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ELIZABETH R. RICHTER
Herpesvirus Prevalence and Methylation Status in Ganglia of the Human Head
and Neck
(Under the direction of SALLY S. ATHERTON, PH.D.)

The neurotropic human alphaherpesviruses, herpes simplex virus type 1
(HSV-1) and type 2 (HSV-2) and varicella-zoster virus (VZV), are latent in a
majority of the adult population. These viruses can reactivate to cause many
diseases (e.g. herpes labialis, shingles) and sometimes unusual clinical sitespecific neurological syndromes ranging from neuralgia to deadly encephalitis.
Although the trigeminal ganglion has been thought to be the main site of
reactivation, additional sensory and autonomic ganglia contain viral genomes. A
comprehensive study of these additional sites of latency and their respective viral
burden is needed to understand the full spectrum of latency and possible sites of
viral reactivation in humans. While animal models of HSV provide some insight
into the pathogenesis of herpesvirus infections, they do not provide information
about the prevalence and characteristics of these viruses in their natural host.
The overall goal of this study was to elucidate the distribution of the
neurotropic human herpesviruses and to determine whether ganglionic positivity
at one site in the head and neck correlated with virus presence in ipsilateral
and/or contralateral sites. By using formalin-fixed tissue from human cadavers,
we were able to: 1) investigate the frequency and correlation of genomes in 8
ganglia on each side of the head and neck, and 2) determine whether latent virus
exists in a methylated state.

From these studies, we now have a more complete characterization of
latency patterns in the human head and neck. This thorough comparison among
16 ganglia around the head and neck provided a more comprehensive
perspective of the pattern of latency and by extrapolation, of sites of possible
reactivation. The results of these studies suggest that HSV-1 and VZV (but not
HSV-2) are independently distributed among ganglia of the human head and
neck and that DNA methylation of the HSV-1 genome is not a likely epigenetic
mechanism in latently infected human ganglia. An expanded knowledge of
latency sites, prevalence of latency, and epigenetic mechanisms of latent viruses
in the head and neck may provide insight into the pathogenesis of herpesvirus
infection in unusual sites. Such knowledge may also be used to develop
approaches to reduce or prevent reactivation or to ameliorate the effects of
herpesvirus infections of the head and neck.

INDEX WORDS: Herpes simplex virus, Varicella zoster virus, HSV -1, HSV-2,
VZV, DNA, Methylation, Formalin-fixed tissue, Human material, Ganglia,
Ganglion
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I.A.

INTRODUCTION

Statement of Problem and Specific Aims
Herpesviruses are latent in over 90% of the adult population; reactivation

can result in diseases that are blinding, painful, or even deadly

1

•

Primary and

reactivated herpesvirus infections place a huge burden on the healthcare system
in the United States 2 • Both herpes simplex viruses types 1 and 2 (HSV-1, HSV2) and varicella zoster virus (VZV) have been shown to be present in several
non-trigeminal cranial ganglia including the geniculate, nodose, superior cervical,
and ciliary ganglia, however the question of prevalence of these viruses in nontrigeminal ganglia has not been addressedJ.S. Therefore, the overall goal of this
study was to determine the prevalence of herpesvirus positive ganglia and their
relative correlation/association with each other in sensory and autonomic ganglia
of the head and neck in human cadavers. To aid in understanding the molecular
mechanisms responsible for keeping these viruses in a latent state, we also
surveyed DNA methylation patterns in these samples. Two specific aims were
addressed by this study.
The first specific aim was to investigate the frequency and correlation of
distribution of herpesvirus latency in non-trigeminal ganglia of the human head
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2
and neck. This aim tested the hypothesis that in addition to the trigeminal
ganglion (TG), the superior cervical ganglion (SCG), nodose or inferior vagal
ganglion (NG), pterygopalatine ganglion (PTG), ciliary ganglion (CG), geniculate
ganglion (GG), otic ganglion (OG), and submandibular ganglion (SMG) are other,
independent sites of herpesvirus latency
The second specific aim was to determine whether the DNA of latent viral
genomes is methylated. This aim tested the hypothesis that selective
methylation of the HSV-1 genome allows the virus to maintain latency. More
specifically, methylation of certain key HSV-1 gene promoters (e.g., ICP4) might
keep these genes turned off, while demethylation of other promoters (e.g., LAT)
could allow continued transcription. In addition, methylation of the promoters of
immune regulators (e.g., tumor necrosis factor-alpha, TNF-a) in the host might
keep these genes downregulated during latency.
These studies will expand our knowledge of latency sites, prevalence of
latency, mechanisms of latency, and viral burden. Additional knowledge about
the sites of latency of the neurotropic human herpesviruses may provide insight
into the pathogenesis of unusual herpesvirus infections. Such knowledge,
including information regarding epigenetic control, may also be used to develop
site-targeted approaches to reduce or prevent reactivation.

1.8.

Review of Related Literature
Of the eight human herpesviruses, three are members of the

alphaherpesvirus family 7 • These include HSV-1, HSV-2, and VZV. Since these

3
three viruses can each establish latency in the nerve cell body and are spread
neuronally, they are classified as being neurotropic. The genomes of first two
viruses, HSV-1 and HSV-2, are nearly 70% homologous, but these viruses
generally cause vesicular outbreaks in different regions of the body8 . HSV-1
usually causes a primary infection in the lips or oral mucosa of the human host,
although it can be seen in nasal mucosa or in tissues in or around the eye. HSV2 has a predilection toward infection of the cells in the genital mucous
membranes, although this virus can also infect facial regions similar to infections
with HSV-1. The latency associated transcripts (LATs), which differ between
these two viruses, determine which region of the body the virus can more easily
infect and in which it can maintain latencyS.
Normal herpesvirus replication occurs by transcription of three sets of
genes in a sequential fashion 7• The immediate early or a. genes are transcribed
immediately after infection or immediately upon reactivation. These genes are
important in early establishment of latency and serve to turn on the early or
genes, the next component in the cycle. The

~

~

genes code for proteins important

in replication. These include ribonucleotide reductase and thymidine kinase; the
latter enzyme adds a phosphate group to nucleosides for nucleic acid production
and is the necessary enzyme for acyclovir pro-drug activation 2 . Next, the late or
y genes are activated to produce proteins which are important in virion assembly

and structure. The cycle of viral replication is relatively short for these
alphaherpesviruses; for example, HSV-1 replicates in approximately 18 hours in
cell culture7 .

4
Primary infection with HSV-1 usually occurs before 5 years of age, often
as the result of a kiss or from sharing a utensil from a relative who is infected with
the virus. Initially HSV-1 establishes a local infection, spreading to nearby cells
and infecting neurons by binding to glycosaminoglycan chains on the cell
surface. These receptors that allow viral entry include herpesvirus entry
mediator, nectin-1 and nectin-2, and specific heparan sulphate sites 10. Virus
then travels from the site of infection by retrograde transport up the axon of the
neuron to the cell body11 . This movement is accomplished using cellular
machinery, dynein and the microtubular "rail-system" 12 . Once the virus reaches
the neuronal cell body, it can enter active replication where it will replicate and
eventually destroy the neuron. An alternative route of the virus life-cycle is that
the virus can establish latency within the neuron, closing itself into a episomal
(circular and extrachromasomal) form which remains dormant until a later time 13 .
Latency differs from chronic infection in that there are no infectious progeny
produced during latency, and latency differs from an abortive infection in that the
14
virus still maintains the capacity to reactivate • Latency may be more beneficial

to the survival of the virus, since during latency the virus can co-exist with the
host cell and reactivate later to spread its genome further throughout the
population. During latency, only one region of HSV-1 is transcribed into RNA,
the latency associated transcript (LAT) 15 . This 8.3 kilobasepair (kb) primary
transcript can be further spliced into smaller 1.5kb, 2.0kb, and 1.4kb fragments,
which are believed to function to keep the genome in a latent state and possibly
help in an eventual reactivation 14 • No protein is known to be made from the LAT
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during latency. LAT is not required for the establishment or maintenance of
latency, but LAT is believed to be important in the blocking of the transcription of
immediate-early genes or protecting the infected cell from apoptosis 16-18 . LAT
has also been shown to stimulate axonal regeneration in both sympathetic and
trigeminal neurons, largely by the inhibition of the mitogen-activated protein
kinase (MAPK) pathway19. LAT has 2 promoters, one of which is important for
LAT expression during latency, and the other which functions during lytic
infection 20 •
A number of factors such as ultraviolet light, dental trauma, menstruation
or physical or emotional stress, can induce reactivation of the virus in the nucleus
of a latently infected cell 7 . Early in reactivation, the number of LAT transcripts
decreases and other transcripts from the a or immediate-early class of genes
become prevalent14. Once these immediate-early transcripts are translated into
proteins, the proteins can then promote the activation of the

~

genes, and

successively they genes. Two genes, in particular, that were examined in this
study are ICP4 and UL30. ICP4 is an immediate-early gene product which
controls transcription initiation signals and is a major regulatory protein required
for all past-a gene expression 21 • UL30 is a ~ gene product which makes a DNA
.

polymerase protein that is required for DNA synthesis and signals the onset of
viral DNA replication 22 • The virus DNA eventually replicates many copies of
itself, forms itself into a nucleocapsid structure, and these virus particles travel
anterogradely in the axon, using kinesin and the microtubule network, and exit
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the neuron. Reactivation can result in a recurrent outbreak of vesicles containing
viral particles which can then be spread to other humans.
HSV-2 follows a very similar lifecycle, although its infection usually occurs
in the genital region and it has a distinctly different lAT which allows it to
preferentially infect cells that are located primarily in the below-waist region 9•23 .
Mixed HSV-1 and HSV-2 infections can occur simultaneously in one ganglion
although the relative copy numbers of the two viruses varies preferentially by
location(100:1 HSV-1:HSV-2 ratio in ocular infections and 1:40 ratio in genital
infections) 24 .
VZV follows a different cycle of infection 7 . This virus, which causes the
common childhood illness of chicken pox and the sometimes-devastating adult
infection, shingles, usually infects the human host around the ages of 6-11 years.
However, the epidemiology and presentation of initial virus infection have
changed since immunization with live-attenuated virus became standard for all
U.S. children in 19958 . After implementation of this vaccination, the majority of
children never have a primary VZV skin vesicular eruption but still maintain latent
virus which is fully capable of reactivation 25 . This virus is generally shed in
respiratory secretions or from burst vesicles and enters the body through
aerosols. Once in the respiratory tract, primary infection occurs and the virus is
replicated locally in the respiratory tract and in regional lymph nodes. A primary
viremia is established and virus infects and replicates in the liver and in the
reticuloendothelial system. Virus then travels in the blood (specifically
mononuclear cells) and is dispersed systemically throughout cutaneous epithelial
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cells where it establishes a secondary infection in the cells of the skin and
mucous membranes26 • Development of skin vesicles containing millions of virus
particles allows the spread of virus to other non-immunized humans. Virus then
can travel centripetally through the nerves supplying the infected skin and
become latent in the sensory neurons, or it can spread to neuronal cell bodies
directly from the blood 7 • Either way, the virus establishes latency primarily within
neurons, although it has been shown that non-neuronal

sat~llite

cells and other

cells surrounding neurons can also harbor latent virus 27 • VZV has the distinction
of only being able to establish latency in the human host, whereas the other 2
neurotropic alphaherpesviruses (HSV-1 and HSV-2) can establish latency in
animals which can be used as models to study the pathogenesis of viral infection
and reactivation. The only close relatives to VZV infection that allow modeling for
research purposes are the simian varicella virus (SVV) infection in primates, the
SCID-hu (immunocompromised) mouse model, or the newly developed in vitro
intact explanted dorsal root ganglion model 28•30 .
HSV-1 and HSV-2 can establish latency in mice, guinea pigs, and
rabbits31 • These animals can be used to study viral infection, establishment of
latency, and reactivation potential in a non-human system. The major drawbacks
to animal models are their inherent differences from the human system and even
between species; for example, deleting the 5' exon of LAT increases virulence of
HSV-1 in the rabbit, but decreases it in the mouse32 . Even looking within one
model, virus type and strain matter significantly, as does inoculation amount,
site/method of infection, and transcription activity level of the infected cell 33 .
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However, many devastating diseases such as acute retinal necrosis,
spontaneous encephalitis, or recurrent genital herpes can be modeled in animals
and the pathogenesis of these diseases can be ascertained 1. Although much of
what we know about the pathogenesis of herpesviruses comes from mouse and
rabbit studies, it must be remembered that these species are not the primary
reservoir for these viruses31 • Animal studies have provided much information
about the molecular aspects of herpesviruses; however, studies on human
material are needed to further our understanding of the human herpesviruses in
their natural host31 .
Surveys of human material are also a promising way to study the scope
and patterns of viral latency. Serologic testing for antibodies to each of these
viruses can be performed to determine the relative rates of prior infection within
the population. It is estimated that in the United States, over 90% of normal
adults harbor latent VZV, 17-20% of people over 12 years of age are HSV-2
seropositive, and up to 80% have been infected with HSV-1, although a recent
population survey indicates a decrease in HSV-1 prevalence to 57.7% 34•37 •
Serologic testing cannot address the question of where virus is latent, just that
the patient has antibodies to the virus in question. Human studies on cadaveric
or resected materials are instrumental in determining the physical location of
virus in the tissue and throughout the body. Although retrospective studies do not
allow us to directly test the effect of a gene mutation or other alteration on a
disease process as can be done in animal models, the tissue-based studies
described herein provide additional information about non-trigeminal sites of
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herpesvirus latency which may, in turn, provide clues about how the neurotropic
herpesviruses behave in their natural host.
Herpesviruses play a significant role in many clinical neurological
syndromes in humans

1

.

Diseases caused by these viruses range from annoying

recurrent vesicular outbreaks to deadly encephalitis. Several neurological
syndromes have been linked to HSV infection including frontal-temporal lobe
encephalitis, autonomic dysfunction, transverse myelitis, benign recurrent
lymphocytic meningitis, aseptic meningitis, Meniere's disease, and Bell's
palsy1· 3 B-4°. HSV-1 has also been linked to Alzheimer's disease through the
apolipoprotein E type 4 allele41 • Patients having both HSV-1 in CNS tissue and
this particular apolipoprotein allele show a higher incidence of Alzheimer's
disease, and HSV-1 has been associated spatially with beta-amyloid protein
deposition (the main consitituent of plaques in Alzheimer's patients) 41 •42 • Within
the eye, herpesvirus infection can cause disorders affecting the cornea and
anterior segment, uvea, or retina 7 . Acute retinal necrosis is a potentially blinding
disease that can be caused by either HSV or VZV reactivation with axonal
spread into the eye43 . VZV is also known to cause shingles (herpes zoster),
postherpetic neuralgia, Ramsay-Hunt syndrome, myelitis and focal
vasculopathies. Recently this virus has been implicated in vestibular neuritis,
although the relationship between VZV and this disease is still debated 44-47 .
Although primary VZV outbreaks have been eradicated from most of the younger
population by new vaccines, vaccination with a live-attenuated virus vaccine still
poses a reactivation threat in the aging population 48 .
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The spectrum of sites of herpesvirus latency has been expanding from the
theory that only the trigeminal ganglion was a latency site in 197249 • HSV-1 has
been described in other sensory ganglia including the dorsal root ganglion,
geniculate ganglion, vestibular ganglion, spiral ganglion, and nodose (inferior
vagal) ganglion:l-5·35·50 ·51 . Although many textbooks and reviews define latency
of the virus as only occurring in sensory ganglia, latent virus has been described
in autonomic ganglia, namely the superior cervical, celiac, and ciliary ganglia2 .4·
6 11
· .

A number of potential ganglionic sites remain to be studied; for example,

there are no studies about herpesvirus latency in the pterygopalatine, otic, or
submandibular ganglia. Unpublished studies from our laboratory detected HSV-1
DNA in 71% (10/14) of pterygopalatine ganglion samples; the PTG is a
parasympathetic synapse site with postganglionic fibers supplying the lacrimal
gland and glands of the nasal mucosa52 . HSV-1 genomes in infected ganglia
within the ear (i.e., geniculate, vestibular, and cochlear ganglia) have been
compared quantitatively and qualitatively and the ciliary and trigeminal ganglia
have also been qualitatively compared 6 ·53•54 . Similarly, the genome ofVZV,
another alphaherpesvirus, has been shown to persist in the trigeminal ganglion
and in dorsal root ganglia, as well as in the nodose, celiac, geniculate, vestibular,
and spiral ganglia 5·5s.58 .
When herpesviruses infect the face, they travel via retrograde axonal
transport to establish latent infection in, at least, the sensory ganglion of the
trigeminal nerve. However, the additional putative sites of HSV-1 genomes
described above suggest a broader range of virus spread and subsequent
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latency. Recent studies have shown that these additional ganglia may harbor a
higher copy number of the HSV-1 genome than the trigeminal ganglion 53 .
Previous studies using animal models have shown that HSV genome copy
number correlates with the frequency of reactivation in mice and guinea pigs 59 •60 •
However, the significance of copy number cannot be elucidated in human
subjects until it is determined in which ganglia the virus can be found. Once this
is accomplished, the amount of virus in these ganglia can be quantified in the
general population.
Although it is commonly thought that only HSV-1 infects the head and
neck, HSV-2 genomes have been detected in the trigeminal ganglion 61 •
Furthermore, HSV-2 has been implicated in oral-labial infections and in at least
one case of a Ramsay Hunt-like syndrome62 •63 . Since the idea that HSV-1 and
HSV-2 have a preferential region for infection is still controversial, it is possible
that the extent of latency for HSV-2 in the head and neck and the prevalence of
HSV-2 induced diseases in this area have been underestimated 9•24•64 •
Although a number of different ganglia have been examined for viral
prevalence, studies involving many ofthese sites are sparse and usually report
results from a single donor or from a limited region of the head. Also, there are
no comprehensive studies to compare viral prevalence of a large group of
ganglia within individual cadavers. Moreover, few studies have examined the
interaction of different alphaherpesviruses with each other, i.e., if one virus is
present, are others more likely to also be present in the same site. The closest
past study to this involved an investigation of 8 herpesviruses in 40 tissues
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including skin, bone, cartilage, muscle, blood, adipose tissue, internal organs,
spinal cord, sympathetic ganglion, and peripheral nerve in 8 cadavers. HSV-1
was present in multiple tissues including neural tissues, skin, and bone in four of
the donors, HSV-2 was only found in one tissue of only one of the donors, and
VZV was found in very few tissues (once each in spinal cord, kidney, dorsal root
ganglion, and small intestine) 65 • To date a full cross-spectrum study of the
alphaherpesviruses in the ganglia of the head and neck has not been done.
Another little understood aspect of the herpesviruses is whether they have
a preference for individual neurons. By focusing on a single ganglion and looking
at the individual neurons that make up the larger structure, a better
understanding of the preferences of herpesviruses for individual cell types can be
achieved. For example, Yang et al. emphasized the importance of the complex
neuronal composition within each individual ganglion when studying in vivo
latency of herpesviruses in mice 66 • They found that neurons that express three
compounds (TrkA, SSEA3, and the glycoprotein identified by monoclonal
antibody A5) are more likely to produce HSV-1 latency transcripts than neurons
which do not express these markers. Sensory neurons which express Gai13GaU3.1-4NAc-R epitopes and which can be stained by the monoclonal antibody
for KH 10 rarely express HSV-1 latency-associated transcripts 56 . Conversely,
HSV-2 demonstrates a distinct preference for the establishment of latency in
KH10+ neurons, rather than in A5+ neurons 9• However since one of these
antibodies (i.e., KH10) does not identify human antigens, studies to identify these
subpopulations in human neurons with respect to their capacity for HSV-1, HSV-
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2, and VZV latency remain to be done. If neuronal subtypes which allow latent
infection in humans can be identified, further studies can assess what makes
these particular neurons vulnerable to virus entry, establishment of latency, and
maintenance of latency.
The mechanism of keeping latent virus from resuming active transcription
is another little understood aspect of alphaherpesviruses. The only gene that is
actively transcribed during latency is the latency associated transcript (LAT). A
recent paper described the role of microRNAs derived from the primary LATin
the establishment and maintenance of HSV-1 latency; these microRNAs target
immediate-early genes in the herpesvirus genome to keep them suppressed from
transcription or translation67 • Epigenetic factors have also been analyzed for
their possible effects in_regulating gene expression in many viruses68 •
Epigenetic modifications are important post-transcriptional alterations in
the chromatin that change the expression of DNA without altering the actual DNA
sequencereviewed in 69 . The epigenome consists of modifications made by DNA
methylation, binding of proteins and protein complexes, and alteration of
.

histones 70 • Histone modifications can consist of acetylation, phosphorylation,
methylation (of amino acids), and ubiquitination69 . Histone methylation should
not be confused with DNA methylation; although both require the addition of a
methyl group, they work on different targets and cause opposite overall effects
on DNA. Methylation of histones can have either positive or negative effects on
transcription, depending on the specific amino acid and the internal site of
modification 59• For example, modification of histone H3 at the K4 residue (fourth
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lysine) makes the DNA wrapped around the histone more susceptible to
transcription, with dimethylated histones signaling a state of readiness and
trimethylated histones correlating with sites of active transcription 71 •
DNA methylation always causes a repressive effect by shielding
methylated DNA from transcription. This modification is made when a DNA
methyltransferase catalyzes the covalent addition of a methyl group at the C-5
position of the cytosine ring of a CpG dinucleotide (8-adenosyl-methionine is the
methyl donor) 68 • DNA methylation is sometimes seen as a protective
mechanism, such as in the case of a virus physically shielding itself from immune
surveillance72 . DNA methylation can also be upregulated in the genome of some
cancer cells causing a decrease in tumor suppressor gene transcription and
evasion from this natural mechanism of keeping cells quiescenf3·74 . Alternately,
methylation is suppressed in Human Papilloma Virus-16 cancers; this
hypomethylation reverses the suppression of the viral genome, stops the once
long-term maintenance of latent virus which is subclinical, and allows the
unregulated replication of virus-infected cells 75•
DNA methylation has been shown to be important in herpesvirus
infections 76 •77 . Viral thymidine kinase, a major lytic enzyme involved in DNA
synthesis and the target of acyclovir therapy, has been shown to be silenced by
DNA methylation in vivo78 . The methylation status of Epstein-Barr Virus (EBV), a
member of the gamma family of herpesviruses, has been studied extensively.
Studies of EBV have shown that the promoter activity of 11 gene promoters
directly correlates with methylation status in all types of latency (based on latency

15
in different cell types) with only one exception 79. To explain further, there are
three types of EBV latency that are defined by the activity of different viral
promoters, which in turn result in different sets of gene products. When
promoters are unmethylated in cancer cells in vivo, this correlates with the
positive activity of that particular gene in all cases except for the Qp promoter
(located in the Q fragment of the EBV genome when digested with BamHI). This
high correlation of methylation with promoter activity is also mirrored in another
gammaherpesvirus, Kaposi's sarcoma-associated herpesvirus (KSHV). The
KSHV Lyta promoter region was shown to be heavily methylated in latently
infected cells in vitro and demethylation treatment (with tetradecanoylphorbol
acetate) induced an immediate lytic phase. Lyta promoter demethylation was
also shown to be present in disease-associated biopsy samples 80 •
Methylation was first assessed in respect to HSV-1 latency in a landmark
paper by Youssoufian et al. in which they found that methylation was present in
the HSV-1 genome of all latent cell cultures, but not during the lytic stages of
infection 81 • This study was conducted in a HSV-1-infected lymphoblastoid T-cell
line (CEM) which is characterized by 2 phases of latency, the first from day 83 to
day 106 post-infection and the second from day 886 onward. HSV-1 infected
CEM cells can be maintained in latency by treatment with Concavalin A 82 • In all
stages of active infection (days 1-82 and 107-885 post-infection), viral DNA was
cut into small fragments with a methylation-sensitive enzyme (Smal), showing no
methylation at the internal cytosine of each 5'-CCCGGG-3' sequence. During
latency (either naturally after day 886 post-infection or after induction with
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Concavalin A), restriction digestion of the HSV-1 genome by Smal or Hpall (both
methylation-sensitive) was hindered, in comparison to their methylationinsensitive isoschizomers, Xmal or Mspl, respectively, resulting in larger
fragments. The difference in fragment size between DNA from actively
replicating virus and latent virus was easily detectable by electrophoretic
separation and Southern blot.
In contrast to this initial in vitro study, an in vivo study on whole mouse
brains did not find a significant difference in methylation-specific banding patterns
in latent versus acute infection83 . These latter studies were done primarily on
whole mouse brains after HSV-1 infection by corneal scarification. Interestingly
enough, DNA from pooled trigeminal ganglia were included in one lane of a gel,
but results from this sample were not discussed (see Figure 1). In this figure
DNA from the latently trigeminal ganglia showed a markedly different pattern of
methylation than either the latent or the acutely infected brain when digested by a
methylation-sensitive enzyme (Sail, recognition sequence 5'-GTCGAC-3'). This
trigeminal ganglion banding pattern could indicate viral methylation outside the
central nervous system or could be the result of an insufficient digest.
A third study involving HSV-1 and DNA methylation and using bisulfite
sequencing to determine the methylation status of 4 sequences of interest within
the HSV-1 genome was recently published 84 • This study used two computational
screening methods to determine potential CpG methylation sites and
subsequently examined two promoters arid one internal sequence of the LAT
gene and the promoter of an immediate-early gene, ICP4, in DNA isolated from

Figure 1. Blot hybridization of 32P-Iabelled HSV-1 virion DNA to Sal/ restriction
enzyme digests of brain and trigeminal ganglion DNA taken from acutely and
latently infected BALB/c mice (6 and 60 days post-infection, respectively). Lane
1, 100pg HSV-1 DNA in 2011-g BHK cell DNA; lanes 2 and 3, 2011-g DNA from the
brains of acutely infected mice; lanes 4 to 9, 2011-g DNA from the brains of latently
infected mice; lane 10, 2011-g pooled DNA from latently infected trigeminal
ganglia. (figure from Dressler eta/. 83, used with permission of the Society for
General Microbiology).
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latently-infected (footpad abrasion) mouse dorsal root ganglia. No sites of
significant CpG methylation were detected in any of the 4 probed regions, with
small exceptions of individual protected cytosines which were detected in less
than 20% of the total clones. This study also evaluated histone modifications as
the potential cause of epigenetic control; LAT regions were found to be coassociated with histones H3 acetylated at lysines 9 and 14, which usually
signifies a transcriptionally permissive state 85 . The viral DNA polymerase gene
and 2 immediate-early genes (ICP4 and ICP27) were found to be associated with
these types of modified histones much less frequently, suggesting that histone
composition keeps most of the viral genome in a latent, non-transcribed state84 •
Turning attention to the effects of viruses on the host genome, HSV-1 has
been shown to induce changes in specific gene expression in neurons.
Microarray studies of latently-infected mouse trigeminal ganglia revealed
changes in neurotransmitter receptors, axonal remodeling factors, and immune
response genes when latently infected ganglia were compared with mockinfected ganglia86 • Similarly, infection with human immunodeficiency virus (HIV)
has been shown to increase the host cell's expression of DNA methyltransferase1 which methylates ttie interferon gamma gene which in turn, reduces the
amount of RNA of this protective early-response immune activator87 • Another
immune cytokine, tumor necrosis factor alpha (TN F-a), is involved in the early
inflammatory response to intracellular organisms. DNA methylation has been
shown to have a direct role in the regulation of TN F-a expression in vitro, both in

'
cellular development and after acute stimulation with lipopolysaccharide88 . The
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mechanism by which HSV-1 changes ·neuronal gene expression of TN F-a has
not been determined. One possibility is that HSV-1 activates DNA methylation in
the host genome to keep the immune system repressed.
DNA methylation status can be determined in many ways including
Southern blot analysis after digestion with methylation-specific isoschizomers,
bisulfite sequencing, and methylation-specific PCR'eviewed in 89 • The restriction
enzyme/Southern blotting method offers a more generalized look at the entire
genome to evaluate gross methylation changes. Although this type of
assessment can examine a large amount of DNA at once, the major
disadvantage is the lack of resolution to detect methylation changes of individual
genes 70 • For analysis of specific regions of interest, bisulfite sequence analysis
and methylation-specific PCR are the two most commonly used methods used to
examine the CpG methylation status. Both of these methods begin with bisulfite
conversion of the non-methylated cytosine bases into uracil (methylated
cytosines are resistant to this conversion and remain as cytosines) 89 . In bisulfite
sequencing, each DNA sample has to be amplified, cloned into bacteria, and
subsequently sequenced. Methylation-specific PCR (MSP) investigates the
bisulfite-converted DNA for sequences of interest using primers specially
designed to anneal to originally methylated or unmethylated CpG residues89 . It
has been claimed that MSP is sensitive enough to predict squamous cell
carcinoma through the detection of methylated DNA in patients' sputum 90 •
Because of the availability of free web-based programs to design primers for
regions of interest and the low cost of commercially-available custom-
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synthesized primers, this method offers great advantages in sensitivity and ease
of use over other currently available methods91 •

I.C.

Significance
Identification and description of non-TG sites of alphaherpesvirus latency

in the head and neck will provide information about distribution of viruses and by
extrapolation, insight into routes by which these viruses infect sites other than
those supplied by the trigeminal nerve. Moreover, analysis of the association of
viral presence between different ganglia will determine if non-trigeminal ganglia
could be independent sites of possible viral reactivation. Prevalence studies of
ganglionic locations in the general population are an important step toward
defining sites of risk for reactivation. Furthermore, investigating the distribution of
locations of viral latency within the human host gives us more insight on the
strengths and weaknesses of our animal models of pathogenesis.
As we expand our knowledge of sites in which herpesviruses are latent,
we may discover new sites of viral reactivation. In order to design efficient
therapies to inhibit reactivation, understanding the full scope of latency and
disease is essential. Moreover, knowledge involving the subsets of neurons
which may harbor latency will facilitate targeted future treatment to prevent or
reduce reactivation. Methylation studies in human ganglia will help to answer the
question of whether this epigenetic mechanism is responsible for keeping the
virus in a latent state in its natural host.
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Research in this area may lay the groundwork for significant discoveries in
the pathogenesis of herpesviral disease and foster the development of new
therapies to reduce the burden of herpesvirus-induced neurological disease. By
knowing more about the virus in its natural environment, we may be able to come
up with new treatments involving agents such as demethylation agents or histone
deacetylases.

II. MATERIALS AND METHODS

II.A.

Human Specimens
This study was conducted using either fresh material from one cadaver

that could not be used in teaching or from material collected from embalmed
cadavers after they had been used in anatomical science courses for medical
students, dental students, allied health students, and graduate students. The
ganglia were collected from "whole" bodies and not from pathology specimens or
from specimens used for diagnostic purposes. The collection and study of
donated human material was conducted under MCG HAC protocol #02-06-341.
The average age of cadavers used in this study was 80.8 years (standard
deviation ±1 0.3 years). The age, sex and presumed cause of death (as recorded
on the death certificate) were provided by the morgue staff for each of the
cadavers used in this study.
A research database was created to record information about each
specimen that included accession number, the donor's age, sex, presumed
cause of death, type of specimen, and from which side of the body the specimen
was collected. Pertinent details about the cadavers used in this study are shown
in Table I. The name of the donor was not available to anyone working on this
project. Information about the ethnic background of donors is not required for
donation so this information also was not available.
22
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Table I. Information about donors used in this study.
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F
4915
81
M
4899
86
4903
5008
4948
4909
4922
4902
5015
5062
5070
5063
5118
5057
5064
5051
5117
5038
5127
5134
5024
5103
5081
5120
5124
5055
5130
5092
5125
5121
5053
9991
9992
9994
5302
5249

F

79
67

M

77

F

80
75

M

77

M
M
M

79
85
95
91
96
72
86
82
80
85
76
94
59
78
72
87
90
95
81
83
79
95
82

F

F
F
F
F
M
M
M
M

F
M

F
M
M

F
M
M
M

F
F
M
M

~"

,,. .·.Y'·'··~~f>'
'':f:i.~t~"""'l'"''"·~~
Cause'·ofDeatti:*
·cH·'"'o?.:~,,~··ti
cardiac arrest
heart failure

t

N/A
cardiopulmonary arrest
acute hemorrhagic stroke
lung cancer
N/A
N/A
N/A

¥COPD
COPD
myocardial infarction
N/A
N/A
stroke, metastatic cancer
cardiac arrest, prostate cancer
pleural effusion
N/A
colon cancer
collg_estive heart failure
N/A
N/A
prostate cancer
congestive heart failure

COPD
cardiac failure
mantle cell lymphoma
N/A
chronic airway obstruction
cardiopulmonary arrest
lung cancer
N/A

48
75

M
M

amyotrophic lateral sclerosis
N/A

* as recorded on death certificate; t N/A no information available;

¥ COPD =chronic obstructive pulmonary disease

24
Individuals involved in this study consented to donate their bodies to the
Medical College of Georgia for purposes of education and research by filling out
a donation form and returning it to the Body Donor Program at the Medical
College of Georgia. The donor consent form was witnessed by two individuals.
Only bodies of individuals who were older than 18 years of age, who had
preregistered with the body donor program at the Medical College of Georgia,
and whose bodies met donation guidelines at the time of their death were used.
Preregistered donors were not accepted if, at the time of their death, they had a
contagious disease such as active hepatitis, hepatitis C (at any time),
tuberculosis, infection with methicillin-resistant Staphylococcus aureus (MRSA),
sepsis, if they had Jakob-Creutzfeldt disease, or if they were HIV-positive.
Donors were identified by a numbered tag affixed to their body which allowed
identification of their remains after dissection for purposes of disposition of
cremated remains. The files with donor names and information about next-of-kin
(for return of cremated remains) was accessible only by the morgue staff and the
donor program support staff in the Department of Cellular Biology and Anatomy.
Therefore, collected specimens were linked to donors only by their accession
number and not by name.
Cadavers were refrigerated within 4 hours of death and were prepared for
embalming within 20 hours of death by the staff in the morgue. Briefly, both
femoral arteries were opened and the external carotid arteries were injected
twice with a solution of 16 ounces Rectifiant Water Corrective (Dodge,
Cambridge, MA), 16 ounces Metaflow Arterial Conditioner (Dodge), and 1 gallon
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of water, with 2.5 hours between injections. One hour following the second
injection, 2 gallons of Maryland State Anatomical Solution (5.6% by volume
formaldehyde, 27.8% phenol, 33.3% methanol, and 33.3% glycerine; Hydrol
Chemical, Yeadon, PA) was instilled into the right jugular vein. Bodies were then
loosely wrapped in cloth and stored at room temperature for at least 30 days to
complete the fixation process.

II.B.

Collection of Ganglia
To collect ganglia from both unfixed and embalmed cadavers, the calvaria

was removed circumferentially using a Stryker vibrating saw (Kalamazoo, Ml).
The brain was removed by severing the cranial nerves and spinal cord as close
to the brain as possible. Dissection techniques followed were similar to those
outlined by Colborn et al 92 • Photos of dissections were taken using a Pentax
Optio S5 5-megapixel camera with settings of 2234x1439 pixels, 1/320 second
shutter speed, f2.6 aperture, and a focal length of 5.80mm. No flash was used,
but room lights and dissection spotlights were used to highlight the area of
interest.
To locate the TG, the trigeminal nerve was followed anteriorly into the
trigeminal impression of the petrous part of the temporal bone. The TG was
separated from the surrounding dura mater and resected by making cuts
anterolateral to the opening to Meckel's cave at the point where each of the three
divisions, ophthalmic (V1), maxillary (V2), and mandibular (V3), branch from the
ganglion. A representative dissection of the TG is shown in Figure 2.

Figure 2. Representative dissection of a trigeminal ganglion, from a superior
view of the left hemi-section of the head. A =trigeminal ganglion; B=trigeminal
nerve; C=mandibular division of trigeminal nerve(V1); D=maxillary division of
trigeminal nerve(V2); E=ophthalmic division of trigeminal nerve(V3); F=abducens
nerve; G=intemal carotid artery; H=oculomotor nerve; /=optic nerve.
Magnification: 3.5X.
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In order to locate the PTG, the head was bisected from superior to inferior
in the midsagittal plane. The posterior two-thirds of the upper and middle meatus
of the nasal cavity arid the mucosa anterior to the auditory tube were removed
and the opaque palatine canal was located visually. The greater palatine nerve
was traced superiorly from its efferent end in the lateral soft palate through the
palatine canal to the pterygopalatine fossa. After carefully chipping away the
medial wall of the canal and fossa, the PTG was further identified by its posterior
connections to the nerve of the pterygoid canal, its anterior connections to the
posterior nasal nerves, and its anterolateral connections to V2. A neurosurgical
microscope (a kind donation from the MCG Department of Surgery) was used to
help visualize the PTG at 20X to facilitate dissection and help distinguish small
arteries and nerves. A representative dissection of the PTG is shown in Figure 3.
To locate the CG, the portion of the frontal bone that forms the roof of the
orbit was removed using a bone saw. After removing the periorbital fat, the lateral
rectus muscle was cut at its insertion on the eye and reflected posteriorly. The
branch of the oculomotor nerve to the inferior oblique muscle which runs along
the lateral aspect of the inferior rectus muscle was traced posteriorly from the
globe. About 10 mm anterior to the superior orbital fissure, this nerve receives its
parasympathetic (motor) root from the oculomotor nerve which synapses in the
ciliary ganglion right after entering the orbit. By following this motor root, the tiny
ciliary ganglion (approximately 1x2mm) was identified by its golden hue, by its
connections to the nasociliary nerve, and by the many short ciliary nerves
extending from it towards the globe. Posterior illumination of the area near this

Figure 3. Representative dissection of a pterygopalatine ganglion, from a midline
view of a left hemi-section of the head. A=pterygopalatine ganglion; B=lesser
palatine nerve; C=greater palatine nerve; D=nerve of pterygoid canal;
E=connection to maxillary division of the trigeminal nerve (V3); F=torus tubarius;
G=sphenoid sinus. Magnification: 4X
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ganglion helped to identify it as a brown piece of tissue in a pad of clear adipose
tissue. A neurosurgical microscope was also used to visualize the CG at 20X to
facilitate dissection. A representative dissection of the CG is shown in Figure 4.
To retrieve the OG, the middle one-third of the ramus of the mandible was
removed and the infratemporal fossa was exposed. The muscles of mastication
were removed, and the lingual nerve was traced superiorly and medially towards
the foramen ovale. The area around the foramen ovale was cleaned and the
foramen was carefully widened using rongeurs. The OG was located on the
medial side of V 3 immediately inferior to the foramen ovale and proximal to where
V 3 bifurcates into the anterior and posterior trunks. Laterally, the branch to the
lesser petrosal nerve could usually be seen entering this ganglion. A
representative dissection of the OG is shown in Figure 5.
To locate the SMG, the lingual nerve was traced inferiorly to the lateral
edge of the mandible near the submandibular gland. Using posterior illumination,
the SMG was identified as a small dark patch of tissue suspended between the
lingual nerve and the submandibular gland. A representative dissection of the
SMG is shown in Figure 6.
To remove the GG from within the inner ear, a Dremel© 400-XPR power
tool (Racine, WI} was used to cut through the base of the skull. Two parallel
sagittal cuts were made approximately 5mm deep. One cut was in line with the
internal acoustic meatus and the other cut was at the junction between the
petrous and squamous parts of the temporal bone. A chisel was placed in a
horizontal plane at the posterior edge of both of these cuts, at the level of the

Figure 4. Representative dissection of a ciliary ganglion, from a lateral view of the
left eye. *=ciliary ganglion; A=optic nerve; B=inferior division of the oculomotor
nerve (nerve to the inferior oblique muscle); C=short ciliary nerves; D=nasociliary
nerve; E=ophthalmic artery; F=lateral rectus muscle, reflected. Magnification:2X
(Inset view=magnification:2.3X with millimeter scale to show size of the ciliary
ganglion).
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Figure 5. Representative dissection of an otic ganglion, from a lateral view of the
right hemi-section of the head with most of the contents of the infratemporal
fossa removed. *=location of otic ganglion (medial to overlying nerve); A=inferior
alveolar nerve; B=lingual nerve; C=middle meningeal artery; D=auricotemporal
nerve showing its two small roots that encircle the middle meningeal artery.
Magnification:1.X (Inset view=magnification: 2X).
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Figure 6. Representative dissection of a submandibular ganglion, from a lateral
view of the right side of the head. *=submandibular ganglion; A=lingual nerve;
B=sublingual nerve; C=submandibular gland; D=tongue. Magnification: 2X.
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internal acoustic meatus. A quick strike with a mallet in an anterior direction
dislodged the roof of the cavity. The facial nerve was then traced from its

.

acoustic meatus to its sharp bend marking the location
entrance into the internal
of the GG. A representative dissection of the GG is shown in Figure 7.
In the neck, the SCG was located by tracing the cervical sympathetic trunk
cranially to locate this easily distinguishable, ovoid ganglion in the prevertebral
fascia medial and superior to the carotid bifurcation. The NG was located by
tracing the vagus nerve from this same region cranially until it enlarged just
below the jugular foramen. A representative dissection of the SCG and NG is
shown in Figure 8.
The same procedure was repeated on the contralateral side of the head
and neck. Although many nerve fibers pass through some of these ganglia
without synapsing, an individual ganglion will only contain cellular DNA and any
viruses and/or viral DNA within the cell bodies that reside there. Also, since only
bodies without evidence of active infections (including herpes) are accepted for
donation and since virus remains in the nucleus of neurons during latency, it is
.extremely unlikely that virus would be anywhere along the axons of nerves 15 . For

'
example, although the postganglionic sympathetic fibers (axons) from the SCG
and trigeminal sensory fibers pass through or near the PTG, these nerves do not
synapse in the PTG, so any virus detected in the PTG would be exclusively that
contained in the nerves whose cell bodies form the ganglion.
To minimize the possibility of cross-contamination, each ganglion was
removed separately using a new set of sterile instruments and gloves. Individual

Figure 7. Representative dissection of a geniculate ganglion, from a superior
view of the right side of the skull base, with part of the temporal bone removed.
*=geniculate ganglion; A=head of malleus; B=incus; C=facial nerve; D=facial and
vestibulococchlear nerves entering the internal acoustic meatus; E=temporal
bone flap (reflected). Magnification: 4X.
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Figure 8. Superior cervical and nodose ganglion dissection, from a posterior view
of the head and neck with skull and vertebral column removed. A=superior
cervical ganglion; 8= nodose ganglion; C=common carotid artery; D=intemal
carotid artery; E=intemal jugular vein; F=epiglottis; G=/aryngea/ inlet;
H=sympathetic trunk; /=vagus nerve. Magnification: 2X.
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samples were placed in separate vials containing 10% formalin and stored at
4°C. For the fresh specimens, samples were immediately placed into Tissue-Tek
O.C.T.® embedding compound (Sakura FineTek, Torrance, CA) in individual
disposable vinyl frozen specimen molds and stored at -70°C until use. To further
reduce contamination, repetitive washings with phosphate buffered saline (PBS)
were done before DNA extraction or embedding in O.C.T. for sectioning.
Additional factors that reduced the chance of intra-cadaver contamination
included distances between ganglia, structures between the ganglia that serve as
barriers, and minimal or no prior dissection of the areas near the structures that
were dissected.

II.C.

Histological verification of neuronal tissue
An overview of the processing methods used on each extracted ganglion

is shown in Figure 9. Samples were initially washed thoroughly in PBS and
placed in Tissue-Tek O.C.T.® embedding medium in individual disposable vinyl
frozen specimen molds. The suspended samples were frozen at -70°C for at
least one hour and then sectioned on a cryostat. After trimming the edges of the
embedding block, four 81-1m thick sections were placed on each of at least 6
positively charged slides (SuperFrost plus, Fisher Scientific, Waltham, MA) and
stored at -70°C for hematoxylin and eosin (H&E) staining. Cryostat processing
and H&E staining were conducted on random subsets of each type of ganglion to
verify proper location of dissection by assessing for presence of neuronal cell

Figure 9. Overview of processing methods to retrieve and test DNA from
harvested ganglia. Collected ganglia were stored in 10% buffered formalin at
4°C for up to 24 months, then washed in 1X PBS immediately before further
processing. For histological examination, samples were placed into a plastic
mold, suspended in 0. C. T. medium, and frozen at -70

oc for at least one hour.

Samples were then sectioned on a cryostat and placed on positively-charged
slides and/or collected in a fresh vial for further procf!ssing. Sections on slides
were stained with hematoxylin and eosin and then viewed under a microscope to
look for neuronal nuclei and cellular structure. Alternately, samples were placed
into plastic vials and then placed in liquid nitrogen. After the flash-freezing of
tissue, samples were placed into a stainless steel tissue pulverizer and struck
with a hammer to powder the tissue. Powdered tissue was collected into a
plastic vial and subjected to a series of three Tris-g/ycine-EDTA washings to
reverse the DNA/protein cross-linking, followed by a column-based DNA
extraction method to obtain purified DNA. Each sample was then subjected to
PCR with primers specific for Chromosome 18, HSV-1, HSV-2, and VZV
sequences. The products of these reactions were electrophoretically separated
in an agarose gel (containing ethidium bromide} and visualized with UV light.
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bodies. Briefly, light microscopy (Olympus, Center Valley, PA) was used to
ensure that neuronal cell bodies were present (i.e., specimens were taken from
the proper location) and that the architecture of the tissue appeared to be
microscopically intact after formalin fixation. Images of H&E stained sections
were captured with a SPOT camera and software (Diagnostic Instruments,
Sterling Heights, Ml). The remaining O.C.T.-embedded specimen was then
sectioned into Sf-1-m slices and placed into a sterile vial. Alternately, samples
were flash-frozen in liquid nitrogen for at least 60 seconds and the tissue was
powdered using a Bessman stainless steel tissue pulverizer (Spectrum
Laboratories, Rancho Dominguez, CA). Approximately 15mg of tissue was
included in each vial (approximately 100 sections at Sf-1-m or a 16mm3 cube), and
the pulverized tissue was immediately washed once by vortexing with PBS to
remove the O.C.T. medium. After washing, tissue was pelleted by a 10 second
centrifugation at 2200 x g (Eppendorf, Hamburg, Germany). To minimize cross
contamination, the cryostat was thoroughly cleaned with 95% ethanol and the
blade was changed between individual samples.

II.D.

Processing of crushed ganglia and verification of amplifiable DNA
To help reverse the formaldehyde cross-linking of nucleic acids, finely cut

ganglion slices underwent a series of overnight washings in pH S.O
Tris/glycine/EDTA solution at 55°C in 1.5ml plastic vials in a thermomixer at
1400rpm (Eppendorf, Hamburg, Germany). Washes consisted of an initial
solution of 10mM Tris, 10mM glycine, and 1mM EDTA at a pH of 8.0 for4-6
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hours. Next, two consecutive incubations with new aliq uots of the solution with
the addition of 0.2M NaCI were done for 16 hours and 8 hours, respectively.
Tissue was pelleted by a 10 second centrifugation at 2200 x g before changing
washing solutions. This method was previously optimized by Randall Cohrs,
Ph.D. (University of Colorado Health Sciences Center, Denver, CO, personal
communication), and similar methods have been used in published studies to
reverse cross-linking of nucleic acid in archival formalin-fixed tissues 93 •94 • DNA
extraction was performed by digestion with 30mAU/ml Proteinase K (Qiagen,
Valencia, CA) overnight at 55°C, extraction using a filter-based method (DNeasy
Blood & Tissue Kit, Qiagen, Valencia, CA), and finally elution in 200fll of buffer
following the manufacturer's directions.
The concentration of DNA was measured spectrophotometrically at
260nm (Nanodrop, Thermo Scientific, Wilmington, DE).

Impurities were avoided

by ensuring that the 260/280nm absorbance ratio of each sample was close to 2.
Undiluted samples were measured using the Nanodrop spectrophotometer
because concentrations measured using a 1:100 or 1:50 dilution of DNA:water in
a 1OOfll Quartz Ultramicro cuvette (Fisher Scientific) using a standard
spectrophotometer (Perkin-Elmer, Waltham, MA) were variable (up to 120flg/ml
within one sample). Because of variability, the DNA concentration of all samples
was determined with the Nanodrop machine which uses only 1fll of undiluted
sample to measure DNA concentrations. Measurements were repeated
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frequently to ensure precision; a variance of only 1-2[-lg/ml has been recorded
(results not shown).

II.E.

PCR amplification of Chromosome 18 sequence
Each sample was tested using PCR for the presence of amplifiable DNA

using human Chromosome 18 primers and conditions listed in Table II. Primers
were produced by Integrated DNA Technologies (Coralville, lA) and were
designed to amplify a 149bp sequence of a single-copy, non-coding region of
human chromosome 18 (D18S1259). This sequence was originally obtained
from Robin Leach, Ph.D. (Department of Cellular and Structural Biology,
University of Texas Health Sciences Center at San Antonio, San Antonio, TX)
and was described previously6•95 . PCR was performed on approximately 200ng
of DNA from each sample using a 96-well plate thermocycler (Genamp PCR
System 2700, Applied Biosystems, Foster City, CA). PCR reactions were
performed in Platinum Blue PCR Supermix 96-well plates (Invitrogen, Carlsbad,
CA). Total reaction volumes were between 25-40[-ll and each reaction contained
22.5[-ll of pre-dispensed Master Mix which included Taq DNA polymerase. A
varying amount of each sample and 0.3[-lM of both primers were added to the
reaction so that the total amount of DNA was 200ng. In addition to a negative
control (primers and Master Mix only), every plate also contained at least one
positive control of 200ng of human genomic DNA (Promega, Madison, WI). To
confirm the identity of the PCR products, 5[-ll of product was separated
electrophoretically in a 2.0% agarose (Invitrogen, Carlsbad, CA) gel containing
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0.5f.lg/ml ethidium bromide (Gibco BRL, Gaithersburg, MO) in 1X TBE (BioRad,
Hercules, CA) and verified to be at the expected location by comparison to a 100
basepair DNA ladder (Promega, Madison, WI).

II.F.

Detection of HSV-1, HSV-2, and VZV viral DNA using nested PCR
Nested PCR was performed on 200ng of DNA. from each sample using

primers and conditions listed in Table II. Samples were subsequently tested for
HSV-1, HSV-2, and VZV using the nested sets in separate runs. HSV-1 and
VZV primers have been verified previously in studies of DNA from fixed human
trigeminal ganglia 96 • HSV-2 external primers were obtained from published
sequences, with preference for shorter template sequences and nested primers
were designed to be within this original 285bp sequence using Primer3
software 97 •98 ; all primers were synthesized by Integrated DNA Technologies.
Primers specifically amplified sequences within the DNA polymerase gene in the
unique long (UL) segment of HSV-1, the open reading frame (ORF) 29 in the VZV
genome, and the glycoprotein D gene in the unique short (Us) segment of HSV2. PCR reactions for each virus were performed in Twin.tec 96 well PCR plates
(Eppendorf, Hamburg, Germany) using the FailSafe PCR system reagents
(Epicentre, Madison, WI) on a thermocycler. Total reaction volumes were 50f.ll
and contained 25!-ll of 2X FailSafe Buffer F (for HSV-1) or Buffer E (for HSV-2 or
VZV), 0.3f.tM of each primer, 1.25U ofTaq polymerase, 200ng of sample DNA,
and varying amounts of HyPure nuClease-free water to adjust the volume to 50 f.ll

Table II. Nested PCR primers and conditions for amplification of a human chromosomal standard and viral DNA.
Reference numbers for these sequences are listed in brackets.

Name

Location

Size (bp)

Chromosome 18

1259[6]

149

HSV-1

UL30[93]

345
196
285
HSV-2

Us6[94]
210

vzv

271
ORF29[93]
207

Primers Sequence (5'~3')
CTTAATGAAAACAATGCCAGAGC
TGCAAAATGTGGAATAATCTGG
CCAACACAGACAGGGAAAAG
GGAACATGCTGTTCGACCAG
CAGACAGCAAAAATCCCCTGAG
ACGAGGGAAAACAATAAGG
AGGCCTACCAACAGGGCGTG
CCTGGATCGACGGGATGTGC
CACCGTCGCCCTATACAGCTT
ATCGACGGGATGTGCCAGTTT
ACGGGTCTTGCCGGAGCTGGTAT
AATGCCGTGACCACCAAGTATATT
TTCTGGCTCTAATCCAAGGCG
ACTCACTACCAGTCATTTCT

PCR conditions
35 cycles of 94°C (30s),
51°C (30s), 72°C (1m)
35 cycles of 94°C (30s),
52°C (30s); 72°C (1m)
25 cycles of 94°C (30s),
48°C (30s), 72°C (1m)
35 cycles of 94°C (30s),
58°C (30s), 72°C (1m)
25 cycles of 94°C (30s),
56°C (30s), 72°C (1m)
35 cycles of 94°C (30s),
55°C (30s), 72°C (1m)
25 cycles of 94°C (30s),
49°C (30s), 72°C (1m)

.,..
1'.)
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(Hyclone, Logan, UT). For the nested reaction, 2fl,l of the first reaction was
transferred to a second reaction plate containing the appropriate buffer, Taq
polymerase, and the second set of primers. The final product was confirmed by
electrophoretic separation of the products and UV visualization, as described
above. The PCR conditions were optimized using a variety of temperatures and
magnesium concentrations, and selected FailSafe buffers were chosen for their
high sensitivity in nested reactions.
The sensitivity of nested PCR amplification was determined for each virus
using a ten-fold dilution series of viral DNA (concentrations of 106 to 10°
genomes) mixed with 200ng human DNA (Promega, Madison, WI) and amplified
using the selected PCR conditions. Quantified viral DNA for PCR standards was
obtained in plasmid form as a generous gift from Randall Cohrs, Ph.D.
(University of Colorado Health Sciences Center, Denver, CO). An example of
sensitivity testing for the HSV-1 primer set is shown in Figure 10. The sensitivity
of the HSV-1 nested primer set was approximately 39 genome copies. HSV-2
and VZV primers were similarly tested and had a sensitivity of 100 and 1000
genome copies, respectively (not shown). All primer sets were tested for crossreactivity with each of the three viruses (HSV-1, HSV-2, and VZV) and were
specific for only the desired viral type (not shown).
All of the HSV-1 and VZV PCR experiments were performed in triplicate
and all HSV-2 reactions were done in duplicate. In addition to a tube with no
DNA (primers and reaction mix only), controls for these experiments included a
positive sample (1 04 genome copies of each respective virus in 200ng of human

Figure 10. Sensitivity of HSV-1 specific PCR. HSV-1 genomes were serially
diluted (3.9x10 6 -- 3.9x1CT 1copies) and mixed into 200ng human DNA. A sample
with no HSV-1 DNA (human DNA only) was the negative control. Samples were
electrophoretically separated in 2.0% agarose gels containing ethidium bromide
and photographed under UV light to visualize DNA produr,;ts.

1OObp ladder
no DNA

3.9 X 10·1
3.9 X 10·1
3.9 X 10°
3.9 X 10°
3.9 X 101
3.9 X 101
3.9 X 102
3.9 X 102
3.9 X 103
3.9 X 103
3.9 X 104
3.9 X 105
3.9 X 106
~

(0
0')

D"

't:J

~
~
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DNA), a sample from a ganglion known to be negative for the virus of interest,
and a sample from a ganglion known to be positive for the virus (except in the
case of HSV-2 where no positive ganglion was found). These controls were
included on each plate.

II. G.

Determination of the prevalence of virus within the cadaver
population and among individual samples.
For a comparison within the entire population of cadavers studied at MCG,

all cadavers (including ones that were negative for virus in all locations) were
included in the calculations. Including all cadavers was done to calculate a total
prevalence of virus in the overall population. The prevalence of virus within each
ganglion type was also determined for each virus.

II.H.

Statistical assessment of herpesvirus presence in different
ganglionic locations, between right and left sides, and between
different viruses.
For the major statistical tests, the null-hypothesis was that the presence of

virus in one ganglion was independent of (or not associated with) some other
factor (determined in each situation). Thus, the alternate hypothesis was one of
dependence (an association) between the two. For example, the null-hypothesis
was that the presence of virus in the CG is independent of the presence of virus
in the TG; the alternative hypothesis was that the presence of virus in the CG
and TG are dependent, i.e., associated with one another. The Type I error rate
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(alpha) was controlled at 0.05 for all tests. Number Cruncher Statistical Software
(NCSS, Kaysville, Utah) and Statistical Analyzing Software (SAS Institute, Cary,
North Carolina) were used for statistical analysis.
Statistical analysis was first performed in a pairwise fashion on the
samples collected from all cadavers by comparing each ganglion to its ipsilateral
TG. Since the TG has been the most frequently described site of latenc/, this
ganglion was chosen as the site for comparison to determine the correlation
between each non-TG ganglion and the TG. McNemar's Test for Binomial
Proportions for Matched-Pair Data was used to analyze whether viral positivity
was correlated between locations in individual cadavers. Because these tests
were planned a priori, adjustment for multiple comparisons was not necessary99 •
Similarly, each ganglion was compared with its contralateral TG. Furthermore,
McNemar's test was also used to compare left versus right positivity for each
type of ganglion to assess possible predisposition for herpesvirus latency toward
one side of the body or the other.
An a priori power analysis was conducted to predict the number of
cadavers needed for statistical significance for McNemar's comparisons. We
calculated that a sample size of 30 cadavers would achieve 81% power to detect
a difference between two paired proportions of 0.3 using a one-sided McNemar's
test with a significance level of 0.05. In this calculation, we assumed that the
proportion of discordant pairs would be 0.4.
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In addition, a log-linear model was used to model and test hypotheses for
the binary data simultaneously. Table Ill portrays the variables analyzed for this
study. All variables were nominal-level variables and were dichotomous except
for Ganglia which has eight categories.
A hierarchical log-linear model was fit to the data using backward
elimination to assess the associations of the variables and to determine the
dependence structure of the occurrence of the two viruses. Once this model was
complete, a detailed analysis of residuals was conducted to assess the
differences in the observed counts and the expected counts for the above model
and to graphically assess model assumptions100 .

II. I.

Viral DNA controls for methylation studies
Positive controls for methylation studies were obtained by propagating

HSV-1 (KOS strain) in African Green monkey kidney epithelial cells (Vera, ATCC,
Manassas, VA) as previously described 101 . Cells were grown to confluence in
Dulbecco's Modified Eagle Medium (Mediatech, Herndon, VA) with 1%
penicillin/streptomycin (Cellgro, Herndon, VA) and subsequently infected at a
multiplicity of infection of 0.1 PFU/cell for 3 days. After resuspension and three
freeze/thaw cycles, cellular debris was removed by centrifugation at 2000 x g for
15minutes at 4°C (Eppendorf, Hamburg, Germany). The supernatant was then
centrifuged for 2 hours at 25000 x gat 4°C; the pelleted virus was resuspended
in TE buffer with 1.0mg Proteinase K (Boehringer, Mannheim, Germany) and
incubated overnight at 4°C. DNA was extracted by the addition of a 1:1
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Table Ill. Variable values and labels for log-linear analysis.
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phenol:chloroform mixture (Invitrogen, Carlsbad, CA and Mallinckrodt, Paris, KY)
and centrifugation at 4000 x g for 5 minutes. DNA was precipitated from the
supernatant by the addition of isopropanol (Fisher, Fair Lawn, NJ), and the
precipitate was washed with 70% alcohol (Harleco, Gibbstown, NJ) and
resuspended in TE buffer.

II.J.

Production of DIG labeled HSV-1 probe
The restriction enzyme, Eagl (New England Biolabs, lpswitch, MA) was

used to cut HSV-1 DNA 253 times (as determined with NEBcutter software 102) by
incubation in provided buffer for 16 hours at 37°C, followed by heat-inactivation
at 65°C for 20 minutes. After heat-denaturation, the HSV-1 DNA fragments were
tagged with alkali-labile digoxigenin (DIG) by DIG-High Prime labeling overnight
at 37°C followed by heat-inactivation at 65°C for 10 minutes (Roche Applied
Science, Indianapolis, IN). Probe concentration was then measured using a
dilution series and spotting of 1 fll aliquots on nylon membrane to.ensure the
detection of 0.1 pg of DIG-labeled probe. An example of a dilution series is
shown in Figure 11.

II.K.

Restriction Endonuclease Digestion
DNA from all HSV-1 positive samples was digested separately with two

different restriction enzymes, Hpall and Mspl (New England Biolabs). HSV-1 viral
DNA, prepared as described above, was also digested under these conditions as
a control. Both of these enzymes recognize the same sequence (5'-CCGG-3'),

Figure 11. Detection of serial dilutions of DIG-labeled HSV-1 probe. One
microliter spots of a dilution series of DIG-labeled HSV-1 DNA were spotted onto
positively-charged nylon membrane and developed. Spot 1 = 10pg; spot 2 =
3pg; spot 3 = 1pg; spot 4 = 0.3pg; spot 5 = 0.1pg; spot 6 = 0.03pg; spot 7 =
0.01pg; spot 8

=Opg; +=positive control (1 pg of pBR329 DNA).
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but only Hpall can cleave if the internal cytosine is methylated. Approximately
1 f-tg of sample DNA was incubated with 20U of either enzyme in a final volume of
30-50f-tl for 16 hours at 37°C, followed by heat-inactivation at 65°C for 10
minutes.

II.L.

Southern Blot- Electrophoresis and Hybridization
Digested DNA was separated electrophoretically along with a DNA

ladder (DIG-labeled DNA molecular weight marker VII, Roche Applied Science).
Electrophoresis was conducted for 3 hours at a constant voltage of 60 volts in a
0.9% agarose gel (Invitrogen, Carlsbad, CA) in 1XTBE solution (BioRad,
Hercules, CA). To prepare the gel for blotting of high molecular weight DNA, the
gel was denatured in 0.2M HCI for 10 minutes under constant agitation and then
neutralized in a solution of 0.5M Tris-HCI and 1.5M NaCI, pH 7.0 for 30 minutes.
DNA was then transferred overnight by downward capillary transfer to a
positively-charged nylon membrane (Nytran SuPerCharge Nylon membrane,
Whatman, Sanford, ME) using the TurboBiotter system (Whatman) and 20XSSC
(Amresco, Solon, OH). Membranes were washed twice in 1XSSC, then
crosslinked with 254nm light to covalently bind the DNA to the membrane using a
UV crosslinking oven set to 120 mJ/cm 2 (Fisher Biotech UV Crosslinker,
Pittsburg, PA). After pre-hybridization in DIG Easy Hybridization solution (Roche
Applied Science, Indianapolis, IN) for 30 minutes at 42°C, hybridization was
carried out for 16 hours at 42°C in the presence of 20 ng/ml of the DIG labeled
HSV-1 probe. All incubations were conducted in a boro-silicate glass bottle
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(Thermo Scientific, Rockford, IL) with nylon mesh (Thermo Scientific) separating
membranes in a rolling hybridization oven (Labnet Hybaid, Woodbridge, NJ).
After 16 hours, the membranes were washed twice with 2XSSC with 0.1 %SDS
(Fisher Scientific) for 5 minutes at 25°C and twice with 0.5XSSC with 0.1% SDS
for 15 minutes at 68°C followed by detection as specified by the DIG Starter Kit II
(Roche Applied Science, Indianapolis, IN). Briefly, membranes were washed
with 1X washing buffer for 5 minutes, blocked using 1X blocking buffer for 30
minutes, incubated with supplied anti-DIG antibody for 30 minutes, and washed
twice in 1X washing buffer for 15 minutes. The pH was then equilibrated to 9.5 in
detection buffer for 5 minutes. After adding CSPD developing reagent (Roche
Applied Science, Indianapolis, IN) and sealing in a hybridization bag, membranes
were incubated for 5 minutes at 37°C to enhance luminescence. Luminescence
was detected on X-ray film (Thermo Scientific, Rockford, IL) at room temperature
using development times between 8 and 22 minutes. Film images were scanned
into TIFF files for analysis and storage using the Epson Expression 1600 scanner
(Epson, Long Beach, CA).

II.M.

Bisulfite conversion of unmethylated cytosines to uracils
DNA from the methylated and unmethylated human standards or from the

HSV-1 positive samples was first bisulfite treated to deaminate unmethylated
cytosines to uracils using the specified EpiTect Bisulfite kit protocol for fixed DNA
(Qiagen, Valencia, CA). Briefly, up to 20f.tL of sample DNA (0.16-1.00f.tg) was
mixed with bisulfite mix and DNA protection buffer in Thermowell 0.2ml tubes
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(Corning Incorporated, Corning, NY) and denatured by 3 cycles of incubation at
60°C (25, 85, and 175 minutes) with a 5 minute hold between cycles at ggoc, as
outlined by the manufacturer. Binding buffer and ethanol were added to the
samples which were then bound to a column membrane by centrifugation. The
column was washed, desulfonated, washed twice again, and finally DNA was
eluted in 20fl.L of provided buffer.

II.N.

.

Verification of Methylation-Specific PCR method on human DNA
Since there are no commercially available HSV-1 DNA samples that are

certified to be methylated or unmethylated, methylation experiments were first
performed using human DNA. Unmethylated and methylated human DNA
samples were obtained commercially (Chemicon, Temecula, CA). All primers
were designed with the use of MethPrimer software91 , multiple primers were tried
for each gene, and the selected primers and PCR conditions are shown in Table
IV. Primers were chosen on the basis of their placement in the promoter region
of the gene, their respective G+C content, and their melting temperature as
previously described 91 . Primers for the TN F-a gene were tested for correct
determination of methylation status (unmethylated primer sets amplifying
unmethylated DNA and methylated primer sets amplifying methylated DNA,
exclusively) by amplification of 200ng of human DNA.

Table IV. PCR primers and conditions for amplification of 3 different regions of HSV-1 DNA and one region of human
DNA to test if the original template DNA was methylated or unmethylated (before bisulfite treatment).
Gene of
interest

Test if
product is:

Size
(bp)

LAT 3' Promoter

Unmethylated

230

(118707-118936)
(HSV-1 genome)

Methylated

228

· LAT 5' Promoter

Unmethylated

174

(117818-117993)
(HSV-1 genome)

Methylated

174

ICP4 Promoter

Unmethylated

108

(131764-131871)
(HSV-1 genome)

Methylated

104

TNF-a Promoter

Unmethylated

285

(4598620-4598904)
(Chromosome 6)

Methylated

285

(region assessed)

Primers Sequence (5'-3')

PCR conditions

AGGAAAATAAAATTATATTATTTATTTATG
AAAAACAAACCAACAACCAAC
AAAACAAACCAACGACCGAC
GGAAAATAAAATTATATTATTTATTTACGT
ATTGTTGTTTATTTATTTATTTTGG
ACCATTCTACATATCTATTCTTACATA
TTATCGTCGTTTATTTATTATTTC
CGTTCTACGTATCTATTCTTACGTA
TTTGGGTTTATATAGTTTTAGGGGTT
TCATACATAATAAAATTCCATTCAAA
CGGGTTTATATAGTTTTAGGGGTC
GTACATAATAAAATTCCGTTCGAA
TTGTTAGATGGGTTGGAAAGTTT
AAAAAATCAAATCAAAAAAATCATA
TTGTTAGATGGGTTGGAAAGTTC
AAAAAATCGAATCAAAAAAATCGTA

2x 25 cycles of94°C (30s),
46°C(30s), 72°C (1m)
2x 25 cycles of g~ac (30s),
45 6 C (30s), 72°C (1m)
2x 25 cycles of 94°C (30s),
46°C (30s), 72°C (1m)
2x25 cycles of 94°C (30s),
45°C (30s), 72°C (1m)
2x 25 cycles of 94°C (30s),
46°C (30s), 72°C (1m)
2x 25 cycles of 94°C (30s),
45°C (30s), 72°C (1m)
2x 25 cycles of 94°C (30s),
48°C (30s), 72°C (1m)
2x 25 cycles of 94°C (30s),
45°C (30s), 72°C (1m) .

~
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11.0.

Methylation sensitive PCR
PCR was carried out on 200ng of DNA using the primers and conditions

listed in Table IV. After these conditions were verified for TN F-a primers with
both methylated and unmethylated DNA, all experimental samples were tested
individually with all primer sets. PCR reactions were performed in Platinum Blue
PCR Supermix 96-well plates (Invitrogen), as outlined previously for
Chromosome 18 amplification. After a first reaction of 25 cycles, 2J.tl of product
was added to a second reaction mixture to complete an additional 25 PCR
cycles. PCR products were then separated electrophoretically in 2.0% gels, as
described previously.
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Ill. RESULTS
.II I.A. Specific Aim 1- To investigate the frequency and correlation of
herpesvirus latency in non-trigeminal ganglia of the human head and
neck
III.A.1. Harvesting and extraction procedure verification with histology,
spectrophotometry and Chromosome 18 PCR analysis
The first step in these studies was to ensure that our collected material
was suitable for herpesvirus testing. Figure 12 shows representative H&E
stained microscopic sections from three of the dissections. The presence of
neuronal nuclei in these sections indicated that the dissected material was
obtained from a ganglion. Satellite cells were present surrounding the neurons
and small amounts of tissue artifact (i.e., cell separation) from formalin fixation
were also seen. Lipofuscin was prevalent in many ganglion samples; this
compound accumulates in cytoplasm throughout the life of the host and makes
fluorescent studies difficult103. Although it appeared that lipofuscin had
predominantly accumulated in the trigeminal ganglion, this observation was not
conclusive due to the limited number of samples.
After DNA extraction was completed, the DNA was tested using two
different methods to ensure that the DNA was of a sufficient amount and quality

Figure 12. Microscopic verification of neuronal cell bodies. H&E staining on Bpm
sections of tissue from A) trigeminal, B) otic, and C) ciliary ganglia showing
staining of neural nuclei (circled) and lipofuscin deposits(*). Original
magnification: 400X.
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for viral testing assays. Spectrophotometric analysis of the absorbance at
260nm revealed DNA amounts ranging from 0.458 to 50.11-lg per sample,
as shown in Figure 13. Furthermore, the ratio of absorbance at wavelengths of
260nm to 280nm was verified to be close to 2.0 in order to ensure that DNA
samples were not contaminated with protein 104 . PCR amplification using primers
for a sequence on human chromosome 18 and subsequent electrophoresis to
detect the 149bp product were then undertaken on 200ng of each sample. Of
the 422 samples that were collected, the human chromosome 18 sequence was
amplified in 415. The chromosome 18 sequence could not be amplified from 7
samples, and these samples were not queried for herpesvirus presence. An
example of amplification for human chromosome 18 DNA is shown in Figure 14.

III.A.2. Herpesvirus prevalence among samples and throughout population
of cadavers
For each of the 415 samples that were deemed appropriate for testing,
200ng of total DNA was subjected to PCR analysis using primers for HSV-1,
HSV-2, and VZV. Samples were then electrophoretically separated and
examined for HSV-1, HSV-2, and VZV products, as illustrated in Figures 15A, 8,
and C, respectively. These experiments were conducted in triplicate to ensure
accuracy for HSV-1 and VZV and in duplicate for HSV-2, since there were no
positive results after two complete sets. Triplicate results generally agreed, and

Figure 13. Average DNA concentration recovered from each ganglion type.
bars=S. E. M. The number above ef!lch bar indicates the number of samples for
each ganglion type.
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Figure 14. PCR results of analysis for human genomic DNA sequence D18S1259
(149bp) for all samples from cadaver #5070. Samples were electrophoretically
separated in a 2. 0% agarose gel containing ethidium bromide, and then
photographed under UV light to detect DNA products. . 100bp ladder, Left TG
(lane 1), right TG (lane 2), left PTG (lane 3), right PTG (lane 4), left CG (lane 5),
right CG (lane 6), left OG (lane 7), right OG (lane 8), right SMG (lane 9), left GG
(lane 10), right GG (lane 11), left SCG (lane 12), right SCG (lane 13), positive
control (200ng human genomic DNA, lane 14), negative control (no DNA, lane
15).
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Figure 15. PCR results for analysis for all samples from a representative
·cadaver#5070. DNA sequences from (A) HSV-1 UL30 gene (196 bp), (B) HSV-2
Us6 gene (210 bp), and (C) VZV ORF29 gene (207bp), were amplified by PCR.
Products were then electrophoretically separated in 2.0% agarose gels
containing ethidium bromide and photographed under UV light to fluoresce DNA
products. 100bp ladder, Left TG (lane 1), right TG (lane 2), left PTG (lane 3),
right PTG (lane 4), left CG (lane 5), right CG (lane 6), left OG (lane 7), right OG
(lane 8), left GG (lane 9), right GG (lane 10), left SCG (lane 11), right SCG (lane
12), positive control (10 4 genome copies of virus ofinterest, respectively, lane
13), negative control (human DNA only, lane 14). Full results of these tests on all
cadavers are shown in Table V.
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were repeated in the odd-case of disagreement until a ratio of 3:1 confirmed the
result (i.e., 3 positives: 1 negative yielded a positive or 6 negatives: 2 positives
yielded a negative result).
Summaries of results from testing all samples for each virus are shown in
Tables V-VII. Overall, 36% (150/415) of the samples were positive for HSV-1,
0% (0/415) of the samples were positive for HSV-2, and 18% (75/415) of the
samples were positive for VZV. Overall, none (0/36) of the cadavers was
positive for HSV-2 in any ganglion while 89% (32/36) had HSV-1 and 61%
(22/36) had VZV in at least one ganglion. HSV-1 and VZV positivity by ganglion
site is shown in Figure 16 and Figure 17, respectively.

III.A.3. McNemar's comparisons to determine viral correlation between TG
and each ganglion type
McNemar's test for matched pair data was used to determine the
correlation between each TG and the ganglia ipsilateral and contralateral to it in
the same cadaver. Two-way assessments of these ganglia showed no
correlation between ganglia for HSV-1 (i.e., the presence of HSV-1 in one
ganglion does not predict the presence of HSV-1 in another ipsilateral or
contralateral ganglion). Using McNemar's test, VZV in the TG was correlated
with the presence of virus in both the ipsilateral and the contralateral ganglia
(p=0.001). Full results of McNemar's test for ipsilateral and contralateral
comparison by ganglion location are shown in Table VIII. Individual
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Table II. Results of HSV-1 testing in triplicate.

row
Grey shading = no sample collected; n/a = not amplifiable for chromosome 18;
(+)=sample positive for HSV-1; (-)=sample negative for HSV-1.
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Table VI. Results of HSV-2 testing in duplicate.

Each row represents a different cadaver.
Grey shading = no sample collected; n/a = not amplifiable for chromosome 18;
(+)=sample positive for HSV-2; (-)=sample negative for HSV-2.
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Table VII. Results of VZV testing in triplicate.

Each row represents a different cadaver.
Grey shading = no sample collected; n/a = not amplifiable for chromosome 18;
(+)=sample positive for VZV; (-)=sample negative for VZV.

Figure 16. HSV-1 positivity by site. Except for the GG (52%), the percent of
positive sites did not vary significantly from the average HSV-1 positivity of 36%.
The number over each bar is the number of positive samples I total number of
samples from that site.
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Figure 17. VZV positivity by ganglion site. VZV positivity ranged from 2.8% (NG)
to 27.6% (TG). The average positivity over all sites was 18%. The number in
parentheses over each bar is the number of positive samples I total number of
samples from that site.
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Table VIII. Summary of p-values for McNemar's comparisons for the viral
positivity of each ganglion and its ipsilateral or contralateral

vzv

HSV-1

LSCG
RtSCG
LPTG
RtPTG
LCG
RtCG
LGG
RtGG
LOG
RtOG
LSMG
RtSMG
LNG
RtNG

TG.

Ipsilateral · Contralateral
TG
TG

Ipsilateral
TG

Contralateral
TG

0.4142
0.3173
1
0.1573
0.7055
0.285
0.1573
0.2568
1
1
0.763
1
0.5637
0.5637

0.6547
1
1
0.1317
0.7055
0.0833
0.1573
0.2568
0.7389
0.763
1
0.7055
1

0.0455*

0~6547

0.0253*

0.4795
0.1797
0.6547
0.2568
1
0.7.055
0.4795
0.1797
0.1797

0.0253* .
0.1025
0.0588

0.1573
0.3173
0.1573
0.7055
0.2568
0.4795
1
0.3173
0.0956.
0.6547

0.0143*
0.2568

0.0143*
0.0455*

=significant (p<0.05) correlation between ganglion and its ipsilateral or
contralateral ganglion
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comparisons for HSV-1 showed no significant measures, similar to the overall
lack of correlation mentioned above. Ipsilateral and contralateral comparisons
for VZV showed 6 significant ganglia comparisons, although in each of these
comparisons one of the important comparative terms (a discordant pair) was
zero, possibly skewing the results. Assessment of left versus right side
correlation indicated no relationship to HSV-1 positivity, but VZV did show a
dependence based on side (p=0.0079). Full results of McNemar's comparison of
left versus right side for each ganglion type is shown in Table IX. In these
individual ganglion site comparisons, only the PTG site was significant and only
for VZV (p=0.0455). Again in this example, one of the important terms was zero,
possibly skewing the results. No statistical analysis could be done on the HSV-2
data, as this set was completely negative. Finally, the assessment of HSV-1
positivity and VZV positivity indicated that there was a correlation between
viruses (p<0.0001) (i.e., having one virus did predispose a sample to being
positive for the other virus).

III.A.4. Log-linear model of whole set
A log-linear model for the whole set of 415 ganglia was conducted with
respect to location, anatomical side (left or right), and positivity for HSV-1 and
VZV viruses (HSV-2 virus was excluded from any comparison since no sample
was positive for HSV-2). This log-linear model is a much more powerful
determinant of the correlation between terms than McNemar's test, since the log-
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Table IX. Summary of p-values for McNemar's comparisons for the viral
positivity between left and right ganglion samples.

SCG
TG
PTG
CG
GG
OG
SMG
NG

HSV-1

vzv

0.4142
0.4795
0.0588
0.0588
0.4795
0.6547
0.4142
0.3173

0.3173
0.7055

0.0455*
0.0956
0.7055
0.4142
0.0833
0.3173

*=significant (p<0.05) correlation between
left and right sides
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linear model takes all terms into account at once (rather than the bilateral-only
comparison of McNemar's test). The final log-linear model of the complete
system (8 ganglion sites x 2 sides x 2 virus types) included the following
significant terms:

Constant+ G + P + V + G * P + V

*

P

Thus, upon step-down elimination of all non-essential terms, only G*P
(dependence of ganglion and positivity) and V*P (dependence of virus type and
positivity) were needed to accurately predict a model. All other relationships were
considered non-essential to the model, thus suggesting independence from all
other factors. As measured by the likelihood-ratio chi-square of 26.04 with 46
degrees of freedom (df) and a p-value of 0.992, the fit of the model was
excellent. This p-value indicates that the model shown above is 99.2% accurate
at modeling the experimental data. In other words, the model could be
completely predicted to 99.2% accuracy when only the positivity rate of each
ganglion type and the virus type by ganglion association are known. Three-way
and higher order effects were not significant (likelihood-ratio chi-square= 21.92,
29 df, p-value = 0.823).
Because of this high goodness-of-fit p-value, the power was sufficient, as
predicted with our initial assessment. The log-linear modeling of the complete
system (8 ganglion sites x 2 sides x 2 virus types) with step-down elimination
procedure is shown in Table X. In each step, the effect is allowed to be deleted if
the p-value (Sig. column) is greater than the desired a=0.05. Thus, as evident by
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Table X. Log linear subtraction method for modeling of HSV-1 and VZV virus
type (V), ganglion location (G), side of body (S) and positivity (P).
Step
(b)

0

Generating
Class(c)

7

.797

3

7

.797

7

1.000 3

df

V*G*S*P

.000

0

3.845
3.845

V*G*S, V*G*P,
V*S*P, G*S*P
1 IV*G*S

1

Number
of
Iterations

ChiSquare(a)

IDeleted Effect 11 V*G*S*P
Generating
Class(c)

Sig.

Effects

1.303

2 V*G*P

10.142

7

.181

3

3 V*S*P

1.195

1

.274

3

4 G*S*P

6.172

7

.520

3

4.148

14 .995

10.113

7

.182

3

Deleted Effect 2 V*S*P

1.242

1

.265

2

3 G*S*P

5.924

7

.549

2

21

.978

7

.172

4

11.440

1

.230

3

1.927

7

.996

2

Deleted Effect

I

V*G*P, V*S*P,
G*S*P

Generating
Class(c)

1 V*G*P

2

Generating
Class(c)

V*G*P, V*S*P, G*S 10.072
1 V*G*P

3

Deleted Effect 12 I V*S*P

f"31G*S
Generating
Class(c)
4
Deleted Effect I

V*G*P, V*S*P
1 V*G*P
I
2 V*S*P

10.309

10.998

28 .998

10.410

7

.166

4

1

.215

3

11.538
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Table X (continued)
Generating
Class(c)

IV*G*P,

V*S, S*P

1 V*G*P

5

Deleted Effect 2 V*S

\31S*P
6

Generating
Class(c)
Deleted Effect

V*G*P, S*P

l1 V*G*P
[2!
2 S*P
S*P, V*G, V*P,
G*P

Generating
Class(c)

29 .997

10.410

7

.166

3

.101

1

.751

2

12.431

1

.119

2

12.638

30 .998

10.410

7

.166

3

1

.127

2

!2.331
23.048

37 .965

1 S*P

2.330

1

.127

3

2 V*G

.657

7

.999

2

3 V*P

35.463

1

.000

2

J41G*P

115.725

7

.028

2

23.705

44 .995

2.331

1

.127

2

Deleted Effect 2 V*P

34.806

1

.000

2

f3 G*P

15.069

7

.035

2

26.035

45 .989

1 V*P

34.806

1

.000

2

Deleted Effect 2 G*P

15.069

7

.035

2

s

.005

1

.944

2

V*P, G*P

26.040

46 .992

7
Deleted Effect

Generating
Class(c)

S*P, V*P, G*P

1 S*P

8

Generating
Class(c)

9

V*P, G*P, S

3
10

112.537

Generating
Class(c)

a For 'Deleted Effect', this is the change in the Chi-Square after the effect is
deleted from the model.
b At each step, the effect with the largest significance level for the Likelihood
Ratio Change is deleted, provided the significance level is larger than .050.
c Statistics are displayed for the best model at each step after step 0.
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examining this column, all terms could be deleted except for the Vo,P term
(p=O.OOO) and G*P term (p=0.035).
After detailed analysis of residuals for the model, the maximum absolute
adjusted residual was 1.6, also indicating an excellent fit. This residual
represents the difference between the observed and expected counts for the
model; with it we can graphically assesses model assumption. The residual plots
for the modeled data are shown in Figure 18. The residuals appeared to be quite
normal, and thus were distributed on a 45° line intersecting the origin
(Figure 18A). Figure 188 graphically shows that no skewing of the data was
present; data were equally likely to deviate from the normal in the positive
direction as they were in the negative direction. Lastly, no anomalies were
evident in either plot.
Taken together statistical analyses of the results of these studies revealed
that (1) Virus occurrence was independent of Side and there were no significant
interactions of Side with any other factors (Side not in final model), (2) Virus
occurrence differed by type of Ganglion (significant G*P term in model), (3) Virus
occurrence differed by type of Virus (significant V*P term in model), and (4) there
was no significant association of Virus and Ganglia with respect to virus
occurrence (i.e., virus type and type of ganglion operate independently on
occurrence and not jointly). There were no other higher-order terms in final
model, in particular there was no G*V*P term.

Figure 1BA. Normal plot of adjusted residuals. These observable estimates of
statistical error were quite normal, as they were near-perfectly distributed along a
45° line intersecting the origin.

Figure 188. De trended normal plot of adjusted residuals. Residuals were seen
to be non-skewed and equally likely to deviate above or below the normal.
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111.8. Specific Aim 2- To determine whether the DNA of latent viral
genomes is methylated.

111.8.1. Lack of methylation of the HSV-1 genome

Each HSV-1 positive sample was digested with two restriction enzymes
individually that were either sensitive for methylated cytosines and could not cut
at these locations (Mspl) or were able to cut at all locations, regardless of
methylation status (Hpall). After these digested samples were electrophoretically
separated and blotted onto nylon membranes, DIG-labeled HSV-1 probes were
used to visualize banding patterns. A diagram of this comparative enzyme digest
and its interpretation is shown in Figure 19. As shown in Figure 20, no difference
in banding patterns was seen between Mspl-digested DNA and Hpall-digested
DNA, indicating that overall, the HSV-1 genome was not methylated. If
methylation had been present, patterns would have differed, as methylated DNA
would not be cut by Mspl resulting in larger products, but would be cut by Hspll
resulting in smaller digested products.

11/.8.2. Lack of methylation seen in promoter regions for genes

Since the HSV-1 genome is so large (greater than 150 kilobasepairs), it
was unclear whether small changes in methylation status of particular genes
were being overlooked by Southern blotting of the entire genome. The
methylation status of promoters for specific genes of interest in the HSV-1
genome was assessed using methylation-specific PCR. Genes of interest were
chosen from a prior study by Kubat et al. and included the 5' and 3' promoters for

Figure 19. Diagram of Southern blot method to detect methylated (M) or
unmethylated (U) genomes after digestion with methylation-sensitive (cuts C) or
methylation-insensitive (cuts C or mC) enzymes. 200ng of sample DNA was
digested in two separate vials with methylation-sensitive isoschizomers.
Digested DNA was then electrophoretical/y separated in a 0.9% agarose gel and
blotted by capillary transfer onto a positively-charged nylon membrane. In

a

separate step, HSV-1 DNA was digested into small fragments using Eagl and
labeled with digoxigenin (DIG) by random priming. These DIG-labeled HSV-1
fragments were then hybridized to the membrane to detect HSV-1 DNA. If the
original sample was unmethylated, banding patterns of DNA digested with the
methylation-sensitive and methylation-insensitive enzymes were identical. If the
original sample was methylated, the banding patterns were different. Because
the methylation-sensitive enzyme could not digest methylated CpG residues, the
resulting DNA fragments were larger in comparison to the DNA digested with the
isoschizomer.
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Figure 20. Southern blot to assess for methylation in the complete herpesvirus
genome. Samples were cut with either Hpa/1 (H, methylation-insensitive) or Mspl
(M, methylation-sensitive) then e/ectrophoretically separated in 0.9% agarose
gels and blotted onto a positively-charged nylon membrane. DIG-labeled Eag/digested HSV-1 DNA was hybridized to the membrane and membranes were
developed on X-ray film. Comparison of side-by-side digests of the same sample
with these two isoschizomers (e.g. lane 1 and lane 2) shows no difference, thus
no methylation is evident. DIG-labeled ladder (markers listed), 5057 left OG
digested with Hpa/1 (Jane 1) or Mspl (lane 2), 5057 right OG digested with Hpa/1
(lane 3) or Mspl (lane 4), 5057 left SMG digested with Hpa/1 (lane 5) or Mspl
(lane 6), 5057 right SMG digested with Hpa/1 (Jane 7) or Mspl (lane 8), 5057 left
NG digested with Hpall (lane 9) or Mspl (lane 10), 5057 right NG digested with
Hpa/1 (lane 11) or Mspl (lane 12), 5063 left TG (HSV-1 negative sample, as a
control) digested with Hpa/1 (lane 13) or Msp/ (lane 14), HSV-1 DNA (positive
control) digested with Hpa/1 (lane 15) or Mspl (lane 16).
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LAT and the promoter for the ICP4 immediate-early gene84 . The promoter for
human TN F-a was also chosen to determine whether there were methylation
changes in the infected host (in HSV-1 positive ganglion samples). DNA from
each sample was first bisulfite treated to change all unmethylated cytosines to
uracils. Then, each sample was subjected to PCR using primers which were
specifically designed to detect originally unmethylated cytosines (now coding as
thymines) or methylated cytosines (still coding as cytosines). After two-step PCR
reactions, PCR products were electrophoretically separated and visualized on
2.0% agarose gels. An example of PCR testing for the four regions of interest
after bisulfite conversion of DNA is shown in Figure 21. As shown for two
representative samples (5124 left TG and 5118 right PTG) in Table XI, there was
no cytosine methylation of any of the 4 promoters among the forty-six samples
that were tested.

Figure 21. Analysis of the methylation specific PCR products obtained with
primers for 4 gene promoters. Sample DNA was bisulfite-treated to convert
unmethylated cytosines to uracils before PCR amplification with primers as
described in Table IV. Samples were then separated on a 2% agarose gel with a
1OObp molecular weight ladder.
A. 5' LA T Promoter showing bands at 174 bp, B. 3' LA T Promoter showing
bands at 230 bp (unmethylated) or 228 bp (methylated). C. ICP4 Promoter
showing bands at 108 bp (unmethylated) or 104 bp (methylated}.
Lanes 1-2, sample from 51241eft TG, with unmethylated- (1) or methylatedspecific (2) primers. Lanes 3-4, sample from 5118 right PTG with unmethylated(3) or methylated-specific (4) primers. Lanes 5-6, negative controls (PCR
reaction without DNA) from unmethylated- (5) or methylated-specific (6) primers.
Lanes 7-8, DNA isolated from HSV-1-infected Vera cells with unmethylated- (7)
or methylated-specific (8) primers.
D. TNF-a Promoter showing bands at 285 bp. Lanes 1-2, sample from 5124 left
TG, with unmethylated- (1) or methylated-specific (2) primers. Lanes 3-4,
sample from 5118 right PTG with unmethylated- (3) or methylated-specific (4)
primers. Lane 5, negative control for both unmethylated and methylated primers,
combined (PCR reaction without DNA). Lanes 6-7, human unmethylated control
DNA with unmethylated- (6) or methylated-specific (7} primers. Lanes 8-9,
human methy{ated control DNA with unmethylated- (8) or methylated-specific (9)
primers.
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Table XI. Summary of results of Figure 21 using methylation-specific PCR
for the promoters of 3 HSV-1 genes and 1 human gene (TNF-a).

Primers

5'LAT
Promoter
M

51241eftTG

+

-

+

-

+

-

+

-

5118 right PTG

+

-

+

-

+

-

+

-

no DNA

-

-

-

-

-

-

-

-

ui
0

HSV-1 DNA

+

-

+

-

+

-

nt

nt

c:

human
unmethylated DNA
human
methylated DNA

nt

nt

nt

nt

nt

nt

+

-

nt

nt

nt

nt

nt

nt

-

+

Region of Interest

(/)

Ql

c

E

ro

en

~

0

(.)

nt

u

3'LAT
Promoter
M

u

ICP4
Promoter
M

u

TN F-a.
Promoter
M

u

=not tested; U=unmethylatedsequence; M=methylated sequence

IV. DISCUSSION

IV.A. Herpesvirus prevalence and correlation between ganglia of the
human head and neck
Knowledge of herpesvirus presence in ganglia of the head and neck has
49

been expanding since its first discovery in the trigeminal ganglion in 1972

.

Although there are a few studies analyzing many individual groupings of ganglia
in this region, a comprehensive study of many ganglia in a population of humans
was lacking. Furthermore, ganglia in this region have never been thoroughly
analyzed to decipher whether presence of one herpesvirus in a site can predict
the presence or absence of herpesvirus in another location. Through the studies
presented in Chapter Ill, we were able to perform a retrospective analysis of the
presence of herpesviruses among 16 different ganglia of the human head and
neck.
The major strength of this study was the use of human material to study a
virus in its native host. Although animal models may be good indicators of how
viruses might behave or establish/maintain latency in their natural host,
extrapolation of results from animal models to the human may be difficult.
Moreover, research involving human material is essential to discovering the
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pathogenesis of the varicella zoster virus since infections by this virus cannot be
easily modeled in other organisms105 .
This study made use of the precious and often underutilized resource of
human material after educational cadaveric dissection. However, the use of
i

formalin-fixed cadavers presents its own set of limitations. IThe effect of the long

'
time of fixation (from 3 months to over 3 years in this study) has been suggested
to be similar to that observed in formalin-fixed paraffin emb,edded specimens that
were originally obtained during surgical resection for pathology studies94 •
Although the processing of cadaveric dissection material does not have the
'

drawback of using the harsh chemical, xylene, to de-paraffinize the samples, the

.

'

length and quality of the DNA from cadaveric material are compromised because
of the long fixation 106• It has been shown that up to 30% of the nucleic acid in a
sample can be lost upon instillation of room temperature fixative 106 and that DNA
is degraded by DNases during the fixation process, so DNA amounts after
fixation would be expected to be lower than that of a fresh specimen 107 .
'

However, it has also been shown that viral DNA from reseCted tissue specimens
'

!

does not degrade during storage at -20°C or as extracted GNA stored at 4°C for
16 months 108 . By extrapolation, these findings suggest tha~ in the material used
in our studies, there was loss of DNA during fixation but degradation stopped
'

I
when the samples were dissected, processed, and DNA was extracted. The
average time between fixation and dissection for our samples was 9 months
(standard deviation± 4 months). Formalin is also known to extensively crosslink
proteins to DNA which impairs the ability of PCR primers to bind to and

J
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eventually amplify this material 106 . However, even though tissue could not be
processed immediately, it has been shown that HSV-1 could be amplified from
formalin-fixed temporal bones even after poor fixation conditions 109 •
Additionally, the use of formalin fixed material presented further limitations
on the amounts of DNA that could be recovered due to the large number of
processing steps that were required to extract the DNA. Tissue was subjected to
cryostat cutting, PBS washing, pulverizing at very cold temperatures, incubating
in multiple changes of buffer, and relocation to fresh vials (transfer loss).
Centrifugation was used to minimize the loss of material during buffer changes;
however centrifugation had to be limited in time and done at low speed to avoid
reduction of surface area from tissue clumping.
Although this study is similar in design to published assays on fixed
material, fixation conditions are slightly different in every anatomical donation
program. The cadavers used in this study were preserved using the Maryland
State Anatomical Solution, which consists of roughly one-third each of phenol,
methanol, and glycerine with a small percentage of formaldehyde. Other studies
have used embalming fluid consisting of similar amounts of another alcohol
(isopropanol) in a 50% water background with small amounts of formalin, phenol,
and glycerine95 • The change in percentage of glycerine and amount of phenol in
our embalming fluid could ultimately affect DNA fragmentation within a sample as
well as the ability to extract DNA from a sample.
Conversely, the dehydration of samples during our methanol-containing
embalming process (in contrast to other fixatives) is believed to aid in the
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protection of DNA from formalin cross-linking by creating a temporary and
substantially reversible condensation effect110. Similar preservation techniques
using methanol suggest that DNA quality is preserved with the use of methanol,
although cell supramolecular structure may be compromised 111 • The protection
afforded by our methanol-based fixation may explain the higher yield of DNA in
our studies in comparison to the yield of DNA from previous studies using
material from formalin-fixed cadavers6 .
The column based extraction procedure used during these studies was
more sensitive than phenol extraction in previous studies 112 and also when tested
in a preliminary experiment (results not shown). The loss of all or part of a DNA
pellet was avoided in the column based DNeasy kit, and no contamination by
Trizol or Proteinase K was evident during spectrophotometric analysis. The
drawback to this change in method from prior studies 6 was that if tissue was not
completely dissolved by Proteinase K and lysis buffer prior to adding it to the
column, the undigested tissue would clog up the column pores during the
subsequent centrifugation step which would, in turn, limit the surface area on the
column that could bind DNA. This limitation was avoided by repeated addition of
Proteinase K until the entire tissue sample had completely dissolved and by the
initial optimization of pre-lysis buffer steps to fully reverse the crosslinking of DNA
and protein. In a previous study by Bustos et al., recovered DNA amounts were
lower than the amounts recovered in this study; i.e., 71-133ng of DNA was
<

extracted from the TG compared to 1.02-26.3f.tg for our TG samples and for CG
samples, 432-1000ng compared to our 0.458-18.7f,tg 6 • This difference could
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result from limited loss from the column based DNA extraction method, different
amounts of starting material, or less crosslinking due to the difference in
embalming chemicals.
Because RNA is degraded during the long fixation time and protein-DNA
interactions are altered, studies on RNA or many DNA dependent proteins
cannot be done using long-term formalin-fixed material 113 . Because of RNA
degradation, latency associated transcripts could not be evaluated in this study.
Previously it was thought that identification of LATs was necessary for
proving viral latency; however since LAT production has been recently shown to
be unnecessary for latent infection, we determined whether virus was latent by
detection of viral genomes in ganglia61 •114 . Although detection of LATs has been
the long-time "gold" standard for latency, recent studies have shown that PCR
detection of viral DNA is an acceptable, and even more sensitive assay, to
confirm viral latency 115 This is especially true in fixed material where the fixation
process may have degraded most, if not all, of the RNA113. Lastly, although
anatomical donations are not accepted if active infection is known to exist at time
of death, we cannot be certain that some underlying herpesvirus infection or
other subclinical infection/condition might have been present at the time of death
that would have affected nuclear access (for proteinases) during extraction, DNA
recovery, or amplifiability of the DNA.
Histological studies were conducted on the recovered tissue to ensure
proper localization of dissection. By assessing the samples for the presence of
neuronal cell bodies by H&E staining, ganglionic localization was confirmed.
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Stained microscopic sections also helped in initial dissections to determine the
exact location of the ganglion when looking for smaller ganglia such as the ciliary
(1x2mm), pterygopalatine, and geniculate ganglia. Examination of microscopic
sections allowed us to modify dissection techniques and localization after the first
few cadavers and thus helped us to harvest more ganglia in later dissections. As
shown in Table V, which is organized chronologically, improved dissection
technique is apparent in the progression to our later dissections. The grey boxes
indicate that a sample could not be dissected, either because of destruction from
prior dissection, or in many of the earlier attempts, because of inadequate
dissection technique or by inexact localization of the ganglion of interest. The
sequential trend toward recovery of more ganglia is evident by the gradual loss of
grey boxes throughout the study. Cadaver number 5249 was an exception to this
trend; however, it should be noted that this was the only fresh cadaver from
which tissue was harvested and suboptimal storage conditions (i.e., a 4-hour
delay between dissection and freezing at -70°C and/or changes caused by
dissection at room temperature followed by storage at -70°C) likely accounted for
the extensive tissue degradation observed in samples obtained from this
cadaver.
Microscopic evaluation of larger ganglia, such as the trigeminal, superior
cervical, and nodose ganglia also helped to ensure that the specimen contained
densely packed neuronal cell bodies typical of a ganglion. Since a recent study
showed that in a single ganglion only 2.0-10.5% of neurons were positive for
HSV-1 genomes, and only 1.0-6.9% of neurons were positive for VZV115 , we
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sought to maximize the number of neurons whose DNA was examined. By
determining where the most neuronal cell bodies were located, we could
selectively pick these areas for tissue pulverization and DNA extraction. By
selecting the areas with the most cell bodies, we were also able to maximize the
amount of DNA that would be available for extraction from the ganglionic sample.
Since the neuron is the primary site for HSV-1 latency15 and likely also for VZV
latency116•117 , we chose to limit our dissection to areas containing neuronal cell
bodies and the areas immediately surrounding these. Since this study did not
include examination of tissues from non-neuronal sites, the questions of whether
there is latent virus in non-neuronal tissue and if there is, if viral DNA is
methylated in non-neuronal locations could not be addressed by this study.
Spectrophotometric analysis of undiluted samples of extracted DNA
revealed that an average yield was 9.14[1g/ganglion. An absorbance peak at the
wavelength of 260nm suggests that there was sufficient DNA in the sample and
that proper extraction technique was performed. The ratio of absorbance at 260
to 280nm was determined for each sample and was ensured to be close to 2.0.
This ratio measures the purity of the sample and a ratio close to 2 reduces the
likelihood that protein or other contaminants contributed to a falsely high 260nm
value.
Of the 422 ganglionic samples that were collected, 98.3% (415) were
amplifiable for a 150bp segment of Chromosome 18 by PCR. This percentage
agrees with past studies, in which 78.6% (77/98) of samples collected from
trigeminal and ciliary ganglia were suitable for future studies6 • The Chromosome
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18 primer set was chosen because of past experience with this primer set in our
laboratory and also because of the infidelity of GAPdH and 13-actin primers which
has been a confounding factor in herpesviral studies 118 . It has been shown that 13
actin and GAPdH amounts vary between samples in HSV-1 and in VZV infected
cells, so both of these sequences are not suitable for use as housekeeping
genes. Amplification for a unique, single copy sequence of human chromosome
18 which is not located in any gene (intron region) ensures that the sample does
contain human DNA and that the DNA is of sufficient quality to be amplified by
PCR. The need for amplification of very short sequences of less than 300
basepairs was suggested by prior studies on fixed material which showed that
formalin-induced DNA fragmentation impaired the amplification of longer
sequences 55 •119. Furthermore, annealing temperatures and PCR conditions,
including Taq/buffer mix, were optimized by using the FailSafe Selection kit
(Epicentre) and a variety of PCR temperatures to maximize sensitivity in this
study.
The prevalence of 89% (32/36 cadavers), 0% (0/36), and 61% (22/36) for
HSV-1, HSV-2, and VZV, respectively, in this study differs from previously
reported averages of seropositivity of 57.7%, 17.0%, and 95.8% 34•120 . One factor
that might account for the difference of prevalence of virus in our study is the
relative difference in the age of subjects. The age range of our subjects (48-96
years of age) had only minimal overlap with the age range of the subjects
involved in the la'rger National Health and Nutrition Examination Surveys
assessment of HSV-1 and HSV-2 in which the age range was 14-49 years 34 .
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The age of our subjects was also considerably greater than in the VZV study in
which the subjects were 18-21 year old military cadets 120 . As would be expected
with longer time of exposure to viruses in the environment, it has been found that
HSV-1-positive rates are significantly higher in advanced age (i.e., >60 years) 121 •
Averages of virus prevalence in previous studies are from serologic
studies, whereas our study used PCR to determine the number of ganglia
containing HSV-1, HSV-2, or VZV DNA. HSV-2 and VZV infections usually do
not involve regions of the head and neck, so this could account for the low
prevalence ofVZVand the lack of HSV-2. In addition, no information about race,
socioeconomic status, or history of prior herpesvirus infections was available for
our donors. Although the locations in which the donors lived prior to their death
is also not known, most of the cadavers donated to the Medical College of
Georgia come from within 50 miles of the Medical College of Georgia. This is a
different region of the country from any other published studies

6 53 54 61 64 121 123
3- • • • • • •

Perhaps differences in herpesvirus positivity show a dissidence in prevalence by
region similar to that which has been reported for stroke In prior "stroke belt"
studies, there was an elevation in the risk ratio of death by 1.217 just from living
in the southeastern United States 124 . This hypothesis about regional differences
with respect to herpesviruses, however, cannot be proven due to the lack of
medical history and demographic information about the donors.
In these studies, HSV-2 DNA was not detected in any of the head and
neck ganglia. Because of the low prevalence of this virus in the population 34 , and
the even lower likelihood of it being contracted in the head and neck region, the
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lack of HSV-2 positive ganglia was not surprising. HSV-2 was not found in any of
our samples, which is similar to previous studies in the head and neck showing
that only 7% ofTG (1/15 samples) 61 and 0/14 muscle biopsy specimens were
positive for HSV-2 125. HSV-2 causes primarily genital lesions and the virus would
then establish latency preferentially in the lumbar or sacral dorsal root ganglia,
rather than in the ganglia in the head and neck36. HSV-1 and HSV-2 have been
shown to have different sites of latency62 based on their LAT sequence9 . In
addition, although there is speculation that the prevalence of HSV-2 in the head
and neck is changing and that this virus is dispersing throughout the entire
neuraxis with the changing of sexual practices126•127 , this effect would probably
not be evident in cadavers with an average age of 80.1 years. Finally, the result
that HSV-2 could not be amplified from any sample may be because the
sensitivity of our assay was too low. Our amplification for HSV-2 could only be
optimized to detect a minimum of 1000 copies, in comparison to 39 copies of
HSV-1 or 100 copies ofVZV.
VZV genomes were found at a much lower prevalence than those of HSV1 (18% versus 36%). This may result from the difference between the two
viruses in the mode of entry into the body and also from differences in potential
sites of latency. HSV-1 usually infects at the mucous membranes of the mouth,
nose, or eyes, gains entry into the sensory nerve endings, and travels up axons
to establish latency in the neuronal cell bodies of ganglia of the head and neck;
VZV infection is more widespread. VZV establishes a primary viremia after
gaining entry to the body through the respiratory tract and then eventually
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establishes latency in the neuronal cell bodies through either retrograde transport
from neurons supplying areas near vesicular skin eruptions or directly from
blood-neuronal interactions7 • Thus, VZV infection is not restricted to the head
and neck and may infect the entire nervous system.
The relatively rare prevalence of VZV in the ganglia of the head and neck
in our studies may also shed light on the low incidence of VZV reactivation in the
face. Although shingles (reactivation of VZV) can occur in the dermatomes
supplied by any of the three divisions of the trigeminal nerve, reactivation in
dermatomes supplied by the trigeminal nerve is relatively rare (14-20%) in
comparison to reactivations causing lesions on the chest and thorax45 . Perhaps
the virus or some transcript of the virus, preferentially allows it to establish
latency in regions of the neural axis away from the head and neck, similar to the
effect of LATs of HSV-1 and HSV-2 discussed earlier. Further studies ofVZV in
the dorsal root ganglia throughout the length of the spine are needed to
determine whether there are regional specific patterns of VZV neuronal latency.
For each type of ganglion, we found that the prevalence of HSV-1
averaged 36.1% (standard deviation=7.9%). It has been generally assumed that
the trigeminal ganglion is the main site of herpesvirus latency. In light of the
findings of a recent study in which the geniculate ganglion had an higher copy
number of viral genomes than either the ipsi- or contralateral trigeminal
ganglion 53 , we hypothesized that other non-trigeminal sites would possibly harbor
latent virus more often than the TG. Of note, we found a slightly higher
percentage of geniculate ganglia were positive for herpesvirus genomes (52% of
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48 GG), when compared to all other types of ganglia (34% of 367 ganglia).
However, this could be a coincidental finding, as sample numbers were
insufficient for statistical testing. It has been suggested that infection with HSV-1
or VZV in the geniculate ganglion might have a role in Bell's palsy or Ramsay
Hunt syndrome, respectivell0 •46 • Therefore it is possible that reactivation of
virus from the GG may result in these unusual syndromes.
The size of each ganglion is another possible confounding factor on
relative prevalence between ganglia types. Although we harvested a uniform
piece from each specimen, differences in neuron density by site may have
affected the amount of DNA that could be recovered. However, when the
amount of DNA recovered from each site was analyzed (F.igure 13), there was no
significant difference between sites. In addition, any small difference in DNA
amounts recovered from samples was furthermore minimized whenever possible
by using a standard 200ng of sample DNA in each PCR reaction.
Nested PCR was used to exponentially amplify sequences for each of the
three viruses. Nested PCR was used over a single PCR reaction with increased
cycle numbers to increase sensitivity while not compromising specificity with
false-positive reactions 128 • Since aerosols released when opening the caps of
PCR tubes were a potential source of contamination, 96-well plates were used
for these studies. Also, plates allowed more samples to be processed
simultaneously and were much easier to load, using a multichannel pipettor for
Master Mix. Nested PCR requires high additive cycle numbers which could cause
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false positives, but false positive results were not seen in any of our reaction
plates.
Plasmid controls were used in our PCR analysis both to determine the
sensitivity of the primers and as positive controls in each reaction. These
plasmid controls allowed us to optimize our results by comparing them with
published studies 93 •96 . Because we were able to use these control plasmids,
there was no need to introduce new actively replicating viruses (or the protocols
that accompany them) into the laboratory. Since these plasm ids are smaller than
genomic DNA, they might be easier to query for gene sequences using PCR
which might result in an overestimation of the sensitivity of our assays. We
added 200ng human DNA to these plasmid samples to simulate conditions in
human tissue, but this still may not provide a realistic estimate of the copy
number sensitivity. We also included a known positive and known negative
sample in each run so that inter-plate differences did not confound the results.
Although this was the first study of herpesviruses in multiple ganglia of a
large population of cadavers, sample number was limited. This limitation was
due to the amount of time and experience needed to do full dissections of all 16
locations and the fact that some samples were destroyed or otherwise
unrecoverable due to previous dissections. An advantage to obtaining certain
smaller ganglia (CG and PTG) was that the area around these ganglia was
sometimes completely undissected. As an example, students do not usually
dissect far enough in the posterior direction toward the common tendinous ring,
where the CG lies; because of this, the area within 0.5 inch of the ganglion was
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still mostly filled with adipose tissue and showed no signs of prior dissection.
Use of the neurosurgical microscope was also helpful in correctly identifying and
retrieving these smaller ganglia.
The presence of multiple empty data points (from samples which were not
available or from which DNA could not be amplified made the data difficult to
analyze by statistical methods; however bivariable McNemar's test and the loglinear method were successfully employed. McNemar's tests were largely limited
by the amount of zero columns in data analysis (i.e., comparisons in which there
were no instances of a positive TG and a negative non-TG ganglion, which
resulted in a comparison to a zero value). The log-linear model is a much
stronger statistical model which accounts for all variables at once, rather than the
bilateral McNemar's comparisons. The log-linear goodness of fit analysis of
99.2% confirms that this was not an underpowered study and that sufficient
samples were available from each location and cadaver to fully formulate a
model.
Log-linear analysis allowed a design with correlated observations to test
what combination of variables needed to be considered to model the data. Loglinear analysis allowed great flexibility in modeling a hierarchical random-effect
model. Using this type of analysis, not only could we model the variancecovariance matrices at the various levels of nesting, but we could also easily
incorporate covariates, instrumental variables and interaction terms in models
and test their relative "fif'100• The subtraction step-down method was used to
eventually determine which factors were essential for modeling the system.
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Thus, if factors were not essential and were subtracted out of the final model,
their removal signified the lack of a statistical dependency.
The final predicted model which included only the associated terms of
G*P and V*P showed that the entire 8 x 2 x 2 system could be simplified by only
looking at ganglionic positivity and viral positivity, independently. Thus, if we only
knew the percentage of positives for each type of ganglion and the overall viral
positivity rate, we could predict the entire model (with known constants). All
other factors were independent of one another, including positivity by side (i.e.,
one side is no more likely to have virus than the other). The implication of the
resulting model showing independence between ganglia is that each ganglionic
site must be looked at independently as a location of possible virus reactivation
in humans. The results of this study should encourage a new view of sites of
herpesvirus latency in the human host.
An original goal of this study was to determine which cell types within a
ganglion might harbor latent virus. However, we were not able to do this part of
the study. Since most of our tissue was collected from elderly donors (average
age of 80.8 years), there was extensive accumulation of lipofuscin in the ganglia.
Lipofuscin is a pigment that accumulates over the lifetime of the host in the
cytoplasm of neurons 103• This lipid-laden collection of lysosomal digestion
products autofluoresces at a broad range of spectra, and the length of time in
fixative increases the amount of autofluorescence129 . We tried many different
methods to limit autofluorescence, including treatment of sections with cupric
sulfate and Sudan Black 8, which appeared as a black ink blot over the entire
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slide and which non-specifically masked all fluorescence, including that of our
markers 130. Because the lipofuscin fluoresced brighter than any of the cellular
markers we wanted to detect (e.g. AS, SSEA3, and TrkA), strategies to remove
autofluorescence effectively removed all fluorescence. Digital image processing
methods are also suggested in the literature to reduce autofluorescence by
subtractive means 131 •132, but we were unable to employ this approach in our
studies. Other investigators have reported similar autofluorescence problems
and have also been unsuccessful using fixed tissue for latency studies(Todd
Margolis, personal communication).
If immunohistochemistry had allowed us to identify different cell types
within a ganglion, the next step in assessing neuronal cell types and their
predisposition to latent virus would have been to optimize fluorescent in situ
hybridization (FISH) methods to detect viral DNA in individual cells. However,
this hybridization would have been even harder since autofluorescence would
still be expected to confound the identification of DNA-containing cells.
We could have used alternative methods to stain for specific neuronal
markers such as avidin:biotin staining (Vectastain ABC system, Vector
Laboratories, Burlingame, CA). However, localization of genomes by FISH still
would have problems with autofluorescence, and it still would not be possible to
identify specific herpesvirus-containing neurons. The only solution would have
been to find a way to non-fluorescently label both DNA and protein
simultaneously in the same section or in a series of serial sections; however we
had only a limited amount of material to optimize this system for different
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stainings on serial sections. Furthermore, we observed much tissue artifact (i.e.,
cell separation) in H&E stained sections (see Figure 12).
We hoped to study fresh material to avoid the probtems of
autofluorescence caused by fixation and fixation artifacts. Fresh human dorsal
root ganglia are being studied for herpesvirus presence and correlation with cell
type at other institutions with success; SSEA3 and A5 markers have been
immunohistochemically labeled and genomes have been localized by FISH
(Todd Margolis, personal communication). However, during this study, very few
fresh cadavers were available at the Medical College of Georgia. Therefore,
because of the limitations of fixed material and the lack of fresh material, this
study of neuronal cell types was abandoned and an assessment of possible
methylation in the HSV-1 genome was undertaken.

IV.B. Methylation studies
DNA methylation is an important epigenetic modification that can alter the
transcription status of individual genes.by essentially blocking them from cellular
machinery69 . Previous studies on herpesviruses have shown that methylation is
a very important mechanism in EBVreplication 77 , however the role of methylation
in HSV-1 is less clear-cut. In an in vitro study of HSV-1 in lymphocytes,
methylation was found to be present in the viral genomes of latently-infected
cells, but was not present in cells undergoing active viral replication 81 • A later
study involving latent virus in BALB/c mice found no evidence of HSV-1 genome
methylation in the brains of either acutely or latently-infected mice; this study did
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show one instance of examining TG from latently infected mice (Figure 1), but did
not analyze this data 83 . Another study in mice used bisulfite sequencing to
evaluate 4 regions of the herpesvirus genome which were predicted to be
potential targets of methylation. This study found no evidence of methylation jn
any of these sites, including the 2 promoter regions for LAT and the promoter of
ICP484 • Since the results of methylation studies have been different depending
on the model systems (i.e., cells vs. mice), an examination of the methylation
status of latently-infected human ganglia offered another approach to answer the
question of whether methylation controls HSV-1 latency in the native herpesvirus
host.
As presented in Chapter Ill, our studies found no evidence of methylation
in both the whole HSV-1 genome by Southern blot analysis (using methylationsensitive restriction enzymes) and in the promoters of 4 genes (2 promoters of
LAT, the ICP4 promoter, and the human TNF-a gene promoter). Although this
limited study cannot rule out the possibility of methylation in some other part of
the herpesvirus genome in latently-infected humans, it agrees with the prior
reports of the lack of methylation of the HSV-1 genome in latently-infected
micea3,84.
Prior studies on another herpesvirus, EBV, suggested that methylation
would be one way transcription of latent HSV-1 genes was limited 72 . Perhaps
one of the reasons why HSV-1 does not also use methylation to silence latent
genomes is that it is latent in a different range of cells (non-dividing neurons)

f. Another of the many differences that may

than EBV (primarily lymphocytes
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account for the disparity in methylation between viruses is that EBV shows
overall CpG suppression (with its 0.60 Odds Ratio), whereas HSV-1 and VZV
have as many CpGs as would be predicted in an average genome (by random
probability) 72• CpG suppression usually is found in genomes in which
methylation is a key role-player69 . The lack of CpG suppression in the
alphaherpesviruses may indeed predict the absence of methylation-based
latency. In addition, reactivation studies show that acetylation of the LAT
enhancer histone H3 (K9, K14) then causes the acetylation of the ICPO and ICP4
promoters, further supporting the idea of histone control in HSV-1 133•134 .
Our Southern blot study of DNA methylation of the whole genome showed
no gross changes in methylation patterns in latently-infected ganglia; however
single DNA modifications could exist and be hidden by the large amount of DNA
screened. A drawback of this type of blotting is that it is non-quantifiable; it is
assessable by visual inspection only. Future studies could include probing the
blots for individual gene promoter sequences, although we would need to avaid
use of restriction enzymes which would cut within the sequence of interest.
Furthermore, the amount of DNA from the human samples is limited, and
stripping and rep robing of nylon membranes would only be possible a few times.
Previous studies of genomes by Southern blotting have used radioactive
labeling, rather than the DIG-labeled method used herein; however the DIG
method is shown to be as sensitive as isotopic methods135. We chose to use the
restriction enzymes Hpall and Mspl, as they had previously been used in
published studies of cells and of mice to analyze differences in methylation 81 •136•
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A similar set of enzymes, Smal and Xmal, which recognize the ·sequence 5'CCCGGG-3' and which have been used to detect methylation in studies of HSV1 in the brains of latently-infected mice83 , were also tested in our studies, but
hybridization banding was so light that similarities or differences between
samples could not be detected(res·ults not shown). The light banding pattern
could suggest that no methylation is present, since dark bands were not present
at the top of the lanes containing Smal (which cannot cut when the internal
cytosine is methylated) digested DNA. However, since all of the samples (except
for the one fresh tissue specimen) were subjected to conditions to reverse the
cross-linking of proteins to DNA, this procedure might have also removed all
methylation groups from the DNA causing a false-negative result.
Since it was possible that these results could have been from a lack of
resolution of the Southern blot, another method (i.e., methylation-specific PCR)
was used to allow a more detailed look at the methylation status of specific
sequences of the genome. If methylation was present, we would expect it to
dampen transcription of genes; thus, we would expect to see methylation of the
immediate-early ICP4 gene that is not transcribed during latency but not of the 3'
and 5' promoters for the LAT gene (which are transcribed during latency).
Methylation-specific PCR (MSP) was described as a new method to detect
site-specific changes in methylation by Herman et al. in 1996137. This method has
the distinct advantages of 1) allowing assessment of CpG sites that are not within
restriction enzyme-recognized sequences, 2) increased sensitivity over Southern
blotting, 3) increased specificity since false-positive partial digestion products are
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eliminated, and additionally, 4) confirmation of the quality of the DNA since each
sample is simultaneously probed for unmethylated and methylated products.(and
at least one should be present) 89 •137 .
MSP analysis allows for a much finer resolution than whole-genome
Southern blot analysis; however since the amount of DNA was limited, it was not
possible to test a large number of promoter regions. Therefore, we chose to use
previously determined sections of interest; these regions were predicted by
Kubat et al. by a CpG suppression algorithm and a CpG-to-GpC ratio prediction
model84 . Our results of the 5' promoter and 3' promoter of LAT, as well as the
promoter for ICP4 gene, agree with the study by Kubat et al. Methylation was
not seen in any of these genes (with the caveat that not all sequences could be
examined). For the testing of each gene promoter, we had to design a primer set
based on the region of interest, ensure that the primers would not crosshomologize and amplify any other human or HSV-1 DNA sequences, and
optimize PCR conditions accordingly.
Host TN F-a modulates HSV-1 and is believed to keep the virus from
reactivating 138 , thus we would expect the TN F-a promoter region to be
unmethylated to allow active transcription. We did in fact confirm this hypothesis,
since TN F-a was unmethylated in all samples. This target sequence in the TN F-a
promoter region was established by using the MethPrimer software to evaluate
potential CG islands and finding a targ.et location outside of these islands 91 •
Since we only studied 3 small regions of HSV-1 and one region of human
DNA, we cannot rule out methylation in other locations of the herpesvirus
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· genome and/or of the human genome. Methylation of other key genes could, in
turn, cause the suspension of all DNA transcription or could recruit suppressive
forms of histones or other gene-binding proteins to cause a more global
suppressive effect. Recently, it was reported that a sequence within the LAT
gene (not either of the promoters) is largely responsible for determining sitespecific reactivation efficiency139• Since we did not study this sequence, we
might have been looking at the wrong sequence within LAT and missed this
possible important region for latency control.
Confirming the lack of viral methylation in latently-infected human ganglia
strengthens the findings of prior research in latently-infected mice showing no
observable methylation. Although, it is generally expected that results from
human samples will be similar to those from studies in animals, rather than those
from studies using in vitro culture lines, this claim could not be validated until
human studies were accomplished. This validation is especially needed with the
emerging knowledge of CpG and methylation differences between human and
mouse genomes. Comparative studies between human and mouse genomes
have shown that the mouse genome has many fewer CpG islands 140 than the
human genome, especially around promoter regions and that humans have a 2-3
fold higher nucleotide substitution rate than mice141 . Although we are largely
looking at patterns of methylation in viral genomes once they are within either the
mouse or the human, we have to consider the causes of these changes as
possibilities of why methylation studies of latently-infected human tissue may
differ from those of latently-infected mouse tissue.
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Regarding possible effects of formalin-fixation on methylation status,
previous reports suggest that formalin fixation of tissue specimens does not
affect methylation, at least up to 72 hours 142 • If anything, we would expect that
our formalin (with a high percentage of methanol) might create a false-positive
methylation error. However, this did not appear to be the case since we found no
evidence of methylation in the fixed tissue. It has also been suggested that
formalin may actually facilitate PCR analysis because of DNA degradation and
breaking up of complex secondary structures 142 . Unfortunately, formaldehyde
does have the negative effect of nonreproducible sequence alterations where
specifically cytosines are misread as a thymine 143 , which is the same change that
is assessed by the methylation-specific PCR primers after bisulfite conversion of
DNA. In our case, we did not observe any methylation, so the possibility of
random sequence alterations does not compromise our negative result, since this
is a one-way

c~ T

mutation. Since DNA methylation was not observed in either

this study or in the prior study of HSV-1 latency in mice84 , and a likely alternative
hypothesis for epigenetic control of viral DNA may be histone modifications,
further studies of methylation may not be warranted.
Since except for the small 6.0kb section encoding the LAT, the viral
genome is not transcribed during latency, it was reasonable to expect that
methylation of the entire genome might have accounted for this transcription
hindrance. However, now taking the results of our studies into account, it is more
likely that histones are the regulators of DNA as suggested previously84 . This
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more replication-independent, temperate way of regulating expression may
explain the quick effect of a stressor causing viral reactivation 7 .
A previous study suggested that histones were another epigenetic
modification controlling the suppression of herpesvirus DNA84 . It must however
be stressed that DNA methylation cannot be completely separated from histone
modifications in the context of a whole cell. DNA methylation is thought to be
mechanistically linked to histones, in that methylated DNA can be a homing site
for binding proteins and histone deacetylases85 . In addition, DNA
methyltransferases can bind to existing K3H9 histone methyltransferases to
increase de novo DNA methylation 88 . Perhaps histone modification is the easiest
epigenetic change to detect by chromatin immunoprecipitation analysis, but other
modifications could be also present on a lower scale.
Formalin fixation of tissue leads to the inability to recover proteins, such as
histones, from the tissue. The extensive cross-linking of proteins to DNA in
formalin-fixed tissue prevents the sample from being used to study DNA binding
proteins or unaltered nucleic acids. Our conditions of formalin fixation of
cadavers from 3 months to 3 years are longer than the standard chromatin
immunoprecipitation recommendations of 5-20 minutes of 1% formaldehyde
fixation for neuronal tissue. Because of this long fixation period, it could be
extrapolated that more non-native chromatin-DNA bonds would be formed than
during a short fixation process 144. Because of the extensive cross-linking due to
the long exposure to fixatives, experiments could not be done to test if histone
presence or type differs in latently infected cells.
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The observation of the lack of methylation in the herpesvirus genome as a
whole in our human samples agrees with prior HSV-1 studies done in mice 83 •84 •
The results of our study again emphasize the difference in model systems (i.e.,
cells, mice, humans) in that our study disagreed with the study by Youssoufian et
al. 81 where methylation was found during HSV-1 latency in a lymphoid cell line.
The study also suggests further fidelity between HSV-1 latency in humans and
latency in the mouse models of HSV-1 infection.

IV.C. Future Studies
Future experiments should capitalize on the availability and sensitivity of
multiplex real-time quantitative PCR (qPCR) to determine viral status 145 . The
added benefits of doing multiple reactions on the same sample and increasing
sensitivity would offset the extra cost and time needed to optimize the multiplex
reaction. If cost is not an issue, Roche Diagnostics makes HSV 1/2 and VZV preoptimized detection kits that are available for research use.
Real-time PCR also has the benefit of being able to determine genome
copy number in different sites in the same cadaver. Quantitation of viral genomes
in fresh tissue would allow a better understanding of the complete

spect~um

of

viral burden in sites of latency in the head and neck. It would also be of interest
to compare the number of copies of viral genomes in fresh tissue with the
number of copies in tissue fixed in our largely methanol-based fixative (different
from past studies). Use of this reduced formaldehyde solution and other nonformalin solutions such as Flinn Formalternate®, Nebraska Scientific Nebanol®,
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and Nebraska Scientific S.T.F. (phenol-free) preservative is increasing at medical
campuses and may have the added benefit of increasing DNA preservation. It
would be interesting to assess whether there are differences in copy number
between comparable specimens fixed in two different fixatives.
With respect to VZV virus, continued work on looking at the entire
neuraxis for viral prevalence would be especially helpful since shingles is usually
caused by virus reactivation in neurons which supply dermatomes in the thorax.
As VZV-immunized individuals begin appearing in the cadaver pool, it will be
interesting to see whether VZV immunization alters the pattern ofVZV positivity
throughout multiple ganglia.
The results of this study should prompt a more thorough appreciation of
the breadth of viral prevalence in multiple ganglia. Now that we have an
understanding of where the virus is, we can start assessing how to go after it.
Targeted therapies need to affect all of the ganglia in the head and neck if we
hope to truly suppress the virus in all cases since targeting just the TG would not
be sufficient. In the future, strategies targeting the GG with reactivation
suppressors would reduce the number of Bell's palsy and Ramsay Hunt cases;
likewise, targeting the CG may help in the prevention of acute retinal necrosis.
There is still a possibility that these other sites are just insignificant side-players
to latency, but their prevalence and independent distribution in multiple cadavers
suggest otherwise.
Future studies involving epigenetic regulations should focus on the effects
of histone modifications and their interaction with DNA. Since this is a
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replication-independent modification, it likely is the controlling mechanism in the
non-dividing neuron. Although it was important to decipher latency
characteristics in human tissue and compare those to the characteristics seen in
lymphocytes and in mice, now that methylation status has been elucidated,
continued study of methylation may not be warranted.

V. SUMMARY
Herpesviruses are often studied in animal models; however, the relevance
and fidelity of these models to actual latency in the human host is undetermined.
The use of human material aids in the elucidation of latency patterns and
locations in the natural host.
This thesis project was designed to investigate the prevalence and
correlation of three alphaherpesviruses among ganglia of the human head and
neck. The data presented here show that both HSV-1 and VZV virus are
distributed independently among ganglia in the head and neck and also that the
presence of virus in one location cannot predict/eliminate the presence of virus in
another location. Because of this independence, each ganglion needs to be
considered a potential site for herpesvirus reactivation; this may further explain
the unusual site-specific manifestations of ARN, Bell's palsy, or Ramsay Hunt
syndrome.
Our results have shown that methylation does not seem to be present in
the genome as a whole or within specific promoters of many genes of the HSV-1
virus. This finding supports the currently held view that histone modifications are
the main controllers of latent virus in a replication-independent manner.
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