TG and sympathetic SCG were
immunostained for neuronal markers (Fe-A5, IB4, and tyrosine hydroxylase [TH]) and for the glucocorticoid receptor (GCR), the adrenergic �-2 receptor (AR �-2),
and AR �-2. (A) Trigeminal ganglia. The GCR was differentially expressed in Fe-A5� (P � 0.0023) and IB4� (P � 0.0024) neurons relative to total neurons (n � 5). Higher
percentages of Fe-A5� (P � 0.0001) and IB4� (P � 0.0001) neurons than of total neurons expressed AR �-2 (n � 6). A higher percentage of Fe-A5� neurons than
of IB4� (P � 0.0001) or total (P � 0.0001) neurons expressed AR �-2 (n � 5). (B) Superior cervical ganglia. Higher percentages of neurons expressed AR �-2
(P � 0.0001) and AR �-2 (P � 0.0001) than the GCR (n � 3). (n stands for the number of cultures; all neuronal-marker-positive neurons present were counted.)
*, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Representative fluorescence microscopy images showing the colocalization of neuronal markers (A5, IB4, and TH)
with stress hormone receptors (GCR, AR �-2, and AR �-2) in sensory TG and sympathetic SCG. Phase-contrast (PC) microscopy was used to show neuronal
morphology.
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Therefore, IB4� sensory neurons are likely more responsive to glucocorticoids, includ-
ing corticosterone (the rodent equivalent of human cortisol), than are A5� neurons.

ARs �-2 and �-2 are expressed by 34.4% and 33.0% of total cultured adult sensory
TG neurons, respectively (Fig. 1A). Higher percentages of A5� neurons (63.3% and
80.7%) expressed adrenergic �-2 receptors (P � 0.0001) than the percentage expressed
by the total population of TG neurons (Fig. 1A). Similarly, a higher percentage of IB4�

TG neurons (68.1%) expressed adrenergic �-2 receptors (P � 0.0001) than was ex-
pressed by the total population. However, fewer IB4� neurons (22.5%) than other TG
neurons (33.0%) expressed �-2 ARs. Therefore, while TG sensory neurons are likely
responsive to epinephrine through adrenergic receptors, the neuronal populations in
which HSV-1 and HSV-2 preferentially replicate express different patterns of adrenergic
receptors, suggesting possible differences in responsiveness to epinephrine.

Nearly half (41.5%) of cultured sympathetic SCG neurons expressed the GCR (Fig.
1B). In contrast, 83.3% and 72.6% of SCG neurons expressed ARs �-2 and �-2, respec-
tively (P � 0.0001) (Fig. 1B). Therefore, sympathetic SCG neurons are capable of being
stimulated by both epinephrine and glucocorticoids.

Immunofluorescence detection of the sensory neuronal markers A5 and IB4, as well
as the sympathetic marker tyrosine hydroxylase (TH), produced distinct staining pat-
terns of the neuronal membrane and axons (Fig. 1C). Glucocorticoid and adrenergic
receptor immunofluorescence was also detectable in distinct staining patterns, with the
GCR present in the nucleus and AR �-2 and AR �-2 present on the cell surface and in
the perinuclear region (Fig. 1C) (21, 40, 41). These distinct patterns were readily
identifiable, enabling us to determine the percentages of neuronal subpopulations that
expressed each receptor type.

To confirm that the percentages of primary adult cultured neurons expressing the
adrenergic and glucocorticoid receptors were similar to the percentages expressed in
vivo, ganglia from mice were cryosectioned and were immunostained for colocalization
of stress hormone receptors and neuronal markers. There were no significant differ-
ences in the percentage of each neuronal subpopulation that expressed the GCR and
ARs between the cultured neurons and the sectioned ganglia (Table 1). We detected no
expression of stress hormone receptors in satellite glial cells present in immunostained
sensory TG or sympathetic SCG primary adult murine cultures (Fig. 1C).

Neuron specificity of productive HSV infection. To determine if HSV-1 or HSV-2
demonstrates a preference for productive infection in neurons expressing specific

TABLE 1 Expression of stress hormone receptors in sensory TG and sympathetic SCG
neurons in vitro and in vivo

Receptor Neuron type

% of neurons of the indicated type that express
stress hormone receptors:

In vitroa In vivob

GCR Fe-A5 25.31 (0.0622) (57/220) 29.79 (84/282)
IB4 78.57 (0.0606) (851/1,080) 65.88 (390/592)
Total TG 52.01 (0.0234) (536/831) 49.05 (304/621)
Total SCG 41.50 (0.0300) (166/400) 45.55 (225/494)

AR �-2 Fe-A5 63.26 (0.0536) (567/1,142) 69.09 (509/714)
IB4 68.07 (0.0275) (1,535/2,358) 56.97 (894/1,520)
Total TG 34.35 (0.0216) (1,331/3,883) 37.29 (490/1,316)
Total SCG 83.33 (0.0276) (1,000/1,200) 87.83 (758/863)

AR �-2 Fe-A5 80.67 (0.0125) (370/465) 70.93 (122/172)
IB4 22.52 (0.0341) (347/1,586) 43.99 (139/316)
Total TG 32.95 (0.0094) (997/3,234) 39.93 (206/529)
Total SCG 72.58 (0.0171) (594/819) 84.26 (182/216)

aValues are percentages (standard errors of the means) (number of dually labeled neurons/number of
neurons counted).

bValues are percentages (number of dually labeled neurons/number of neurons counted). Counts obtained
for in vivo receptor expression were from four mice, with the ganglia from all four mice pooled and not
counted separately.

Ives and Bertke Journal of Virology

July 2017 Volume 91 Issue 13 e00582-17 jvi.asm.org 4

http://jvi.asm.org


receptors, we coimmunostained infected adult neuronal cultures from TG and SCG for
HSV antigen and the receptors AR �-2, AR �-2, and GCR (Fig. 2).

In sensory TG neuronal cultures, neurons expressing AR �-2 restricted productive
HSV-1 infection relative to total TG neurons (P � 0.0172) (Fig. 2A). In contrast, sympa-
thetic SCG neurons that expressed AR �-2 selectively supported productive infection
with HSV-1 and HSV-2, relative to other SCG neurons (P � 0.0001) (Fig. 2A).

Similarly, AR �-2� sensory TG neurons restricted productive HSV-1 (P � 0.0434) and
HSV-2 (P � 0.0074) infection, relative to other TG neurons (Fig. 2B). However, AR �-2�

SCG neurons selectively supported productive HSV-1 infection (P, 0.042 for comparison
to total neurons infected with HSV-1) but not productive HSV-2 infection (Fig. 2B).

In sensory TG neurons, there were no significant differences between GCR� neurons
and total neurons infected with HSV-1 or HSV-2 (Fig. 2C), demonstrating that GCR�

sensory neurons support productive infection with HSV-1 and HSV-2 as well as sensory
neurons that do not express the GCR. In SCG, however, HSV-1 and HSV-2 antigens were
detected in higher percentages of GCR� neurons than of total SCG neurons (P, �0.0001
and 0.0012, respectively).

Stress hormones modulate HSV DNA replication during productive infection in
vitro. To determine if stress hormones affect HSV-1 and HSV-2 replication during
productive infection, EPI or CORT [conjugated to (2-hydroxypropyl)-�-cyclodextrin
(HBC) in the water-soluble form] was added to productively infected neuronal cultures
at 1 h postinoculation (1 hpi). The water-soluble carrier molecule HBC was also used as
a control. Viral DNA was isolated at 10 hpi, representing a single cycle of viral
replication, and was quantified by quantitative PCR (qPCR) using primers and probes
specific for the thymidine kinase (TK) gene.

HSV-1 DNA loads in sympathetic SCG neurons treated with 0.01, 0.1, or 10 �M EPI
were significantly higher than those in untreated (UNT) control SCG neurons (P � 0.004)

FIG 2 Productive HSV infection in neurons expressing stress hormone receptors. Adult murine neuronal cultures from sensory TG and sympathetic SCG were
immunostained at 9 hpi for HSV antigen and adrenergic �-2 receptors (AR �-2), AR �-2, or the glucocorticoid receptor (GCR). (A) AR �-2� sensory TG neurons
restricted productive HSV-1 infection (P, 0.0172 for comparison to total infected neurons), and AR �-2� sympathetic SCG neurons supported productive HSV-1
(P � 0.0001) and HSV-2 (P � 0.0001) infection (n � 6). (B) AR �-2� sensory TG neurons restricted productive HSV-1 (P � 0.0434) and HSV-2 (P � 0.0074) infection,
and AR �-2� sympathetic SCG neurons supported productive HSV-1 infection (P � 0.0426) (n � 3). (C) GCR� sympathetic SCG neurons supported productive
HSV-1 (P � 0.0001) and HSV-2 (P � 0.0012) infection, but there was no difference between GCR� and GCR� sensory TG neurons (n � 3). (n stands for the number
of cultures, with �200 neurons/culture counted.) *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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(Fig. 3A). In contrast, no significant differences were found in the neurons of HSV-1-
infected sensory TG or parasympathetic ciliary ganglia (CG). No significant differences
were detected after EPI treatment of sensory or autonomic neuronal cultures infected
with HSV-2 (Fig. 3B). Therefore, epinephrine increases HSV-1 DNA replication during
productive infection in sympathetic SCG neurons in a nonmonotonic dose-dependent
manner but has no significant effect on HSV-2.

In contrast, the number of HSV-1 DNA copies was significantly decreased in sym-
pathetic SCG neurons treated with 10 �M CORT (P � 0.02), showing a linear dose
response to 0.1 �M to 10 �M CORT treatments (Fig. 3C). HSV-2 replication was also
significantly decreased in sympathetic SCG neurons treated with CORT, regardless of
the concentration, showing that HSV-2 is more sensitive to CORT treatment than HSV-1.
No significant effect of CORT treatment was detected for either HSV-1 or HSV-2 DNA
replication in sensory TG or parasympathetic CG neurons (Fig. 3C and D). The HBC
carrier molecule also had no significant effect on HSV-1 or HSV-2 DNA replication in
sensory or autonomic neurons (Fig. 3C and D).

Furthermore, both HSV-1 and HSV-2 replicated more efficiently in sympathetic
SCG neurons than in sensory TG neurons, as shown by the significantly greater viral
DNA loads in infected untreated SCG neurons than in infected untreated TG
neurons (P � 0.0001) (Fig. 3).

Stress hormones affect infectious HSV titers in vitro. Since EPI increased HSV-1
DNA loads in sympathetic SCG neurons, we next determined whether EPI also increased

FIG 3 Effects of EPI and CORT on HSV-1 and HSV-2 replication during productive infection. Primary adult murine neuronal cultures from trigeminal ganglia (TG),
superior cervical ganglia (SCG), or ciliary ganglia (CG) were treated with EPI or CORT during HSV infection (10 hpi). Neurons and media were then collected for
qPCR analysis for viral DNA. (A) The HSV-1 DNA load was increased by 0.01 �M (P � 0.001), 0.1 �M (P � 0.003), or 10 �M (P � 0.001) EPI in SCG neurons but
not in TG or CG neurons (n � 3). (B) The HSV-2 DNA load was not significantly affected by EPI treatment, regardless of the dose (n � 3). (C) The number of
HSV-1 DNA copies was decreased by 10 �M CORT (P � 0.02) in SCG neurons but not in TG or CG neurons (n � 3). (D) The number of HSV-2 DNA copies was
decreased by 0.01 �M (P � 0.006), 0.1 �M (P � 1.1 � 10�5), 1 �M (P � 0.0004), or 10 �M (P � 0.0001) CORT in SCG neurons but not in TG or CG neurons
(n � 3). UNT, untreated; neurons were infected with HSV-1 or HSV-2 but were not treated with stress hormones. HBC, (2-hydroxypropyl)-�-cyclodextrin (a
water-soluble carrier molecule that was conjugated to CORT or was used alone as a control). In panels C and D, HBC results were not significantly different from
UNT results (n � 3). (n stands for the number of cultures.) *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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the production of viral progeny. The same four concentrations of EPI that had been
used for the determination of effects on HSV replication were used for treatment in this
experiment. Neurons and media were collected 24 hpi and were analyzed for viral titers
by plaque assays on Vero cells. The quantity of HSV-1 infectious virus progeny was
significantly increased in sympathetic SCG neurons treated with 0.01 �M, 0.1 �M, or 10
�M EPI (P � 0.02) (Fig. 4A), correlating with the increased viral DNA loads in response
to the same EPI treatments, in a similar, nonmonotonic dose response (Fig. 3A).
Untreated parasympathetic CG neurons also produced significantly higher HSV-1 titers
than untreated sensory TG neurons (P � 0.014), showing that autonomic neurons
support more-efficient production of infectious HSV-1 progeny than sensory neurons.

Since CORT decreased the number of HSV-2 DNA copies in sympathetic neurons, we
determined whether CORT also decreased the production of viral progeny. CORT or its
water-soluble carrier molecule, HBC, was added to HSV-2-infected neuronal cultures at
1 hpi, and infectious viral progeny were assessed by plaque assays on Vero cells. CORT
treatment significantly decreased infectious HSV-2 titers in sympathetic SCG neurons
from those for untreated neurons (P � 0.0115) (Fig. 4B). HBC had no significant effect
on viral titers (Fig. 4B). There were no significant differences in virus titers between
CORT-treated and untreated TG or CG neurons. In addition, sympathetic SCG produced
significantly greater quantities of HSV-2 progeny than parasympathetic CG or sensory
TG (P � 0.0001) (Fig. 4B).

DISCUSSION

Previous studies have shown that epinephrine (EPI) and corticosterone (CORT) can
induce HSV-1 reactivation in animal models of infection, as well as in humans (5–7,
10–12, 18). In humans, stress is strongly correlated with the appearance of fever blisters,
which are recurrent lesions caused by reactivating HSV-1, and is anecdotally correlated
with recurrences of genital herpes. The neurons in which HSV establishes latency
express receptors for EPI and CORT, suggesting that these endocrine factors may be
capable of modulating HSV infection in the neurons directly rather than indirectly,
through suppressive effects on the immune system. It is also important to consider the
effects of stress hormones on primary HSV infection in neurons, since stress during
primary infection could potentially affect HSV-related clinical disease in humans.

In our studies, in which we tested the effects of stress hormones on productive
infection rather than reactivation from latency, EPI increased replication and the
production of infectious virus progeny by HSV-1. However, the effects occurred in
sympathetic neurons, not in sensory neurons. Although sensory neurons, like sympa-

FIG 4 Effects of stress hormones on infectious virus titers during productive infection. Virus titers were determined by plaque assays on
Vero cells for infected neurons and media treated with the indicated concentrations of EPI or CORT (24 hpi). (A) Epinephrine treatment
of HSV-1-infected neurons increased virus titers over those in untreated HSV-1-infected control neurons (UNT). Differences were significant
with 0.01 �M (P � 0.0001), 0.1 �M (P � 0.03), or 10 �M (P � 0.001) EPI (n � 3). (B) Corticosterone treatment of HSV-2-infected neurons
decreased virus titers from those in untreated HSV-2-infected control neurons. Differences were significant with 1 �M CORT (P � 0.012).
HBC, (2-hydroxypropyl)-�-cyclodextrin (a water-soluble carrier molecule that was conjugated to CORT or was used alone as a control). HBC
results were not significantly different from UNT results (n � 3). (n, number of samples collected in which neurons were treated with stress
hormones and were evaluated for infectious virus titers.) *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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thetic neurons, express adrenergic receptors, productive HSV-1 infection was inhibited
in AR� sensory neurons but was enhanced in AR� sympathetic neurons. While HSV-2
showed a preference for productive infection in AR �-2� sympathetic neurons, EPI had
no impact on productive HSV-2 infection. Thus, the mechanism by which EPI modulates
productive infection is exclusive to HSV-1 and occurs only in sympathetic neurons.

EPI also increased replication and the release of infectious virus progeny by HSV-1
during productive infection at two different concentrations. While nonmonotonic
dose-response curves are relatively common for endocrine factors, the specific mech-
anisms remain elusive (42). It is possible that this inverted bell curve is due to EPI’s
property as a nonselective agonist for the various classes of adrenergic receptors.
Sympathetic neurons express two different subtypes of adrenergic receptors that differ
in their intrinsic receptor properties (43, 44). �-2 ARs inhibit forskolin-mediated cyclic
AMP (cAMP) accumulation at norepinephrine concentrations of 100 pM to 100 nM but
potentiate cAMP accumulation at concentrations of �1 �M (43). This is due to the
ability of �-2 ARs to recruit different G proteins (45). In contrast, the binding of EPI to
AR �-2 activates a stimulatory G protein, which stimulates adenylate cyclase and causes
an increase in cAMP levels in sympathetic neurons of the superior cervical ganglia (SCG)
(46). An increase in cAMP production has been shown to reactivate HSV-1 from
quiescence in embryonic SCG neurons (47). The adenylate cyclase enzymes are opti-
mally stimulated by AR �-2 treated with 100 nM epinephrine (48). Therefore, the
increases in HSV-1 DNA replication at 0.01 �M and 0.1 �M epinephrine most likely
represent the stimulation of AR �-2, while the increase in HSV-1 DNA replication at 10
�M epinephrine results from the stimulation of AR �-2. The lack of response at 1 �M
epinephrine is most likely due to the inhibition of adenylate cyclase by AR �-2.
Furthermore, pretreatment with cAMP results in increases in ICP4 and ICP0 expression
from an immortalized neuronal cell line (49). Therefore, it is possible that epinephrine
is acting through a similar mechanism to increase HSV-1 replication and release of
infectious virus progeny from sympathetic neurons during productive infection. Al-
though further studies are necessary to determine the specific mechanism, it is clear
that sympathetic neurons are significantly more responsive to EPI-induced enhance-
ment of productive HSV-1 infection than are sensory neurons.

Corticosterone treatment had minimal effects on productive HSV-1 infection in
primary adult neurons, regardless of neuron type. We observed a decreasing trend in
the number of HSV-1 DNA copies at the highest concentrations of CORT, suggesting a
potential effect at concentrations beyond the biologically relevant range, even under
stress (50). However, CORT decreased HSV-2 DNA replication and release of infectious
virus progeny. Again, these effects occurred in sympathetic neurons rather than in
sensory neurons, further implicating the autonomic nervous system in HSV pathogen-
esis. Previous research has shown that the origin of replication in the unique long
region of the HSV-1 genome (oriL) contains a glucocorticoid response element that can
bind the GCR; the GCR agonist dexamethasone (DEX) was able to increase oriL-
dependent HSV-1 DNA replication in rat pheochromocytoma (PC12) cells (13). In
addition, pretreatment with DEX has been reported to increase infectious HSV-1
progeny in human gingival fibroblasts (14). Serum- and glucocorticoid-regulated pro-
tein kinases (SGK) induced by stress have also been implicated in the stimulation of
HSV-1 replication in Vero cells (50). We observed no such increases in HSV-1 replication
in response to CORT treatment, which may be due to the types of cells utilized, since
PC12 cells, human gingival fibroblasts, and Vero cells are not analogous to adult,
differentiated neurons (51). One report found that the effects of glucocorticoids on
productive HSV-2 infection in vitro differed depending on the type of cell utilized and
the characteristics of the viral strain used (52); the addition of dexamethasone and
cortisol increased the infectious HSV-2 titer in 3T3 cells but decreased the plaque size
of HSV-2 in embryonic mouse fibroblasts (52). The effects of glucocorticoids on HSV-2
in neurons remain largely unexplored. However, our studies show that CORT has a
profound impact on HSV-2 replication in adult sympathetic neurons, but not in adult
sensory neurons, during productive infection.
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Because we studied productive HSV infection in primary adult sensory TG and
sympathetic SCG neuronal cultures, it is possible that the satellite glial cells present
within the cultured ganglia contributed to viral DNA quantities and infectious virus
titers. However, there is currently no evidence to suggest that there are significant pheno-
typic differences between the satellite glial cells in sensory and autonomic ganglia (40, 53,
54). Satellite glial cells exhibit similar morphologies, functions, and pharmacologies in
sensory and autonomic ganglia, and there has been no report that satellite glial cells from
sensory or autonomic ganglia express adrenergic or glucocorticoid receptors, in agreement
with our findings. One report demonstrated the uptake of radiographically tagged dexa-
methasone, but not corticosterone, into satellite glial cells of rat superior cervical ganglia
but did not demonstrate the presence of a receptor or explain the difference in uptake for
the two glucocorticoids (55). Therefore, we conclude that while HSV replication in satellite
glial cells may contribute to levels of viral DNA and infectious virus titers during productive
infection, the current literature and our findings suggest that the differences found be-
tween sensory and sympathetic ganglia are due to differences between the neurons, not
the satellite glial cells supporting them.

In summary, the present study demonstrates that stress hormone receptors are
differentially expressed on sensory and sympathetic neurons relevant to HSV-1 and
HSV-2 infection. The stress hormones EPI and CORT have differential effects on HSV-1
and HSV-2 DNA replication and release of infectious virus progeny in sympathetic
neurons, but not in sensory neurons, during productive infection, suggesting that
autonomic neurons play a distinctive role in the stress-induced modulation of produc-
tive HSV infection.

MATERIALS AND METHODS
Virus strains. HSV-1 strain 17� was originally transferred from John Hay (SUNY at Buffalo, Buffalo,

NY), and HSV-2 strain 333 from Gary Hayward (Johns Hopkins, Baltimore, MD), to the Krause lab (FDA,
Bethesda, MD). At the Krause lab, the viruses were propagated in Vero cells (ATCC), and first-passage
stocks were transferred to the Margolis lab (UCSF, San Francisco, CA). At the Margolis lab, the viruses
were propagated in Vero cells, and first-passage stocks were transferred to the Bertke lab (Virginia Tech,
Blacksburg, VA). At the Bertke lab, the viruses were propagated in Vero cells and were titrated in
quadruplicate by plaque assays on Vero cells. Stock viruses were diluted in Neurobasal A medium
supplemented with penicillin-streptomycin and B-27 supplement for the inoculation of primary adult
murine neuronal cultures.

Neuronal cultures. Sensory trigeminal ganglia (TG), sympathetic superior cervical ganglia (SCG), and
parasympathetic ciliary ganglia (CG) were removed from 6-week-old female Swiss Webster mice, disso-
ciated, and plated on Matrigel-coated Lab-Tek II chamber slides (Thermo Scientific) as described
previously (32, 56). Briefly, ganglia were digested in papain, collagenase, and dispase (Worthington),
followed by mechanical trituration. TG were enriched for neurons using a multistep OptiPrep gradient
(BD Biosciences), while SCG and CG were plated without a gradient step, since they contain less
ganglionic debris after dissociation. Cells were maintained in Complete Neuro medium, consisting of
Neurobasal A medium supplemented with B-27 supplement, penicillin-streptomycin, L-glutamine, neu-
rotrophic factors, and mitotic inhibitors (Life Technologies). All studies were approved by, and conducted
in accordance with, the Virginia Tech Institutional Animal Care and Use Committee (IACUC no. 13-008-
CVM and 15-237).

Infection and hormone treatment. Four days after plating, the medium was removed, and neurons
were inoculated with HSV-1 (strain 17�) or HSV-2 (strain 333) at a multiplicity of infection (MOI) of 30.
After a 1-h adsorption period, the inoculum was removed and was replaced with Complete Neuro
medium with no mitotic inhibitors, with or without epinephrine or corticosterone-HBC (Sigma) at the
concentrations indicated in the figures. Corticosterone-HBC is a water-soluble corticosterone conjugated
to (2-hydroxypropyl)-�-cyclodextrin (HBC), a carrier molecule that enables solubility in media without
harming the cultured neurons. HBC alone was used as a control to ensure that any effects were due to
corticosterone rather than the HBC carrier molecule.

Plaque assay. Twenty-four hours postinfection, neurons and media were collected and were
stored at �80°C until assayed. The suspension was serially diluted from 10�1 to 10�4, and dilutions
were inoculated onto 70-to-80% confluent Vero cells (ATCC). After a 1-h adsorption period, the
inoculum was removed and was replaced with Dulbecco’s modified essential medium (DMEM) with
2% fetal bovine serum, 1% penicillin-streptomycin, and 4 �l/ml human IgG for 48 h. Vero cells were
fixed and were stained with crystal violet, and plaques were counted under a light microscope
(Olympus).

Immunofluorescence. Nine hours postinoculation, neuronal cultures were fixed with 2% parafor-
maldehyde and were immunostained. Individual neurons positive for immunofluorescence were counted
to determine the percentages of HSV-positive neurons and receptor-positive neurons. Neuronal sub-
populations were labeled with isolectin IB4 conjugated to fluorescein isothiocyanate (FITC) or rhodamine
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(1:500; Vector) and/or the following antibodies: Fe-A5 IgM (undiluted supernatant; DSHB), FITC-
conjugated anti-HSV (a polyclonal antibody that reacts with antigens common to HSV-1 and HSV-2,
including all major glycoproteins in the viral envelope and at least one core protein as determined by
crossed immunoelectrophoresis) (1:40; Dako) (30, 57), anti-HSV (1:750; Abcam), anti-TH (1:500; Abcam),
anti-GCR (1:250; Thermo Fisher Scientific), anti-AR �-2A (1:300; Abcam), anti-AR �-2B (1:300; Sigma-
Aldrich), anti-AR �-2C (1:300; Thermo Fisher Scientific), and anti-AR �-2 (1:500; Abcam). Secondary
antibodies were Alexa Fluor-labeled species-specific antibodies (1:1,000; Life Technologies). The number
of dually labeled neurons (receptor positive and neuronal marker positive) was compared to the total
number of neurons positive for the neuronal marker in order to calculate the percentages of neuronal
populations expressing specific hormone receptors (Fig. 1; Table 1). The numbers of cryosectioned
murine ganglia or primary adult murine cultures (n) are given in the figure legends, and all marker-
positive neurons were counted in each well. For uninfected neurons stained using immunofluorescence,
both those from in vitro primary murine neuronal cultures and those from in vivo cryosectioned murine
ganglia, the percentages of stress hormone receptor expression were calculated by first counting the
dually labeled neurons coexpressing the stress hormone receptor and the neuronal marker and then
dividing by the number of all neurons expressing the neuronal marker. For infected neurons stained
using immunofluorescence in vitro, the percentages of colocalization of stress hormone receptors with
HSV antigen were calculated by counting the neurons colabeled with a stress hormone receptor and HSV
antigen (AR �-2�, AR �-2�, or GCR� neurons infected with HSV-1 or HSV-2) and dividing by the number
of all neurons positive for HSV antigen (Fig. 2). The percentages of infected neurons were calculated by
counting the neurons positive for HSV antigen and dividing by the number of all neurons in the well (Fig.
2, total HSV-1-infected neurons or total HSV-2-infected neurons). Immunostained, uninfected adult
murine neuronal cultures were imaged on an Olympus IX71 inverted fluorescence microscope using
cellSens Dimension software at �20 magnification.

Quantitation of HSV loads and gene expression. At 10 h postinoculation (10 hpi), viral DNA was
extracted from neuronal cultures with TRIzol reagent (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Viral DNA loads were determined by quantifying viral DNA by qPCR
using HSV-1 and HSV-2 thymidine kinase (TK) gene-specific primers and probes (58, 59). All assay
results were normalized to 18S rRNA results (Applied Biosystems) and are reported as viral copy
numbers in 200 ng of total DNA.

Statistics. Statistical analyses were performed using parametric analyses with JMP Pro, version 12,
including analysis of variance with contrast tests. Percentages of expression, viral DNA loads, and
infectious virus titers were compared using analysis of variance. Error bars in figures represent standard
errors of the means.
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