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ABSTRACT Following acute infection, sensory neurons in trigeminal ganglia (TG) are 
important sites for the life-long latency of human alpha-herpes virus 1 (HSV-1). Acute or 
chronic stress in humans correlates with increased reactivation from latency, which can 
lead to recurrent HSV-1 disease, for example, herpes labialis, herpes stromal keratitis, and 
encephalitis. The glucocorticoid receptor (GR) and the synthetic corticosteroid dexame­
thasone stimulate key viral transcriptional cis-regulatory modules, viral replication, and 
explant-induced reactivation from latency. Conversely, a GR-specific antagonist impairs 
explant-induced reactivation and viral replication. Based on these observations, we 
hypothesize that GR transcriptional activity enhances reactivation from latency. To test 
this hypothesis, the HSV-1 latency-reactivation cycle was examined in mice containing 
a serine 229 to alanine mutation in GR (GRS229A) because phosphorylation of GR serine 
229 is crucial for GR-mediated transcription. Virus yields from cornea and conjunctiva of 
infected GRS229A mice ceased before wild-type (wt) mice, consistent with reduced viral 
replication in kidney cells from GRS229A mice. However, viral DNA levels in TG were not 
significantly different during latency and similar numbers of TG neurons express GR in 
GRS229A and WT mice. Strikingly, HSV-1 viral titers during explant-induced reactivation 
were significantly reduced in female GRS229A mice versus male GRS229A mice or wt mice. 
The number of VP16 + TG neurons in female GRS229A mice was significantly lower than in 
male GRS229A or wt mice (males and females) during the early stages of explant-induced 
reactivation. Collectively, these studies revealed that GR phosphorylation of serine 229 is 
more important in GRS229A female mice versus males during explant-induced reactivation 
from latency.

IMPORTANCE A correlation exists between stress and increased episodes of human 
alpha-herpes virus 1 reactivation from latency. Stress increases corticosteroid levels; 
consequently, the glucocorticoid receptor (GR) is activated. Recent studies concluded 
that a GR agonist, but not an antagonist, accelerates productive infection and reacti­
vation from latency. Furthermore, GR and certain stress-induced transcription factors 
cooperatively transactivate promoters that drive the expression of infected cell protein 
0 (ICP0), ICP4, and VP16. This study revealed female mice expressing a GR containing 
a serine to alanine mutation at position 229 (GRS229A) shed significantly lower levels 
of infectious virus during explant-induced reactivation compared to male GRS229A or 
wild-type parental C57BL/6 mice. Furthermore, female GRS229A mice contained fewer 
VP16 + TG neurons compared to male GRS229A mice or wild-type mice during the 
early stages of explant-induced reactivation from latency. Collectively, these studies 
revealed that GR transcriptional activity has female-specific effects, whereas male mice 
can compensate for the loss of GR transcriptional activation.
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I nfection of craniofacial mucosal membranes with human alpha-herpes virus 1 (HSV-1) 
leads to life-long latency in sensory neurons within trigeminal ganglia (TG) and central 

nervous system (CNS), including brainstem (1–3). Infection can also lead to serious 
recurrent eye infections, including herpetic stromal keratitis (4, 5), which causes tissue 
destruction and can lead to blindness (6). Long-term oral acyclovir treatment only 
reduces HSK recurrences by 41% because most cases are due to reactivation from latency 
(7). Approximately, 400,000 individuals in the United States suffer from recurrent HSV-1 
eye disease. Similarly, HSV-induced encephalitis is the most common cause of sporadic, 
fatal encephalitis, and two-thirds of all cases are the result of viral reactivation from 
latency (8–11).

Following acute infection where high levels of infectious virus are produced, HSV-1 
establishes a life-long latent infection in neurons (12, 13). The HSV-1 latency-reactivation 
cycle is operationally divided into three distinct steps: establishment, maintenance, 
and reactivation. During the establishment of latency, a subset of infected neurons 
survive, viral gene expression is silenced, and latency is established (14). Maintenance 
of latency also requires survival of infected neurons, restricted lytic cycle viral gene 
expression, and little or no virus shedding. The only viral gene abundantly expressed 
in latently infected neurons is the latency-associated transcript (LAT) locus (15, 16). The 
LAT locus encodes six micro-RNAs, two novel small non-coding RNAs, a stable intron, 
three transcripts anti-sense to LAT (AL-1, AL-2, and AL-3) (17–19), and an upstream of 
LAT transcript. In general, LAT deletion mutants enhance reactivation from latency in 
rabbit and mouse models of infection (20). Notably, wild-type (wt) HSV-1, but not a 
LAT mutant, can undergo repeated heat-stress-induced reactivation events in a mouse 
model of infection indicating LAT is crucial for maintaining latency (21). LAT products 
impair apoptosis during the latency-reactivation cycle and in cultured cells (22–24) and 
productive infection (25). Collectively, LAT functions promote the establishment and 
maintenance of life-long latent infection in neurons.

Stress, physiological and psychological, is linked to an increased incidence of HSV-1 
reactivation from latency in humans (26–28). Stress activates the hypothalamus-pitui­
tary-adrenal axis, which stimulates the release of glucocorticoid hormones (GCs) (29). 
These hormones enter the cell, bind the glucocorticoid or mineralocorticoid receptors 
(GR, MR, respectively), enter the nucleus, bind specifically to GR response elements, 
and stimulate gene expression (30). The synthetic corticosteroid dexamethasone (DEX), 
which mimics the effects of endogenous corticosteroids, accelerates HSV-1 reactivation 
from latency (31). Approximately 50% of TG sensory neurons express GR (31, 32), thus it is 
plausible that corticosteroids and GR activation directly stimulate HSV-1 lytic cycle virus 
gene expression. GR and stress-induced transcription factors, Krüppel-like factor 4 (KLF4), 
KLF15, and Slug (Snai2) for example, cooperatively transactivate key immediate early (IE) 
viral promoters that drive the expression of transcriptional regulatory proteins, including 
infected cell protein 0 (ICP0) (33, 34), ICP4 (35), ICP27 (36), or VP16 (37). GR may also 
promote viral replication and spread by interacting with two transcription factors (AP-1 
and NF-κB) that stimulate the expression of inflammatory cytokines and innate immune 
modulators: consequently, corticosteroids exhibit anti-inflammatory properties (38).

The objective of this study was to test whether GR regulates the HSV-1 latency-reacti­
vation cycle using a mouse ocular infection model. A mouse strain that contains a serine 
to alanine mutation in position 229 of GR (GRS229A) was used for these studies. These 
studies revealed virus production during explant-induced reactivation from latency is 
significantly reduced in female GRS229A mice relative to male GRS229A mice or parental wt 
C57BL/6J mice regardless of sex. Reduced virus shedding correlated with lower numbers 
of VP16 + TG neurons in female GRS229A mice during early stages of explant-induced 
reactivation. These studies highlight the complexity of HSV-1-host interactions during 
early stages of reactivation from latency.
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RESULTS

Analysis of GRS229A mice and cells obtained from these mice

To test whether GR plays a role in the HSV-1 latency-reactivation cycle, a mutant mouse 
strain where the murine GR contains a serine 229 to alanine mutation (GRS229A) was used. 
The mouse GR serine 229, and its human homolog GR serine 211, can be phosphorylated 
by several protein kinases, and phosphorylation is essential for optimal GR-mediated 
transcriptional activation, reviewed in reference (39). Mutation of serine 211 of the 
human GR induces conformational changes in the GR activation function region-1, which 
correlates with reduced transactivation of promoters containing GREs (40).

Although GR knockout mice were developed (41, 42), most pups die at birth because 
of respiratory failure (43). A conditional GR mutant that does not express GR in the 
nervous system (GrNesCre) was also developed (44); however, GrNesCre mice are smaller 
than parental mice and have altered fat deposition because they express higher levels 
of corticosteroids in serum due to disruption of the hypothalamic/pituitary axis. Thus, 
this strain did not appear to be suitable for the goals of this study. Conversely, GRS229A 

breed efficiently, pups are healthy, and similar numbers of male and female pups are 
born. Genotyping of mice confirmed male and female GRS229A breeding pairs contained 
the ~230 bp mutant GRS229A fragment flanked by double-mutant Lox71/Lox66 and 
Lox2272 sites: conversely, the same primers yielded a smaller ~180 bp fragment in 
parental C57BL/6J mice (Fig. 1A).

Primary kidney cells were prepared from GRS229A mutants and parental C57BL/6J mice 
(referred to as wt mice hereafter) to compare GR phosphorylation at Ser 229. Kidney cells 
were used for these initial studies because they have a relatively high rate of proliferation 
and do not senesce as rapidly as primary cells derived from other organs. An antibody 
that specifically recognizes phosphorylated GR on serine 211/229 was used for this study. 
Upon addition of DEX, phosphorylated GR (Phos-GR) localized to the nucleus of wt mice, 
which was expected (39, 45) (Fig. 1B). Conversely, Phos-GR staining in kidney cells 
derived from GRS229A mice was not detected after DEX treatment (Fig. 1B). As expected, a 
monoclonal antibody that recognizes total GR revealed strong fluorescence in wt and 
GRS229A mice (Fig. 1C).

To further confirm the loss of serine 229 phosphorylation in GRS229A mutant mice, 
western blots using antibodies that recognize total GR or phosphorylated GR were 
performed (Fig. 1D and E). Wt or GRS229A mice were treated with DEX (1 mg/kg of body 
weight) for 2 h to stimulate GR phosphorylation prior to the collection of lung tissue. 
Mice treated for 2 h with vehicle (PBS) served as controls. Phosphorylated GR was 
detected in wt animals treated with PBS, and DEX treatment resulted in enhanced 
phosphorylation (Fig. 1D and E). As expected, the antibody that specifically recognizes 
phosphorylated GR on serine 211/229 did not detect GR in GRS229A mice regardless of 
whether DEX was added. Total GR was readily detected in wt and GRS229A regardless of 
DEX treatment.

Examination of HSV-1 replication in primary kidney cells from GRS229A mice

Primary kidney cells from GRS229A or wt mice were subsequently infected with the 
neurovirulent HSV-1 strain McKrae at a multiplicity of infection (MOI) of 1. Twenty-four 
hours after infection virus replication was measured by plaque assays (Fig. 2). Male and 
female wt kidney cells yielded ~7 × 103 PFU/mL. In sharp contrast, kidney cells derived 
from GRS229A males and females shed significantly lower levels of infectious virus (~3 × 103 

PFU/mL). These studies indicated that GR phosphorylation of Ser 229 enhances viral 
replication in primary kidney cells, which is consistent with previous studies demonstrat­
ing a GR-specific antagonist CORT-108297 significantly reduced viral replication in a 
mouse neuroblastoma cell line (Neuro-2A) (33).
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Comparison of HSV-1 titers during acute infection in wt mice versus GRS229A 

mutant mice

Virus replication during acute infection in GRS229A mutant mice was compared to wt mice. 
Eight-week-old male and female mice were ocularly infected with HSV-1. Ocular swabs 
were collected every other day for 10 days, and then every 5 days (Fig. 3A). Plaque assays 
were used to measure virus titers from the cornea and conjunctiva. Male and female wt 
control animals and GRS229A female mice shed similar levels of virus (104–105 PFU/mL) at 2- 
and 4 days post-infection (dpi) (Fig. 3B). However, GRS229A males shed significantly lower 
levels of infectious virus, never reaching above 104 PFU/mL (Fig. 3B). Male and female 
GRS229A mice stopped shedding virus from cornea and conjunctiva at 6 dpi; however, wt 
males and females shed virus until 8 dpi. From 10 dpi until 30 dpi, infectious virus was 
not detected in ocular swabs indicating latency was established and maintained.

Since TG are an important site for HSV-1 latency after ocular infection (46), virus 
replication was measured in TG at 4 and 8 dpi. At 4 dpi, wt and GRS229A mice were 
shedding ~5 × 103 PFU/mL infectious virus in TG (Fig. 4A). At 8 dpi, TG from wt male or 
female mice were shedding ~103 PFU/mL infectious virus. In contrast, virus was not 
detected in TG of GRS229A mice at 8 dpi (males and females; Fig. 4A).

To assess viral DNA levels in TG, qPCR was performed using primers directed against 
the HSV-1 glycoprotein B (gB) gene, which is highly conserved across all HSV-1 strains 

FIG 1 Confirmation GRS229A mice do not express phosphorylated serine 229. (A) Representative PCR genotyping of wt and GRS229A male and female mice. WT mice 

display bands at 180 bp using primers described in Materials and Methods. Conversely, the same primers amplify a 230 bp fragment in GRS229A mice confirming 

the flanking Lox sites are present. (B and C) Primary kidney cells from wt or GRS229A male or female mice (n = 5 mice/group, two independent experiments) were 

prepared. These cells were treated with DEX and stained for serine 229 phosphorylated GR (panel B, green) or total GR (panel C, green). DAPI nuclear staining 

(blue) was included in all samples to visualize GR nuclear localization. Representative images from female mice are shown (40× magnification). (D) Representative 

western blot from wt and GRS229A animals. Mice were treated with vehicle (PBS) or DEX for 2 h prior to tissue collection. Membranes were probed with antibodies 

specific for phosphorylated GR (pGR) or total GR. β-actin was included as a loading control. (E) Quantification of phosphorylated GR to total GR from western 

blots. Data represent the mean ± SD (n = 2–5 mice per group).
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(47–49). Female GRS229A had significantly lower levels of gB DNA relative to GAPDH DNA 
in TG at 4 dpi (Fig. 4B). Male GRS229A had slightly elevated gB DNA levels; however, these 
differences were not statistically significant relative to wt mice at 4 dpi. By 8 days post-
infection and latency (30 dpi), gB DNA levels were 2-log lower than 4 dpi (Fig. 4C and D). 
No significant differences in gB DNA levels were identified in any of the groups at 8 or 30 
dpi suggesting establishment of latency was not significantly different in wt versus 
GRS229A mice (Fig. 4C).

Total GR expression is similar in wt mice and GRS229A mice during acute 
infection and latency

Immunohistochemistry studies were performed to compare the number of TG neurons 
expressing GR in wt versus GRS229A mice during acute infection (4 dpi) or latency (denoted 
as L in Fig. 5 and 6). TG from mice at 4 dpi (Fig. 5A) and 30 dpi (Fig. 5B) were dissected and 
immunohistochemistry (IHC) studies were performed. Since virus shedding is not readily 
detected at 30 dpi (Fig. 2B), this time-point is operationally defined as latency. There was 
not a significant difference in the number of TG neurons expressing total GR in GRS229A 

mice versus wt mice during acute infection or latency (Fig. 5C). Approximately 50% of TG 
neurons expressed GR, consistent with independent studies (31, 32).

Additional studies compared GR phosphorylation in TG neurons at 4 dpi or 30 dpi 
(latency). Two important observations were observed: (i) GR phosphorylation of serine 
229 was readily detected in TG neurons of wt mice but not GRS229A mice at 4 dpi (Fig. 6A); 
and (ii) GR phosphorylation of serine 229 was not readily detected in TG neurons during 
latency for all mice (Fig. 6B). Quantification of TG neurons stained with the GR antibody 
that specifically recognizes serine 229 confirmed wt mice contained significantly more 
TG neurons when stained at 4 dpi (Fig. 6C). In summary, these studies revealed that 
GRS229A mice expressed similar levels of GR in TG neurons, but serine 229 phosphorylation 
was not detected in GRS229A mice, consistent with the studies presented in Fig. 1.

FIG 2 HSV-1 infection of primary kidney cells. Primary kidney cells were prepared from wt and GRS229A mice (males and 

females: n = 4–6 from three separate experiments). These cells were infected with HSV-1 at an MOI of 1. Twenty-four hours 

post-infection cells were collected, freeze-thawed three times at 37°C/−80°C, and used to plaque on Vero cell monolayers. 

Data shown are the mean ± SD for triplicate wells of duplicate experiments in PFU/mL × 103. NS is not significant; **P < 0.01 

and ***P < 0.005 by Student’s t-test.
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Explant-induced reactivation from latency is impaired in GRS229A female mice

TG from latently infected mice (30 dpi) were dissected, minced into smaller pieces, and 
incubated with minimal essential medium (MEM) + 2% charcoal-stripped fetal bovine 
serum (FBS) in the presence of DEX to accelerate virus reactivation (31). FBS that is 
passed through a column containing “activated” charcoal will remove hormones, lipid-
based molecules, certain growth factors, and cytokines yielding stripped FBS. However, 
this process does not remove salts, glucose, and most amino acids. Aliquots of superna­
tant were collected to measure the shedding of infectious virus (Fig. 7). Notably, GRS229A 

female mice shed significantly lower levels of virus at every timepoint examined relative 
to wt mice or male GRS229A mice. For example, virus shedding from female GRS229A mice 
did not exceed 103 PFU/mL. Conversely, TG from wt male and female mice, and GRS229A 

males, shed higher levels of infectious virus in a time-dependent manner after explant, 
which is consistent with previously published studies (31, 50). Viral titers from wt mice 
(males and females) and GRS229A males increased from approximately 104 PFU/mL at 6 
days after explant to approximately 106 PFU/mL at 10 days after explant.

LAT expression is reduced in TG of GRS229A female mice

LAT expression is a hallmark of latency because it is the only viral transcript abundantly 
expressed during latency, reviewed in references (13–16). TG from latently infected mice 
were used to prepare total RNA and perform reverse transcription and quantitative 
polymerase chain reaction (RT-qPCR) to detect LAT expression. Surprisingly, significantly 

FIG 3 Examination of HSV-1 ocular shedding in GRS229A or wt mice. (A) Schematic of animal infection studies. GRS229A or wt 

mice were ocularly infected with HSV-1 on day 0. Every other day, ocular swabs were collected until day 10 when swabs were 

then collected every 5 days. On days 4, 8, and 30, mice were humanely euthanized, and TG dissected. (B) Infectious virus in 

ocular swabs was measured at the denoted days after infection for each group. Data are shown as timeplot mean ± SEM of 

individual animals (n = 5 mice/group, three separate experiments); **P < 0.01 t-test as compared to every other group; ## P < 

0.01 for wt mice compared to GRS229A mice using unpaired t-test.
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lower levels of LAT were observed in TG from GRS229A female mice relative to wt mice 
(males or females) (Fig. 8). This was unexpected because viral DNA levels were similar in 
wt and GRS229A mice regardless of sex (Fig. 4D). To further confirm decreased levels of LAT 
expression, the ratio of LAT to viral genomes was calculated. As observed in Fig. 8A and 
4D, the ratio of LAT to gB is consistent for wt and GRS229A male animals with ~10× more 
LAT expression than gB (Fig. 8B). In comparison, GRS229A female mice expressed signifi-
cantly lower LAT:gB ratio, with 10× more gB DNA compared to LAT RNA levels.

In summary, these studies revealed that female GRS229A mice produced lower levels of 
infectious virus during explant-induced reactivation from latency, which correlated with 
reduced LAT expression in female GRS229A mice.

Examination of ICP0, ICP4, and VP16 in TG neurons during early stages of 
explant-induced reactivation from latency

We suggest the efficiency of reactivation from latency is regulated by at least three 
distinct steps: (i) the number of neurons that express lytic cycle genes and produce 

FIG 4 Measurement of infectious virus in mouse TG during acute infection. (A) TG were dissected from animals at 4 and 

8 days post-infection, TG were collected, minced into three to four pieces, and then incubated with Vero cell monolayers 

to plaque for HSV-1. ND: none detected. (B–D) At 4-, 8-, and 30 days post-infection (latency), TG were collected from four 

animals/group. DNA was prepared from the respective samples, and qPCR was performed using gB primers for HSV-1 or 

mouse GAPDH DNA. Ratio of gB:GAPDH DNA was calculated using the Delta-Delta CT method. Left and right TG were 

analyzed separately. ***P < 0.005 using Student’s t-test. For these studies, n = 4–6 mice/group, and two separate experiments 

were performed.
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infectious virus following the initial "reactivation stimulus,” (ii) secondary spread of 
infectious virus to adjacent neurons plus perhaps non-neuronal cells, and (iii) efficiency 
of lytic cycle viral gene expression in cells after secondary virus spread and subsequent 
production of infectious virus. To examine the expression of key viral regulatory proteins 
in TG neurons during early stages of explant-induced reactivation, IHC was performed as 
previously described (31, 37). For these studies, we examined ICP0, ICP4, and VP16 
expression in TG neurons. The rational for choosing these three viral proteins is they have 
been reported to trigger reactivation from latency, reviewed in reference (12). TG were 
dissected and incubated with 2% stripped FBS and DEX for 8 h prior to formalin fixation, 
paraffin embedding, and IHC. Eight hours after TG explant was chosen because previous 
studies demonstrated ICP0, ICP4, and VP16 can be detected in TG neurons by IHC (31). 
However, ICP0, ICP4, and VP16 protein expression are not readily detected in TG neurons 
at 4 h after explant (31). Based on these observations, secondary spread of infectious 
virus and subsequent expression of viral genes in adjacent neurons or non-neuronal cells 
is not likely to occur at 8 h after TG explant. Fewer VP16 + TG neurons were detected in 
GRS229A females when compared to wt mice (females and males) and GRS229A males 8 h 

FIG 5 GR expression in TG of HSV-1 infected mice. (A) Representative IHC images of total GR expression in TG from wt or 

GRS229A mice (males and females) at 4 dpi. Female mice are denoted (F), males (M), 4 days (4 dpi), or L (latency) (n = 4–6 

mice/group, two independent experiments). (B) IHC of total GR expression in TG from male (M) and female (F), wt or GRS229A 

mice (n = 5 mice/group, three separate experiments). (C) Quantification of GR-positive TG neurons from IHC in panels A and B. 

Data are shown as percentage of GR-positive TG neurons out of 500 total TG neurons counted per field of view.
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FIG 6 Examination of phosphorylated GR in TG of HSV-1 infected mice. (A) IHC of GR serine 229 phosphorylation from wt or GRS229A male (M) and female (F) mice 

infected with HSV-1 for 4 days (n = 4–6 mice/group, two independent experiments). Black arrows denote positively stained TG neurons. (B) GRS229A IHC in male 

(M) and female (F), wt and GRS229A mice (n = 5 mice/group, three separate experiments) 30 days post-infection (latency, “L”). (C) Data derived from IHC studies in 

panels A and B were quantified. Results are shown as percentage of positive phosphorylated-GR neurons out of 500 counted neurons per field of view. NS: not 

significant; ND: none detected; ****P < 0.001 Student’s t-test.

FIG 7 Examination of HSV-1 explant-induced reactivation. TG from male or female wt and GRS229A mice were dissected 30 dpi (latency) (n = 5 mice/group and 

three independent experiments). After mincing TG into small pieces, pieces were incubated in MEM + 2% stripped FBS and 10 µM DEX. Daily aliquots of MEM 

were collected and used to measure virus titers during HSV-1 explant-induced reactivation from latency; *P < 0.05 and ***P < 0.005 by Student’s t-test.
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after TG were explanted (Fig. 9A). Quantification of VP16 + TG neurons confirmed 
significantly fewer VP16 + TG neurons were detected in GRS229A female mice (Fig. 9D). For 
all the mice, the number of TG neurons expressing ICP0 (Fig. 9B) was approximately 10% 
(Fig. 9D). Interestingly, the number of ICP4 + TG neurons (Fig. 9C) detected in the TG of 
GRS229A female mice was higher relative to the other three groups (Fig. 9D). As previously 
reported (31), the number of VP16 + TG neurons at 8 h after explant-induced reactivation 
was higher than TG neurons expressing ICP0 or ICP4.

DISCUSSION

Increased episodes of reactivation from latency in people correlate with increased 
ultraviolet (UV) light exposure, heat stress (fever), trauma, immune suppression, and 
stress (12–14, 26, 28, 51, 52). Notably, these stimuli increase the incidence of reactiva­
tion from latency in mouse models of infection and/or stimulate productive infection 
in cultured cells (31, 52–54). These cellular stressors increase corticosteroid levels and 
presumably activate GR. For example, UVB and UVC, but not UVA, increase cortisol 
production in human skin cultures (55), and a single dose of UVB light treatment 
stimulates corticosteroid production in C57BL/6 mice (56). Furthermore, heat-stress-
induced HSV-1 reactivation from latency is impaired by cyanoketone, an inhibitor 
of glucocorticoid synthesis (57). The phosphatidylinositol 3-kinase (PI3-kinase)/Akt 
signaling axis plays a pivotal role in maintaining HSV-1 latency in several rodent neuronal 
models of latency, reviewed in references (12, 57, 58). GR interacts with PI3-kinase (59) 
and inhibits PI3-kinase signaling (60). While these observations support a significant role 
for GR activation during reactivation from latency, certain latently infected neurons may 
have different pathways to reactivation that do not require increased corticosteroids or 
GR activation.

Infectious virus in cornea and conjunctiva of GRS229A male and female mice ended 6 
days after infection; however, high levels of infectious virus were detected in wt mice 6 
days after infection. Reduced viral titers were also detected in primary kidney cells from 
GRS229A male and female relative to primary kidney cells from wt mice. These observations 
suggest that reduced efficiency of lytic virus spread in TG may impair virus shedding 

FIG 8 LAT expression in TG of latently infected mice. (A) TG from latently infected mice (30 dpi) were dissected from five mice/group from three separate 

experiments and then incubated in TRIzol. RNA was prepared as described in Materials and Methods. cDNA was synthesized using random hexamers, and 

qPCR was performed using primers for HSV-1 LAT and mouse GAPDH. Data are shown as the ratio of LAT:GAPDH RNA. Left and right TG from each animal 

were analyzed separately: ****P < 0.001 using Student’s t-test. (B) RT-qPCR Cq values for LAT expression were compared to Cq values from qPCR for gB DNA to 

calculate the ratio of LAT expression to viral genomes. Data are shown as box plots from maximum to mininum values with a line at the median for two separate 

experiments (n = 4 mice each). ****P < 0.001 using Student’s t-test.
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during explant-induced reactivation from latency in GRS229A females. Since reduced viral 
titers were detected in GRS229A males and females during acute infection and in primary 
kidney cells from GRS229A males and females, other factors must mediate the female-spe­
cific reduction of virus shedding in GRS229A mice during explant-induced reactivation. For 
example, the finding that fewer VP16 + TG neurons were detected in female GRS229A mice 

FIG 9 HSV-1 protein expression during reactivation from latency. TG from wt or GRS229A male (M) and female (F) mice latently infected with HSV-1 (30 dpi) were 

collected and explanted in MEM + 2% stripped FBS and 10 µM DEX for 8 h. Tissues were then formalin fixed, paraffin embedded, and thin sections on glass 

slides stained with commercially available antibodies directed against VP16 (1:100, panel A), ICP0 (1:100, panel B), or ICP4 (1:200, panel C). Black arrows denote 

positively stained TG neurons. Data are shown as representative images from two separate experiments. (D) Quantification of key viral regulatory proteins during 

explant-induced reactivation. The percentage of positive TG neurons was calculated from TG sections shown in Fig. 9. A ratio of positively staining neurons to 

total neurons per field of view for a total of minimum 500 neurons. **P < 0.01 and ****P < 0.001 using Student’s t-test.
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is predicted to be an important reason why reduced virus shedding occurred during 
explant-induced reactivation. Conversely, higher numbers of ICP4 + TG neurons in female 
GRS229A mice do not correlate with reduced explant-induced reactivation. We also suggest 
additional cellular and viral factors negatively reduce virus shedding in GRS229A females, 
but not males, during explant-induced reactivation.

Our studies also suggest sex-specific virus-host interactions in TG neurons mediate 
differences in viral titers of male versus female GRS229A mice during explant-induced 
reactivation. Sex-specific differentially expressed genes (DEGs) were identified in TG 
neurons of C57BL/6 J mice using RNA-sequencing approaches (61). For example, female 
selective DEGs regulate (i) growth factors and their receptors; (ii) immune regulators; 
(iii) channel and transmembrane proteins that regulate nervous system function/devel­
opment; and (iv) extracellular matrix proteins. Conversely, male selective DEGs were 
identified, which regulate: (i) oxidation–reduction, (ii) cellular respiration, and (iii) 
macromolecule and protein metabolism. This study also identified female-specific DEGs 
in TG, which regulate gene expression and translation. The male sex hormone, androgen, 
was also reported to regulate GR activity in a tissue-specific manner (62) suggesting 
androgen and the androgen receptor may enhance explant-induced reactivation in TG of 
male GRS229A mice. Future studies are designed to examine the role the sex hormones 
(androgen, estrogen, and progesterone) and their respective receptors play during 
explant-induced reactivation from latency in wt and GRS229A mice.

The HSV-1 genome contains numerous consensus GREs (C. Jones, unpublished data), 
but promoters that drive the expression of IE viral transcriptional regulators (ICP0, 
ICP4, or ICP27) do not contain consensus GREs. Despite lacking GREs, cis-regulatory 
modules (CRMs) in these promoters are transactivated by GR and certain stress-induced 
transcription factors (33–37). For example, GR and Krüppel-like factor 4 (KLF4) and KLF15 
cooperatively transactivate these CRMs. Furthermore, GR and KLF4 or KLF15 occupy viral 
sequences in these viral CRMs. GC-rich sequences and/or consensus Sp1 family members 
are essential for transactivation suggesting these transcription factors directly stimulate 
transcriptional activity. Sp1 and KLF family members belong to the same super-family of 
transcription factors (63) and interact with GC or CA sequences. Since GR can transacti­
vate promoters when certain GREs are located 5–19 kb pairs from the promoter (64), 
we cannot rule out that certain GREs participate in activating the expression of these 
key regulatory viral genes in vivo. Finally, one of the HSV-1 origins of replication (oriL) 
contains a functional GRE, and oriL activity is stimulated by DEX in rat neuronal cells (65). 
Point mutations in the oriL GRE impair acute infection and reactivation from latency in 
mice (66). These observations suggest GR activation may have many effects on HSV-1 
replication and gene expression.

GR interacts with the p65/p50 heterodimer that binds NF-ΚB binding sites (67) and 
represses NF-ΚB-dependent transcription, which is one reason why GR impairs inflam-
mation and immune responses (29, 68). The immunosuppressive properties of GR and 
corticosteroids are clearly important for regulating influenza (69) and human cytomega­
lovirus (70) pathogenesis. A cellular protein, striatin-3, interacts with human GR and 
forms a trimeric complex with phosphatase 2A, which specifically dephosphorylates 
serine 211 (71). As expected, dephosphorylation at serine 211 impairs GR-mediated 
transactivation. Interestingly, GR that is not phosphorylated at serine 211 still exhibits 
GR-dependent trans-repression. Consequently, the serine 229 GR mutant in GRS229A mice 
would be expected to control inflammatory responses like wt GR. While we believe 
GR-mediated transactivation of cellular stress-induced transcription is an early step 
during successful reactivation from latency, the ability of GR to inhibit inflammation 
and immune responses will likely promote HSV-1 replication and spread in vivo.
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MATERIALS AND METHODS

Viruses and cell lines

HSV-1 strain McKrae (NCBI:txid10298, GenBank: OL638991.1) was obtained from the 
late Dr. Steven Wechsler (University of California, Irvine Medical School) and grown 
in Vero monkey kidney cells (ATCC CCL-81) that contain minimal essential medium 
(Corning) supplemented with 10% fetal bovine serum (Atlas Biologicals), 2  mM L-
glutamine (Corning), and antibiotics (100 IU/mL penicillin, 100  µg/mL Streptomycin, 
Cytiva Hyclone) at 37°C, 5% CO2 until >80% CPE (cytopathic effect) was observed. Viral 
aliquots were obtained through serial freeze-thawing of cells and subsequent centrifuga­
tion to remove cellular debris. Virus was titered on Vero cell monolayers to determine 
PFU/mL for each stock prior to infection of mice.

Mouse breeding and infection studies

The GRS229A mice were developed by Dr. John A. Cidlowski (NIEHS) using targeted 
embryonic stem (ES) cells in which exon 2 of the mouse Nr3c1 (GR) gene was replaced 
with a neomycin cassette flanked by lox71 and lox2272 sites and a recombinase-medi­
ated cassette exchange approach that has been described previously (72). In brief, an 
exchange vector was generated, which contained exon 2 of the mouse GR gene in 
which the AGT codon (serine) was mutated to GCT (alanine) at amino acid position 
229. The exchange vector also contained a hygromycin selection marker flanked by Frt 
sites. Flanking the hygromycin and mutant GR S229A exon 2 cassettes were lox66 and 
lox2272 sites that permit Cre recombinase-dependent directional insertion of DNA in 
conjunction with the lox71 and lox2272 sites on the targeted allele. The targeted ES cells 
were transfected with the exchange vector and Cre, and ES cells undergoing successful 
cassette exchange were confirmed by PCR. The GRS229A positive ES cell clone was injected 
into C57BL/6J blastocysts (The Jackson Laboratory, 000664) to create chimeric mice. 
Chimeric males were bred with albino B6(Cg)-Tyrc-2J/J females (The Jackson Laboratory 
000058) to confirm germline transmission, and the hygromycin cassette was deleted by 
crossing mice with Flp-deleter mice. The resulting Nr3c1S229A/S229A mice (GRS229A knockin) 
were maintained on a C57BL/6 background. Mice were genotyped by PCR using 
the following primers: forward, 5′-CTGTTAGAGCATTTCAGTGTGTAGGGACC-3′; reverse, 
5′-GGTACTTGCTAACTGAATCCTGAAAATTCTAATC- 3′ giving a fragment size of 230 bp for 
GRS229A and 180 bp for C57BL/6J(Fig. 1A).

Animals were maintained in Techniplast Blue Line Next individually ventilated cages 
with 10–15 air changes/h within air-conditioned, temperature and humidity-controlled 
environments with a 12 h-light/dark cycle. C57BL/6J male and female breeding pairs 
were purchased from Jackson Labs; GRS229A breeding pairs were developed and gifted by 
Dr. John A. Cidlowski (NIEHS). All breeders were fed high-fat diet (11% LabDiet, St. Louis, 
MO, USA) and retained until either 6 months of age or six successful litters (gestational 
period ~18 days). If dams were found to have dystocia prior to the 6-month timepoint, 
they were humanely euthanized. GRS229A and wt male and female litter mates were used 
for each experiment. Pups were sexed and weaned from parental breeding pairs 21 days 
post-birth and placed in cages (five animals/cage). Between 6 and 8 weeks of age, mice 
were transferred to disposable Techniplast cages within a BSL-2 approved facility and 
allowed to acclimate for a minimum of 7 days prior to infection.

All experiments consisted of four to six mice per group with a minimum of two 
independent experiments. Mice were ocularly infected with 105 PFU of HSV-1 strain 
McKrae without scarification of the eye as previously described (31, 73). Both eyes were 
infected. Swabs from ocular surfaces were collected every other day for the first 10 dpi 
followed by swabbing every 5 days for the remainder of the experiment. Plaque assays 
were performed to measure infectious virus. At 4-, 8-, and 30 dpi, mice were humanely 
euthanized and tissues were dissected for immunohistochemistry, virus plaquing, or 
qPCR.
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Western blotting

GRS229A and wt mice were treated with vehicle (PBS) or 1 mg of DEX/kg of body weight for 
2 h. Lung was collected and lysates were prepared in radio-immunoprecipitation assay 
(RIPA) buffer with protease and phosphatase inhibitors (cOmplete mini and PhosStop, 
Roche) and used for western blotting. Samples were quantitated using Bradford assay 
and ~50 µg protein was loaded on 4–12% Tris-glycine gels (Novex) prior to transferring 
to LiCor PVDF membrane. Following blocking with 5% non-fat milk in Tris-buffered 
saline (TBS) with 0.05% Tween-20, membranes were incubated with primary antibody 
overnight: Phos-Glucocorticoid receptor (Cell Signaling Technology, cat #4161) and 
total Glucocorticoid receptor D8H2 (Cell Signaling Technology, cat #3660) both 1:1,000 
dilution; Actin clone C-4 (Millipore cat# MAB1501) was used as a loading control.

Following primary antibody incubation, membranes were washed and probed with 
secondary antibody for 1 h at room temperature: Alexa Fluor 680 goat anti-rabbit (Life 
Technologies) and Goat anti-mouse IRDye 800CW (Licor). Membranes were imaged and 
quantitated using LiCor Odyssey imaging system.

Primary cell preparation and immunocytochemistry

Kidneys from uninfected GRS229A and wt control animals were aseptically dissected, briefly 
dipped in 100% ethanol, and immediately stored in MEM + 10% FBS on ice. The capsule 
of the kidney was manually removed, and the remaining tissue was minced into <3 mm 
pieces. Kidney pieces were washed three times with PBS and incubated in 0.25% trypsin 
for 4–18 h at 4°C with rocking. At 4, 8, and 18 h, the supernatant was removed, and 
single cells were pelleted via centrifugation. Tissue pieces and residual trypsin were 
moved to 37°C for 30 min and pelleted via centrifugation. Trypsin was removed and an 
equal volume MEM with L-glutamine, 10% FBS, and antibiotics was added. The remaining 
tissue and cells were gently dispersed by pipetting, filtered through a 100 µm cell 
strainer, and viability was determined via trypan blue assay.

Approximately 48 h post-isolation, cells were plated onto 8-well chamber slides 
(NUNC Lab Tek II, Cat #: 154534) and grown for 24–48 h. Media was replaced with 
MEM containing 2% charcoal-stripped FBS (Sigma) and 10 µM water-soluble DEX (Sigma) 
for 4 h prior to fixation using 100% chilled methanol for 5 min. Samples without DEX 
were included as controls. Cells were washed with TBS and incubated with either total 
GR (Cell Signaling Technology, 1:2,000 dilution) or phos-GR antibody (Cell Signaling 
Technology, 1:1,600 dilution) overnight at 4°C. Antibodies directed against HSV-1 viral 
proteins are: anti-ICP0 antibody (Santa Cruz Biotechnology, sc-53070) that was diluted 
1:50, anti-ICP4 antibody (Abcam, ab6514) that was diluted 1:250, and anti-VP16 antibody 
(Abcam, ab110226) that was diluted 1:100. The next day, cells were washed with TBS and 
incubated with secondary Alexa fluor 488 (Invitrogen) for 1 h at room temperature in 
the dark. Cells were washed with TBS and stained with 4′,6-diamidino-2-phenylindole, 
dihydrochloride (DAPI, ThermoFisher Scientific) for 10 min at room temperature prior 
to mounting of coverslips. Images were obtained with an Olympus BX microscope and 
CellSense Entry software with exposure times of ~50 (DAPI) and ~400 milliseconds 
(Alexa).

Infection of primary mouse kidney cells

Following isolation, primary mouse kidney cells were counted and plated in 24-well 
plates prior to infection with HSV-1 at a multiplicity of infection of 1 at 37°C, 5% CO2 with 
rocking. Virus was removed and cells were incubated for 24 h prior to plaquing for virus 
titers on Vero cells as described above. Data are shown as mean ± SD for PFU/mL × 103. 
**P < 0.01 and ***P < 0.005 by Student’s t-test. NS, not significant.

Ocular swabs, TG plaquing, and explant-induced reactivation

For each timepoint, swabs from ocular surfaces were collected from individual animals in 
1 mL MEM with L-glutamine, antibiotics, and 10% FBS. Samples were frozen until ready 
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for use. Serial dilutions of ocular swabs were used to infect Vero monolayers for 1 h 
at 37°C, 5% CO2 with rocking. Monolayers were overlayed with 1% methylcellulose in 
MEM with L-glutamine, 10% FBS, and antibiotics and monitored for visible plaques. If no 
plaques were observed after 72 h, samples were considered negative for the virus.

At 4- and 8 days post-infection, TG were isolated, minced into three to four pieces, and 
placed in 60 mm dishes with confluent Vero monolayers. If CPE was detected within 24 h 
(4 dpi), cells and supernatant were collected, serially frozen/thawed (−80 to 37°C), and 
titered on Vero monolayers. If no CPE was observed (8 dpi), tissue and supernatant were 
removed and 1% methylcellulose in MEM with L-glutamine, 10% FBS, and antibiotics was 
overlayed onto the monolayer and allowed to incubate for 3 days prior to crystal violet 
staining for plaque visualization.

For explant-induced reactivation, TG were collected 30 dpi in MEM with L-glutamine, 
antibiotics, 2% charcoal-stripped FBS, and 10  µM DEX. Aliquots of supernatant were 
removed daily for 10 days and used to plaque for infectious virus on Vero monolayers.

Reverse transcription and quantitative polymerase chain reaction

TG and kidney were dissected and processed as previously described with modifications 
for qPCR (74). Kidneys were used as internal negative reference tissues as they do not 
contain any HSV-1 DNA following ocular infection. The use of an internal reference 
tissue within the same animal as experimental samples provides a twofold reduction in 
technical variation and PCR efficiency (75).

Tissues were incubated in 25 mM NaOH at 99°C for 1 h and homogenized using 
a sterile, disposable microtube pestle. An equal volume of 40 mM Tris-HCl (pH 5.5) 
was added to neutralize the NaOH. Tubes were briefly centrifuged to pellet debris and 
supernatant was used for ethanol precipitation. Roughly two volumes of ice-cold ethanol 
were added to the supernatant and incubated at −20°C overnight. DNA was pelleted via 
centrifugation (18,000 g for 30 min), washed twice with 70% ethanol, and air-dried prior 
to dissolving in diethyl dicarbonate (DEPC)-water. A total of 100 ng of DNA was used as 
a template for Sybr Green qPCR (Applied Biosciences) using primers for HSV-1 gB and 
mouse GAPDH. gB forward primer 5′- AACGCGACGCACATCAAG; gB reverse primer 5′- 
CTGGTACGCGATCAGAAAGC; GAPDH forward primer 5′- CATCACTGCCACCCAGAAGACTG; 
GAPDH reverse primer 5′- ATGCCAGTGAGCTTCCCGTTCAG.

For RT-qPCR, 30 dpi TG and kidney were dissected and homogenized in Trizol using 
GentleMACS M-tubes and program RNA_01. M Tubes were centrifuged at 2,000 g for 
5 min prior to application with the Qiagen RNeasy Kit according to the manufacturer’s 
instructions. Samples were eluted with DEPC-water and analyzed for yield and quality 
using an agarose gel. If DNA was present, samples were treated with DNAseI turbo 
(Thermo) at 37°C for 10 min prior to re-purification using the RNeasy kit. Samples were 
stored at −80°C until use. cDNA synthesis was performed using SuperScript II Reverse 
Transcriptase (RT, Invitrogen) according to the manufacturer’s instructions. Briefly, ~1 µg 
RNA was combined with random hexamers (250 ng/µL) and dNTPs (10 mM) and 
incubated at 65°C for 5 min prior to chilling. RNAseOUT and DTT were added for 2 min 
at 25°C followed by RT added at 25°C for 10 min. The entire reaction mixture was then 
incubated at 50°C for 1 h followed by enzyme inactivation at 85°C for 5 min. cDNA was 
quantified via nanodrop and used for qPCR as described above substituting primers for 
HSV-1 LAT and mouse GAPDH. LAT forward primer 5′- CCTTATCTAAGGGCCGGCTG; LAT 
rev primer 5′- GGGACACATGCCTTCTTGGA.

All primers were designed through IDT. BioRad CFX Opus 96 PCR system was used 
along with CFX Maestro Analysis Software: Cq values between 20 and 35 were consid­
ered positive. Ratios of gB or LAT to GAPDH were calculated using the Delta-Delta CT 
method.

Immunohistochemistry

TG from infected animals were harvested and placed directly into neutral buffered 
formalin. Preparation of slides and subsequent IHC were performed as described (75, 76). 
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Thin sections of paraffin-embedded TG (4–5 µm) were mounted onto positively charged 
glass slides and air-dried a minimum of 24 h prior to staining. Slides were heated at 
65°C for 30 min and deparaffinized in xylene. Serial rehydration followed using decreas­
ing concentrations of ethanol. Endogenous peroxidases were blocked using 0.045% 
hydrogen peroxide for 30 min at room temperature in the dark. Antigen retrieval was 
performed using proteinase K (Dako) at 37°C for 30 min followed by blocking the slides 
with animal-free blocking solution (AFBS, Cell Signaling Technology) for a minimum of 
45 min at room temp. Vector Labs avidin/biotin blocking kit was used according to the 
manufacturer’s instructions. Primary antibodies were diluted in AFBS (1:200 phos-GR; 
1:500 GR, 1:100 ICP0 and VP16, 1:200 ICP4) and slides were incubated overnight at 4°C. 
The following day, biotinylated secondary antibody from the Vectastain ABC kit, diluted 
in AFBS, was applied for 30 min at room temperature. NovaRED substrate (Vector labs) 
was used for color development followed by counterstaining with Mayer’s hematoxylin.

All slides were imaged using an Olympus BX43 microscope and CellSense Entry 
software with auto exposure and processed using Fiji (ImageJ) (76). A minimum of 500 
neurons were counted and data were calculated as % positive = ratio of positive neurons 
to total neurons per field of view.

Statistical analysis

All graphs and comparisons were performed using GraphPad Prism software (v9.5.1). P 
values less than 0.05 were considered significant for all calculations.
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