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PURPOSE. To determine host response by gene expression in
HSV-1 latent trigeminal ganglia (TG) after sodium butyrate
(NaBu) treatment.

METHODS. Corneas of 6-week-old female BALB/c mice were
scarified and inoculated with HSV-1 17Syn� (high phenotypic
reactivator) or its mutant 17�Pst(LAT�) (low phenotypic reac-
tivator) at 104 plaque-forming units/eye. NaBu-induced viral
reactivation was by intraperitoneal (IP) administration at
postinfection (PI) day 28, followed by euthanasia after 1 hour.
NaBu-treated, uninfected mice served as the control. The re-
sultant labeled cRNA from TG isolated total RNA was hybrid-
ized to gene microarray chips containing 14,000 mouse genes.
Quantitative real-time PCR was performed to confirm gene
expression.

RESULTS. Differential induction of gene expression between
17Syn� and its mutant 17�Pst(LAT�) was designated as NaBu-
induced gene expression and yielded significant upregulation
of 2- to 16-fold of 0.4% (56/14,000) host genes probed, com-
prising mainly nucleosome assembly and binding, central ner-
vous system structural activity, hormonal activity, and signaling
activity. Approximately 0.2% (24/14,000) of the host genes,
mainly of the same functional categories were downregulated
3- to 11-fold. Immune activity was minor in comparison to our
reports on gene expression during latency and heat stress
induction. Euchromatin analysis revealed that the LAT-ICP0
locus is amenable to the effects of NaBu. Histone activity was

detected by early transcription of histone cluster 2 H2be
(Hist2h2be).

CONCLUSIONS. NaBu-induced reactivation of HSV-1 is twofold:
drug action involving significant moderation of specific host
epigenetic changes and failure to elicit or suppress immune
activity at the early time point of 1 hour. (Invest Ophthalmol
Vis Sci. 2011;52:1770–1779) DOI:10.1167/iovs.09-5019

Sodium butyrate (NaBu), a short-chain fatty acid that func-
tions as an endogenous inhibitor of histone deacetylase

(HD) enzymes, is a byproduct of carbohydrate metabolism in
the gastrointestinal tract.1,2 HD inhibitors are potent inducers
of growth arrest, differentiation, and/or apoptosis of cells in
vitro and in vivo.3–5 HSV-1 reactivation in mice with a fre-
quency of 75% to 100% has been induced in vivo using single
and multiple doses of NaBu.6 The in vivo changes in the
patterns of chromatin structure associated with the HSV-1
genome in mouse trigeminal ganglia (TG) after NaBu treatment
have been detected as early as 0.5 hour after NaBu treatment.7

NaBu has been used in vitro to induce HSV-1 reactivation in
quiescently infected neuronal PC-12 cells.8

Reactivation from HSV-1 latent sensory ganglionic neurons
such as the TG can lead to peripheral shedding of infectious
virus that could manifest in the eye as debilitating recurrent,
epithelial, ulcerative, and/or stromal keratitis causing corneal
scarring, thinning, and neovascularization.9 HSV-1 encephalitis
is the most common cause of sporadic fatality and an estimated
two thirds of such cases are most likely the result of viral
reactivation from latency.10,11 Therapies for HSK are not en-
tirely successful, because many patients either do not respond
to intensive combination therapy or have rapid recurrence.12

Therapeutic application of HD inhibitors for central nervous
system disorders has also been studied.13 Recently, we have
shown that HSV-1 infection of human brain cells induces
microRNA, miRNA-146a, and AD-type inflammatory signal-
ing.14 The HSV-1 lifecycle after initial infection alternates be-
tween a productive phase of approximately 2 weeks15 and a
distinguishable latency phase,11,16–20 in the latter of which the only
abundant viral transcript is the non–protein-encoding LAT.21–23

LAT is not crucial for the establishment or maintenance of
latency.24 –26 It has been reported to enhance latency in rab-
bits.27 However, it is essential for efficient spontaneous reac-
tivation of HSV-1 from latency.28,29 Reactivation of the latent
HSV-1 genome has been linked to a reactivation critical region
(RCR) including the LAT core promoter through the LAT 5�
exon/enhancer, because recombinants deficient in this region
show greatly reduced reactivation phenotypes.23,30–33 LAT
overlaps the infected cell protein 0 (ICP0), an immediate-early
(IE) regulatory gene, and is transcribed off the opposite DNA
strand. LAT is required for efficient HSV reactivation in animal
models. A proposed function of LAT is the suppression of the
nearby lytic phase transcripts, ICP0, g34.5 virulence gene, and
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infected cell protein 4 (ICP4), through unidentified mecha-
nisms, thus promoting the establishment and maintenance of
latency.23,34 ICP0 is essential for productive HSV-1 replica-
tion35 and is thought to have a role in reactivation from latency.36

LAT could act to suppress IE genes. Apart from putative LAT-
mediated suppression of lytic transcripts during latency, host
molecular/immune mechanisms could contribute to the estab-
lishment of latency.37

HSV infects at least 90% of the world’s population,10,11 and
infection rates are extremely high; hence, prevention of infec-
tion is not at present a viable option. However, blockage or
significant reduction of viral reactivation from latency is a
logical therapeutic approach. Human hosts can harbor HSV in
the latent phase without any herpetic lesions appearing for
their entire lives. Recent data have documented a significant
frequency of shedding of HSV DNA in tears, saliva, and vaginal
secretions in humans without any active herpetic disease.38–42

Our hypothesis is that this random HSV DNA shedding and her-
petic disease is caused in part by a dynamic interaction between
the genetics and phenotype of the virus coupled with inducible
host repressive response mechanisms balancing viral latency and
reactivation. However, certain drugs can alter cellular processes,
facilitating amenable novel therapeutic approaches.

We recently investigated host gene expression during latency
and heat stress–induced reactivation of HSV-1 and noted transient
changes to occur at earlier times and to be mainly immune activity
driven.43,44 An unanswered question is the nature of the host
gene expression during NaBu-induced HSV-1 reactivation from
latency. In the present study, we investigated differences of host
gene expression in the TG of mice latent with two viruses,
LAT-positive 17Syn�, and its mutant, LAT-negative 17�Pst(LAT�),
the latter a recombinant arising from LAT promoter deletion both
of which originate from the strain 17 background.45 We deduced
a subtractive mechanism in which the panel of gene expression
resulting from the mutant 17�Pst(LAT�) (synonymous with la-
tency) was subtracted from the panel of gene expression resulting
from the parent 17Syn� (synonymous with reactivation) 1 hour
after NaBu IP injection into mice. Our analysis revealed that
transcript levels of Hist2h2be were elevated at an early time
point, paralleling a report in which octamer-containing histone
H2B has been shown in vitro to be transactivated by transfection
of the HSV-1 virion component, VP16, but not by viral infection.46

We analyzed the activity of the LAT-ICP0 locus of the viral ge-
nome to determine whether there are changes in the histone
gene expression in vivo.

MATERIALS AND METHODS

Mice, Viral Inoculation Infection Assay, and
NaBu Treatment

All animal procedures followed the Principles of Laboratory Animal
Care of the National Institutes of Health in a protocol approved by the
LSU Health Sciences Center Institutional Animal Care and Use Com-
mittee. All experiments complied with the guidelines in the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.
Identical groups of 6-week-old female BALB/c mice were anesthetized
by intramuscular injection with ketamine hydrochloride (1 mg/kg) and
xylazine (0.5 mg/kg; Vedco Inc., St Joseph, MO). Corneas were scari-
fied with a three-by-three cross-hatch pattern and inoculated with a
suspension of either HSV-1 17Syn� or its mutant 17�Pst(LAT�) at 104

plaque–forming units (pfu)/eye in 5 �L. Slit lamp examinations and
ocular swab collections were performed at postinfection days (PI) 2
and 3, to verify corneal infection. At 28 days PI, ocular swabs were
co-cultured with primary rabbit kidney cells and tested negative for
infectious virus. Drug treatment consisted of NaBu/phosphate-buffered
saline (1200 mg/kg of body weight in a 100-�L dose) administered IP.6

The mice were euthanatized 1 hour later. TG were aseptically removed

and stored (RNA/later; Ambion, Austin, TX) at �80°C until used. We
analyzed latently infected mice (six TG pooled together) for each virus:
17Syn� or its mutant 17�Pst. Two separate independent experiments for
the microarrays (12 latently infected mice, 24 TG) and three separate
independent experiments for ChIP (36 latently infected mice, 72 TG,
including 0 hour experiments) were performed for each condition. High-
quality RNA was required; the extraction protocol yielded sufficient RNA
from a minimum of six pooled TG tissues (three mice) per gene array analysis.

Total RNA Extraction

Total RNA was extracted from the TG (RNeasy kit; Qiagen Sciences,
Germantown, MD). The total RNA was DNase treated (Ambion), by
modifying the manufacturer’s protocol, and the pure total RNA was
concentrated using a cleanup kit (Qiagen). RNA was spectrophoto-
metrically assayed (ND-8000 spectrophotometer; NanoDrop Technol-
ogies, Wilmington, DE), and all the samples had an A260/A280 � 2.0.
There were no significant differences in spectral purity, rate of degra-
dation, or yield of RNA from the TG between the groups. The RNA
quality was further assayed for integrity by microfiltration on protein
chips (2100 Bioanalyzer; Agilent Technologies, Palo Alto, CA), and all
the samples agreed with the spectrophotometry and had 18s/28s � 1
and RIN values � 7 (Supplementary Methods Part A, http://www.
iovs.org/lookup/suppl/doi:10.1167/iovs.09-5019/-/DCSupplemental).

DNA Microarray Experiments

Purified RNA samples (6 �g) were reverse transcribed by T7-(dT)24

oligomer reverse transcriptase (Superscript II; Invitrogen, Carlsbad,
CA), and DNA polymerase I (Invitrogen-Gibco, Grand Island, NY) for
first- and second-strand cDNA synthesis (Superscript kit; Invitrogen)
and purified with a sample cleanup module (GeneChip; Affymetrix
Inc., Santa Clara, CA). The cDNA was used for the synthesis of biotin-
labeled antisense cRNA (target) in an in vitro transcription (IVT)
reaction using an RNA transcript labeling kit (Bioarray HighYield Tran-
script; Enzo, Farmingdale, NY). The IVT-cRNA was repurified and then
fragmented with fragmentation buffer (Affymetrix, Inc.) containing 20
�g in 40 �L. Denatured cRNA was pelleted down, to obtain a conden-
sation fragment and was dissolved in hybridization buffer to a final
concentration of 1.1 �g/�L. The cRNA cocktail was incubated at 99°C
and 45°C for a total of 10 minutes and hybridized for 16 hours to
mouse expression gene chips, representing 14,000 genes (430 2.0
array; Affymetrix). Duplicate chips were used for each of the samples.
The gene chips were washed, stabilized, and stained according to the
manufacturer’s recommendations. Each chip was scanned in the phy-
coerythrin filter using a confocal laser scanner (Supplementary Meth-
ods Part B, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.09-
5019/-/DCSupplemental). Data analysis was performed (Microarray
suite 5.0; Affymetrix) to generate an absolute analysis for each chip
(Supplementary Methods Part C, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.09-5019/-/DCSupplemental).

The relative abundance of individual genes is based on the signal
intensities of the corresponding probe sets (analyzed by ArrayAssist
4.0; Stratagene, La Jolla, CA). Data from the experiments were individ-
ually normalized using gcRMA.47 The quality of all microarray experi-
ments was assessed by the housekeeping gene probe mouse �-actin to
measure the consistency of the hybridization signals from its 3�, mid-
dle, and 5� fragments of the mRNA coding regions.48 A Student’s t-test
was performed to identify genes with significantly altered expression
(P � 0.05). These genes were then filtered to identify genes with a
twofold change between the composite data from 17Syn� latent-
infected TG and its mutant 17�Pst (LAT�) latent TG 1 hour after NaBu
IP injection into the mice. The genes with a P � 0.05 and threefold
change were also identified. Probe ontology of the genes complemented
and annotations on the microarray are accessible through the NetAffx
Analysis Center. Genes were clustered according to information available
at the National Center for Biotechnology Information (NCBI, National
Library of Medicine, National Institutes of Health, Bethesda, MD).
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Quantitative Real-Time Polymerase
Chain Reactions

HSV-1 DNA Copy Numbers. DNA from each TG removed
from 17Syn� (or its mutant 17�Pst(LAT�)) latent mice was extracted
with a DNA elute kit according to the manufacturer’s instructions
(Gentra Puregene; Qiagen). DNA samples in DNA hydration buffer were
stored at 4°C and processed for real-time PCR. DNA extracted from TG of
naïve, uninfected mice and DNA from naïve uninfected TG spiked with
17Syn� virus served as negative and positive controls, respectively.

Copy numbers of HSV-1 DNA were determined by calculating the
number of HSV-1 polymerase genes per sample. All primer pairs used
(Supplementary Table S1, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.09-5019/-/DCSupplemental) were specifically designed
and synthesized by Integrated DNA Technologies (IDT, San Diego,
CA). The real-time PCR reactions were performed in a 20-�L volume
containing a solution of 1� master mix (TaqMan Universal; Applied
Biosystems, Inc. [ABI], Foster City, CA), 100 nM of primers and probe, and
5 �L of DNA sample. For each reaction, the 96-well plate (Bio-Rad, Hercules,
CA) contained both positive and negative controls, and loaded plates were
centrifuged for 30 seconds at room temperature and 1000g in a swing-out
rotor (CRU 5000 centrifuge; Damon/IEC, Needham, MA) to eliminate any air
bubbles. The reaction protocol used was as follows: denaturation, 10 seconds
at 95°C; annealing, 30 seconds at 55°C; and extension, 10 seconds at 72°C
(iCycler iQ Multi-Color Real-Time PCR Detection System; Bio-Rad) for 45
cycles. The cosmid containing the HSV-1 DNA polymerase gene
used as a standard was obtained from David Bloom (University of
Florida, Gainesville, FL). The cosmid contained a copy of 4.8-kb
restriction fragment (HindIIIA) encompassing the HSV-1 DNA poly-
merase gene from 17Syn�. A standard curve was generated from 10-
and 2-fold serial dilutions of the pHindIIIA cosmid.

Confirmatory Analysis of Selected Genes. Reverse-tran-
scribed total RNA of 17 genes was prepared from the TG of the
NaBu-treated groups of 17Syn� and its mutant 17�Pst (LAT�) latent-
infected mice. One-third of these important expressed genes repre-
senting all the categorized functional groups were analyzed by real-
time PCR to confirm the relative quantitative expression levels
(Supplementary Methods Part D, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.09-5019/-/DCSupplemental). Primer pairs (IDT) used
included those for the host gene �-actin (Supplementary Table S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.09-5019/-/
DCSupplemental). Reverse transcription was primed with T7-Oligo
(dT) primer (Affymetrix, Inc.). Real-time PCR reactions were per-
formed in a 20 �L volume containing a solution of 1� SYBR green
supermix (iQ; Bio-Rad), 0.5 �M of forward primer, 0.5 �M of
reverse primer, and 1 �L of cDNA or 20 ng of reverse-transcribed
total RNA. A four-step protocol was used: denaturation, 3 minutes at
95°C; amplification and quantification, 40 cycles for 15 seconds at 95°C
and for 30 seconds at 60°C; melting curve, 60 to 95°C with a heating rate
of 0.5°C per second; followed by cooling using a single-color real-time
PCR detection system (MyiQ; Bio-Rad). A single-peak melting curve was
observed for each gene product. Relative quantitative expression levels
were determined for each gene. All results are displayed as an expression

ratio of the 17Syn� latent TG to its mutant 17�Pst(LAT�) latent TG 1 hour
after mouse NaBu-treatment, normalized against �-actin expression levels
using the 2-��Ct method.49

Chromatin Immunoprecipitation

NaBu-treated mice were euthanatized at 0.5 hour, 1 hour, or 2 hours
after drug treatment (latently infected non-NaBu-treated were 0 min-
ute). ChIP assays (Upstate Biotechnology, Charlottesville, VA) were
performed using anti-acetyl H3 (catalog number 06-5991; Upstate, Lake
Placid, NY)50 with minor modifications to accommodate the TG. Val-
idations of the efficiencies of ChIP assays were performed as previously
described.50 The primer pairs were specifically designed and syn-
thesized by IDT. A standard curve was generated by using 10-fold serial
dilutions of the purified 17Syn� or its mutant 17�Pst(LAT�) to control for
differences in primer sensitivities. All assays were normalized to �-actin,
for comparison between the different treatment groups of mice.

RESULTS

NaBu-Induced Gene Expression in the TG of
Latently Infected Mice Is Specific to 17Syn�

Signal intensity values between 17Syn� latent TG relative to its
mutant 17�Pst(LAT�) latent TG 1 hour post-NaBu IP injection of
mice were normalized (Microarray Suite 5; Affymetrix), resulting
in the identification of 56 (0.4%) of 14,000 upregulated genes
(twofold expression change; P � 0.05; see Fig. 2A; Supple-
mentary Table S2, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.09-5019/-/DCSupplemental) from the original
data of 17Syn� latent TG and its mutant 17�Pst(LAT�)
(Supplementary Table S3, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.09-5019/-/DCSupplemental). Twen-
ty-four genes were also downregulated (threefold change,
P � 0.05; Supplementary Table S4, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.09-5019/-/DCSupplemen-
tal). Robust multiarray analysis with correction for GC con-
tent (gcRMA) normalization51 was applied, to normalize the
data of all experiments.

Establishment of Latency as Measured by Mean
Viral DNA Copy Numbers Is Equivalent for Pooled
TG of Both HSV-1 17Syn� and Its
Mutant 17�Pst(LAT�)

In two independent experiments, we latently infected identical
mice with either 17Syn� or its mutant 17�Pst(LAT�) and
recovered TG individually from each mouse to quantify HSV-1
DNA copy numbers via the HSV-1 polymerase gene. The pur-
pose was to evaluate establishment of viral loads of 17Syn� and
its mutant 17�Pst in latently infected TG (Tables 1, 2). In the
first experiment, the mean � SEM copy numbers of six pooled
latent TG were 6.183 � 104 � 1.888 � 104 for 17Syn� and
6.025 � 104 � 1.154 � 104 for its mutant 17�Pst(LAT�). In the

TABLE 1. Copy Numbers of HSV-1 DNA in Mouse Trigeminal Ganglia in Experiment 1

Mice (6 TG)
(n � 3)

17Syn� (High
Phenotypic Reactivator)

Mice (6 TG)
(n � 3)

Mutant 17�Pst(LAT�) (Low
Phenotypic Reactivator)

Left TG Right TG Left TG Right TG

Mouse 1 9.0 � 104 0.9 � 104 Mouse 4 7.6 � 104 7.7 � 104

Mouse 2 14.0 � 104 3.9 � 104 Mouse 5 8.9 � 104 0.95 � 104

Mouse 3 4.5 � 104 4.8 � 104 Mouse 6 5.7 � 104 5.3 � 104

Mean � SEM 6.183 � 104 � 1.888 � 104 Mean � SEM 6.025 � 104 � 1.154 � 104

HSV-1 copy numbers of all samples were determined in triplicate analyses. The sum of the copy numbers of the six mutant 17�Pst(LAT�) latent TG
(representative of pooled TG from three mice used per microarray analysis sample) after averaging yielded 97.4% of HSV-1 DNA compared with that of 17Syn�

latent TG in identically infected mice, implying that relatively the same amounts of viral DNA are stably established for 17Syn� and its mutant during latency.
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second independent experiment, the copy numbers were
1.453 � 105 � 0.397 � 105 for 17Syn� and 1.458 � 105 �
0.314 � 105 for its mutant 17�Pst(LAT�). Respective similar-
ities in these two separate experiments answer the critical
question of established similar viral DNA loads of 17Syn� and
its mutant 17�Pst, which we used for performing the gene
array. A previous mouse study showed that drug (acyclovir), heat
stress, and the absence of treatment did not alter viral DNA copy
numbers in the TG of latently infected mice52 and that nonaltera-
tion of viral load in the establishment of latency has also been
shown in rabbits.53,54 Thus, HSV-1 reactivation from latency is not
a phenomenon reflecting differences in the number of latently
infected neurons or the number of copies of viral genome in
individual neurons but the ability of the 17Syn� higher pheno-
typic reactivator to trigger specific responses.

Expression of Nucleosome Assembly, Binding,
Signaling, Hormone Activity, and Structural Genes
in Response to NaBu-Induced Viral Reactivation

The 56 upregulated genes were broadly categorized into func-
tional activities and comprised nucleosome assembly and binding
(14/56; 25%), CNS structural molecules (5/56; 9%), hormone/
signaling activity (12/56; 21%), enzyme activity (5/56; 9%), im-
mune activity (3/56; 6%), electron transport (4/56; 7%), heart and

skeletal muscle activity (5/56 or 9%), and other proteins (includ-
ing transport and transcription) (8/56; 14%; Fig. 1). Genes were
significantly expressed if their change in expression was twofold
or more, yielding a total of 56 genes at 2- to 16-fold (Fig. 2A). NaBu
action affected gene expression, mainly in the structural activity
of histone, myelin sheath, and blood–brain barrier molecules, as
well as hormonal activity and signaling activity (Supplementary
Tables S5–S7, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.09-5019/-/DCSupplemental). Twenty-four genes, belonging
mainly to the same functional categories as the upregulated ones,
were downregulated 3- to 11-fold (Fig. 2B; Supplementary Table
S4, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.09-
5019/-/DCSupplemental). Transcripts of 17 of the 56 genes that
were found to be upregulated in the microarray were analyzed by
quantitative real-time PCR and their upregulation confirmed (Fig.
3; Supplementary Table S2, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.09-5019/-/DCSupplemental).

Hist2h2be Upregulation in NaBu-Induced Viral
Reactivation from Latency

The Hist2h2be gene and its transcript (Fig. 4A) were up-
regulated by approximately fivefold (Supplementary Table
S5, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.
09-5019/-/DCSupplemental). To investigate the source of

TABLE 2. Copy Numbers of HSV-1 DNA in Mouse Trigeminal Ganglia in Experiment 2

Mice (6 TG)
(n � 3)

17Syn� (High Phenotypic
Reactivator)

Mice (6 TG)
(n � 3)

Mutant 17�Pst (LAT�) (Low
Phenotypic Reactivator)

Left TG Right TG Left TG Right TG

Mouse 1� 0.90 � 105 2.10 � 105 Mouse 4� 0.85 � 105 1.30 � 105

Mouse 2� 0.75 � 105 1.05 � 105 Mouse 5� 0.35 � 105 2.40 � 105

Mouse 3� 3.15 � 105 0.77 � 105 Mouse 6� 1.85 � 105 2.00 � 105

Mean � SEM 1.453 � 105 � 0.397 � 105 Mean � SEM 1.458 � 105 � 0.314 � 105

Determination of HSV-1 copy numbers was identical to that in Table 1. The sum of the copy numbers of the six 17Syn� latent TG
(representative of pooled TG from three mice used per microarray analysis sample) after averaging yielded 99.7% of HSV-1 DNA compared to that
of the mutant 17�Pst(LAT�) latent TG in identically infected mice, implying that relatively the same amounts of viral DNA are stably established
for 17Syn� and its mutant during latency in the second separate experiment.

FIGURE 1. Broad categories of func-
tional activities of expressed genes in
the 17Syn� high phenotypic reacti-
vator latent TG relative to its mutant
17�Pst(LAT�) low phenotypic reac-
tivator latent TG, 1 hour after mouse
NaBu treatment.
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Hist2h2be activity, we prepared primary cultures of TG excised from
female BALB/c mice and cells cultured separately with live virus,
heat-inactivated virus, or no virus before incubation for 1 hour with
NaBu (Supplementary Methods Part E, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.09-5019/-/DCSupplemental). The Hist2h2be
gene was analyzed by real-time PCR in each specimen in duplicate,
only those infected with live 17Syn� virus and incubated with NaBu
showed a relatively significant increase in histone transcript (Fig. 4B).

The data show that changes in chromatin structure occurred in the
ICP0 promoter region within 1 to 2 hours of NaBu treatment (Fig. 5).

NaBu Treatment Targets Expression of Genes of
Nucleosome Assembly and Binding Molecules of
HSV-1 Latent Neurons

Binding molecules for DNA/nucleotide, protein, and metal ions
resulted in the largest cumulative upregulation of gene expres-

FIGURE 2. (A) Normalized intensi-
ties of the 56 genes that were ex-
pressed at more than twofold in the
17Syn� latent TG relative to its mu-
tant 17�Pst(LAT�) latent TG 1 hour
after mouse NaBu treatment. (B) Nor-
malized intensities of the 24 genes
(threefold change, P � 0.05) that were
downregulated in the 17Syn� latent TG
relative to its mutant 17�Pst(LAT�) la-
tent TG 1 hour after mouse NaBu treat-
ment. Changes in the expression of
genes in the 17Syn� are in multiples of
gene expression of the mutant
17�Pst(LAT�), with reference set at 1.
High: genes that were significantly al-
tered; low: genes that were indistin-
guishable from the background.
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sion (14/56; 25%; Supplementary Table S5, http://www.iovs.
org/lookup/suppl/doi:10.1167/iovs.09-5019/-/DCSupplemen-
tal; Fig 1). This was followed by hormone/signaling activity
(12/56; 21%; Supplementary Table S6, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.09-5019/-/DCSupplemental;
Fig 1). Twelve (50%) of the 24 genes that were downregulated
belonged to the same functional categories as the upregulated
genes. The opposing and, at the same time, complementary
relationship between binding and signaling provides an impor-
tant insight into the interdependence of these two disjunct
processes in the scheme of viral reactivation from latency and
how they program the LAT-ICP0 locus in a major shift to
influence the replication processes (Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.09-
5019/-/DCSupplemental).

Expression of Hormonal Activity Genes in
NaBu-Treated HSV-1 Latent Neurons

Ttr originally identified in cells of the choroid plexus had
profoundly high expression in the NaBu-treated HSV-1 latent
TG (	16-fold). Ttr, together with its three homologs, also
showed substantial gene expression activity (4/56; 7%; Supple-
mentary Table S6, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.09-5019/-/DCSupplemental; Fig. 2). Kent and
Fraser55 have shown the Ttr precursor to be downregulated
approximately fivefold (	sevenfold by real-time PCR) and that
signaling pathways are also triggered. Therefore, stress-in-
duced or spontaneous viral reactivation probably suppresses or
does not directly target Ttr activity. Expressions of Cga (	3-
fold), Pomc1 (	11-fold), and the Pomc1 homolog were de-
tected in the NaBu-treated HSV-1 latent TG although these
genes were originally identified in hypothalamus-pituitary axis
tissues (Supplementary Table S6, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.09-5019/-/DCSupplemental; Fig. 2). Pomc1
has been reported to be upregulated 	6-fold (	14-fold by real-time
PCR).55

DISCUSSION

This study has unraveled changes in host gene expression
associated with NaBu induction of HSV-1 LAT positive high
phenotypic reactivator 17Syn� (Fig. 2; Supplementary Table
S2, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.09-
5019/-/DCSupplemental), in the sensory ganglionic neurons
of the TG, known to be an important site for latent viral
genomes. The 17Syn� is a virus that reactivates in rabbits.
NaBu action at early times of viral induction suggests no
major role of immunity in contrast to our recent gene ex-
pression data of pivotal function of mainly innate immunity
in HSV-1 latency43,44 and principally interplay of adaptive
immunity and LAT-ICP0 locus function during heat stress–
induced HSV-1 reactivation from latency, the latter indicat-
ing transient upregulation that occurs at earlier times.44

Two genes were expressed by both heat stress–induced
viral reactivation44 and NaBu-induced viral reactivation. These
two genes were Cga, a hormone metabolism gene and Dlk1, an
ion- and protein-binding gene, both of which were upregulated
approximately threefold (Supplementary Table S8, http://www.
iovs.org/lookup/suppl/doi:10.1167/iovs.09-5019/-/DCSupple-
mental). Cga and Dlk1 expression could be caused by the pres-
ence of both molecules in pathways obligatorily triggered during
physiological perturbation, irrespective of the types of stimuli
involved, or these molecules could be critical to viral reactivation
from latency. Both genes belong to assembly, binding, and hor-
mone activity/signaling genes that formed 46% of the genes up-
regulated and 50% of the genes downregulated by NaBu (Figs. 1,
2; Supplementary Tables S4–S7, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.09-5019/-/DCSupplemental). Assembly, bind-
ing, and hormone activity/signaling genes also formed 28% of
upregulated genes during heat stress induction.44 The differ-
ences in gene expression between heat stress44 and NaBu
action could be due to the mode of stimuli endured. Conse-
quentially, the abrupt change to the physiological environment
due to the injection of the drug could trigger contrasting
responses in comparison to that of heat stress, which entails a

FIGURE 3. The ratio of change in
gene expression in microarray analy-
sis versus quantitative real-time poly-
merase chain reaction of the selected
17 genes in the gene expression of
the 17Syn� latent TG relative to its
mutant 17�Pst(LAT�) latent TG 1
hour after mouse NaBu treatment. Er-
ror bars, SD of an average of results
in two duplicate independent exper-
iments.
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noninvasive external warming of the animal. The physical
nature of each of these two different treatments could affect
the physiological balance differently and produce some char-
acteristic reactions that may offer some plausible explanations

for this divergence; however, it does not indicate marked
nonspecificity or unidirectional action of NaBu. These two
stimuli are relevant to HSV pathogenesis, as butyrate is natu-
rally produced in the gut, and humans are exposed to large
differences in external temperature as well as the scorching
heat of sunlight.

Both heat stress44 and NaBu-induced gene expression could
be relevant to typical stresses or environmental changes capa-
ble of influencing the behavior of HSV-1 in neurons and trig-
gering of viral reactivation. Heat stress and NaBu action jolt the
virus to counteract the inert phase into an active replicating
state. By their nature, viral reactivation and concomitant pro-
duction of infectious virus are deleterious to the host and must
be suppressed. Thus, there is competition between virus reac-
tivation and host suppression that could provide a plausible
explanation as to why the virus remains in latency in many
individuals. Current data favor host responses that tend to
block reactivation of virus and therefore prevent shedding of
infectious particles.12,38–47,56–62 Immune profile changes that
we observed in our recent gene expression studies43,44 sup-
port this role of active host immune mechanisms in suppres-
sion of HSV-1 reactivation to enhance neuronal survival and
reduce or eliminate shedding of infectious virus in prefer-
ence to the less deleterious shedding of viral DNA. However,
our observation of relatively inactive host immunity at the
earlier time point of 1 hour suggests multiple pathways and
that during NaBu action HSV-1 reactivation could follow a
different pathway not involving immunity (Supplementary
Table S8, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.09-5019/-/DCSupplemental). NaBu action indicates its
failure to elicit or alternatively the drug’s ability to suppress
a strong host immune response (Figs. 1, 2; Supplementary
Tables S2, S4, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.09-5019/-/DCSupplemental). NaBu action re-
sulted in fewer molecules in the defense and immune func-
tional category to be upregulated (3/56; 6%) and a relatively
higher number of molecules to be downregulated (7/24;
29%). Crisp3 which we had previously reported as upregu-
lated during latency,43 was downregulated by NaBu. NaBu
has also been shown to have anti-inflammatory effects on
human monocytes in vitro.63

A nonimmune pathway of NaBu-induced HSV-1 reactivation
could be essential in virus gene therapy using oncolytic (non-
pathogenic) HSV against metastatic cancers. NaBu-induced re-
activation of oncolytic HSV would increase the efficiency of
the virus in the temporary absence of active host immunity, the
latter counteractive to virus gene therapy. NaBu could there-
fore be useful in therapies for ocular and other diseases in
which host immunity interferes with the effectiveness of treat-
ment63–66 and some evidence exists66–68 in support of this
NaBu role.

We reported upregulation of expression of immunity genes
during heat-stress–induced HSV-1 reactivation from latency44

in contrast to NaBu action. There is a likelihood that NaBu
action beyond this early time of 1 hour affects immunity dif-
ferently. However, downregulation of immunity genes (7/24;
29%), coupled with our experience and the report of a previ-
ous study,69 suggest no change in the expression change pat-
tern of any groups of genes occurring at later times or in the
long term, and that they all return to equilibrium or preinduced
levels over longer periods. In support, periods lasting longer
have not been shown to significantly influence the molecular
process during HSV-1 reactivation from latency, as Sawtell and
Thompson70 have evaluated changes in attributes from 2 to 72
hours after heat stress in the HSV-1 latent mouse of selected
molecules whose expression reflects a major shift in the phys-
iological state of the neuron. They found no noticeable
changes in the levels of these molecules over these longer

FIGURE 4. (A) The profile of Hist2h2be RNA levels (P � 0.05) at 0.5,
1.0, and 2.0 hours after mouse NaBu treatment. Six TGs in a group per
time point were separately pooled before RNA extraction from 17syn�

or its mutant 17�Pst(LAT�) latent mice. The cDNA was analyzed by
real-time PCR in triplicate using Hist2h2be primer pairs. Relative quan-
tities of Hist2h2be RNA were normalized to host �-actin, and the results
presented as percent of Hist2h2be expression relative to that at the 0-hour
time point. Error bars, the SD of an average of results in three independent
experiments. (B) The profile of Hist2h2be RNA levels (P � 0.05) in
primary cultures prepared from trigeminal ganglia from six mice. Cells
were made into a suspension by trypsinization and plated in six-well plates
for 48 hours. Monolayer cell cultures were incubated with virus, and
subsequently drug or no drug incubations were performed as stipulated
for 1 hour. Treated cells were allowed to recover before RNA extraction.
Neuronal cells were identified and estimated (13% � 1.01% of total cells
per well; n 
 	9000 estimated total cell population) by fixing and
staining with the neuronal marker �-tubulin-III (with counterstain
conjugated to AlexaFluor 594-orange red) and before fixing, viral
infection of neuronal cells (	70%) was monitored by initially incu-
bating with green fluorescent protein–tagged KOS. The cDNA was
analyzed in triplicate by real-time PCR with Hist2h2be primer pairs.
Relative quantities of Hist2h2be RNA were normalized to host
�-actin. Results presented as the percentage of Hist2h2be relative to
the 0-hour time point in the in vivo experiment. Error bars, SD of an
average of two independent experiments.
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periods in vivo,70 indicating that molecular processes in vivo
occur very early and were more subtle.44

We observed that NaBu action altered expression of genes
involved in remodeling of chromatin, which could help in
explaining viral reactivation from latency. The chromatin struc-
ture of the HSV genome in lytic (productive) and latent states
has been reviewed by Knipe and Cliffe.71 They have high-
lighted the principal events of the lytic-latent cycles. The es-
sential activities are initial nucleocapsid penetration to release
the viral genome into the nucleus which is transcribed to
sequentially express IE, early (E), and late (L) viral gene prod-
ucts. This expression is followed by fusion with the neuronal
membrane at the axonal termini and retrograde transport to
the nucleus to be latent as a circular episome associated with
nucleosomes. Stress induction or spontaneous reactivation
from the latent state involves transportation of viral DNA an-
terograde from the latent sites to epithelial cells for productive
infection. Knipe and Cliffe have proposed that an important
factor in the lytic or latent infection decision by HSV is how the
virus deals with the host cell response that assembles chroma-
tin on naked viral DNA on entry into cells that were originally
devoid of HSV DNA. Host cell mechanisms are implicated in
attempting to assemble chromatin on the viral DNA to silence
the viral genes. Further, they have suggested how regulation of
chromatin could result in lytic infection of epithelial cells or
latent infection of sensory neurons.

ChIP assays have revealed that histones are associated with
lytic genes,72,73 and we observed expression of Hist2h2be, a
member of the histone H2B family. In addition, immune-mod-
ulating Cxcl10 and Cd274 were upregulated and were gener-
ally coupled with 29% downregulation of defense and immunity
genes suggesting potential perturbations in the environment of
the neurons. The upregulation of Hist2h2be at the early time
point of 0.5 hour (Fig. 4A) parallels the in vivo concurrent sto-
chastic repression and derepression of the LAT and ICP0
promoters, respectively (Fig. 5). First, the suggestion is that
ICP0 acts to prevent silencing of the viral genome. Second,
it could be that LAT transcription7 and that of ICP0 are
tightly modulated.44 Thus, the LAT-ICP0 locus could support
congruent host–virus interactions to maintain neuronal sur-
vival while permitting virus and/or viral DNA release (Sup-
plementary Fig. S1, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.09-5019/-/DCSupplemental).

The changes in gene expression identified in this study
represent variations in many different functional categories
including significant contribution by assembly, binding, and
hormone activity/signaling molecules. However, it is not cer-
tain whether HSV-1 is able to directly manipulate expression of

any of these cellular genes. The explanation is that there are
two main conditions comprising stress associated with NaBu
action and HSV-1 itself which could affect cellular gene tran-
scription. Moreover, these two conditions are complicated by
another layer of complexity—that is, injection of the drug—
that could profoundly affect outcome. In perspective, the LAT-
ICP0 locus background in terms of its activity in the 17Syn�

strain or lack thereof in its mutant 17�Pst(LAT�) has shed
some light on the multifunctional capacity of this locus to
interpolate between latency and reactivation in consequence
to serious HSV diseases. These changes in gene expression
could be useful in studying the component pathways essential
to HSV-1 reactivation from latency, by using methods like
nonviral RNA interference.74
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