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INTRODUCTION

2

A.

Statement of Problem
Herpes simplex virus (HSV) has been known to remain latent in the

nervous tissues after primary infection, and recur mainly in the perioral,
ocular and genital areas throughout the life of an ihdividual.

A rational

approach for developing an eventual cure of HSV infections would be to
elucidate the basic mechanisms for HSV latency and recurrence.

However,

the mechanisms for establishment and maintenance of the latency and the
conditions allowing recurrence are unknown.

Studies to understand the

basic mechanisms necessitate a reproducible animal model because the HSV
latency-recurrence process is considered as a complicated series of
events involving host-virus interaction.

Therefore, studies were carried

out to develop a reliable model system for

..:!!l vivo induction of ocular

HSV reactivation in the latently-infected rabbit.
Recently, several virus-specific chemotherapeutic agents have been
developed, the_ efficacy of which must be evaluated in animal models
before clinical usee'

In conjunction

wit~

the development of this animal

model, some of these drugs were tested in an in vitro and in vivo system
utilizing primary HSV infection.

Drugs were applied in the normal

manner of topical agents or by employing iontophoresis to potentiate
their penetration into the tissues.

~~hen

an effective drug and the

means of application are established, the effects of the chemotherapy on
HSV latency-recurrence process can be studied with the developed animal
model.

3

B.

Review of Literature

1.

Herpes simplex viruses
a.

Composition and structure

Herpes simplex viruses are large, enveloped DNA viruses (Wildy et
~·,

1960, Ben-Porat and Kaplan, 1962).

The virion has four major

architectural components which are typical of the general structure of
'
the herpesvirus
group: a core, a caR.s i d, a tegument and an enve 1ope
(Roizman .and Furlong, 1974, Wildy et !]_., 1960).
~he

structure of

The core, the innermost

vtrion, consists of DNA coiled around a protein bar
The HSV DNAs are

linea~

double-stranded molecules,
with a molecular weight of approximately 100 x 10 6 daltons (Becker et
(Rosenthal, 1979).

"'

.!}_., 1968, Kieff et !]_., 1971) and consist of two covalently linked

components designated as L and S comprising unique sequences bracketed
by inverted repeats respectively (Sheldrick and Berthelot, 1975).
and S components can invert

~e 1ati ve

The L.

to each other, producing four

equimol ar isomers when the DNA is extracted from wild type virions
(Roizman et

!l·, 1974; Hayward et

.!1_~,

1975).

The percent of homology

between HSV-1 and HSV-2 DNA ranges from 47 to 50%, having a bas.e comp-ositions of 67
Wadsworth et

(HSV~l)

2.1·,

and 60 (HSV-2) G + C moles percent (Roizman, 1972;

1975).

The capsid su.rroundi ng the core is composed o'f

162 capsomeres arrayed icosahedra 11 y with five caps·omers along each ed.ge
of the triangular facets of the icosahedron (Horne and Wi l dy, 1961).
The outer diamatef.of the

capsi~

(W-ildy et !}_., 1960; Abodeely et
Darlington, 1971).

is, in general, between 85 and 110 nm
~.,

1970; Nayak, 1971; Walt· and

The tegument, -the structure located between the

capsid and the envelope, is a fibrilous coat around the capsid (Wildy et

ll·,

1960; Morgan .et

!l·, 1968;

Sch~1artz

and Roizman, 1969).

The envelope,

4

a tight sheath around capsid, consists of a trilaminar membrane with
spikes projecting from its outer surface

. ll·,

1973).

(~Jildy

et .!1_., 1960; Fang et

The envelope 'contains lipids, polyamines and at least 12

glycoproteins (Heine et

~·,

1972; Gibson and Roizman, 1971), conferring

upon the complete viral particle a diameter varying from 150 to 200 nm
(\~atson,

b.

1968; Nahmias and Roizman, 1973).
Reproductive cycle.

Herpes simplex viruses can .infect cells from almost any species
without rega-rd to cell type and the rep 1i c~ ti ve cyc_l e is camp 1ete within
24 hr (Roizman and Furlong, 1974). The first step of the reproductive
cycle is the adsorption of HSV to the cellular receptors (Holmes and
Watson, 1963; Dales and Silverberg, 1969), and then HSV enters cells
)

either by pinocytosis (Dales and Si 1verberg, 1969) or by fusion of the
viral envelope with-the plasma membrane (.Abodeely
et li_., 1968).

et~.,

1970; Morgan

Following entry of the virus into the cell, the outer

protein capsid is removed,

leavi~g

a D.NA-protein complex that only

partially protects the DNA from degradation by nuc 1eases (Hochberg and
Becker, 1968).

After entry of HSV DNA into the nucleus, immediate early

transcription occ.urs by a host RNA polymerase (Roizman, 1963; Flanagan,
1967)'.

The synthesis o.f HSV gene products is tightly regulated. However,

the precise number and functions of the .vi ra 1 gene products, and the
regulation mechanisms are unknown.

Approximately 50 virus-specific

polypeptides have been identified in HSV-1 an_d HSV-2 infected cells
( Honess and Roi zman, 1973.; Marsden et

.!L·,

1976; Morse et -~·, 1978).

A

large fraction of HSV polypeptides are modified after synthesis to ·a
higher molecular weight (Spear, 1976;

~·1ors~

of the requirements and kinetics of their

et .!]_., 1978).
synthesis~

On the basis

the infected-cell

5

polypeptides form at least three groups designated as a, f3, and

y

whose

synthesis is coordinately regulated and ordered in a cascade fashion
(Honess and Roizman, 1974; Roizman et
1977; Jones et

ll·,

1977).

!1·,

1975; Fenwick and Roizman,

The beta functions i denti fi ed so far are

viral thymidine kinase and DNA polymerase.(Garfinkle and McAuslan, 1974;
Leiden et

2.1.,

1976; Powell and Purifoy, 1977).

are ··largely the structural

The gamma polypeptides·

proteins (J.ones and Roizman, 1979).

HSV DNA synthesis takes place in the nucleus (Newton and Stoker,
1.958; Chopra et !l_., 1970).

DNA synthesis was observed as ea.rly as 3 hr

postinfection (Rosenthal, 1979).

The origins of HSV DNA synthesis and

the mode of replication are still suggestive:

HSV DNA has two sites for

initiation of DNA synthesis, one fn the S and one in the L components
(Hirsch et .!l_., ·1977; Shlomai et !]_., 1976) and is replicated by a
rolling circle mechanism (Ben-Porat et
Hirsch et

tl0, 1976; Friedman et

~e,

1977;

!1.,. 1976, 1977; Jacob and Roizman, 1977) The assembly of HSV
-

'

occurs in the nucleus, with envelopment taking place at the inner lamellae
of the nuclear membrane (Roizman, 1969; Darlington and Moss, 1969;
Schwartz and Roizman, 1969).

The envelope-specific viral proteins are

glycosylated and are present in all the

m~mbranes

of the cell

(Nahmia~

and Roizman, 1973). The enveloped particles accumulate in the space
between the inner and outer ·1 arne I Iae of the nuc ·1 e~ r membrane and in the
endopla·smic reticulum (Nahmias and Roizman, 1973; Rosenthal, 1979)
before release.

Approximately 80,000 to 120,000 copies of HSV DNA are

made per cell:

of this number only 20%, at most, are encapsidated .

Particle-infectious titer ratios of lO:l have been
but are usually on the order of 100:1.

recot~ded

for HSV-1,

The ratio for HSV-2 is generally

5 to 10 times higher than that for.HSV-1 (Nahmias and Roizman,

197~).

6
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Clinical diseases

Ever since their- recognition as human pathogens, herpes simplex
vi ruse·s have drawn much attention from researchers because of their
unique clinical features.

HSV cause the full range of clinical syndromes

from mucocutaneous infections (Nahmias and Roizman, 197.3), and eye
infecti ens (Nahmias and Roi zman, 1973; Thygeson, 1976) to life-threateni-ng
encephalitis in neonates_ (Nahmias and Roizman, 1973; Nahmias et .!!_.,
1976) and serious systemic complications in immunologically-compromised

patients (Whftley et 2J_., 1976) ~

HSV have become a major cause of

venerea 1 i nfecti ens that have reached an epidemic stage (Duenas
1972; Nahmias and Roizman, 1973; G·ardner, 1979).

HSV have become a

putative causative agent of urogenttal cancers (Naib et
et

!.1..·,

1969; McDou.ga ll et

Q.,

1980).

e~ ~·,

~·,

1966; Rawls

These vi ruses can remain latent

in the body after primary infection and recur throughout the life of -the
individual (Nahmias and Roizman, 1973; Docherty and Chopan, 1974; Baringer,
197 5) •

2o

Herpes simplex virus latenGY
a.

Site of HSV Latency

Head and Campbell (1900) first iDdicated that zoster, a- member of
herpesviruses was somehow related to sensory ganglia. _Howard (1903,
1905) and Cushing (1905) suggested that a relationship existed

betw~en

cutaneous herpetic lesions and the nervous system, based upon possible
treatment of trigeminal neuralgia by means of extripati-on of corresponding
ganglia.

Goodpasture and Teague (1923) established that viremia. was not

the route by which the brain was infected but virus was transmitted
through the nerve trunk.

Goodpasture ( 1929) further concluded ·that

.. herpetic virus does reside in a latent state within the human body and

7

specifically in the nervous tissues, perhaps primarily within nerve
cells of the ganglion .. and that neural disturbances are frequently the·
basis of subsequent outbreaksc

Carton and Kilbourne (1952) and Carton

(1953) made· an important observation in connection with the site of

latent HSV infection by showing that transection of the posterior sensory
root of the fifth cranial nerve resulted in the appearance of herpetic
vesicles in the area innervated by the 2nd and 3rd branches of the nerve
in a highly significant number of patients, provided the ganglion had
not been destroyed and the peripheral divisions were intact. The observation and experiments presented up to this time led Pain (1964) to
postulate a pathogenic mechanism of recurrent herpes:

The hypothesis

was that (1) primary infection would result in viral replication in
epithelial cells of the skin or mucous membrane, with subsequent invasion
of superficial nerve endings; (2) the virus would then travel intraaxonally in sensory nerves to the corresponding sensory ganglion; (3) a
latent infection would be established, most probably in neurons; (4)
upon activation the virus would travel centrifugally to the peripheral
epithe.lium by means of axonal flow, utlimately re.aching the epithelium
where the lesion would again be produced.
Direct demonstration that latent HSV were present in the corresponding
sensory ganglia of primary infection, however, was made in 1970 by
Plummer et

il·

and in 1971 by Stevens and

Cook~

By the simple technique

of organ culture they resolved the central problem relating sensory
ganglia, latent HSV, and recurrent

~erpetic

diseasec

Stevens and Cook

(1971) used mice whi,eh had recovered from posterior paralysis caused by

foot-pad infection with the virus. By explanting the appropriate ganglia
and maintaining whole cells in organ culture, they wera able to isolate

8

infectious virus only in the sensory ganglia,, even though during acute
infection the virus could be recovered. from the sciatic nerve, dorsal
root gang·li.a,. spinal cord, and. brain.· Stevens et
et

~·

~·

(1972) and Knotts

(1973) demonstrated latent virus in the trigemina.l ganglia and

brain stems of rabbits previously inoculated with HSV on scar-ified
~

corneas.
p~esence

Cook et

.!l·

(1974) have demonstrated during reactivation the

of HSV DNA within nerve cell bodies of latently infected mite

by autoradi ograp·hy t·o 11 owing DNA- RNA hybri di za ti on.
Attempting to assess the relevance of the work

wi~h

animals to the

human herpes syndrome, Bastian et !1_. (1972) and Baringer and Swoveland
(1973)

i~entified

latent HSV in human trigeminal ganglia obtained t·rom

an autopsy. ·Baringer (1974) reported that HSV were isolated tram autopsyobtained human sacral ganglia which supply the
~·

g~nital

area.

~Jarren

et

(1978a) isolated latent HSV from the superior cervical and vagus

ganglia of humans.

Warren et

!l·

(1978b) observed lymphocytic infiltration

at human trigemfnal ganglia from cadavers.

These infiltrations were

diffuse in some specimens and focal in others..

When focal they tended

.to involve the mandibular portion of the ganglion more frequently than
the ophtha-1 mi c and inax ill a ry ones

e

Gall away et _tl.. ( 19 79) demonstrated

viral specific RNA by i!!. Situ cytological hybridization using nicktranslated

3

H-1 abe led HSV-2 DNA probe from human sacral , thoracic and

lumbar ganglia.

In all cases of human studies, HSV were obtained only

in organ culture.
There are several direct evidences that HSV travels in neurons.
Wildy (1967) assayed infectious virus within segments of the peripheral
nervous system after foot-pad inoculation of mice and showed that the
viruses travel centripetally to and through the CNS.

If the sciatic

9

nerve was sectioned before i n·ocul a ti on, such pa-ssage did not occur.
Stevens and Cook (1973) also showed

tha~

the virus moved from t·oo\t-pad

to doral root ganglion through sciatic nerve.

Axonal flow iS now known

to be bidirectional at a speed ot ·1.5 mm/hr (La lena, 1969; Lava; 1,
1972}.

b.

State at·· HS.V .Latency

The state of the viral genome during a latent infection is unknown.
Two hypotheses have been proposed by Roi zman ( 1968}; ei-ther the virus or
its genome pers fsts in a non replicating state, "or it replicates so
s 1owly that the virion cannot be ,detected by standard techniques.

The

nonreplicating model has been explained hypothetically in biochemical
{Roizman,_ 1974) and immunological (Lehner et Q., 1975) aspects. Several
lines of evidence support this model.

Extensive searches tor virions or

other viral specific products detectable by immunofluorescence

or

ultra-

structural analysis, have consistently yielded negative results (Stevens
and Cook, 1974; Stevens, 1975).

Temperature-sensitive.mutants are able

to establish latent infections, suggesting that vira1 DNA replication is
not necessary tor_a latent infection (Lot·gren. et
specific RNA was detected by renaturation
ganglia ( Puga et !]_., 1978).

_u. ( 1977).

kineti~s

No viral-

in latently infected

In experiments favoring the non rep 1i eating

model, there is no way to rule· out that the virus, the genome or the
gene products exists in· undetectable

amounts~

Support for the replicating model evolves from observations of both

.i.!l vitro latent infections. Persistent infections have been
established 1!1. vitro by Hampar and Burroughs (1969) and Nii (l97Q),in
in vivo and

different cell types.

Although the experimental systems were dit.terent

in many ways from in. :D.Y£ natural history of latency, these studies

JO
underlined the importance of genetically determined factors ( Hampa r and
Keehn, 1967), antibody (Nii, 1970) and defective herpes particles (Bronson
et.!]_., 1973).

In clinical -observations, Buddingh

et~.

(1953) reported

the isolation of HSV from the saliva and feces of apparently heal thy
children.

Many other reports (Douglas and Couch,· 1970; Lindgren, 1968;

Centifanto, ·1971) have described the isolation of HSV from oral, nasal,
ocular and genital secretions in clinically quiescent individuals.

In

the experimental animals, virus shedding was also observed in the absence
of visible lesions (Kaufman et .!l,., 1967; Hill and Blyth, 1976).

This

hypothesis was supported again by the demonstration ot· viral specific
RNA from latently infected human ganglia (Galloway et !]_., 1979).

c.

Possible mechanisms which produce HSV latency.

The bi ochemi ca 1 nature ot· latency as we 11 as the phys i ca 1 state of .
the latent virus is currently unknown.

However, at least four possible

mechanisms for establishment and maintenance of HSV latency have been
suggested:

(1) by integration of all or part of viral genome into host

genome; (2) by immunological control; (3) by generation of temperaturesensitive.mutants; (4) by the production of defective interfering particles.
{1) Integration of all or part of viral genome into host DNA.
Integration of HSV ONA into human chromosomes attracts a special interest
with reference to 1atency and oncogenicity of this virus.

Such an

interaction between host and viral genome could certainly accourit for
some of the persistent infections since a similar mechanism is crucial
in initiating and maintaining persistent infections with RNA tumor
viruses (Fenner et

~-,

1974).

Hasse and varmos t 1977) tound ·that cells

from the brain of a sheep fetus infected with visna
copies ot· the RNA vi ra 1 genome.

viru~

contain ONA
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There are numerous evidences that at least part of HSV genome
can be integrated

i~to

host chromosome and even transcribed, even though

its relationship to HSV latency is not known.

It has been demonstrated

that UV light-inactivated HSV can int·ect and transtorm biochemical-ly
TK-det·i ci ent mouse and huma.n ce 1 Is to the TK phenotype (Munyon et ll·,
1971; Duff and Rapp, 1971; Davis et

Q.,

1975). Biochemical as well as

oncogenic transformations ot eel Is have been accomplished with the use
of purified viral DNA (Bachetti and Graham, 1977; Maitland and McDougall,
1977;

~Ji gl er

( fvli nson et

et

~·

Spear, 1978).

~e

, 1977; Pe ll i cer et 2_la, 1978), transformed ce I I DNA

, 19 78) and subgenomi c sequence ot· vi ra I DNA (Camacho and
The retention ot the viral genome in cells transtormed

with HSV has been demonstrated by nucleic acid hybridization.

These

studies showed that part of viral genome (3 to 32%) was present in the
various cell lines (Kraiselburd et Q., ·1975; Frenkel et il·, 1976'
Minson et

~·,

1976; David and Kingsbury, 1976).

Transcription of at

least part of the retained viral_ DNA has been demonstrated (Collard et

ll·,

1973, Copple and McDougall, 1976).

~eported

that common sub-sets of viral

Galloway et
seq~ences

clones of HSV-2 transformed hamster cells.

~·

(1980) recently

were present in different

Using a cell hybridization

technique and karyotype analysis, it has been shown that the HSV thymidine
kinase gene was associ a ted with chromosome #18 of transformed human
cells (Donner et

~·,

1977; Smi fy et

~·,

1978;

r~cKi

(2) Immunological control of HSV latency.
demonstrated that HSV

specit.ic~antibody

the virus in a latent state.

nl ay et .!1_., 1980).

Several studies have

appears to be able to. maintain

Stevens and Cook (1974) showed that the

latently-infected ganglia transpla.nted to syngeneic mice receiving
norma 1 serum a11 owed the rep 1i cation at HSV, whereas immunized mice or

. "'
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those given HSV-specific IgG had signficantly less virus as determined
by viral antigen expression and virus DNA synthesis in the
ganglia.

transplante~

Similar in vitro studies have also shown that explanted rabbit

ganglia (Rajcani, 1976) infected with HSV-1 had reduced HSV expression
in the presence of the antibody.

In attempting to explain how this

might occur, Lehner (1975) proposed a hypothesis to acc~unt for the role
of IgG in preventing viral expression and therefore maintaining latency.
Si~ce

most HSV-infected cells express both viral-coded membrane antigens
J

and the Fe receptors (Westmoreland and Watkins, 1974) on the surface of
the cell, it is possible that lgG binds simultaneously to membrane-coded
viral antigens and to the

~c

receptors.

The

~ab

sites ot the antibody

will bind to the HSV surface antigens and the Fe portion binds to the
receptor via conformational changes in the antibody molecule.

~c

Once this

occurs the effector cells ( polymorphonuclear 1eu kocytes ,- K cells or
macrophages) normally responsible for lysis of the infected cells by
antibody dependent cellular cytotoxicity (ADCC) cannot function since
few free Fe's are available for interaction with Fe receptors on effector
cells.

Seco~dly,

none or a limited number of viral ·antigens are accessible

for direct cytotoxicity, thus preventing immunological destruction of
the latently-infected cells.,

The complement binding site may also be

inaccessible; thus cell lysis mediated by the antibody complement complex
will not occur.
also

modulat~

The double binding of Ig to latently-infected

cell~

the cell membrane or give direct stimuli to the cell.

may
The

degree of the effect may be sufficient to repress the viral genome or to
hinder the capping ot viral antigens.

This has previously been shown to

occur with other persistent v1ruses such as measles (Joseph and Oldstone,
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1975).

Support for'this hypothesis has recently been reported, that is,

the IgG or Fe portion of the antibody reduced replication at HSV by as
much ·as 99% in lytically· infected cells (Costa et !]_., 1977).
(3} Generation. of,temperatu.re sensitive mutants.

Substantial

evidence has been reported on the relation between ts mutants and latent
infection.

Youngner et &· ( 19/6) reported that the -proportion ot

temperature-sensitive mutants formed in cultured mouse L cells rapidly
increases from about 4 percent in the original vesicular stomatitis
virus (VSV) preparation used to infect the cells to almost 18 percent
after l 0 day's of i.nfecti on

o

At 63 days, l 00% of the virus isola ted from

the cell is temperature-sensitive.

Youngner and Quagliana (1976) also

found that temperature-sensitive mutants of VSV suppress replication of
the wi 1d-type virus, even at the higher temperature.

Porter et a_ I.

(1977) could grow the virus that causes Aleutian mink disease in cultured
feline cells incubated at 3luC.

The virus could not be isolated from

cultures kept at 37°C in previous studies.

Although the vi.·rus does not

replicate at any temperature in cultured mink cells, the agent isolated
from the feline cells produces the disease when
the studies with HSV infection, Lofgren et

~·

i~fected

into mink.

In

(1977) have demonstrated

that HSV-1 ts mutants were able to establish latent infection.
mutants of HSV and. a neuroblastoma cell line, Gerdes et
studied the binchemical basis involved in establishment ot

~·

Using ts
(1979)

latent~infection

.iD_ vitro.

(4) Production of defective interfering virus
interfering (Dl) particles are virus torms
their genomes.

wi~h

particl~s.

Uetective

deletion ot segments ot

In a mixed infection with both normal infectious virions

and DI particles of the same virus type and strain, DI particles multiply
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and interfere with the replication ot- the standard virus (Huang arid
Baltimore, 1970).

Most DI particles have normal viral structural proteins,

as judged by polypeptide analysis and ultrastructural examination.

The

deletions, however, are random in most DI particles (Holland et 2.]_.,
. 1976).

In an ..:!..!l. vivo study, some of the chronically infected brains of

animals killed 100 days after virus administration contained a mixed
population of several DI particles, even though no infectious virus
detected (Graham

et~.,

1977).

Graham

et~.,

wa~

(1977) maintained that

it is possible that a mixed· population ot detective particles can multiply,
even in the absence of infectious virions, if each particle supplies
information lacking in the others.

Such a situation could help to

explain how a virus might produce long-term degenerative et·t-ects even
after the infectious agent is no longer detectable.

Although this is a

very plausible mechanism for latent infection, there has been no available
report on the relationship between -01 particle and latent infection in
case of HSV.
3..

Reactivation of Latent Herpes Simplex Virus
a.

Conditions inducing HSV reactivation

A knowledge of the mechanisms operative in inducing HSV-reactivation
is important but the specific mechanisms are unknown.

Diverse stimuli

are known to precede the recurrent herpetic .infections in man.

The

interpretation of a stimulus-induced reactivation of HSV is that any
specific control which the body•s defense system or an individual cell
has over the virus· during latency could be affected in such a manner
that the formation and release ot int·ectious viral particles would
result.

Conditions which may produce recurrence in man or experimental

animals are as follows:

fever (vJarren

~

.!!_., IY40), trigeminal nerve
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rhizotomy tl:.llison et.!l_., 1959), trauma {Marshall, 1967), anaphylactic
shock (Good and Campbell, 1948), Arthus reaction {Anderson et
1961), epinephrine (Schmidt et
~.,

!l·'

~·,

1960), pituitary hormones (Fenner et

1970), menstruation (Scott, 1957), streptococcal infection (Burch

and Giles, 1972), excessive exposure to cold, wind_ or sunlight (Fenner
et

!le' 1970), U-V light (Roizman, 1965), multiple sclerosis (Catalano,

1972; Daniel , 1972), pharyngeal ca rei noma {Pa 1mer et

~·

stress (Janicki, 1971), emotional depression {Rimon et

, 1972), emotional
~.,

1971) and

immunological disorders, reduced ievels of immunoglobulins (Tokumaru,
1966), immunosuppressive hematologic disorders {Aston et Q., 1972;
Catalano and Goldman, 1972), administration of immunosuppressive drugs
{Logan et
b•

&., 1971), and steroid therapy (Kibrick et.!]_., 1971).

In Vivo I nduct i on of HSV React i va ti on

The reactivation of HSV in mice has been demonstrated by cutting the
peripheral nerve (Walz et

2J...,

1972; Price and Schmidt, 1978), by massive

corticosteroid injection {Underwood and Weed, -1974), by treatment with
cyclophosphamide {Hough and Robinson, 1975), by treatment with cyclophosphamide and/or X-i rradi ati on {Openshaw et _!l., 1979) and by stripping
ear skin wi tri ce -~_~ ophane tape {Hi l I et

ll· , 1978)..

Unfortunate 1y,

murine systems show a very low rate of reactivation, and moreover, are
not typical of the human herpes syndrome, due to the lack of spontaneous
recurrence.
Ocular HSV infection in the rabbit, on the other hand, is characterized
by spontaneous HSV shedding and recurrence.

Between recurrences, latent

virus can be-isolated from trigeminal gangli'a {Nesburn et
organ culture.

~.,

1972) in

J!l vivo ocular HSV shedding has been induced both by

electrical and mechanical

sti~ulation

of trigeminal ganglia.

Trigeminal
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ganglion stimulation after stereotactic location caused a prompt shedding
of virus in a tear film in 33% of the animals, some of which manifested
typical dendritic keratitis (Nesburn et !l_., 1976).

When .latently

infected rabbit trigeminal ganglia were subjected to direct mechanical
·,
.

(Ne.sburn et
1979),

.

.

'

~·,

1976, 1977)

and electrical

~timulation

over 80% ot. the eyes shed virus within 48 hrs.

model .is not ideal because of the surgical traumas.

(Green et 2.l_.,
However, this

There is sti II a

need for an animal model in which ocular shedding could be induced
reliably with a minimum physiologic disturbance.
Numerous

method~

other than surgical approaches

h~ve

been tried

in attempts to induce recurrence from latent herpes infection in the
rabbit. Most attempts failed to produce a significant t·requency of
reactivation.

Good and

Ca~pbell

(1948), utilizing anaphylactic shock as

a precipitating factor, were able to reactivate herpetic encephalitis in
the rabbit.

The encephalitis usually appeared 5 days after· shock in 16

of 44 tested rabbits

(~36%).

They could isolate virus from the brain

during the latent state, chronic encephalitis,

sponta~eous

encephaliti.s,

and anaphylaxis-induced encephalitis state. Schmidt and Rasmussen {1960)
demonstrated reactivation of latent herpes encephalitis in the rabbit by
chemical means.

Only an aqueous solution of epinephrine injected intra-

muscularly, among several systemic agents tried including cortisone and
Piromen which elevated the body temperature 3 to 5 degrees, induced
encepha 1i tis.

Symptoms ot· nervous system invo 1vement appeared t·rom 3-8

days atter the injection ot epinephrine in 6 out ot
to death in 100%.

10

rabbits and 1ed

Anderson et .!]_. (1961 ). reactivated herpes simplex

virus in healed rabbit corneal lesions by evoking a local hypersensitivity
reaction of the Arthus type.

They were able to cultivate virus from
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healed eye following 7 out of 19 (37%) attempted inductions during a 14
day period. Use of the Arthus reaction fof HSV reactivation introduced
the factor of local stimulus in rabbit cornea.

Laibson and Kibrick

( 1966) induced recurrences in .the rabbit cornea by injecting epinephrine
intramuscularly.
Corne~

Three rabbits were injected with epinephrine in oil. ,

staining was observed in 24 occasions out of

(3/42 in control).
(1/42 in conrol).

42~days

of observation

Virus shedding occurred in 14 out of 42 occasions
Laibson and Kibrick (1967) also induced virus reacti-

vation in the same rabbit on multiple occasions; of 22 attempts at virus
reactivation with five animals, virus shed in 12.

By topical application

of epinephrine ointment, Laibson and Kibrick (1971) induced HSV reactivation in 42% of eyes in rabbit.
Epinephrine is intermittently released almost exclusively by the
adrenal medu.lla.

Once released into the circulation, the catecholamine

has a short -half-life, rarely exceeding two or three blood circu-lation
times (Axelrod

et~.,

19'59).

Nerve stimulation has been mentioned as a

vita 1 tactor in ca techo I amine synthesis (Mo 1i not·t et .!l_. , 1970; Sedva ll
et Q., 1968). When man or animals are subjected to extraordinary stresses
(childbirth, burns, cold, hypoxia, immobilization, isolation, physical
exercise) the raie of catecholamine synthesis increases greatly (Goodall
and Alton, 1969; Zuspan, 1970; Kvetnansky, 1970, 197la, l97lb; Mueller,
1969, Steinland, 1970). Clinical impression in human herpetic keratitis
indicates that periods of tension and prior episodes at elevated temperature are two of the most common trigger mechanisms tLaibson and Kibrick,
l966)s

Epinephrine, which is released in excess during these periods of

stress, could be responsible for initiating virus reactivationQ

It is
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possible that recurrent· herpetic encephalitis or recurrent shedding
t·o 11 owing anaphyl act i c shock or Arthus-type hypersensitivity, represents
an ettect due to epinephrine release.
c.

HSV reactivation and occurrence of the virion at ganglion.

During the acute stage of HSV infection one can detect virus from
appropriate ganglionic homogenates and explants.

However, in the latent

stage vtrus can be detected only by expl antation of the appropriate
1

ganglion and co-cultivation procedure with susceptible cells; infectious
virus or viral product could not be demonstrated in the ganglion homogenates (Bastian, et Q. , 1972; Plummer, 1973; Wa 1 z et Q., 1974),
ganglion sections (Stevens and Cook, 1974) and in renaturation kinetic
studies ( Pugar et il_., 1978).

Therefore, the HSV recovery from nervous

t1ssue·homogenates after the sheddi'ng induction would be the best evidence
of viral reactivation.

However, there has been· no demonstration of

virions from ganglion homogenates after the stimulation, mainly due to
the lack of a reproducible induction system.
One concern is that the detection method.from cell-free

homog~nates

may not be sensitive enough to detect a certain level of virus in the
tissue (Baringer and Swoveland, 1974; Scriba, 1975; Hill and Blyth,
19/6:

Schwartz et .!.!_., ·1978).

Openshaw et

~·

(1979)

recently used a

method of amplification to detect virus from the ganglion homogenate.
This technique was based on the assumption that if HSV had been
vated

~vivo,

reacti~

the nervous tissues would be able to produce infectious

virus sooner than ganglia which had not reactivated virus.
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d.

The mechanisms for HSV recurrence

The mechanisms by which the recurrent HSV infections develop are not
known.

Two theori_es has been proposed; l) ganglion trigger theory ( Co9k

and Stevens, 1973; ·Merigan, 1974; Klein, 1976), and 2) skin trigger
theory {Hill and Blyth·, 1976).

The ganglion trigger theory states that

a· stimulus induces viral replication in the ganglia

by

breaking the·

.. block.. of 1a tency and the vi ruses trave 1· vi a axons to the peri ph era 1
epithelium, ultimately producing the clinical disease.

Although the

hypothesis has been widely accepted, it can not explain certain aspects
of HSV recurrenceG

Those are i) reactivation of virus in the ganglion

does not automatically produce ·recurrent disease (Stevens et

, 1975);

~·

ii) some individuals often secrete virus in saliva (Douglas and Couch,
1970), tears (Kaufman et al., 1968) or have viral antigens in the gum

---

tis sues ( ZakayRones et .!1_. , 1973) without obvious

lesion~;

iii ) in man, .

lesions appear too quickly to be explained by the hypothesis.

HSV

lesions appeared 1-2 days after artifical·ly induced hyperthermia
et !]_. , 1940; Keddie et

~.

(~larren·

, 1941 ) , 2-3 days after tri gemi na l neurectomy

(Carton and Kilbourne, 1952) and 3-5 days after experimental exposure to
UV light

(\~heeler,

1975) •.

The speed at which HSV moves via axonal flow

has been calculated as about 2 mm/hr (Field and Hill, 1975).

If this·

figure is used, in man 50 hr would be required for HSV to travel tram
the trigeminal' ganglion to the skin of the face, a distance ot about 10
em.

Inoculation of virus into the' skin causes lesions in man 2-3 days

later (Blank and Haines, 1973).
for a lesion to develop.

Thus, at least 4 days may be required

So it is conceivable that HSV is often waiting

in the peripheral epithelium before a certain stimulation is applied.
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To explain the event at the peripheral epithelium, Hill arid Blyth
( 1976) proposed the "skin trigger" theory.

They proposed that HSV

recurrence involves the following series of events:

i)

Vi~us

is often

produced in the ganglion and as a result reaches cells in the skin via
the nerve, perhaps . every few days. i i) Mi crofoci of infected epi derma 1
ce-lls develop, but are usually eliminated by defense mech(lnisms, some of
these infections may be abortive.

iii) Changes in the skin environment

occasionally a 11 ow the mi crofoci to grow i-nto vis i b1e .lesions, either by
stimulating virus replication or by temporary suppression of local
defenses

o

Experimentally, many evidences support this theory .(Robinson

and Hurd, 1975; Hill et _tle, 1975; Hill et EJ_., 1980).

The theory also

takes into account the fact that s 1i ght phys i o1ogi ca 1 changes, other
than immune m.echani sms, might a1ter the ba 1ance in favor of the virus.
Hill and Blyth (1976) suggested that

releas~

ot prostaglandins following.

reactivating stimuli is one triggering factor in the skin.
At present, either of the theories can not exp 1a in comprehensively
the whole process of recurrence.

When the process of HSV recurrence is

. considered, an important aspect is that the site at int·ection is ditt'erent
from that of viral source.

Viruses or genomes are carried in the neuron

and the lesion occurs in epithelial cel-ls.

They-are connected by nerve

axons, which i so Iate virus tram ext race 1 Iu Ia r env.i ronment.

1he

prime

requisite of recurrent infection appears to be the reactivation ot
latent HSV at the ganglion.

However, alI the occasions of reactivations

do not seem to lead to s.hedding or clinical disease (Hill and Blyth,
1976).

Many studies (Hi II and Blyth, 1976; Kautman et ll·, 1968; Hill

et

1980) have suggested that the production of the recurrent lesion

~.,

after reactivation is dependent upon the conditions of the target tissues.
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Therefor~

the mechanisms should be studied basically in two

areas~

One

is to study the event at the neuron, for example, the specific molecular
or biochemical mechanisms by which virions are .formed from-the latent
state following certain stimuli.

The other is to study the event after

the virus particles arrive at the peripheral tissues, for example, the
conditions of target
lesions.

tissu~s

which may control the

de~elopment

of HSV

To study some of those aspects, two preliminary experiments

were performed in conjunction with the development of an animal model
for HSV reactivation. The experiments are i) the determination of changes
in the cyclic AMP level of the ocular and gangliori

tissu~s

atter stimu-

lating· the target tissues, ii) a kinetic study ot an ADCC at· rabbit PMNL
and MC against HSV-infected primary rabbit corneal epithel.ium.
4.

Iontophoresis
I~ntophoresis

is a process which transports ions into cells or

tissues by electrical current.

As an experimental procedure, iontopho-

resis has been used in neurobiology (Bradshaw et

~·,

1973; .Bloom et

llc, 1974, 1975; Siggins et .!l·, 1969, 1971) .• These studies have usually
involved microiontophoresis (Spencer, 1973) of hormones, drug mediators
and antagonists to study effects on the CNS cells, including identification of specific brain cells and their functions.

O'Malley and Oester

( l9S:5) carried out a series of experiments on the conditions of body
surface iontophoresis using the isotope,
results as tallows:

J~P.

the initial distribution .of

They summarized the
32

P in the tissues was

proportional to the current density, duration ot iontophoresis and the
concentration of radioactive phosphorus; it the ionic strength ot solution
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was increased by other ionic species, there was a decrease in uptake of
the specific ion; and there appeared to be no significant effect of
variations in pH and electrode size on the

32

P distribution in the

tissue.
In the medical field, iontophoresis has long been used for diagnostic
or treatment purposes.

Morton (1896) attempted cocaine iontophoresis

into dental pulp and many others reported on the uses of iontophoresis
in the medical field.

Harris (1959) reviewed the indications for ionto-

phoresis in medicine; heavy metals,

vasod~lator,

vasoconstrictor, local

anesthetics, Zn for corneal ulcers and constant current tor hyperhidrosise
The major uses of iontophoresis may be listed as follows:
hyperhidrosis of

~alms

treatment of

and soles (Abell and Morgan, 1974; Shrivastava

and Singh, 1977); sterilization of root canal (Grossman, 1931); flouride
iontophor~sis

Collins, 1962;

tor the treatment of ultrasensitive denttn {Manning, 1961;.
~lurthy

et

~

. , 1973; Gangarosa et .!l_., 1978); pilocarpine

iontophoresis in order to produce sweating for cystic fibrosis diagnosis
(Gibson and Cooke, 1959); vasodilator iontophoresis for treatment of
peripheral vascular disease (Stone, 1972); lidocaine and epinephrine
iontophoresis for eardrum anesthesia (Comeau et

~·

, 1973) ; fo.r ora 1

mucosa anesthesia (Ganga rosa, 1974) and for conjunctiva 1 anesthesia
(Sis.ler,

1978);

tor the tr·eatment ot corneal intection

by

sultadiazine,

penicillin (van Sallman, 1942, 1945), and aminoglycosides {Witzel,
195 7).

Experimentally, iontophoresis has been studied in rabbit eyes

for the treatment of bacterial keratitis.

Penicillin iontophoresis has

been recommended for human eye infections (Fe 11 ner and Gl awogger, 1972)
and gentamycin iontophoresis tor the treatment of suppurative ear chrondritis (Laforest and Cofrancesco, 1978).

Recently, extensive studies on
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pharmacokinetics of antiviral agents and their penetration into the skin
and eye have been made following iontophoretic administration (Gangarosa ·
. et .!l,., 1977; Park et ~·, 1977; Hi ·11 et ll·, 1977, 1978).
( 1978) also reported the

th~rapeut i

Park et a I.

--

c efficacy of Ara-AMP against HSV-1

infection comparing iontophoretic administration and topical application
in mouse skin6
5.

Antiviral chemotherapy to HSV infections.
Any rational approach to antiviral chemotherapy should examine

whether and where viral replication processes can be interrupted without
detriment to the host.

Research in recent years has begun to define

details of biochemical. differences between the normal host cell, the
virus-infected cell, and the Virus itself.

Thus, to develop drugs for

the safe and effective treatment of viral diseases, researchers are
directed to take advantage of these
drugs.

diffe~ences

tn developing antiviral

In HSV infection, the need tor an antiviral agent is much more

urgent, since prophylactic vaccination does not seem very promising.
live vaccine may its.elf establish a latent infection.

A

Individuals who

suffer from recurrent HSV disease usually possess the circulatory antibody,
which implies that the antibody alone cannot prevent recurrent herpetic
infections (Douglas and Couch·, 1970).

Inactivated vaccine has oncogenic

potential ( Raw·l s et .!.!_., 1969) and subunit component vaccines require a
difficult puriftcation process and have the disadvantage
itnmunogens·.

r~oreover,

~t

being poor

it has been. shown that infecti.on of ganglia can

take place' in immunized animals (\Price et Q., 1975).

Fortunately,

recent research has develDped several promising antiviral agents which
are highly specific and effective against HSV infection.

They are

analogues of natural nucleosides and analogues of pyrophosphate, which
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are believed to be the inhibitors of virion-associated enzymes.

This

review will be limited to the most promising agents among those developed,
which· were employed tn present study (refer to Appendix C for chemica 1
structures):

(Ara-A),
9-S-D-arabinofurano,
.

9~S-D-arabinofu~anosyladeriine

syladenine monophosphate (Ara-AMP), trisodium phosphonoformate (PFA) and
9-(2,2-hydroxyethoxyme~hyl)guanine

a.

(Acycloguanosine, AGV)c

Vida rabi ne ( 9-S-D-a rabi nofuranosyl adenine, adenine arabinoside,
Ara-A,

Vira-AJ~~

(l) Mode of action.
mechanism.

Ara-A may exert' its action by more than one
·-

At least six different enzymes _of virus or host are known to

be inhib_ited by the drug.

Ara-A is readily converted into its corespond-

ing mono-, di- and triphosphate in the cell (Brink and LePage, 1964).·
The compound is also. degraded to hypoxanthine (Ara-Hx) which may in turn
be converted· to ; ts corresponding mono-, di- or tri phosphates (Drach et .

ll·' 1973; Cohen et

.!.!..~,

IY73;

Glaxko et ll·'

197~).

Une antiviral

effect of Ara-A is exerted by the i nh i bi ti on of the DNA-dependent DNA
polymerase of herpes virus by Ara-ATP (MUller, 1979). · Ara-ATP is also a
competitive inhibitor of cellular DNA polym~rase a and
reason for the drug's inhibition of cellular
Srivastava, 1977; Reinke et

~.,

1979).

the internucleotide 1inkage (Plunkett et

s,

proliferat~on

which is one
(Diciocci and

In cells, Ara-ATP is found in
~·,

1974), wherea·s in the

virus it appears in terminal positions resulting in complete _viral DNA
chains (Mu.ller et ~·, 1977).

Ribohucleot·ide phosphate reductase is

a i so i nh i bi ted by Ara-A and Ara-AMP
.2]_., 1977).

(r~oore

and Cohen, 1967, MU 11 er et .

Ara-ATP also: inhibits terminal deoxynucleotidyl transferase
.

(Diciocci and Srivastava, 1977; Muller et

/

ll·'

1978).

'Ara-A has been

shown to be an apparent inactiVator bf human lymphoblast S-adenosylhomo-
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cysteine hydrolase, an action thought to be one reason t·or the cytotoxicity
of Ara-A (Herschfield, 1979).

Herpesviruses, poxviruses and hepatitis B

viruses have been reported to be sensitive to Ara-A (Shannon, 1975).
(2) Pharmacology and toxicity.
~dults.

approximately four hours iri

The plasma half-life of Ara-A is

Nearly 60% of the dose is recovered

in the urinej principally as arabinosyl hypoxanthi-ne '"and part.ly as
unchanged vidarabine.
serum

tGl azko ·et g. ,

Levels in cerebrospinal fluid are·halt those in
19 75; Whit I ey et

!le , 1975). Because ot its poor

solubility, it must be administered intravenously and diluted ( < 0.7
rng/rnl) in large amounts of fluid (Prousotf and
studies of Ara-A {Ross et

!lo , 1976; Bodey et

\~ard,

l976)e

Clinical

2.]_. , 1975) have indica ted

little toxicity at doses of 5 to 15 mg per kilogram per day given by 12
hr intravenous infusion.

At 20 mg/kg/day, tremors, weight loss and

bone ... marrow megal obl astoses were observed; at 30 mg, thrombocytopenia
and leukopenia were induced.
(3)

Clinical studies.

In a double ... blind study ot 28 biopsy-proven

encephalitis cases, Ara ... A (15 mg/kg/day for 10 days) has
from 70 to 28% (Whitley et !]_., 1977).

red~ced

mortality

In recipients ot bone-marrow

transplants, trials of vidarabine (5 mg/kg in intermittent regimens)
prophylactically had no et·tect in reducing the incidence ot cytomegalovirus
pneumonia {Kraemer et

tle, 1978). Topical Ara-A has been t·ound .et·t·ective

in the control of herpes simplex dendritic and geographic corneal ulcers
{Pavan-Langston and Dahlman, 1972).
topical preparations of

Ara~A

Because of its poor penetrability,

have not yet proved useful in either

labial or genital fot17-ms of herpes simplex virus infection (-Goodman et
2]_., 1975; Adams et

!.l.·, 1976).
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b.

Vidarabine monophosphate (9-B-D-arabinofuranosyladenine

s·-~ono

phosphate, Ara-AMP).
Ara-AMP was developed as an antiviral and antineoplastic agent
in order to overcome the low water solubility of Ara-A (Miller et
1968; Revankar et

~.,

1975; LePage et

~.,

1972).

!!.·,

Evidently, the.
~

qver-all mode of action is very similar to its parent compound, Ara-A,
except that it must be dephosphorylated before .termination (Kurtz et

ll·, 1977; Sidwe 11 et .!!_., 1973). Ara-AMP has been shown to be metabol ically stable (Baker and Haskell, 1977) and to maintain significant
tissue levels by systemic administration (LePage et

~e,

.1975).

Many

investigators have demonstrated that Ara-AMP had significant therapeutic
effects .in experimental animals and humans against HSV'!"l and HSV-2
infections, i.e. keratoconjunctivitis (Trobe et
Varnell, 1976; Pavan-Langston et
~.,

1973),

ge~italis

~.,

ll·,

1976; Kaufman and

1976), encephalitis (Sidwell et

{Sloan, 1977). ·However, in a recent double-blind

clinical study, topical Ara-AMP had no effect on the treatment of recurrent HSV labial is {Spruance, 1979,).

They indicated that the failure

might be due to the limited penetration across the cell membrane because
of its negatively-charged phosphate ions.
c.

Acycl_ovir (9-(2-hydroxyethoxymethyl )guanine, acycloguanosine).
(l) Mode ot action.

Acyclovir is a guanine derivative containing

an acyclic side chain at the .9-position.

This compound may be regarded

as an ana Iague of guanosine or deoxyguanos i ne in which the 2 and 3
carbon atom of the s,ugar moiety are missing (Figure l)

e

The s-ynthes·is

of the compound was 'based on the observation that the intact cyclic
carbohydrate moiety is not essential for nucleoside binding to relevant
enzymes (Schaeffer et .!1_., 1971).

Schaeffer· et E.]_. ( 1978) synthesized

Figure l:

Mode of Antiviral Action of Acyclovir. A shows the structure
of deoxyguanosine~ B shows the structure of acycloguanosine
(an analogue of deoxyguanosine) and steps in its conversion
to acycloguanosine monophosphate GTP. C shows the synthesis
of viral DNA by a herpes-specific vi.ral DNA polymerase from
the four deoxynucleoside triphosphates: adenosine, guanosine,
cytosine and thymidine. D shows the block in viral DNA synthesis produced by. acyclo GTP at the DNA 'polymerase step.
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Mode of Antiviral Action of Acyclovir (Acycloguanoslne)
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the 9-hydroxyethoxymethyl derivatives at· adenine, diaminopurine and
guanine.

Among them the guanine derivative showed the most potent

activity agains,t HSV-1 in an

1!!.

vitro assay. {Elion, 1977).

Acyclovir is

phosphorylated in extracts of tissue culture eel Is infected with HSV at
a rate of 30 to 120 times faster than that in extract from uninfected
cells (Fyfe, 1978) .

Chen and Prusoff (1978) have

shown~that

thymidylate

kinase and pyrimidine deoxynucleoside kinase induced by HSV are associated
with the same protein moiety.

They indicated that the monophosphate

fonn produced by thymidine kinase would be readily phosphorylated to the
triphosphate 1evel.

Indeed, Eli on et .!]_. ( 1977) have shown that acycl o-

GTP accumulates in HSV-infected Vera cells to more than 30 fold the
level found in·uninfected cells.

Therefore, acylco-GTP is an inhibitor

of the herpes virus specified DNA polymerase, inhibiting it 10 to 30
times more effectively than it inhibits the cellular DNA polymerase
(Elion et

~·,

1977).

They also reported that viral DNA chains would

terminate upon incorporation of acyclo-GMP, since the inhibition constant
{

(ki) of acyclo-GTP for the HSV-1 DNA polymerase is only 0.08 M, whereas
that for the Hela -cell DNA polymerase
Acyclovir inhibits

a

was 2.1

multiplicati~n

~M.

of HSV-1 and -2, Herpes simiari

(B virus), Varicella Zoster and Epstein-Barr viruses {Elion et
1977; Schaeffe-r et
~·

ll·,

1978).

Crumpacker et

~·

2.1..,

{_1979) and Smith et

(1980) reported clinical isolates of herpesviruses resistant to

acylcovir.

Vacinia virus, adenovirus type 5, and a variety at· RNA

viruses are not inhibited by this drug {Schaetter et .!!_o, -1978) •
.( 2) Pharmacology and therapeutic etti cacy.

When administered

orally to mice, less than half the dose is recovered in the urine, most
ot the remainder appearing, in the feces.

When administered subcutaneously,
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6ver 95% of the dose is excreted in the urine in unaltered form {Schaeffer
et

!l·' 1978). The toxicity in animals appears to be minimal. The only

toxicity observed among 23 patients with herpes. simplex and herpes
zoster infections Who were treated with acyclovir intravenously {5 mg/kg
every 8 hrs for 5 days) was an increase in blood urea nitrogen in two
patients {Selby et Qe, 1979).

In i!l vitro study, acyclovir is 160

times more active against herpes simplex,' type l than vidarabine, and 10
times more active than idoxuridine {Schaett·er et EJ_.. , 1978).

In experi-

mental HSV-1 keratitis in rabbits, 3% ointment of acyclovir was somewhat
more effective .than vidarabine or idoxuridine ointments and the elimination of virus was more rapid {Pavan-Langston

!!.~·,

.1978).

Jones et

.!]_•. ( 1979) reported that 3% ointment prevented the recurrence of herpes

dendritic corneal ulcers i.n human study.
The et·tect of its systemic and topical administration on HSV
latency is being examined

e

Pavan-Langston et

~0

{

1979) have reported

that high systemic doses (60-100 mg/kg) ot ACV and Ara-A given early in
HSV-1 latent infections in mice resulted in significantly decreased
recovery of virus from trigeminal gang1 ion when compared to control
mice e

Trousda 1e et !]_e ( 1979) , however, reported that there was no

difference in viral recovery from the tri gemi na l ganglion in rabbits
previously infected with ocular HSV and treated by systemic ACV or
placebo.

Field et .!]_. (1979) and Klein et

~e

(1979) have reported that

ACV can prevent latency to a certain extent if treatment is· initiated
soon enough to p.revent · the deve I opment ot skin 1ntecti on, but can not
eliminate latency once· the latent int·ection has been established.
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animals.

It was reported that phosphonoacetic acid, an analogue of PFA,

caused skin irritation (Palmer et !}_., 1977) and accumulated in the bone
ot a number at· anima·! species (tlopp et ll·' 1977).
studies in mice showed that PFA was
tissues from which it

wa~

~partly

only slowly

Pharmacokinetic

deposited in bone and cartilage

relea~ed.

-However, the histopatho-

logical examination of bone and cartilage showed no difference from the
control group ( Hel gstand et 21·, 1978).
trials of PFA.

There are no reports on human

In guinea pig skin.lnfection, PFA revealed good thera-

peutic activity when treatment was started after vesicles had. ·appeared;
50 mM PFA improved significantly the cumulative lesion score and the
time for healing; 100 mM PFA, when treatment was initiated 48 hr postinoculation, resulted in a maximal effect (Alenuis et

~·,

1978).

When mice

were inoculated intravaginally with HSV type 2and treated with 10% PFA
beginning 3 hr after viral inoculation, the treatment was effective in
completely inhibiting viral replication in the genital tract.

However,

when the initiation of treatment was delayed to 24 hr postinoculation,
the on 1y effect was de 1ay at· deve 1opment ot externa 1 I es i ens t Kern et
~.

, 1978 ; A1en ui s and Nord ·1 i ner , 1979 )

e

MATERIALS AND METHODS
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A.

Development of a Reliable Mddel System for in vivo Induction of
Ocular HSV Reactivation.

l.

Anima 1s
New Zealand albino rabbits (2.2-2G5 kb) were used.

arrived

~t

When the rabbits

the vivarium, antibiotics were given to prevent intestinal

coccidiosis for 3 days before uses

Rabbit numbers were tatooed inside

their ears at·ter recovery t·rom primary HSV i nfecti o.n.

Rabbits were

boarded in separate cages tor the experimental period.

At the end of

the experimental period (usually 8 months to 14 months later) their body
weight gain averaged 7 kg.
2.

Virus
HSV-1, McKrae strain, was used.

Deborah

The virus was obtained from Ore

Harvard Medical School, Haston, MA and passaged
6 times in PRK in our laboratory. The titer was 1 x 1o7 PFU/ml when
Pavan-Lang~ton,

assayed on green monkey kidney cells ( CV-1, Flow Laboratories, Inc.,
Rockvi 11 e,
3.

~10

J. -

Virus inoculation
Virus suspension (80 1-11) was placed into the lower cul-de-sac of

rabbit eyes and the closed eyelids were gently massaged against unscarified
cornea for 1 minute·. · In prel imina ry experiments, a11 rabbits developed
gross clinical diseases· by the third day following inoculat1on.

The

inflammation lasted for about two. weeks duri-ng which most animals suft·ered
from dendritic, geographic ulcerations of corneal epithelium and stromal
involvement with iridocylitis when the rabbit eyes were examined by slit
lamp biomicroscope.
without treatment.

About 60% of rabbits survived the·HSV-1 infection

34

4.

Drugs
A 0.01% epinephrine solution was prepared by diluting 2% L-epinephrine

HCl (Alcon Laboratories, !nee, Fort Worth, TX) with disti 1led water.

ln

certain experiments, L-(-)-epinephrtne (Eastman Kodak Co., Rochester,
NY) was used to make 0. 01% solution..

Epinephrine solution was stored in

4°C in an amber bott.le wrapped with aluminum foil.

RompunR (xylazine,

Baguet Division Cutter Lab., Kansas) and KetalaR (ketamine HCl, ParkeDavis
5..

&

Co., Detroit, Mich.) were used for rabbit anes thesis.

Epinephrine
a.

~pplication

Iontophoresis:

Rabbits were anesthetized \vith xylazine (4

mg/kg, i .m.) and ketami ne ( 20 mg/kg, i .mo).

An eye cup was inserted

with its periphery within the limits of the corneal limbus.
solution (0.01%) or.saline (0:85%

NaCl)

An epinephrine

was added into the eye cup.

Th~

cathode (-) was attached to a shaved area of trunk, and the anode (+)
made a wet contact ·with the ocular solution through a cotton wick.
direct current (0.8 mAmps) was applied for 8 minutes.

A

Iontophoresis was

performed once daily for three consecutive days, employing the MedTherm

Electro-~1edicator™ Model AEl_ (MedTherm Corporation,. Huntsville, AL).
b.

Injection of epinephrine:. ·A 0.1% epinephrine solution (0.4

ml/day) was injected into both thighs, intramuscularly, once daily for 3
days.
6..

Determination of viral shedding.
Cultures were taken ·from rabbit eyes with a sterile cotton-tipped.

The applicator was rotated gently in the upper cul-de-sac, then across
the cornea and into

th~

lower cul-de-sac.

The swabs were placed immedi-

ately into PRK monolayers in culture tubes (16 x 125 mm) and incubated
for 12 hr at 37°C in a

co 2

incubator.

Subsequently, the cotton tips
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were squeezed against the tube wa.ll and removed, then 0. 5 ml
FCS was added for pH

adjus~ment

E~MEM

and nutritione · The appearance of

+ '7%
cyto~

pathic effect (CPE) was monitored daily for 7 days.
7.

Detection of virus in tissues
a.

Tissue preparation
·,

· ln general, rabbits were sacrificed by cardiac injection of 4 ml of
5% pentobarbital.

Selected· tissues were removed using sterile techrique.

All tissues were weighed and washed· in cold
removal and processed further.
iris and sclera

the eyeba 11 •

immediately after·

The eyes were dissected into cornea,

.1!!. situ after collecting aqueou·s humor by anterior

chamber paracentesise

·of

E-~1E~1

The lacrimal glands were obtained after removal

·

Four nervous tissues related to the eye were employed for the recovery
of virus, that is, superior cervical ganglion (SCG),

trige~inal

ganglion.

( TG) , a segment at· aphtha 1mi c branch of tri gemi na I nerve· (nerve) and the
root-entry zone of the trigeminal nerve (ReZ)..

SCG was located beneath

the bifurcation of the carotid.arte_ry after a midline neck incision and
blunt dissection to separate the neck muscleo

TG was located as follows.

The ca 1varia was broken away after remova 1 ot the skin from head..

The

brain was removed by severing the cranial nerves and cutting the brain
stem just above the.

R~L.ot

.trigeminal nerves.

The trigeminal nerve was

identified, exposed by dissection, and traced to the· TG..

The ophthalmic,

maxillary and mandibular branches were exposed to their djssappearance
through their respective foramina.

The trigeminal nerve, ganglion and

three principal branches were then removed intact.

The ganglion was

identified by examining the serial section of plastic-embedded specimens
with 1i ght mi eros copy.

The ·REZ was removed by severing the tri gemi na l

.·~

36

nerve and cutting the brain stem just above and below the entry area of
the trigeminal nerve to the brain.
rJght and left portion.

The REi was then dissected into a

The nerve segment employed was a middle portion

of the ophthalmic branch of trigemipal nerve.
b.

Detection of HSV from tissue homogenates:. The ocular tissues

and lacrimal glands we.re minced with razor blades on ice-based glass
petri dishes and.homogenized with a Polytron

(sett~ng

make lO% homage nates in E-MEM containing ·3% FCS.

7, for l min) to

The nervous tissues

were weighed, washed with E-MEM and placed in 60 mm petri dishes.

After

adding 5 ml of E-MEM-7% FCS, dishes were incubated at 37°C in a

co 2

incubator for 24 hrs.

At the end of the incubation, the nervous tissues·

were minced into very fine pieces and sonicated with a Sonifier (Branson
Ultrasonic, Corp Stamfod' CN).
G

SCG was prepared in 0 8 ml E-MEM (about
0

I

1% solution), TG and nerve, in 1 eO ml E-MEM (about 5% solution) and REL,
in 1.5 ml E-MEM (about 10% solution).

Cell debris were removed by

centrifugation at· 2000 g for 10 minutes at 4°C.

A 0. 5 ml a1i quat of

supernatant of the tissue 'homogenates or 0. 2 ml of aqueous humor was
inoculated onto a

P~K

monolayer in a 60 mm petri dish.

were subsequently incubated for 2 hr at 37°C in a

The specimens

co 2 incubator

and then

' 4. 5 ml of E-MEM + 7% FCS was added to the petri dishes for further
incubation.

The appearance of CPE was monitored for 7 days, adding

E-MEM - 7% FCS as needed.
c.

Detection of HSV-1 from ganglionic explants:.

minced into

~mall

mm petri dish.

pieces and

co-c~ltivated

TG and SCG were

with PRK monolayers in a 60

One ml of E-MEM- 7% FCS was added once a week.· The

cultures. were monitored for CPE for 40 days. at 37°C in a

co 2 incubator.

When CPE was detected, the viral isolates transferred once for use in
the identification procedure.
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8.

Viral identification

Recovered viruses were passed once in PRK.monolayers and titratede
A neutralization mixture containing 1 x 10 4 PFU of the viral isolates
and 1:100 dilution of heat-inactivated (56°C, 30 min) antiHSV-1 rabbit
antiserum was incubated at 37°C for 1 hr.

Subsequently, the mixture was

diluted to l :100, and then plaque assay was performed· on CV-1 cellso
Under these conditions over 90%'of the PFU of putative· HSV isolates were
neutralized.
9.

Experimental design (Figure 2)
a.

Determination of the freguency of ocular spontaneous HSV-1 shedding

The spontaneous shedding of HSV-1 was observed between 40-220 days
postinoculation (.PI).

Eye swabs were taken from 10 rabbits, 20 eyes on

20 occasions (400 swabs) between 40-80 days PI, 30 occasions (600 swabs)
between 81-180 days PI and 20.occasions (400 swabs) between 181-220 days.
PI.
b.

Induction of. ocu.lar HSV-1 shedding

For the determination of shedding induction, the eye swabs were
taken every. day for 7 days before the epinephrine application and then
for 7 days after the application.

During the application period, eye

swabs v1ere taken before the daily treatment
(l)

Q

Shedding induction. by unilateral epinephrine iontophoresis

At 60 days PI seven rabbits were. randomly selected and their
eyes were treated with epinephrine iontophoresis unilaterally.

The

contralateral eyes were given saline iontophoresis.
(2)

Shedding induction by bilateral epinephrine iontophoresis

On selected days during 170-365 days PI, 14 rabbits were randomly
se 1ected and their eyes were treated with epinephrine iontophoresis
bilaterally.

FIGURE 2
EXPERIMENTAL DESIGN FOR SHEDDING INDUCTION

Duplication of shedding ·induction
by bilateral stimulation.
HSV occurrence in the homogenates
of nervous tissues after stimulation

Determination of spontaneous
shedding (10 rabbits, 20 eyes)

>
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(3) Comparison or ·shedding frequency induced by various treatment
On selected days during 170-365 days PI, rabbit were selected
and treated as follows;
Group

A (14

rabbits):

Group

B (5 rabbits):

.Epi nephri ne-HCl
Epinephrine-HCl

Group C (5 rabbits):

Saline

Group D (8 rabbits):

Untreated

i ontpphores is
injection

I.Mo

io~tophoresis

Epinephrine or saline iontophoresi~ was performed bilaterally.
(4) Duplication of the experiment on the shedding .induction by
bilateral epinephrine t6ntophoresis
On selected days during 220-280 days PI, shedding induction was
duplicated by bilateral epinephrine iontophoresis, employing 10 rabbits
to demonstrate the reproducibility of the procedure.
c

0

Recovery of HSV-1 from rabbit tissues .during .the latent phase
(1) Ocular tissue and lacrimal gland homogenates
After the completion of the experiments ... b, (2) and (3), the

homogenates of cornea, aqueous humor, iris, sclera and lacrimal glands.
from the selected rabbits were assayed for the detection ot·

HSV-1.

Rabbits were randomly se 1ected t·rom the experiment b, ( 3) .
(2) Ganglion explants
After the completion of the experiment b, (2), the explants ot
TG and SCG from randomly selected

ra~bits

·from each group, were coculti=

vated with PRK monolayers for the detection of

HSV-1.
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(3)

Nervous tissue homogenates

As a continuation of experiment b, (3),· the ten· rabbits were
sacrificed on day-7 at·.ter the initiation of epinephrine application.
Four nervous

tiss~es

{SCG, REZ, .TG and a segment of the ophthalmic·
~

·'.

,'

branch of trigeminal nerve) from each eye were removed and

assay~d

for

the detection of HSV-lc
B.

Studies on. Possible Mechanisms of Ocular HSV-1 Shedding Induced \by
Epinephrine Iontophoresis

1.

Changes in cyclic AMP level following epinephrine administration in
the rabbit ocular and nervous tis$ues.
a.

Preparation of cytlic AMP from rabbit tissues

New Zealand albino rabbits (1.8 kg) were anesthetized with xylazine
(8 mg/kg i.mc) and.ketamine {40 mg/kg, i.mo), and hair was removed from
the thigh of hind leg and cervical .area.

After fiXing· the rabbit on a .

surgical holder, both SCG's were exposed and marked with suture silk.
Epinephrine ( 0. l%) was app 1i ed vi a iontophoresis to right eye.

Iontopho- ·

res is was performed at 0. 8 rnA for appropriate time according to the
proto co 1.

Immediately after the comp 1eti on of iontophoresis or an

approp.riate waiting pe!'iod {see experimental design), tissues were
removed in t,he order of SCG (R) - SCG (L) ... Cornea (R) - Iris (R) Cornea (L) - Iris (L) - TG (R) - TG (L).

AlI the tissues were rinsed

and washed in the cOld E-M£M containing 2 mM theophylline and stored in
plastic vials in liquid nitrogen until use.

Frozeri tissues were weighed

and homogenized with a Polytron (set 7, &strokes) before the tissues
had completely thawed.

The media was D-PBS containing 2 mM theophylline
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(3 ml for cornea, 2 ml for iris and TG and 1.5 ml for SCG).

Subsequently,

the tissues wer·e boiled in a water bath for 10 minutes and centrifuged
at 20,000 x g for 20 minutes.

The supernatant was stored at -20°C until

used· for the determination of cyclic AMP and protein content.
b.

Radioi-mmunoassay for cyclic AMP.
(l) Radioiodination of succinyl cyclic

AMP~IME:

The labeled cyclic AMP was prepared by iodinating the tyrosinemethyl ester deriva.t'ive of the succinylated cyclic nucleotide (ScAMP-TME)
according to the method ·ot Hunter and Greenwood (1962).

The iodinated

!

cyclic nucleotide derivative was separated from free iodine by

co~umn

chromato·graphy using Sephadex G-10 a·s described by Steiner et l l. · (l972)c
The purification of
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I~labeled ScAMP-fME in bulk was carried out using

inverted dry column chromatography (Bhalla et

~·,

1967) according to

the method described recent)y {Rojas and Bhallas, 1979).
(2) Radioimmunoassay
RIA was pertormed according to the method of Steiner et
(1972), using purified
1979).

ScAr~P- TME

n.

as the antigen {Rojas and Bha 11 a,

The reaction was carried out in 0.05 M sodium acetate butter (pH

. 6 . 2).

Each assay tube in duplicate contains in order of addition,
sample at three dilutions {up to 300 ~l in volume) purified ( 125 !)-labelled
ScAMP-TME (100

~l,

containing approximately 10,000 cpm and 500

~g

rabbit-

globulins), dilute anti-cyclic AMP goat serum (100 11l) and buffer to
bring the. reaction volume up to 500
for 20 hr at 4°C.

~1.

The reaction mixture was incubated

The antigen-antibody complex was precipitated by the

addition of. 2.5 ml of 70% ammonium sulfate solution.

The pellets obtained
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,·,

after centrifugation (20 min at 1_500 g,

4°c)

were counted for radtoactivity.

Data, analysis was performed with the aid of a Hewlett-Packard 9830A
computer with cyclic ·AMP as the standard for determining the value in
unknown samples.
c.

Experimental design

# of Rabbit

Eye

Drug

(4 1b)

Duration of

Lag

Iontophoresis

Period

Epinephrine
None

5 min

0

OS
3,4

OD
OS

Epinephrine
None

10 min

0

5 ,'6_

OD
OS

Epinephrine
None

10 min

10

7,8

OD
OS

Epinephrine
None

10 min

20

9 '1 0

OD
OS

min

0

00

I, 2

Na-Cl
· No.ne

10

All the tissues were stored in liquid nitrogen immediately after
excision and processed for cyclic AMP

dete·r~ination.

was determined by Bio-Rad method (Bradford, 1976).

Protein conte_nt

Data were expressed

as cyclic AMP content tissue or cyclic AMP content/mg protein.
2.

HSV-1 infection of primary cultures of- rabbit corneal epithelium (PRCEL
a.

Preparation of PRCE

Primary epithelium_ outgrowth techniques were employed to obtain the
monolayers ot corneal epithelium (Stocker et

~·,

1958).

sacrificed by intravenous injection ot ketamine (80 mg/kg).

Rabbits were
The cornea

was removed along with a sclera rim and washed in a large volume of cold
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E-MEM.

An incision was made trom the periphery to the center of cornea

with sterile scissors.
using a cotton tip.

The Descemet•s membrane was removed completely

The cornea was washed vigorously with E-MEM and

layed epithelium side down on a sterile glass petri dish and cut into
several pieces with a razor blade.

The sc-lera was trimmed av1ay.

The

corneal pieces were placed stromal side down on the bottom ot 35 mm or
60 mm tissue cul tu.re petri dishes CCorni ng, Corning Glass works, Corning, ·
NY).

An appropriate volume ot f:-'MI::.M supp 1emented with_ 20% fCS was

added.
5%
~nd

The petri dishes were incubated in a 37°C incubator gassed with

co 2 in

the air for 3 days.

On day-3, the corneal pieces were removed

the cell grown were fed with the same medium.

A complete monolayer

was opta i ned by day 6 or 7.
b.

Morphologic study ot PRCE by electron microscopy

PRCE was. prepa.red on plastic coverslip in Leighton tubes (Costar .
Cambridge, MA).

Prior to fixation and subsequent treatment for electron

micros6opy, the coverslips bearing ·PRCE were first rinsed gently in the
nutrient

mediu~

and then washed briefly in Hank's buffered salt solution

(~oth at 37°C). · The coversl ips we.re then. transferred to petri dishes,

containing a formaldehydeglutaraldehyde fixative (prepared with 5% .
paraf6rmaldehyde-0.3% glutaraldehyde (v/v) in 0.1 M-cacodylate HCl, pH
7.28, 5 mM-CaC1 2} at 37°C for 30 min., during which the solution was
allowed to equilibrate with room temperature. The aldehyde f~xative was
poured off and the covers 1ips were rinsed twice with the buft·er solution .
The specimens were then post fixed with 1% OsQ 4 (w/v) 'in 0.1 Mcacodylate
HCl for 45 min at room temperature and then rinsed twice again with the
buffer.

The second buffer rinse was replaced with 0.05% uranyl acetate

in saline for 45 min.

At this point, photomicrographs were made of the

44
cultured cells with a Leitz inverted microscope equipped· with phase-.
contrast optics. · Specimens intended for scanning microscopy were dehydrated in ascending concentrations of ethanol {20%,40%,50%,70%,80%,95%
x ·2, 100% x 3).

After the final absolute ethanol treatment' the

bearing cells were critical point dried from liquid

co 2

cov~rsl

ips

in a Samdri 790

-

electro-regulated critical point drying apparatus and then coated with a
thin layer of palladium-gold in a

~owman

sputtering device.

micrographs were made on an AMR-1 000 scanning microscope.

Scanning
For trans-

mission electron microscopy,, the coverslips with cultured cells were
transferred to small via~s, dehydr~~~d-in ethanol as described above and
then placed into absolute ethanol-Epon 812 {1/l ), for 30 min on a rotator.
The ethanol-Epon 812

mix~ure

was replaced with pure expoxy resin, atter

which the resin mixture was changed 6 times over 24 hr.

The coverslips

with monolayers were flat embedded-in fresh Epon 812 and then placed in.
an incubator for polymerization {at 37°C for 24 hr, and 55°C for 24
hr.).

Thin sections"were made of the monolayers with Porter-Blum MT2-B

or Reichert ultramicrotomes, either parallel with, or perpendicular to
\

the orientation of the cells.

The thin sections {pale-yellow or silver)

were mounted on cooper

double stained with uranyl acetate and

grids~

lead citrate, and examined with a Phillips 400 transmission electron
microscope •.
c.

One-step growth cycle of HSV-1 in the PRCEa

Mono-layers ot PRCE were int·ected with HSV-1 {McKrae strain) at an
M.U.l. at 2 tor 45

min~

lhe virus suspensions were saved for the deter-

mination of virus titers atter the adsorption pefiod.

Cells were collected

by trypsinization with 0.05% trypsin-0.02% EDTA for 5 min and washed 3
times in E-MEt4-lO% FCS. The number of cells was adjusted to 5 x 10 4/ml.
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At various times· after incubation, samples 'IJere taken and sonicated at
Virus titers were deter~ined (PFU/ml) with duplicate specimens and

4°C.

the average PFU determined from two separate experiments.
d.

Production of HSV specific antigens by HSV infected PRCE

Monolayers of PRCE were infected with HSV-1 for 2 to 6 hrs at 10 MOl
per cell.

The cells were harvested by trypsinization w1th 0.05% trypsin-

0.02% EDTA for 5 min at 37°C. The cells w~re washed three times with
E-MEM-10% FCS. 5 x 10 6 cells were i~n:cubated with 2 ml of HSV-1 'specific
rabbit antiserum diluted to 1:10 in Dulbecco's phosphate buffered saline
{D-PBS) at 37°C-waterbath for 30 min.
10 min.

The mixture was shaken at every

After washing three times in D-PBS the cells were reincubated

for 30 min with 5 1-11 of fluoresceinconjugated goat ant{rabbit ·rgG· (Bering
Diagnostics, Ameri·can Hoeschst Corporation, .somerville, NJ 08876) at a
dilution of 1:10.

After washing three times to remove the excess fluore=

scein reagent, the cell pellet was resuspended in 10 1-11 D-PBS.

~ive

Pl

at the suspension were smeared on glass microscopic s I ides and tixed in
acetone at -20°C for. 10 min.

In ·s.ome cases, 51-11 ot the suspension were

mixed with 5 1-11 of 50% glycerol on the glass slide and a cover slip was
applied.

The cells were examined and photogra-phed using a Zeis fluore-

scent microscope •.
3.

ADCC by rabbit .PMNL and MC against
a.

HSV~l

infected PRCE

Preparati-on of effector cells

Rabbit peripheral blood was drawn into heparinized syringes (20 u
heparin/ ml blood) from Ne'IJ Zealand albino rabbits (body weight 3-4 kg).
PMNL and MC were prepared by the method of Boyum (1968) and Verbrugh et

ll· {1978). Ten ml of who 1e b1ood wer·e mixed with 3 ml of 6% dextran
solution (M.W. 80,000 to- 100,000) prepared in Hank's balanced salt solution

46.
( HBSS).
in a

The erythrocytes were a l Iowed to settle for 40 minutes at 37°C

co 2-incubator.

The leukocyterich plasma was removed and centrifuged

at 200 x g for 7 minutes.

The pellet was resuspended in HBSS and.six ml

of the suspension layered on 4 ml af FicollPaque (Pharmicia

~ine

Piscataway, NJ) and centrifuged at 400 x g at-l8°C for 20 min.
were removed from the interface and washed 3 times wi tn HBSS.

Chemicals,
The MC

To obt_a in

RBC-free PMNL, the remaining pellet was treated with 0.85% NH 4Cl at 37°C
for 10 min and washed twice with HBSS. Cells were counted using a hemocytometer and the concentrations were adjusted to 2 x 1o7/ml. Steri Ie
plastic test tubes and pipettes were used.

Viability was -9etermined by

the trypan blue exclusion method (ninety-nine percent of cells were
normally viable).

The cell preparations

w~re

96-98% enriched as judged

from the dift-erential cell count in Wright-stained smears.'
be

51 cr labeling and

HSV~infection of target cells.

Confluent monolayers of PRCE in 35 mm plastic petri dishes were
labeled with

so

~Ci ot' 51 cr (Na 2 51 cro 4 ,. New England Nuclear, Boston,

MA; 1 mCi/ml in sterile saline) with 0.5 ml of
10% hea t-i nacti vated FCS for 90 minutes.
tryoroughly with 1:-MI:.M.

E-ME~1

supplementedwith

T_he cells were then washed

rhe labelled PHCE monolaye.rs were infected with

HSV (2 x 10 8 PFU/ml) at 10 PFU/cell (10 M.O.I.) for 60 minutes at 37°C.
After virus adsorption, the virus was removed and the ce 11 mono 1ayers
were washed three times with EMEM.

Two ml of EMEM + 10%

~cs

was added

again. to the cell mqnolayers which subsequently were incubated for a
specific time.
c.

ADCC assay.

At the end of an appropriate incubation time, the target cells were
collected by treating with 0.05% trypsin-0.02% EDTA for 5 min and washed
three times with cold Er~E·M-- 10% FCS at 4°c.

The cell concentration was
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adjusted to 2 x 10 5/ml.

HSV infected-target cells obtained at various

times PI or uninfected target cells were mixed with PMNL or·MC. The
number of target cells was 2 x 10 4 in 0.1 ml and that of effector cells
was 2 x 10 6 in 0.1 ml. 0.2 ml of HSV-specific rabbit antiserum (1:128
dilution) or antibody-negative rabbit serum was added.

AntiHSV rabbit

serum had the neutralization titer of 512 against 500-PFU of HSV-1.
Media was added to the controls for natural killer instead of rabbit
serum.

The final volume was adjust~d to 0.6 ml·with media.

All assays

were carried out in triplicate in plastic vials (12 x 75 mm BioVials,
Beckman, Snapcap, Beckman Instruments, Inc., Norcross, GA).
mixtures were incubated at 37°C for various times up to 4 hrs.

The assay
Following

specific incubation times, the suspension was centrifuged at 400 x g at _
4°C for 10 min.

An aliquot (Oc2 ml of. the supernatant) was used for

counting radioactivity.
Spontaneous release (SR) was determined as the CPM from target cells
incubated with medium alone, and maximum release (MR), as CPM from
target cells incubated with 2% triton-x.

Cytotoxicity (% specific

release) was determined by the -following formula:

%specific release= mean CPM of samples- mean CP~·1 of SR x 100
mean CPM of MR - mean CPM of SR
Spontaneous release ranged from 14% at 2 hr infection to 18% at 6 hr
infection.
release.
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cr release from, controls did not exceed the spontaneous

D.

Component

PROTOCOL FOR ADCC ASSAY

Infe-cted
Tar§et
(2xl0 /ml)

Normal
Target
(2xl0 /ml)

PMNL
(lxl0 7/m1)

MC
(lxl0 7/ml)

Ab

Normal
Serum

Triton-x

Medta

( 1 :128)

( 1 :64)

(2%)

(+ 5% FCS)

(0.1)

(0.1)

'( 0. 1 )

( 0.1)

(0 . 2)

(0.2)

(0.5)

Adjust to ·o.6

..,

Volume (ml
Tubes {trielicatel
1• Maximum
2. Release

X

3.
4.

Spontaneous
Release

X

5.
6.

ADCC by PMNL
Serum control
NK by PMNL

X
X
X

8.
9.

ADCC by PMNL
Serum control
NK by P~lNL

7.

10.

11 • ADCC by ~IC
12. Serum control
13. NK by MC
14. ADCC by MC
15. Serum control16. NK by MC

X
X

X

X
X

X

X
X
. X
X
X
X

X
X
X

X

X
X
X

X

X
X
X
X
X
X

X
X
X

X

X
X
X

X

X
X

X
X

X

X

X
X
X
X
X
X

.f::::o

co
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C.

Antiviral Chemotherapy against HSV-1 and-2 Infections ih Animal Model.

l.

Anima 'Is
New Zealand albino rabbits (2.0-2.2 kg) were.used for the model ot

HSV epithelial keratitis.

Hairless.mice (hrs/J strain,) weighing 21-25 g.

were used for the mode 1 of the HSV cutaneous infection.

Mice were

originally

ME and bred

purchas~d

from Jackson

Laboratories~

Bar

Hafbor~

at the Medical co-llege of ·Georgia vivarium facility.
2o

Virus inoculation

Epithelial keratitis of rabbit was induced with
HSV-1, strain McKrae ( l x l o7 PFU/ml) by the same procedure ·as. the
a.

Eye infection:

'Section A.
b.

Skin of either the lumbosacral or forehead area
was inoculated with HSV-1, strain McK~ae or HSV-2, strain 304 (1 x 107
PFU/ml)e

Skin infection:

Under pentobarbital anesthesia (70 mg/kg), mouse skin was

scratched with a 26 gauge needle.

Virus solution was rubbed on the

scratched area for 20 seconds using cotton

~pplicators.

Each mouse was

kept in a separate cage after inoculation.
3.

Antiviral compounds
Ara-AMP gel ( l 0% aqueous base), Ara-AMP powder, placebo (aqueous

base) and Ara-A ointment (3%) (VidarabineR ointment) were ob~ained from
the warner-Lambert/ Parke-Davis ,pharmaceutical Research Laboratories
{Ann Arbor, Ml) through the courtesy ot Drs. Te Petrick and-R. Buchanan.
ldUrd Ointment (0.5%) {Stoxi·IK Ointment, Smith Kline & French Labs,
Philadelphia, PA), was purchased from the hospital pharmacy of the
Medical College ot· Georgia.

PhosptlOnoacetic acid (PAA, Abbott Lab.,

North Chicago, IL) and phosphonoformic acid (PFA) were obtained through
the courtesy of Dr. Ran Duff.

Acyclovir (ACV, acycloguanosine, 9-(2-

50.
hydroxyethoxymethyl) guanine) was obtained from the Burroughs

Wellc~me

Company (Research.Triangle Park, NC) through the courtesy of

Drs~

D.

King and G. Elion.
4.

In vitro drug susceptibility; and cytotoxicity· test of·drug.
Confluent Microwells (96 wells/microwell plate II) cultures of CV-1

cells were infected by adding 0.0'5 ml of virus solution_ (2 x 10~ PFU/ml,
M.O.I. of l PFU/cell).
virus was removed.
to 0.07

~g/ml,

Following incubation at 37°C for 45 min, residual

0.2 ml of drug dilutions in EMEM - 3% FCS (800

~g/ml

two-fold dilution) was added to quadruplicate wells.

Stock drug solution was filtered through 0.22 rmillipore filter.

For

each drug dilution, uninfected cell control and virus-infected, drug
free controls were prepared simultaneouslyo
for 48 hrs at 37°C in a

co 2 incubator.

The plates were incubated

At the end of incubation time,

the drug concentration which protected the cells from virus challenge
was determined as the minimum· inhibitory concentration of the drug.
5.

Scoring of· the 1es ions
a.

Rabbit ocular lesions

The rabbit eyes were observed with a s 1 it 1amp (top con SL-30) in a
blinded fashion every day for 20 days.

The severity of epithelial

keratitis, stromal keratitis, conjunctivitis and iritis was scored on a
scale of 0 to 4 basis.
Scale for grading the severity of ocular lesions was as foll.ows;
l.

Corneal epithelium

o. 0

Normal

O.l-0.9

~uperticial

punctate ulcerations·

1.0-1.9

One or more dendritic ulcerations 1imited to epithelium

2.0-2.9

Geographic ulcerations (less than 75% of cornea involved)

3.0-4.0

Geographic ulcerations (more than 75% of cornea involved)
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2.

Stroma
0.0

Normal

1. 0

Mild diffuse edema

2.0

Edema and haze

3.0

Cloudy·

4o0

·Severe edema, very cloudy.

Add 1.0 it· pert·oration or

capillarization is present.
3.

Iris

o.o

Normal

1 0

Hyperemia

2.0

Mark.ed hyperemi·a, beginning edema

3.0

Marked edema and excessive hyperemia

4.0

Fibrous

G

4.

Conjunctiva
OoO

Normal

1. 0

Mild hyperemi.a

2.0

Moderate hyperemia

3.0

Severe hyperemia

b.

Mouse skin lesions
(1)

Lumbosacral area

Lesions were scored daily for

14

days, and graded from 0 to 4

according to Lieberman •s. method (Lieberman, et Q . ,
•

1973);

I

0 = No lesion
0.5 = Several discrete punctate lesions or a lesion less than 5 mm
in length
1.0 =Lesion 5-9 mm in length
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2.0 = Lesion 10-19 mm in length
3e0

= Lesion

20-29 mm in length

4.0 = Lesion over 30 mm in length.
If the mouse died,

t~e

score was recorded as 4.0.

(2) Forehead area
The lesions on forehead were also graded from ·a to 4 basis as
follows:
0 = No lesion
0.5 = Blisters around scratched area
1 •0

Discrete punctate 1e$ ions 1ess than · l em in 1ength

=

2.0 = Lesions spreading over whole forehead
3. o = Les; ons spreading over torehead and one side ot· tace
4. o = Lesions spreading ove.r t·orehead and both sides of t·ace
6.

Treatment
Both topical and iontophoresis methods were employed.

To administer

antivi ra 1s by i ontopho·res is, the Medtherm El ectroMedi cat or™, M.ode 1 AEl
(Nedtherm Corp., Hunts vi 11 e, AL) was used as a direct current source.
Ara-AMP, Pf A_ and ACV were app 1i ed vi a cathodal t-) iontophoresis and _
I

Ara-T, vta anodal (+) iontophoresis.

For the treatment ot· rabbit keratitis

an eye cup. was inserted into the rabbit eye with its periphery within
the limits·ot the corneal limbus, under anesthesia with xylazine and
ketamine (4 mg/kg, 20 mg/kg, i.m.).
was added into the eye cup.

Drug solution or saline· (1.5 ml)

The anode (+) was attached to a shaved

forelimb and the cathode (-) made a wet contact with the antiviral
solution through a cotton wick.
5 volts) for 4 minutes.

Current was applied at 0.5'mAmp (EMF=

For the treatment of mouse skin infection, a
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cotton wick electrode saturated with saline or antivirals was applied to
1e·s ion and the indifferent electrode was connected to the ta i 1 of the
mouse {0.5 mAmp, for 10 minutes).

For topical application, ointments or

gels were applied using cotton applicators.

7.

Group

'No. of
Animals

1

5

EXPERIMENTAL DESIGN FOR THE TREATMENT OF EPITHELIAL KERATITIS

Virus
HSV-1
10 7

McKr~e

1

X

Inoculation
Dropping and
corneal
massage

Antiviral
Agent

Drug
Application

3.4% Ara-AMP

Iontophor.es ts
(once/day for 3 days)

PFU/ml

2

5

0.5% IdUrd-

Topical
(5 times/day for 4 days)·

3

5

10%

Topical
(5 times/day for 4 days)

4

·5

Placebo

Topical
(5 times/day for 4 days)

5

5

Saline

Iontophoresis
(once/day for 3 days)

Ara-A~1P

Initial

Tx

24 hr
after
inoculation

.O"l.

-t::=r

8.

Group

No. of
Animals

.1

20

Ara-AMP
(3 . 4% sol)

2

20

ACV
(3% sol)

3

20

PFA-.
(3% sol)

Antfv-i~r-ar

Agent

4

20

Saline

5

20

Ara-AMP
( 10% ge·l)

6

20

ACV:
(3% gel)

7

20

PFA
(3% gel)

8

20

Ara-A
. ( 3% ge 1)

9

20

IdUrd

10

20

Placebo

GENERAL EXPERIMENTAL DESIGN IN MICE

___ Inl-~riafion______
Drug -~--u-of Tx
Application
Virus
3 hr

24 hr

&

Iontophoresis
(once/day for
3 days)

1

X

10

Inoculation
7

PFU/ml

Scratch &
cotton
swabs

Inoculat-ion
Site
Orofacial or
·1 umbosacra 1

HSV-1
McKrae
or
HSV-2
304

Topical
(2 times/day for
5 days)

(0 . 5% g~l)
un

------~--------------------------------------------------------------------------------------------------~----------------------------------------un

• RESULTS
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Ao

Development of a Reliable Model System for in vivo Induction of Ocular
HSV-1 Reactivation.

1.

Transition from acute infection to latent phase in rabbit eyes
Figure 3 shows the average lesion score of corneal epithelium and

anterior segment of rabbit eyes as read by a s 1it lamp biomicroscope
during the HSV-1 acute infectione

The acute ocular irifection reached

its maximum about one week after i-nfection (PI) and then showed a gradual
resolution of the inflammation.

lH~

ocular lesions were healed without

any observable scars about 15-16 days PI in the
the acute infection.

ra~bits

which survived

During the acute phase of infection, HSV-1 seemed

to multiply in both the nervous and ocular tissues.

Therefore, HSV was

detected from . gang1ion or brain cell-free homogenates in a high titer
comparable to ocular tissues, as shown in Table 1.

However from about

12 days PI, the titer of virus rapidly decreased and HSV was not
t·rom tissue homogenates.

HSV was-detected· only t·rom ganglionic explants

by cocultivation with PRK monlayers.
detection from eye swabs.

recover~d

There was no continuous virus

Therefore, the latent phase was considered to

start at about 20 days PI in present experimental system.
2.

Epinephrine administration via .iontophoresis
Since epinephrine is a positive'ly-charged compound, the epinephrine

solution was applied to rabbit eyes via iontophoresis to potentiate and
as sure its penetration..

In pre 1imina ry studies, iontophoresis was

observed to increase epinephrine penetratton into the cornea up to 50
fold as compared to topical applications.

The epinephrine seemed to be

gradually released from the cornea into deeper eye tissues because the

FIGURE 3:

Disease severity index of· HSV-1 infected rabbit eyes. Each
point for corneal epithelium represents the daily average
lesion score of epithelial keratitis. Each point for total
anterior segment represents the sum of daily average lesion
scores of epithelial keratitis, stromal kera.titis, conjunctivitis and iritis. See Materials and Methods (pp. 50) for the
scale of the gradirig the ocular lesions.
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Disease Severity Index of
HSV-1 Infected Ra,bbit Eye~
·s

s

.

• Corneal epithelium
o Total anterior
segment

7
Q)
~

0

s.

(.)

(f)

c_

5

0

"en
QJ'
_J

4

c

cQ)
~ 3

I

2

3

4

5

6

7

8-

9-

I0

Qays After HSV-1 Infection
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TABLE I
AVERAGE HSV-1 TITER IN RABBIT OCULAR AND
NERVOUS TISSUES AT ACUTE PHASES OF INFECTION.

Tissue*+
Cornea
Iris
Brain

PFU/organ t

.PFU/gram of tissues§

10 5
1. 3±0c7x1o 4 ·

8.6 ± 3a1

2 ± 1.3

SCG

1-~ 9

TG

1.8 ± Oe02

±

1. 2

X

X
X

10 3
103

X

104

1.6 ± 0.6

X

5.2 ± 2.9

X

2 ± 1. 3

X

10 7
10 5
103

1.9±1.2x10
3.6 ± 0.03

X

5

10 5

*Each determination was made from 4 to 5 different spec,imens

+T~ssues were taken at 4 days postinoculation
\

tce11-free homogenates were made with 1 m1 of SCG, with 1.5 m1
for TG and with 2 m1 for cornea, iris and brain
§The titer (PFU) was computed using average wet weight of
respective organ

60
amount of epinephrine driven ,into· the iris by iontophoresis increased
from 4 times that of the topical immediately after the application to
fifty times that of the topical at 7 hrs after iontophoresis.
This procedure· allowed the drug. administration to the whole cornea
without any apparent traumao

Fu.rthermore, epinephrine iontophoresis

produced an immediate and prolonged physiologic response as measured by
pupil dilation.

Table II shows the eft·ect ot· iontophoresis of three·

adrenergic agents on pupil

dilation~

Comparison of the effects of the

agents at 0.01% concentration showed that the maximum pupil dilation
occurred in 14 minutes with epinephrine, and about in 30 minutes with
phenylephrine and ephedrine.

The maximum effect lasted more than 7 hrs
\

with epinephrine and 1ess than 5 hrs with the other two agents.
phrine produced the most immediate and prolonged
ag.ents.

~ffects

Epi ne-

ot the three

Higher concentrations ot epinephrine caused more immediate

mydriasis and prolonged effects.

However, concentrations greater than

0.1% of epinephrine produced toxic effects on the corneal epithelium.
Rabbits were photo-sensitive and very suscepti b1e to mi 1d mechani ca 1
stimuli.

In most cases, the corneal epithelium had sloughed and severe

i nfl amma ti on {i ncl udi ng secretion ot' seroexuda te) was observed t·or 3-4
days after the treatment.

Concentrations less than 0.001% epinephrine

did not induce maximum pupil dilation even .though the amount of current
and time were increasede

0501 to Oo05% epinephrine solutions resulted

in maximum pupil dilation and the least adverse effects on corneal
epithelium and corjunctiva, even though the iontophoresis was repeated 3
times.

Hi 11 et !.l_. {_1978) observed that iontophoresis of 3. 4%

Ara~AMP

at 0.5 mAMPs for 4 min had no pathologic effect {acute or chronic) on
the rabbit cornea when examined by the scanning e1ectron microscope.
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TABLE II
IONTOPHORESIS OF ADRENERGIC AGENTS AND PUPIL DILATION-

Agent

Epinephrine

Phenylephrine
HCL

Ephedrine

%

Ionto~horesis

Receptor So 1ut'i on Current Time
(mAMP)
(min)
a,S

a.

%

min. > 7 hrs
min > 7 hrs
min ~ 3 hrs
min < 3hrs
hrs < 4 hrs
11 min < 4 hrs

0 . 05
0. 01
0.005
o. 001

0. 5
0.5
0. 5
0.5
0. 5
1"0

4
4
4
4
8·
4

100
100
100
5-o
80
25"

12
14
21
14
2

o. 01

Oo5
Oo'5
0.5
0. 5
1 •0

4
4
4
8
4

100
100
80
75
75

30
40
32
23
5

0.5
0.5
0. 5

4
4
4

75
30
60

0.005
0 . 001

a.,S

M~driasis

Time to Length of
reach
effect

o. 01
0.005
0.001

1

min
min
min
min
min

33 min

immed

< 5 hrs
< 5 hrs
<4.5 hrs
<4.5 hrs
< 4 hrs
rv1 hr
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Based upon those experiments, conditions of maximal stimulation with the
least corneal damage were obtained by· iontophoresis of a OcOl% epinephrine
solution at 0.8 mAMP for 8 min.
3.

Spontaneous .HSV-1. ocular shedding in latently-infected rabbits
Table I1 I shows the frequ.ency of sponta-neous shedding observed between

40 and 220 days- PI.

From l 0 rabbits ( 20 eyes) swabs were taken once a

day on 20 consecutive days ( 400 swabs J between 40 and 80 days PI.
number of positive cultures was

38,'~.5% •.

Swabs were taken on 30 conse-

cuti ve days ( 600 swabs) between 81 and 180 days PI.
positive cultures was ·18, 3.0%.
'

.

of positive cultures was 2.2%.
from 1400

swabs~

The

The number of

Between 181 and 220 days PI the percentage
The average percent of positive cultures

was 4. 6% during the l80 day PI period. .An important

point is that the frequency of spontaneous shedding decreased. with time
after recovery from the infection.
the spontaneous shedding.

Table IV represents another point of.

The spohtaneous

s~edding

was observed in the

tear film in 16/20 eyes at least once during 40-80 days PI, in other
words, 80% of the eyes experienced shedding at least once during the
period.

The frequency decreased to 35% during 81-180 days PI and to 25%

during 181-220 days PI.

Ninety-five percent of the eyes (19/20 eyes)

shed virus spontaneously at least once during. the entire period.
rest of the data

o~

The

the frequency of shedding will be expressed in this

fashion; percent ot· eyes which shed virus at -least once during a certain
period of time.

Table V shows the trends of spontaneous shedding.

The

number of shedding episodes varied from one to three times (average: 1.8
times).

The duration of shedding was for only one day for 63% of the

episodes while all episodes of shedding averaged 2 days.
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TABLE III
SPONTANEOUS HSV-1 OCULAR SHEDDING IN

RABBITS~

(OCCURRENCE OF HSV-1 POSITIVE SWABS)

· Days
Post Inoculation

No. of
Swabs**

No. of Positive
Cultures~:

%of Positive
Cultures

40 - 80

400

38

9.5

81 - 180

600

18

3.0

181 - 220

400

9

2.2

' 1400

65

4.6

Total:

180

* All rabbits had been preViously ·infected with HSV-1. No
apparent ocular les·ions remained as determined' with a slit
lamp biomicroscope. There was no continuous virus detection from eye swabs from 20 days Pie The same 10 rabbits
(20 eyes) were used during the entire experimental period.
** Eye swabs were taken once a day for 20 consecutive days from
20 eyes between 40 and 80 days PI, 30 consecutive days
between 81 and 180 days PI and 20 consecutive days between
181 and 220 days PI. Therefore, each eye was swabbed 70
times during the 180 days.
§

Eye swabs we.re inoculated on to PRK to monitor the presence
of HSV-1 in the tear film. HSV-1 recovery was confirmed by
a plaque reduction assay with HSV-1 specific rabbit antiserum.
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TABLE IV
SPONTANEOUS HSV-1 OCULAR SHEDDING IN RABBITS
(OCCURRENCE OF HSV-1 POSITIVE EYES)

Days
Post Infection

No. of
Eyes

Noe of Eyes
With Shedding

Frequency of
Shedding*

40 - 80

20

16

80%

81 - 180

20

7•

35%

181 - 220

20

5

25%

20

19

95%

Total:

180 .

*The frequency of shedding represe~ts the percentages of eyes
which shed virus at 1east once during the swabbing per,.i od.
(Refer to the legend to Table 3).. ,
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TABLE V
PATTERN OF SPONTANEOUS HSV-1 OCULAR SHEDDING IN RABBITS

Rabbit

No. of shedding*
episodes (times)

+Duration of shedding
(total days)

NOo

Eyes

1

00
OS

2
1

2
1

2

OD
OS

2
2

2
4

3

00
OS

1
2

1
4

4

00
OS

2
0

3
0

5

00
OS

1
2

1
5

6

00
OS

2
2

3

oo-

2

OS-

3

2
5

8

00
·OS

2
2

2

9

00
OS

1
1

1
2

10

OD
OS

2
3

10

1. 8

1 •9

7

Mean

2

7

8

*Positive cultures separated by more than 7 days of negative·_
ones were considered as representing distinct episodes of
virus shedding.
+The numbers indicate the sum of shedding durations of all

episodes.
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Induction of HSV-1 ocular s.hedding by unilateral epinephrine iontophoresis
t-igure 4 illustrates the study on the shedding induction by unilateral·

epinephrine iontophoresis.

At 60 days PI,

~yes

of seven randomly-selected

rabbits received epinephrine or sa 1i ne uni latera 11 y vi a iontophoresis;
one eye of each rabbit received epinephrine and the other, saline by
iontophoresis.
eyes).

Ips-ilateral viral shedding· occurred in all eyes (7/7

The contralateral eyes which received saline iontophoresis shed

virus in two eyes (2/7 eyes, 28%}.

All sheddings occurred within 3 days

after the 1ast ·schedu 1ed application.

The rabbits which shed virus

spontaneously more than 4 days prior to the initiation of treatment were
not eliminated from the data.
5.

Induction of HSV-1 ocular shedding by bilaterq.l epinephrine iontophores is
t-igure 5 shows the data. on the shedding induction by bilateral

epinephrine iontophoresis.

The experiment was

days during 170-365 days PI.

p~rformed

on se 1ected

Both eyes of 14 randomly-selected rabbits

received epinephrine v.i a iontophoresis.

Virus shedding occurred in 75%

of the eyes ( 21 /28 eyes) and in. 100% of the rabbits ( 14/14 rabbits}

c

The sheddtng occurred within 3 days after the last epinephrine application.,
There were only two sheddings prior to epinephrine iontophoresis.

After

epinephrine iontophoresis, HSV shedding was observed from either one or
'

both ·eyes of all rabbits

.

treated~

All the sheddings were initiated

within three days after the last treatment as the previous experiment.
Therefore, a relatively-constant pattern of shedding was obtained by
epinephrine iontophoresis.

FIGURE 4:

Induction of HSV-1 ocular.shedding by unilateral epinephrine
iontophoresis. t ; indicates the days when the iontophoresis
was performed; 0, indicates the episodes of positive cultures
of HSV-1 ; 00, received epinephrine iontophoresis and OS,
saline iontophoresis. Eye swabs were taken once a day for 7
days before and for 7 days after the epinephrine or salin~
iontophoresis. During the application period, ·eye swabs were
taken before the daily iontophoresis.
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INDUCTION OF HSV-1 OCULAR SHEDDING BY UNILATERAI_,
EPINEPHRINE IONTOPHORESIS
l

RabbJ.t ·
No.

Eye

Rl

OD

R2

OD

R3

OD

RS

OD

R7

OD

R8

OD

R9

OD

Rl .

0

R2

OS

R3

OS

RS

OS

R7

OS

R8

OS

R9

0
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FIGURE 5:

·Induction of ocular HSV-1 .shedding by bilateral epinephrine
iontophoresis. See the le~gend to Figure 4 for symbol identification. Both eyes of 14 randomly selected rabbits received
epinephrine via iontophoresisG The post~infection ·range was
170-365 days. Eye swabs were taken once a day for 7 .days
before and for 7 days after the epinephrine iontophoresis.
During the app 1i cation period, eye swabs were taken before ·
the daily ioritophoresis.
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INDUCTION OF.OCULAR HSV-1 SHEDDING BY BILATERAL
EPINEPHRINE IONTOPHORESIS
Rabbl.t
No.

Eye

-6

Days pre- and post-ep.i.nepi1rine iontophoresis
-4

-2

+2

0

:+_+
H9

I
I
I

0

OS
Hl9

0

I
I
I

+6

+4

*

CD
OS
CD

•

OS
H2l

0

OS
H37

..

0
0

Rl

CD
OS

R2

co.--

..

0

R3

•
• •
CD
. OS
• .-.co
•
• eooOS
• • • OS

•

CD
0

R4

eos
eOD
e OS

CD

D

0

s

RS

CD

D

R6

OS
CD
OS

R7

0

RS

OS
OD
OS

R9

00

RlO

00

OS
• • •
D
eos
• • • OD
OS
•
• • • • ·~~
D
OS
•
•
s

..

OS

00

OS
-6

-4

-2

0

I
+4

I
+6
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Tab 1e

~vr

summarizes some of the data from the previous figure, i.e.

shedding initiation· on a per day basis.

The initiation of shedding was

observed from the 1as t day of iontophoresis to 3 days after the 1as t
application.

The highest percentage of shedding was initiated on the

3rd day from the last application, that is, the fifth day from the
initiation of application.· The percentage was almost ~0% of the total
occurrence. ·.Shedding occurred on days 2, 3, 4 and 5. · No shedding occurred
on day-0, day-1 or day-6.

This shedding pattern is important to study

some of the events after the reactivation and evaluate the rel fabil ity
of the procedure.
6.

Comparison of shedding freguency induced by various treatments
Figure 6 is a histogram of the experimental data obtained from 4

treatment groups.
basis.

Data were expressed on per animal basis and per eye

This experiment was done with the rabbits infected for 170 to

365 days.

The untreated and saline iontophoresis groups shed virus in a

similar level to the spontaneous shedding frequency, 12-20% of eyes and
20-25% of rabbits.

Epinephrine injection produced shedding in 30% of

the eyes and 40% of the rabbits.
previous reports by others.

This result was very close to the

Shedding frequency of epinephrine iontopho-

resis group (75% of eyes, 100% rabbits) was significantly higher than
that of all the other groups (Table.VII).
7.

Detection of HSV-1 from ganglion explants and ocular tissue homogenates
Table VIII shows the recovery of HSV-1 from ganglion explants and

corneal homogenates during latent infection.

After completion of the

shedding experiments, rabbits were selected randomly from every group
and their ocular and nervous tissues were assayed for the presence of
HSV.

Explants of TG and SCG were cocultivated with PRK monolayers. ·The
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TABLE VI
INITIATION OF OCULAR HSV-1 SHEDDING UPON
BILATERAL EPINEPHRINE-IONTOPHORESIS
Days after First
Epinephrine Iorttophoresis
0
1
2
3
4
5
6

Total:

No. of Eyes Showing
First Shedding (%)
0/21
0/21
5/21
1/21
5/21
10/21

(0)
(0)
(24)
(5)
(24)
(47)

0/21 (0)

21/21 (1 00)

This table summarizes the data from Figure 5, shedding
initiation on a per day basis .. The highest percentage
of shedding was initiated on the 3rd d·ay from the last
application, that is, the 5th day from the initiation
of epinephrine application.

FIGURE 6:

HSV-1 ocular shedding following various treatmentsc
legend to Table 7 for detailse

See the
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HSV·1 OCULAR SHEDDING FOLLOWING VARIOUS TREATMENTS

100%-

III11J Eyes with shedding

0

Rabbit with shedding

40%
~

,...
>
en
I

25%

J: ·125o/o-

r-- '

20% 20·%
;:.;;...;

12%

Untreated

SalineInjection of
Iontophoresis . Epinephrine
'

'

Iontophoresis"'
·Epinephrine
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TABLE VII
HSV-.1 OCULAR SHEDDING
Treatment

No. of eyes
(No. of rabbits)

VARIOUS TREATMENTS

FOLLO~JING

· No. of eyes
with ·shedding
(No. of rabbits)

Perce·nt of eyes
with shedding
(% of rabbits)

Untreated

16

(8)

2

(2)

12

(25)

Salineiontophoresis

10

(5)

2

(1 )

20

(20)

10.

(5)

3

(2)

20

(40)

28

(14)

*Injection of
epinephrine
+E p1. nep hr1.ne.
iontophoresis

21

( 14)

t75

(1 00~

The experiments was done at six to eight months post infection.
*0.1% epinephrin~ solution (0.2 ml/day) was injected
for 3 days&
'

int~amuscularly

+Epinephrine iontopho~esis with 0.01% solution was performed bilaterally
a~ 0~8 mAmps (electromotive force = 7 volts) for 8 minutes daily for 3 days.
ts;gnificantly different from ep~nephrine injection groups (P<O.OS) and
other controls (p<0.005) (Fisher's exact test)c The saline _ibntophoresis
group and the epinephrine injection group were not statistically different
from the untreated group (P>0.2) (Fisher's exact test).

TABLE VIII
RECOVERY OF HSV-1 FROM EXPLANTS OF ·T.Ge AND S.CaG. AND HOMOGENATES OF CORNEA DURING lATENT INFECTION
Rabbit
Number

Days Post
Infection

Treatment

H23
H36
H46
H48

347
360
330
330,

Sa 1ine
Iontophoresis

El
E2
E3
H20

358
363
330
361

Injection of
Epinephrine

H9
H21
Rl
R2
R3
R4
R5
R6
R7
R8
R9

365
326
170
358
260
220
232
225
220
255
244

Epinephrine
Iontophoresis

.Shedding
OS
OD

OD

-

-

+

+

+

+
+

-

-

-

+
+
+
+
+
+
;..

+
+

-

-

-

+

-

-

+
+

+
+

+

+
+
+
+

Totals =

-

+
+
+
+

-

+
+

27/38

OS

Homogenate
Cornea
OD
OS

-

+

+

-

+

+

-

+

+
+

+

+

+
+

-

-

-

+

-

+
+
+

+

-

OD

S.C.G.

+

+

+

-

OS

-

+

+

Ex2lant

+'

+
+

-

T.G .

-

+

+
+

+
+

+
+
+
+

-

~71%f--

-

+

+
+
+
+
+
+
+

' +

+

+

-

+

-

24/~8 ~6-3-%}

+

3/38

S.C.G. = Superior Cervical Ganglia;
O.D. = Right Eye;
T.G. =Trigeminal Ganglia;
O.S. = Left Eye;
- = no virus;
+ = HSV-1;
Rabbit eyes were swabbed for 7 days after the last treatmen~ and then rabbits were sacrificed.

~7.9%l

..........

w
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cornea, aqueous humor, sclera, iris and the lacrimal gland of individual
eye were homogenized separately and the cell-free supernatants tested
for the presence of HSV.

Seventy-one percent of the TG Qnd sixty-three

percent of the SCG were positive for HSV-1.
as early as 4 days t6 as late as 25 days

The CPE was observed from

a~ter

the cocultivation.

HSV

was recovered from at least one ganglion for each eye·, implying that
every eye , has the. potentia 1 to shed virus.
individual ocular

tis~ues

and the lacrimal

from only 7.9% of the corneas
were virus negative.

tested~

From the homogena tes of
gland~

virus was recovered

All of the other tissue homogenates

This suggests that the source of virus was gangli-

onic, thereby eliminating many possible paths or sources of shedding.
Those results (Figures 4,5,6; Table VI,VIII) indicate that epinephrine
iontophoresis induce4 a reliable pattern as well as a higher frequericy
of shedding in the latently-infected rabbits.
8.

Reproduci bi 1i ty of epinephrine iontophoresis for the. induction of
ocular HSV shedding.
Table IX contains two sets of information:

one is the data on the

duplication.of shedding induction by bilateral epinephrine iontophoresis,
the other is the results of virus recovery from the nervous tissue
homogenates after shedding induction.

The shedding induction-was dupli-

cated by bilateral epinephrine iontophoresis, employing another group of
10 rabbits at about 220 days Pie

The frequency of shedding was the same

as the previous experiment, 75% of the eyes (15/20 eyes) and 100% of
rabbits (10/10 rabbits).
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TABLE IX
HSV-1 RECOVERY* FROM EYE SWABS AND HOMOGENATES OF NERVOUS TISSUES
FOLLOWING EPINEPHRINE IONTOPHORESIS TO RABBIT CORNEAS
Days
Postinoculation

Ocular+
Shedding

OD
OS

278

+
+

2

00

278

+

3

OD
OS

260

+
+

4

OD
OS

220

+

5

00

232

+
+

Rabbit§
Number
1

,Eye

OS

OS

6

00

7

00

220

+
+

8

00

225

+
+

9

00

244

OS

OS'
OS

,TOTAL

OD
OS

Virus Recovery
SCG TN REZ

+

+

+
+

+
+

+

+
+

+
+

+
+

,+
+

+

225
+

OS

10

TG

+
+
+
+

+

225
+

15/20
(75%)

+

7/20 5/20 4/20 5/20
(35%) (25%) (20%) (25%) '

*Virus was recovered from homogenates of tissues incubated in vitro
for 24 hrs after removal.
·
-§Virus was recovered from at least one of the nervous tissue
. +homogenates of· 7 out of 10 rabbits.
Ocular shedding was induced by 0.01% epinephrine HCl iontophoresis
(0.8 mAmp, 8 min.)
Abbreviations: TG, trigeminal ganglia; SCG, superior cervical g~nglia;
TN, a 1 em long nerve segment of ophthalmic branch of trigeminal
ganglia; REZ, Root-entry zone of the trigeminal nerve.
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9..

Recovery of virions from the homogenates of nervous tissues after the
shedding induction
The ten rabbits used previously for the duplication of the bilateral

shedding induction were sacrificed. on the 7th day after the initiation
of epinephrine applicationo

Nervous and ocular tissues were removed and

assayed for the presence of virions from the cell-free homogenates.

In

preliminary experiment, virions were not recovered from the nervous
tissue homogenates during the same PI period, when the tissues were
assayed directly after shedding induction.

However, when the explants

were cocultivated with indicator cells, the tissues from the epinephrinetreated rabbits produced CPE sooner than did tissues from the untreated
rabbits~

Therefores an .i!l vitro amplification procedure was employed.
\

Using the procedure, virions were obtained from the homogenates of
nervous tis sues

o

The percentage of tis sues from which virions were

recovered were as follows; 35% of TG, 25% of SCG and REZ, and 20% of TN.
As shown in Table X, seventy percent of the treated rabbits (7/10 rabbits)
had at -least one virus-positive nervous tissueo

About 26% of nervous

tissues from those rabbits were HSV-1 positive.

In contrast, about 17%

of the untreated rabbits (1/6 rabbits) had viruspositive nervous tissuee
About 2% (1/48) of nervous tissues obtained from the untreated were
virus positive.

The frequency of virion recovery from epinephrine-treated

rabbits was sign1ficnatly higher (p

<

0.05) than that from the untreated.

Table XI shows the comparison of HSV-1 recovery from nervous tissues
between shedders and nonshedders.

Eventually, 15 eyes which shed virus

(shedders) and 5 eyes which did not shed virus (norshedders) were obtained.
The 5 nonshedders yielded 20 samples of nervous tissues (each eye-yields
four nervous tissues, that is, TG, SCG, REZ, and TN).

One out of those
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TABLE X
OCCURRENCE OF HSV-1 IN THE NERVOUS TISSUE HOMOGENATES
OF EPINEPHRINE-TREATED AND UNTREATED RABBITS

Treatment

Epinephrine

Number
of
rabbit
10

iontophore~is

Untreated

6

.Percent recovery of HSV-1
Rabbit
Nervous tissue
7/1 0 ( 70%) * §
1I 4

( 17%)

21/80
1/48

( 26%)** §
(2%)

* Number of rabbi.ts which had HSV-1 positive nervous tissues/
number of rabbits tested

** Number of nervous tissues positive for HSV-1/A total of
§

nervous tissues taken from the group
Percent recovery of HSV-1 from epinephrine tre.ated group
was significantly higher (p<0.05) than that from the
untreated (Fisher's exact test).
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TABLE XI
COMPARISON OF HSV.;.l RECOVERY FROM NERVOUS
TISSUES BET\~EEN SHEDDERS AND NONSHEDDERS

HSV-1
Shedding

Number of
Eyes

Shedder

15

Nonshedder

5

Percent of recovery of HSV-1
Nervous Eyes which had at least one
Tissues HSV-1 positive nervous tissue

. ( 33%)

*20/60

10/15
(67%)

1/20
(5%)

1/5
(20%)

*Number of nervous tissues positive for HSV-1/number
tissues taken

~f

nervous·

Shedders are the rabbit eyes which shed HSV-1 after epinephrine
iontophoresis, and nonshedders are the rabbit eyes which did
not shed virus. Percent recovery of HSV-1 from shedders was
significantly higher (p<0.05) than ~hat from nonshedder (Fisher•s
exact test).
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20 (5%) showed positive virus
tissues were obtained.
33%.

culture~

From the 15 shedders, 60 nervous

T¥Jenty of those 60 were virus-positive, that is,

If the data .are compared on the basis of eyes, 67% of the shedders

(10/15 eyes) had at least one virus-positive nervous tissue.

In

co~trast,

20% of the nonshedders (l/5 eyes) had virus-positive Dervous tissue.
The difference in HSV occurrence between shedder and nonshedder was
statistically significant (p < Oe05)e
Table XII shows the relationship between HSV ocular shedding and HSV
recovery from tissue homogenates.

The

s~edders,

15 eyes, were grouped

arbitrarily according to- the interval between the dates of the last
shedding and

sacrifi~ea

Seven eyes were assayed within 3 days from the

last shedding, ·eight eyes were assayed 4-6 days from the last shedding.
The percent recovery of HSV was 71% of TG, 57% of SCG, and 43% of TN and
REZ when the tissues were assayed during or immediately after the viral
shedding.

The· recovery was uniformly decreased to 15% to 25% of the

nervous tissues when the tissues were assayed

4~6

days after the shedding.

None of the other tissues showed virus except three corneas.

These

results may indicate that epinephrine iontophoresis reactivates virus at
the ganglion.

Subsequently, the virus sheds to peri ph era l tissues

through the axon (since virus was detected from. nerve and cornea) for a
certain period and enters the quiescent period again.

This study also

s-howed HSV can be recovered from the brain (REZ) after epinephrine
iontophoresis.

TABLE XII RELATIONSHIP

BET~JEEN

OCULAR SHEDDING AND HSV-1 RECOVERY FROM TISSUE HOMOGENATES

% Recover~ of Infectious Virus
HSV-1
Shedding

Days between last
shedding and sacrifice

Shedder

Nonshedder

TG

SCG

0- 3

*5/7
( 71 %)

4- 6

Tissue Homogenat~s
Lacrimal **Other Eye · ·
Cornea
tissues
gland
f~om

TN

REZ

{57%)

3/7
(43%)

( 71 %}

5/7

3/7
(43%)

0/7
(0%)

0/21
(0%)

·l/8
(15%)

l/8
(15%)

l/8
( 15%)

2/8
(25%)

0/8
(0%)

0/8
(0%)

0/24
(0%)

1/5

0/5
{0%)

0/5

0/5
(0%)

(20%)

~4/7

(0%)

0/5

(0%)

0/5
(0%)

0/15
-{0%)

* Number of tissues posittve for HSV-1/numb~r of tissues tested
** Other eye tissues include aqueous humor, iris and sclera
Among shedders ( 15 eyes), seve-n were assayed within 3 days from the 1as t shedding and eight were
assayed 4-6 days from the last shedding induced .
Abbreviations:

TG, trigeminal ganglion; SCG, ·superior cervical ganglia; TN, a segment of ophthalmic branch
of trigeminal nerve; REZ, root-entry zone of the trigeminal nerve.
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B.

Studies on Possible Mechanisms. of the Ocular HSV-1 Shedding Induced by
Epinephrine

1.

Iontophor~sis

Changes in cyclic AMP. level following epfnephrine administration in
rabbit ocular and nervous tissues
As shown in Table. XIII, epinephrine 'iontophoresis into rabbit eyes

produced a significant increase of eye 1i c AMP 1eve 1s . in the rabbit
ocular and nervous tissues.

The average percent increases of ipsilateral

cyclic AMP level were 29.7% in cornea, 45.5% in iris, 35.2% in SCG and
50·. 0% in TG when compared to the contra 1atera 1 tis sue 1eve 1 .,
changes of cy1cic AMP

The percent

in epinephrine-treated rabbits were signifi-

l~vel

cantly different (P < 0.05) from that in saline-treated rabbits.
2..

HSV-1 infection of primary cultures of rabbit corneal epithelium
' a..

Preparation of PRCE
Figure 7 shows the

cultivation.

.Phase-contra~t

micrograph of PRCE on day-6 of

The monolayer consists of uniform cellular population

which has an appearance of epithelial cell culture.

In scanning electron

micrographs, the surface appearance of PRCE was very similar to that of
in situ corneal epithelium (Figure 8).

The dark and light cell populations

were identified in the culture monolayer.

In transmission electron

micrographs (Figure 9), the desmosome-like intercellular bridges were
identified.

In general, the cells had heavily populated microfilaments

and a large oval nucleus.

The cells appeared to be shiny and higher in

density in suspension when compared to other epithelial cells (i.e. CV-1
cells).
b.

HSV-1 infection of PRCE
The expression of the surface HSV-1 antigens on PRCE was examined

by indirect immunofluorescent staining (Figure 10).

The stained cell

population increased from 40% at 3 hr postinfection to 100% at 6 hr
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TABLE XIII
CHANGES IN -CYCLIC AMP LEVEL OF .RABBIT OCULAR AND
NERVOUS TISSUES FOLLOWING EPINEPHRINE IONTOPHORESIS·

Concentration of Cycl_i c AMP
{~mol/mg Erotein}
Ipsilateral
Contralateral
Increase
(%)

Tissues

Cornea

Iris

SCG

TG

NaCl
(0.85%)
Epinephrine
(0.1%)
NaCl
(0.85%)
Epinephrine
(0.,1%)
NaC1
(0.85%)
Epinephrine
(0.1%)
NaCl
(0.85%)
Epi n.ephri ne .
(0.1%)

83.,7 ± 8

80.3 ± 3

+ 4.3

115.,0 ± 8

88 . 7 ± 5

+29.7*

234.0 ± 20

+ 9.,4

256 .

±

22

353.,0 ± 34

242.,6 ± 18

+45.5*

257.,0 ± 20

280.1 ± 22

- 9.0

293.2 ± 24

217.0 ± 18

+35.2*

272.5 ± 15

258.0 ± 18

+ 5.6

402.6 ± 42

268.7 ± 27

+50.0*

NaCl and Epinephrine solution were administered via iontophoresis at
0.8 rnA for 10 min.
NaCl-treated groups were sacrificed 5 min after 10 min iontophoresis
(3 animals/each determination)
Epinephrine-treated animals were sacrificed between 5 and 40 min after
the 10 min iontophoresis (6 animals/each determination).,
*Significantly different {p<0.05) from the NaCl-treated group.,
Average wet weight of tissues; cornea, 50.6 ± 2.8 mg; Iris, 44.,7 ± 0.8 mg;
.SCG, 0.7 ±-0.6 mg; TG, 52.2 ± 2.6 mg.

FIGURE 7:

Photomicrograph of rabbit primary corneal epithelium. Picture
was taken with .a Leitz inverted microscope equipped with phasecontrast optics (x 450)s
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FIGURE 8:

Scanning electron micrograph of rabbit primary corneal epithe1i urn. The micrograph was made on AMR-1 000 scann'i ng microscope
(x 1500)~ The micrograph shov-Js dark(-+-) and ligh_t (:t.") corneal
epithelial cells .

~

"".
\.

178

.,

FIGURE 9:

Transmi.ssion electron microscope of rabbit primary corneal
epithelium.. The micrograph was made with a Phillips 400
transmission electron microscope (x 63000). The pictute
shows the junction of two corneal epithelial cells. The
arrows indtcate desmosome-like structure.

'·-
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FIGURE 10:

Fluorescent micrograph of HSV-1 infected, rabbitJ primary
corneal epithelium.
See Materials and Methods for the
details&
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postinfection.

Less than 5% of cells were stained when the cells were

incubated with normal. rabbit .serum and fluorescent-antirabbit IgG.
Figure 11 shows the one step. growth cycle of HSV-1 in the PRCE.

Each

point represents the total amount of virus; that is, the combined titer
of intra- and e~tracellular viruses at the various times after infectio~.
HSV-1 had an eclipse period of about 4 hrs and a rise
hrs in PRCE.

~eriod

of about 8

The important point is whether certain local defense

mechanisms· in the cornea can kill (or eliminate) the infected cells
before·4 hr postinfection, that is, before the virions appear in the
cells .
3.

ADCC by rabbit PMNL and

~1C

against HSV-1 i-nfected. PRCE

Figure 12 shows the ADCC of rabbit

Pt~NL

and MC to HSV-i nfected

rabbit corneal epithelium •. The cytotoxicity was expressed by the percent
specific release of 51 cr. To determine how early the cytotoxicity would.
occur, PRCE ce·11 s were infected for 2 hrs and the ADC'C was checked every
10 min for the first hr and then every hr up to four hr of i ncu ba ti on .
The cytotoxicity started to occur 10 min after incubation and increased
steadily during the 4 hr
cell destruction (25.8%

incubat~on

by

period.

A substantial amount of

PMNL, 16% by ~lC) was noted as early as 1 hr

after the start of incubation.

That means some PRCE cells were killed

as early as 3 hr after infection.
C.

Antiviral Chemotherapy against HSV-1 and

1.

Effects of antiviral chemotherapy on HSV-1 eye infection of rabbits

~2

Infection in Animal ft1odel

Table XIV shows percentage of complete suppression of viral keratitise
In the IdUrd and Ara-AMP topical application groups, the lesion development was only suppressed during the drug application period.

However,

FIGURE 11:

One Step Growth Cycle of HSV-1 in the Primary Rabbit Corneal
Epithelium . Monolayers of primary rabbit corneal epithelium
were infected with HSV-1 (McKrae strain) at an m. o.i. of 2
for 45 min. The cells were collected by trypsinization and
washed 3 tJmes with E~MEM. The number of cells was adjusted
to 5 x 10 /ml. At various times after incuba~ion, samples
were taken and sonicated at 4°C. PFU was determined using .
primary rabbit kidney cell monolayers. Each point is the
average of two separate determinations.
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1000

One Step Growth Cycle ·of HSV-1 in
the Primary Corneal Epithelium
IQQI------

10

0.11----\-,.---·

O.Oib-~~~~~~~-r~~,---~T---~~==~

0

4

8

12
10
Hours Postinfection

15

16

24

FIGURE 12:

Kinetics of . antibody-dependent cellular cytotoxicity (ADCC)
mediated by polymorphonuclear leukocytes (PMNL) and mononuclear cells (MC) against HSV-1 infected prfmary rabbit
cornea 1· epi the 1i urn. PRCE were infected for 2 hrs and the
ADCC was checked every l 0 min. for the first hr and then
every hr up to four hr of incubation~ Each point is plotted
as the mean ± SEM of three different determi na ti ens. An
effector/target cell ratio was 1:100. Anti-HSV•l rabbit
serum was diluted 1 :128 (the neutralization titer was 512
against 500 PFU of HSV-1). Effector cells were prepared from
rabbit peripheral blood. PMNL were treated with 0.8% NH 4Cl
for 5 min. at 37°C ·to remove RBC. Spontaneous release
ranged from 14 to l8%Q Each determination included the
following controls: Uninfected target ce.lls with specific
antiserum, infected target cells without specific antiserum
s¥d infected target cells with normal rabbit serum. Specific
Cr release by effectors without antiserum was less than 1%
in PMNL arid about 5% in MC after 4 hr incubation.
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Antibody- dependent Cellular Cytotoxicity
against HSV- I infected Primary Corneal
Epithelium .
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TABLE XIV
PERCENTAGE OF COMPLETE SUPPRESSION OF KERATITIS ESTABLISHMENT

Number of eyes
treated

*Number of
eyes
with keratitis

Number of eyes
without
keratitis

IdUrd, Topical

20

20

0

0

Ara-AMP, Topical

20

20

0

0

Placebo, Topical

10

10

0

0

Ara-AMP, Iontophoresis

20

9

11

Treatment

% Suppression

55%

*The eyes were read with slit lamp biomicroscope during and after the scheduled treatment.
See the details in Materials and Methodss
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when drug application was stopped, all topical groups worsened rapidly
thereafter.

In contrast, the Ara-AMP iontophoresis group, s hawed no

lesion development in 55% of the eyes.
Figure 13 shows the effect of different treatment regimens on the
course of epithelial keratitis.

The herpetic epithelial keratitis· of

the placebo-treated infection group reached its maximum about 1 week
after infection and then showed a gradual resolution of ulcerations.
Topical IdUrd had a suppressive effect on the
keratitis.

d~velopment

of epithelial

However, after cessation of treatment a rebound phenomenon

was observed between 6 and 9 days Pie

Topical application of 10% Ara-AMP

also showed the suppression of keratitis development but severely irritated
the rabbit eyes.

Ara-AMP (3.4%) iontophoresis resulted in a great

suppression of lesion development, showing this treatment to be much
superior when compared to IdUrd and Ara-AMP topical

application~

Table XV shows the lesion scores of epithelial keratitis as related
to days after infection and their statistical significance.

IdUrd and

Ara-AMP topi.cal applications had a mode·st but statistically significant
improvement when compared to the control group.

However, the Ara-AMP

iontophoresis group had .a markedly superior effect which was. statistically
significant compared to IdUrd and
Figure 14

summariz~s

Ara-Ar~P

topical treatments$

the lesion scores of the total anterior segment;

that is, the sum of the average lesion scores of corneal epithelium,
stroma, conjunctiva and iris.

The total lesion score of the eyes treated

by Ara-AMP iontophoresis did not go over · l . 0 and the infection, when
present, was usually restricted to epithelial keratitis.

The statistical

analysis of daily scores showed that Ara-AMP iorytophoresis was significantly better than IdUrd or Ara-AMP topical groups at most times during
the experimental period.

FIGURE 13:

Disease severity index of corneal epithelium. Each point
represents the daily average lesion score of epithelial
keratitis. See Table XV for the daily score and statisticsQ
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TABLE XV
COMPARISON OF DIFFERENT TREATMENTS FOR HERPETIC KERATITIS

Day
After
Infection

Mean lesion Score of Corneal E~ithelium
IDU
Placebo
Ara-AMP
Ara-AMP

Ara-AMP (I)
vs.
IDU (T)

Si]l;nificance
ra-AMP (I)
vs.
Ara-.AMP (T)

Placebo
vs.
IOU

N.S.

N.S.

p<O. 05

Topical

Iontophoresis

Topical

Topical

1 (24 hr)

0

0

0

0

2

0.35

0.01

0.06

0. 01

3

0.74

0.03

0.13

0. 18

p< 0. 01

p<0.,05

p<O. 05

4

1. 58

0.04

0 . 53

0.38

p<O. 001

p<O. 001

p<O. 01

6

2.36

0.09

0.83

0.59

p<O. 001

p<O. 001

p<O. 001

7

3.10

0.11

0.95

0.96

p<O.OOl

p<O.OOl

p<O. 001

8

3.05

0.11

1.10

l. 31

p<O. 001

p<o. oo1

p<O. 001

9

2. 70

0.12

1. 00

1. 69

p<O. 001

p<O.OOl

p<0.05

lO

1. 88

0 . 17

0.82

1.77

p<o. oo1

p<Q.05

*N. S. :

N.. S.. *

Not significant

This table is a statistical analysis of the data presented in Figure 14.
\.0

w

FIGURE 14:

Disease severity index of _total anterior segment~ Each
point represents the sum of da fly average 1es ion scores of
epithelial 'keratitis, stromal keratitis, conjunctivitis
and iritis .
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Iontophoresis of NaCl into infected eyes as an electrical control
(Figure 13 and 14, Table XV), did not alter the course of disease when
compared to the placebo-treated infection

This indicates that

group~

Cl- moved by the electrical. curr.ent did not produce any observable
effect on the infectious
2~

proces~

in ocular

tissues~

Effects of antiviral chemotherapy on HSV-1 and -2 s·kin infections of
hairless· mice
a.

Lumbosacral area

The development of the. skin lesion was essentially similar to the
description presented by Lieberman ·et

~~

( 1973).,

A red punctate pinpoint

lesion or a blister usually appeared as a single lesion at the inoculation
site bn day 3-4 after inoculation.

For the next three days the lesion

continued as a discrete round area of less than 3 mm.
lesion enlarged as a unilateral or bilateral

band~

About day .6-7 the

Ofteh the appearance

of a broad b1eached band of skin preceded the derma 1 1es ion

e

At day

8-10 most of the mice with cutaneous lesions showed signs of neurologic
involvement, systemic paralysis and cachexia.

Death usually occurred

one to three days after development of systemic symptoms.
As shown in Table XVI, topical application of IdUrd (0.5%), Ara-A
(3%), Ara-T (3%) and Ara-At4P (10%) ointment to HSV-1 and -2 skin infectio·ns
tended to lower the average lesion score, number of mice with paralysis
and mortality and increase themean survival time.,
significance was not noted (p

However, statistical

0.05) when compared to the untreated or

placebo-treated groups, for all the parameters in HSV-2 infected groups
and in the HSV-1 infected, Ara-T treated group.
~ance

The statistical signifi-

( p 0. 05) was noted only in the average 1es ion score and mean

survi va 1 time to HSV-1 infected, IdUrd-, Ara-A-, and Ara-AMP treated
groups when compared to HSV-1 infected, placebo-treated group.

TABLE XVI
EFFECT OF TOPICAL APPLICATION OF ANTIVIRALS ON HSV-1 AND HSV-2 SKIN INFECTIONS OF HAIRLESS MICE

Group a

'
b
Average lesion Score
(Cumulative Maximu.m)

· Paralysis

Mean Survival
Time (days)

Mortality

HSV-1

HSV-2

HSV-1

HSV-2

HSV-1

HSV-2

HSV-1

HSV-2

Untreated

4.0

4e0

9/10

10/10

10/lO

10/10

7.8

9.5

Placebo

4.0

3.6

8/10

9/10

10/10

. 9/10 -

7.9

10.0

IOU (0.5%)

2.8c

2.8d

7/lOe

7/1 be

7/lOe

7/lOe

10.-7c

1o. ad

Ara-A (3%)

3.0c

2.6d

6/lOe

7/lOe

6/10e

7/1 oe

10. 3c

10.1 d

Ara-T (3%)

3.5d

2.8d

8/lOe

7/lOe

8/lOe

7/lOe

8.2d

10. gd .

Ar?-AMP (10%)

2.9c

3.1 d

6/lOe

7/lOe

6/lOe

8/lOe

11.1 c

11. 7d

·

aEach group contains data from 10 mice
bThe 1es ions were scored 0 to 4 as described by Lieberman et a 1.. ( 19 73): 0 = no 1es ions;
0. 5 =several discrete punctate lesions or lesion less than 5mm in length;- 1.0 ·=lesion
5 to 9 mm; 2. 0 = lesion 10 to 19 mm; 3 0 = 1es ion 20 to 29 mm; 4 0 =--lesion over 30 mm in 1ength.
e

e

cSigrlificantly different (p<0.05) from placebo-treated group (t test) .
dNo significant differences from placebo-treated group (t tes~).
eNo significant difference from placebo-treated group (Fisher•s exact test).

\.0.
0)
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Table XVII, shows the effects of iontophoresis of Ara-T (0.4% in
0.1 M NaCl solution) and Ara-AMP (3.4%) solutioris on the HSV-1 and HSV-2
skin infections in hairless
between the untreated control

There appeared to be no difference

mice~
grou~

and saline iontophoresis group.

The

Ara-AMP iontophoretic treatment of HSV skin infections inhibited the
development of infectious process of both HSV-1 and ... 2 a.nd showed statistically significant (p<0.05) improvement over the topical groups in
all parameters employed.

Anodal iontophoresis of Ara-T had a significant

inhibitory effect on HSV-1 infection but no effect on HSV-2 skin infectiono
Tab 1e XVI I I shows the drug suscepti bi 1i ty test of HSV in the CV-1
cells.

The minimum inhibitory concentration (MIC) of each drug was far

lower than its cytotoxic level.

The MIC was also consistent with the

previously reported (DeClercq et ~ . , 1977) 1eve 1 for ·suscepti b1e strains
of HSV in different ce 11 1i nes, with the fa 11 owing exceptions:

1)

HSV-2, strain 333 was moderately re·s i stant to Ara-AMP and Ara-T, and 2)
HSV-1, McKrae strain was moderately resistant to Ara-T.
b.

Forehead area

The development of skin infection on the forehead area was different
from that of the lumbosacral area.

The initial lesion started with one

or two small vesicles (without punctations).
area began to swell 2-3
started 4-5 days

PI~

day~

PI.

Subsequently, the forehead

Ocular and facial involvement usually

At 6-7 days after inoculation, the whole forehead,

face and eyes were severely inflamed and cruste·q.

The mice usually died

7-9 days PI.
iable XIX shows the effect of Ara-AMP.- Topical treatment, starting
either 3 hr or 24 hr PI, had no significant effect on the average lesion
score, marta 1i ty or mean survi va 1

time~

However, when the

Ara-A~1P

.

TABLE XVII
EFFECT OF TOPICAL APPLICATION OF ANTIVIRALS ON HSV-1 AND HSV-2 SKIN INFECTIONS OF HAIRLESS MICE

Group a

Average Lesion Scoreb
(Cumulative Maximum)

Survi va 1
Time (days)

~1ean

Paralysis

Mortality ,

HSV-1

HSV-2

HSV-1

HSV-2

HSV-1

Untreated

4.0

4. 0

9/10

10/10

NaCl (0.85%,
cathodal and anodal)

4 .. 0.

3.5

9/10

9/10

Ara-T (0 . 4%,
in O.lM NaCl, anodal)

l.Bc

3 . 1d

2/lOe

7/lOf

Ara-Amp (3 . 4%,
cathodal)

1 . 2i

1. 0i

2/lOhj

2/lOhj

HSV-2

HSV-1

HSV-2

10/10

10/10

8.5

9.5

10/10

9/10

8.8

9.4

4/lOf

s;1of

11 .. 3C,

10.8d

2/lOhj

2/lOhj

12 . ggi

13. 5gi

-"

~Each group contains data from 1·0 mice

The lesions \''ere scored 0 to 4 as described by Lieberman et a1 . : 0 = no 1es ions; 0~ 5 = severa 1
discrete punctate lesions or lesion less than 5 mm in lengthTl . O =lesi-on 5 to· 9 mm; 2. 0 =lesion
10 to 19 mm; 3.0 = lesion 20 to 29 mm; 4.0 = lesion over 30 mm in length.
~Significantly different (p<0.05) from control group (saline iontophoresis) (t test).
No significant differences from control group (saline iontophoresis) (t test).
fSignificantly different (p<0.05) from control group (saline iontophoresis) (Fisher 8 s exact test).
No significant different from control group (saline iontophoresis) {Fisher's exact test).
fis~gn~f~cantly d~fferent (p<O.OOl) from control group (sa~ine_iontophore~is (t_test) •
. S1gn1f1cantly dlfferent (p<O.Ol) from control group (sal1ne 1ontophores1s) (F1sher'.s exact test) .
~Significantly different (p<Oo05) from any *topical application grou~ (t test).
Jsignificantly different (p<0.05) from any *topical application group (Fisher's exact test).·
~

(X)
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TABLE XVIII
DRUG SUSCEPTIBILITY OF HSV ASSAYED IN CV-1 CELLS

Compound

Minimum Inhibitory
concentration (~g/ml)
HSV-1
HSV-2
HSV-2
(McKrae)
(Ms)
(304)

HSV-2
(333)

~1i nimum
cytotoxic
concentration

(~g/ml)

IOU

25.0

25.0

25.0

25.0

400

Ara-A

25 . 0

25.0

25.0

50o0

200

Ara-AMP

50.0

50.0

50.0

100

400

Ara-T

100

50.0

50.0

200

800

12 5

25.0

3,2

800

12.5

25.0

12 .. 5

800

ACG
PFA

6.25
12.5

c

Results were obtained from dupltcate. assayse
Readings were made 48 hrs after virus or drug application to the
confluent microwell cultures of CV-1 cells. The minimum inhibitory
concentration was determined as the highest dilution of drug at
which 50% of the wells were protected from CPE. The minimum
cytotoxic concentration was determined as the lowest drug coricentration.at which 50% of the cells were shriveled and formed
vacuoles as judged by microscopic examination.
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TABLE XIX
EFFECTS OF Ara-AMP ON HSV-1 -SKIN INFECTION IN THE FOREHEAD Of HAIRLESS MICE

Average Lesion
Score (Cummulative
Maximum)

· Marta 1i ty
(Deaths/total)

~Mean Survival
Time (days)

Untreated

3.5

19/20

6.2

24 hr placebo

3.7c

12/12e

6.8c

3 hr placebo

3.8c

11 /l2e

24 hr topical (1 0%)

3.lc

l6/23e ·

7. 7c
9.. 6d

3 hr topical (1 0%)

2~8c

l8/23e

8e9C

24 hr iontophoresis
(3 . 4%)

2.ld

l0/20f

10~3d

1. 4dg

6/19f

12. 4d

· 3 hr iontophoresi~
(3.4%)

'

aEach group contains data from 12 to 23 mice.
bPerfect mean survival tim~ is 14 days, which is experimental period~
cNo significant difference from untreated group (t test).
dSignificantly different (p< 0.05) from untreated· group (t test).
eNo significant difference from untreated group (Fisher's exact test)~
fSignificantly different (P<0.05) from untreated group (Fisher's exact test).
gSignificantly different (p<0.05) from 24 ~r iontophoresis gro~p (t test).
The treatment was initiated either 3 hr or 24 hr after infection. Topical
medications were· given three times daily for 5 days. Iontophoretic treatment
was given once daily for 3 days~ See Mate~ials and Methods for detail.
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solution was applied iontophoretically, a significant decrease in the
average lesion score

~nd

mortality, and a significant increase in the

mean survival time were noted.

All -parameters employed- were significantly

(p<0.05) improved from -untreated.ar topically treated group.

The most

profound ·improvement was obtai ned by iontophoretic treatment which was
initiated at 3 hr PI.
-As shown in Tab 1e XX, ACV produced a ':"a rked therapeutic effect on
.

HSV-1 infection.

'
I

ACV, applied either topically or iontophoretically,

greatly reduced the morbidity and prevented death of most mice.
parameters employed were
and untreated groups.

signifid~htly

All

different between treated groups

However, there was no significant difference in

effect between to pica 1 and iontophoretic treatments. ,
Table XXI shows the effect of phosphonoformic acid (PFAC).
exerted a powerful antiviral effect in this· model.
similar to that of ACV.

PFA

The potency was very.

Average lesion score and mortality were signifi-

cantly decreased in comparison to the untreated group.

Although ionto-

phoretic and topical treatment produced similar effects, the most favorable results was obtained by iontophoresis initiated 3 hr postinoculatfon.
There was a significiant improvement in the 3 hr iontophoresis_group when
compared to the 24 hr topical application groupe

Average ·lesions score

was also significantly improved (p<0.05) in the 3 hr iontophoresis group
when compared to 24. hr iontophoresis group.
By top i ca 1 treatment, ACV produced -the mast potent therapeutic
effect against the HSV-1 skin infection.
effect as ACV in topical application.

I

PFA showed almost the same

Ara-Af4P topical seemed not to
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TABLE XX
EFFECTS OF ACV.ON HSV-1 SKIN INFECTIONS IN THE FOREHEAD OF HAIRLESS MICE

Average Jesion
score (cummulative maximum)

Number of
deaths
(deaths/total)

bmean survival
time (days)

9~8

Untreated

3oQ

8/12

24 hr topical (3%)

1. oc

2/12d

l3a 3C

3 hr topical (3%)

O.Bc

1/l2d

13. 5c

24 hr iontophoresis
(3%)

1 6c

4/12d

14. oc

3 hr iontqphoresis
(3%)

1. oce

3/10d

e

'

12. oc

aEach group consists of 10 to 12 mice

bPerfect~mean survival time in 14 days~ which is experimental period
cSignificantly different (p<0.05) (t test) from untreated group
. dSignificantly different {p<O.OS) (Fisher's exact test) from
untreated group.
eSignificantly different (p<0.05) (t test) from 24 hr iontophoresis group
The treatment was initiated either 3 hr or 24 hr after infection. Topical
medications were given three times daily for 5 dayso Iontophoretic treatment
was given once daily for 3 days~ See Materials and·Methods for details.

103

TABLE XXI.
EFFECTS OF PFA ON HSV-1 SKIN INFECTIONS IN THE FOREHEAD OF HAIRLESS MICE
Group a

Untreated

Average lesion score
(cummulative maximum)
3l

Mortality.
(deaths/total)

.bmean survival
times (days)

9/10

7.6

c

4/lOd

11 8c

3 hr topical (3%)

1. 3c

3/l ad

12. gC

24 hr iontophoresis
(3%)

1 6c

3/9d

12. 3c

3 hr iontophoresis
(3%)

Oe5cfh

1/lOdg

l3/5cf

24 hr to pica 1 (3%)

a

' 1"9

G

o

aEach group consists of 9 to 10 mice
bPerfect mean -s~rvival time is 14 days, which is experimental period
cSignificant1y different (p<0.05) (t test) from untreated group
dSignificantly different (p<Oe05) (Fisher•s exact test) from untreated group
fsignificant1y different (p<0.95) from 24 hr topical (t test)
9significantly different (p<~e05) from 24 hr topical (Fisher•s exact test)
hSignificantly .different (p<0.05) from 24 hr iontophoresis (t test)
The treatments was initiated either 3· hr or 24 hr after infection. Topical
medications were given three times daily for 5. days. Iontophoretic treatment
was given once daily for 3 days.,· See Materials and Methods for details.
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have any beneficial effect on_ the HSV-1 skin infectiona

In iontophoretic

application, PFA produced the most favorable therapeutic effect, 3 hr
iontophoresis of Ara-AMP showed almost similar therapeutic. effect_ to
24 hr iontophoretic application of ACV and PFA (Tables

XIX~

XX and XXI).

TABLE XXII
EFFECTS OF ARA-AMP TREATMENT ON THE ESTABLISHMENT OF HSV LATENCY AND INDUCTION OF OCULAR HSV SHEDDING

*Treatment

+Rabbit

T.G.
OD

IONTOPHORESIS
Ara-Ar~P

T1
T2
T3
T4

+

-

+
+

Explants
OS

-

+

-

+ .

S.C.G.

OD

OS

-

+
+

+
+

-

+

-

Lesion Score
Total.Ant.
Epithelial
OS
OS
OD
OD

§Induced
shedding
OD
OS

0. 1
1. 5
0.3
0. 2

+

2.1
1. 5
0. 3
1. 2

2. 1
2.5
Oo3
4. 2

4.5
3.5
0. 3
2.2

2/8

T5
Topical
Ara-AMP

T6
TZ

T8
T9

Placebo

+
+

TlO
Tll

Tl2
Tl3

NOT DONE
+
+

+

+

-

NOT DONE
+

+

-

+

+

-

-

-

-

+

-

+

+
+

NOT DONE

+

.

0.6
3. 0
1. 0
4.0
4.,0

3. 0
2. 5
4.0
3.0.

3. 0
2. 0

1.8
4.0
4. 0

3.0
3. 0
3.0
1. 2

2.6
11.0
11 "0
l2o0
12 . 0

10 . 0
8.5
14.2
8.0

6.0

4.0.
3.,8
13.0
13.0

10.0
8.0
12.0
3.2

+
'(24%)

+

-

+
+

+

-

+

+

6/10

(60%)

-

+.
+

+

+

~7S

{51J%T

*All treatments were initiated 24 hrs after virus inoculation.
+Rabbits were sacrificed 180-240 days postinoculation.
§Shedding induction was performed by epinephrine i on.tophores is"'

t-A

0
01
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A.

Develop~ent

of a Reliable Model System for in vivo Induction of Ocular

HSV Reactivation.
The primary objective of the present study was to·develop a reliable
model system for in vivo inductipn_ of ocular HSV reactivation.

The

study was based upon the established facts that the sites of latency are
the appropriate sensory and autonomic ganglia innervati'ng to the primary
infection site in man and experimental animals (appendix A), and that
the HSV recurrence is a consequence of movement of the virions or viral
genomes from the ganglia "to the target epithelium via axons.

The study

was directed toward the development of an.animal model which is simple
and simulates closely. the- natural history of the conditions in manG

The

evaulation of the model system was based upon its reliability and- repro- ducibilitye -The validity of the model system to the· established knowledge
was also assessede
Rabbits were chosen for this study becaose herpes ocular infections
in the rabbit closely simulate human ocular infections in the

foll~wing

respects;, i) during the acute phase, the mode of 1es ion formation and
the disease development is similar to man and the infection is self-limited
in a high proportion of cases; ii) a high frequency of latency is established; iii) during latent phase, rabbits shed virus spontaneously in
(

the tear film and on rare occasions, recurrence occurs.
EssentiallY two approaches have been used to induce HSV reactivation
in the rabbits.
( Nesburn et

One is to directly stimulate the trigeminal ganglia

ll·, 1976; Green et .hl_., 1979). The direct stimulation of

trigeminal ganglion induced HSV-1 shedding in the tear film within 2-4
days in high (83-90%) frequency.

However, the experimental procedure

prevent chronic studies since most of the rabbits die 3-5 days after
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initiating the experiment.

The other method is to stimulate the target

tissues (Anderson, 1962; Laibson and· Kibrick, 1966, 1967, 1971 ) • .Such
an approach is desirable because of its simulation of clinical situation
and natural history_ of HSV reactivation.

However, the major drawback is

that the method can not obtain a controlled and consistent experimental
condition and results in variable and irreproducible

d~ta.

As shown in

Appendix B, a variety of methods for the inductio'h of ocular shedding in
rabbits have been tried.

The features common to most of ·these procedures

were the topical ·or systemic application of epinephrine or an event
which elevates the tissue level of epinephrinec

Although the mechanisms

of action of epinephrine jn relation to the induction of HSV shedding is
not known, the evidence strongly suggests that this agent plays a role
in these events.

Furthermore, clinical observations strongly suggests

that epinephrine is related to the HSV reactivation (Laibson and Kibrick,
1966).

However, the experimental demonstration by systemic or topical

epinephrine application was limited to showing only a trend of HSV
reactivation.
Iontophoresis is a process of moving charged chemicals by the aid of
an electrical current.
iontophoresis was

Since epinephrine is a positively-charged compoundj

~mploy~d

not only to assure and -potentiate the penetra-,

tion 'of epinephrine into rabbit ocular tissues but also to obtain a
constant experimenta 1 condition.

For determining the conditions of

epinephrine iontophoresis, three factors were considered; i) maximum
st1mulation ·judged from the known effects of epinephrine on ocular
tissues; ii) the least observable deleterious effects on corneal epithelium iii) providing a sufficient time for HSV to multiply at the cornea
(viral multiplication might be favored by altering the ocular environ-
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ment)

w

On the basis of the criteria, conditions for iontophoresis were

determined.

However~

the procedure and the number of stimulations

needed to obtain maximum frequencies-of viral sheddings may require
further investigation.

In addition, further studies are needed to

investigate the pharmacokinetics and the cellular responses following
epinephrine iontophoresis in the eye and nervous

tissu~s.

The systemic

effect of the procedure should also be determined .
The frequency of spontaneous sheddi ngs decreased with time after
recovery from the viral infection and appeared to reach a relatively
·constant level (Table III and

IV)~

This result confirms previous reports

(La i bson and Ki brick, 1969; Nesburn et

~.

, 1967)

c

In 63% of the

span~

taneous shedding episodes and 52% for induced shedding episodes,
duration·of the sheddings_was for only one day.

~he

Since most viral shedding

is observed for only one day (one swab), perhaps certain virus- or
host-mediated regulatory mechanisms become operative at the initiation
of virus shedding.

If we assume that virus multiplication in the corneal

epithelium was essential for its detection, the local defense system may
play an important role in the regulation of HSV-1 appearances.

The

defense system may reduce or eliminate HSV-1 from the tear filme
As time passed after the recovery from the viral infection, the
response to shedding induction seemed to become refractory (Figures
4,5)..

This may imply that there are sta.ges or degrees of latency.

In

other words, if we assume that 1a tency is a cant i nuous interaction
between host and virus, host factors would act to suppress viral multiplication.
in the host.

On the other hand, virus may assume a form which can exist
The interaction would proceed with producing a certain

type of latency.

Consequently, the number of viral genomes (Schwartz et

110
.!l_., 1978) or a limited region of the genome which may be necessary for
the maintenance of the latent state, would result, and according to the
type of latency, the response to induction stimuli would be different .
However, a more precise explanation. may be

prov~ded

by studying the

mechanisms for the establishment of HSV latency·and the physical state
of HSV during the latencyG
Epinephrine iontophoresis induced a higher frequency of shedding
than either the topical or systemic application (Figure 6, Table VII).
Since epinephrine iontophoresis provoked an. immediate physiologic response 9
i.e. maximum pupil dilation, this procedure may bring about a sudden and
strong pharmacologic effect altering a viral or host-mediated regulatory
activity.

Because iontophoresis is an active process assuring higher

drug concentrations in target tissues when compared to topical applications
more controlled conditions-may be achievede
Virus was not detected from any ocular and adnexa 1 tissues other
than corneas (Table VIII).

HSV ... l. may exist in these tissues at a level

undetectable by our technique.

However, such ·a low titer would not be a

probable source of virus in the tears.

This sug.gests that the source of

virus was ganglionic, thereby eliminating many possible paths of .shedding$
e.g. via tear secretions from lacrimal gland.

Furthermore, HSV shedding

has been shown to occur followi'ng direct infection of the superior
cervical ganglion (Mintsioulis. et !]_.,, 1979) and after direct stimulation
of the late.ntly;_infected trigeminal ganglion (Nesburn et _tl. , 1977;
Green, 1979).

In our experiments, HSV were detected from at 1east one

ganglionic explant, either trigeminal or superior cervical, for each
eye.

This suggests that every eye in all experimental groups had the

potential to shed virus.
.

)
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Infectious HSV was recovered fr6m the homo~enates of rabbit nervous
tissue during latent phase of infection. ·The recovery was obtained by
24 hr

~vitro

incubation following the shedding induction (Table 9,10).

A variety of attempts have been made to demonstrate virion or viral
products from the homogenates of the latently-infected ganglia in the
experimental animals.·

In most studies, infectious virus or viral product

caul d not be demonstrated in the ganglion ·homogenates (Bastian, et
1972; Plummer, 1973; Walz et

!.!.·,

!.!.·,

1974), gangl.ion sections (Stevens and

Cook, 1974) and in renaturation kinetics studies (Puga

et.~.,

1978).

However there have been a number of reports suggesting that a low level
of virus replication is constantly or intermittently takin·g place in the.
latent stage.

Baringer and Swoveland (1974) reported morphological

evidence that virus was produced continually in the trigeminal ganglia
of

inf~cted

rabbftse

HSV was continually recoverable from homogenates

of dorsal root ganglia or guinea pig footpad· with latent infection ·
(Scriba, 1976).

Yamamoto et .tl_. (1977) detected HSV-specific thymidine

kinase as long as 2 months post-inoculation in mouse ganglion .

Infectious

HSV in the ganglion homogenates was detectable with declining frequency
for as long as 8 months postinoculation employing differentiated organatypic cultures as i ndi cater cells (Schwartz et .!]_. s · 1978).

There are

still other observations that HSV exists in the target tissues of man
and animals between recurrences without obvious lesions, e.g. in tears
(Nesburn

et~.,_l967;·

Kaufman et2.]_., 1968; Laibson and Kibrick, 1968),

in saliva (Douglas and Couch, 1970; Buddingh et
(Hi 11 et

lle,

1980).

21·, 1953) and in skin

Based upon those studies, the present results on

the virion recovery may be interpreted in th.ree possible ways.
recovered HSV could be 1) the virions which

we~e

The

reactivated from the
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nonreplicating form during 24 hr

.1!!.

vitro incubation, 2) the vi·rions

which existed in the tissues in an undetectable level and were multiplied
during the

.i!l vitro incubation,

3') ·the virions which were reactivated by

the epinephrine iontophoresis and were multiplied during in vitro incubation.
The first hypothesis is very unlikely since HSV were recovered from
the nervous tissues of the epinephrine-treated eye in significantly
higher frequency than from the untreated (Table X)e

This finding suggests

that the ganglia of the epiryephrine-treated eyes are more likely to have.
reactivated virus.

Openshaw ~t

Qo (1979) also reported that only 20%

of untreated animals produced detectable virus after 24 hr incubatione
This is very similar to our result (Table X)e
situations are equally possiblee

The second and third

However, viral recovery from ganglia

was clearly correlated with viral shedding (Table XII), e.g. a higher
percentage of viral recovery was obtained during or immediately after
the. viral shedding and the percent recovery rapidly decreased after 3
days.

This sugge.sts that the epinephrine iontophoresis reactivated HSVo

Subsequently, the virus may shed into the tears. for a certain period and
· enter the quiescent state again.

This process favors the third situatione

There have been reports that demonstrated virions in the ganglion after
an extreme stimulation, for instance, sublethal immunosuppression in
J

mice (Openshaw,. 1979).

However, there has been no report available on

the peripheral stimulation vs alteration of the state of virus at the
ganglion.

This result would be the

fir~t

demonstration which more

closely simulates the natural history of recurrent infections rather
than whole body x-ray irradiation or massive cyclophosphamide treatment.
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HSV was detected from the axon homogenates.

This mayJsuggest that

the virion, not the vi ra 1 genome moves from ganglion to epi the 1ium
during the viral shedding.

However, it could not be ruled out that the

virions were the progeny of the virus multiplied at the peripheral
epithelium and reinfecting the ganglion.

HSV-1 wa~ rec6vered from 33%

of the REZ homogenates (5/15) of the sheddersQ

Whether the recovered

vi ruses came from the brain o.r the TG was not determined.

In murine

system, the reactivation, if any, of latent HSV in the brain appears to
occur with very 1ow frequency ( Ca 1i rera et

~.,

, 19-80), -even though the

presence of nucleic acid sequence§ of HSV-1 has been demonstrated (Squiera
et .tl,. , 1979; Calirera et

ll·'

1980)o

In.rabbits, Knotts et

ll·

(1973)

reported that HSV were. recovered by explantation-cocultivation in 26%. of
brain stem but not by direct assay during latent phase.

Furthermore,

Schmidt and Rasmussen ( 1960) demonstrated the reactivation of 1aten·t
herpes encephalitis by an. intramuscular injection of epinephrine.
Therefore, the virion recovery could be the result of either the viral
reactivation in the brain or viral mobilization to the brain upon reactivation in the ganglia, in as much as axonal flow is known to be bidirectional (LaVail and LciVail, 1972).

This finding may be very important,

since there is some suggestive evidence that the latent HSV is related
to the chronic neurologic. diseases, i.e . , multiple sclerosis {Warren et

-al.,

1977) or psychosis especially in .the elderly (Sheare.r --.
et al., 1964;

Lycke et

'..

ll·,

1974).

Another- clinical implication of the present study

is that all adrenergic drugs should be avoided, if _possible,, by patients
who have recurrent ocular herpes.

Our data. suggests tha·t. this type of ·

patient is at risk for recurrent ocular HSV infection if treated with
systemic or topical adrenergic agents.
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B.

Studies on Possible

~1echanisms

of ocular HSV-1 shedding induced by

epinephrine iontophoresis.
The previous result that epinephrine iontophoresis

induc~d

HSV shedding, has been i nte·rpreted, basi ca 11 y in two ways.
tation is that the epinephrine

ionto~horesis

and induces HSV ·app~arance in the gangli~.c

ocular

One i nterpre-

alters the state of latency
The effect of epinephrine

iontophoresis could be nonspecific because various nonspecific experimental
stimuli .at the epithelium of the body surface repeatedly induced HSV
reactivation, e.g. epilation (_Hurd and R.obinson, 1977), cellophane
stripping of ear skin (Hill et·a;l., 1978) and exposure to UV light
(Wheeler, 1975; Blyth et

~.

, 1976).

Hov~ever,

since the shedding was

induced reproducibly and occurred in a high frequency, epinephrine
iontophoresis is likely to provide a signal to the nerve, resulti'ng in
specific physiologic changes in the neurons.

Specifi-cally, the epine ...

phrine administration may induce change_s in tissue cyclic AMP level
because intracellular effects of catecholamines are known to be mediated
by cyclic AMP (Sutherland et

ll·,

1966).,

In general, the nervous tissues

contain relatively high amounts of both cyclic nuclebtides (Klainer et

21.. ,

1962; Gal dberg et

&·, 1969; Robinson et

which synthes i 4e (Suther 1and et
them.

~-

~·,

1971) and the enzymes

, 1962) and degrade (Cheung, 1970)

It has been shown that the tissue content or synthesis rate of

these cyclic nucleotides can be altered upon exposure to. substances
which are thought to be ·synaptic transmitters (Kakiuchi and ·Rall, 1968;
Rall and Sattin, 1970)..

Among other effective substances, cyclic AMP

synthesis in most nervous tissues seems uniformly responsive to the
catecholamines, i.e . , epinephrine, norepinephine and dopamine
et 2.}_., 1962; Rall and Sattin, 1970; Daly, 1975).

(Kl~iner
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In centra 1 nervous sys terns, cyclic AMP synthesis was enchanced by
both electrical and catecholamine stimulations (Kakiuchi
1969).

~et

E]_., 1968,

Siggins et a1 • ( 1973·) observed that to pica lly-app 1 i ed norepi ne-

-

<

phrine greatly increased the number of cerebellar purkinje neurons
reacting positively in an immunocytochemical assay for .bound intracellular
cyclic AMP.

The pharmacologic electrophysiology, furthermore, has

demonstrated extensively that the ce:ntral adrenergic connections are
media ted by cyclic AMP according to the second messenger hypothesis
(Suthetland and Robinson, 1966; Bloom, 1975; Nathanson, 1977; Siggins,
1977).

In the peripheral nervous system, catecholamines have been shown

to elevate the level of cyclic AMP in mammalian superior cervical ganglion
(SCG) (Cramer et.!l_., 1973; Wamsley

et~.,

1974).

In cultured· rat SCG,

(nor)epinephrine elicited a transient increase in the level of cyclic
AMP.

The order of potency of the catecholamines was

epinephrine >norepinephrine.

isoproter~onol

>

The response of ·the cyclic AMP-generating

system to norepinephrtne was partially blocked by alpha antagonists and
completely blocked by a combination of alpha-and beta-antagonists (Cramer
et i]_., 1973; Cramer and Lindle, 1974; Lindle and Cramer, 1975)o
accumulation of cyclic AMP resulted

The

in marked efflux of cyclic AMP

(Cramer and Lindle, 1974; Lindle et !]_. ~ 1975). · Bowman et !}_. (1969)
suggested that the sympathomimetic effect of catecholamines would be
linked to cyclic

Ar~P

(eog. the midriasis following norepinephrine release

from the sympathetic nerve fiber of SCG).

The increased cyclic AMP

content was also demonstrated in the rabbit· superior cervical ganglion
by_ the stimulation of presy:1aptic nerve fiber, implying its association

with neurotransmi ss ion process in norma 1 phys i o1ogi c conditions (McAfee
et

~-

, 1971 ; Greenga rd et .!l_. , 1972; Ka 1 i x et

.!!.· ,

197 4).

In the other
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peripheral nervous system, Roch and Salmin· (1977) reported that the
cyclic AMP

cont~nt

increased in the rabbit vagus nerve when incubated

with epinephrine or isoproterenol.

Hier et

ll·

(1973) identified adenyl

cyclase in homogenates of chick sensory ganglia.

Nucleotidyl cyclase

and phosphodiesterase also were identified in the sciatic nerve of frogs
and chickens.

These seem to be transported by the rapid axonal transport

system that carries materials from. the cell body to the nerve ending·
(Bray et

~·,

~1cAfee,

1971; Breckenridge e't !}_., 1970; Horn· ·and

In the pr,esent in vivo experiments, the cyclic

Ar~1P

1977).

level in trigeminal

ganglia and superior cervical ganglia was elevated after epinephrine
iontophoresis into the eyes Table XIII).

The respon_se seemed to be.

biphasic (initial changes in cyclic AMP level

ofT~

because of the time required to remove the TG).

could not be measured

!l·

Boas et

(1979) also

observed that the initial fall of the aqueous cyclic AMP level preceded.
the well-documented increase after epinephrine instillation into ·eyesG
The· ipsilateral

inc~ease

of cyclic AMP level could be a

consequenc~

of

uptake of increased cyclic AMP iris or cornea, or of epinephrine effect
on nerve endings or ganglia.

The mechanisms by which the epinephrine

applied from the cornea increases the level of cyclic
neuron

or

sympathetic

ganglia

deserve

further

Af~P

at the sensory

investigation.

At present, there are no available data on.the direct relationship
between the level of cyclic AMP in the nervous tissues and HSV
tion.

However, cyclic AMP has been suggested to play a

rol~

reactiva~

in regulation

of enzyme activity (Kuo and Greengard, 1969; Greengard, 1978) and in
induction of de .!!2.Y.Q. protein synthesis
et al.,
-

(~Jaymire

et

~-,

1973; Costa et al., 1974; Romero et al., 1975).

--

--.

1972; Richelson
Furthermore,

there is substantial evidence that cyclic AMP-dependent protein _kinases
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act on the regulation of gene transcription in prokaryotes (Parks et

ll·,

1971).

In bacteria, RNA polymerase can be phosphorylated by addition

of a mamma 1ian cyclic

A~1P-dependent

protein ki nases; this phosphoryl ati ori

accelerates the reaction rate of a ;DNA-dependent RNA polymerase (Martelo
et

~.,

cyclic
nuclear

1972;, Ataiay et
Ar~P-dependent

proteins~

21... ,

1973) • . In i-solated nuclei of liver, a

kinase phosphorylates speicfic a·cidic or basic

which may be·

involve~

cription (Johnson·and Allfrey, 1972).

in the regulatibn of DNA transIn addition, cyclic AMP has been

shown to increase the amount of functional mRNA (Iynedjian and Hanson,
1977) and protein synthesis by acting at the translational level (Wicks,
1974; Roper and Wicks, 1978).

The reports by Hanbauer (1974) and Guidotti

et !l,. ( 1973) are noteworthy because the experime.nta 1 condition (stress)
can induce HSV reactivation.·

Hanbauer (1974) and Guidotti (1973) identi-

fied three phases of. intracellular events which cause the induction of
tyrosine hydroxylase in adrenal medulla and superior cervical ganglia of '
rais after cold exposure.

The phases were:

1) the cyclic A~P/cyclic

GMP concentration ratio increases as a result of the extraordinary high
rate of transmitter release:

this increase

persiste~.for

about 90 min.

2) During the subsequent 10 to 18 hrs, a series of bi ochemi ca 1 events
occurred which included de novo synthesis of specific mRNA, these events
were triggered by the increase of neuronal activity.

3) After a time.

I

lag of 16 to 20 hrs the tyrosine hydroxylase was increased and remained
elevated for at least four days.

It is, therefore, conceivable that HSV

reactivation might occur as a byproduct of altered neuronal metabolism.
For example, an increased neuronal activity (Meyer, 1974) might stimulate
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viral DNA replication.

Also possible
is that a specific effect of·
--,

cyclic AMP on genetic material is directed toward the release of the HSV
genome in neuron.
The other interpretation was that the high level of catecholamine
tempo·rarily alters the ocular environment to favor virus multiplication.
at the epithelium..

This interpretation was made by emphasizing the

effect of epinephrine administration on the ocular immune responses.
However, other possible effects of epinephrfne in the eye chamber should
not be ruled out.,

.For exa·mple, the epinephrine administration could

result in the depression of nonspecific ocular defense systems or alteration in susceptibility of· corneal epithelium to viral infection.,
HSV can spread both extracellularly and through intracellular bridges
(Stocker, 1958; Lodmell et

~.,

1973).

During· the acute phase of infec-

tion, the virus may spread by means of both mechanisms.

However, the .

extrace'llular spread is probably of very minor si-gnificance during
recurrence s i nee the virus should ·be ·neutra 1ized by anti body present in
the body fluid surrounding the infected cells.

Consequently, the cellular

immunity has been suggested to play an important role in the defense
against recurrent HSV. infections (Lodmell et ll_., 1973; Babiuk et ll_. ,
1975; Daniels et

ll·'

1975).

Cytotoxic T lymphocytes (CTL) have been

reported to destroy virus infected cells early after infection, curtailing
virus spread (Zinkernagel and Althage, 1977; Zinkernagel and Welch,
1976) ..

In HSV infection, direct cytotoxicity by 1ymphocytes has been

reported in

hu~ans

(Russell, 1974; Thong et .!]_., 1975), in rabbits

(Meyers and Chitjan, 1976) and in mice (PFizenmaier et

ll·,

are also many reports which assess the cell-mediated immune

1977). There
~esponses

of

peop 1e suffering from recurrent HSV infection.· The types of in vitro
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assays used to study T-cell mediated .immunity are blast cell transformation upon stimulation with .virus .an.tigen (Steele et .ll,e, 1975), direct
cytotoxicity (Russell et ~·; l97·5) 'of virus-infected.·cells, or assay
for production of lymphokines (Rasmussen

~

.hl_., 1974).

The results -of

these .1!!, vitro e-xperiments· are often contro'versial. _ In some ·instances
there appears to be some depression· in CTL·responses during

f~currences

whereas others do not find su'ch changes (Gauge et !]_., 1975; Lopez and
O'Reilly, 1977; Rasmussen ·et.!l,.,
.

thong et

2J..o '

.

_:197~;

Russell, 1974; Scriba, 1974;
.

.

1975) e . Therefore' the. effect of CTL

.

on

the course of

recurrent· HSV infection in eye chamber constitute another area for
further study.
Antibody may, however, be very instrumental in limiting virus spread
by cooperating wi"th other immune effectors.

Antibodies combine wtth the

surface antigen and cell lysis can be caused by complement activation
(Lodmell et _ll., 1973).

Complement-mediated ·cytolysis appears to be

effective fn the presence of high titer of antibody i'n vitro (Rager-Zisman
and Bloom, 1974).

The cell lysis by anti-body and complement, however,

was not active at early pe:riods of infe-ction in -in vitro assay (Shore -et
.

_tl,., 1976; Lodmell et Q., 1973).

.

Anti body can cooperate with various

effector cells of antibody-dependent cellular cytotoxicity (ADCC) to
destroy

HSV-infect~d

cells (Shore et

!.!.·,

1974; RagerZisman, 1974}.

A_

large variety of cells, including macrophage, po_lymo-rphonuclear leukocytes
(PMNL) and, ·certain. subpopulations of lymphocytes (K cell) mediate the
reaction.. They possess Fe receptors capable of binding to the

~c

portion

of the anti body, which is the prerequisite to be an effector of ADCC
(Larsson and Perlmann, 1972).

This form of cytotoxicity has been shown

to be extremely sensitive requiring only minute levels of antibody
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(Shore et _ll., 1974).
could occur early,

If lysis by either antibody-complement or by ADCC

tha~

is, before the maturation of the virus in the

. cells, then such a mechanism may b_e

vr~ry

valuable

in~urtailing

virus

spread and lesion formation following reactivation· at the peripheral
·sites.

In the

.i!l vitro

as.s~ys,

this. appe_ars to be possible because the

infected cell caul d be recognized .and destroyed before vi ra 1 spread
occurs ( Lodme 11 et
1977)..

21·,

1'973; Shore et

Recently, the ADCC

mediate~.

by

ll· ·,'·

·PMN~

1976; Pfi zenma ier ·et ~-,

has stimulated much i n~erest

as a defense mechanism against recurrent HSV infection because of the·
timing of the appearance and activity of PMNL at the infection site.
herpes virus infection in man and anim·als, the inflammatory cells

In

infil~

trating an HSV lesion are predominantly (McSorley et .!}_., 19,74; Hill et

ll·,

1975) and primarily (Stevens et ~-, 197"5) PMNL.

Since the primary

function of PMNL during an inflammation is a phagocytosis of bacteria or
cell debris, their early function at HSV lesioris has not been properly
evaluated until the recognition of their participation in an ADCC activity.
Both human (Olaske et

!l·,

1977) and bovine PMNL have been demonstrated

to participate in ADCC against herpesviruses (Ward·ley et !]_., 1976;
Fijimiya et

ll·,

1978; Grewall et

21·,

197T; Rouse et

ll·,

1976).

Several other investigators also showed that PMNL can kill the virusinfected cells at approximately the. same time as .virus spread is occuring
(Babiuk et 2]_., 1975; Babiuk and Rouse, 1978; Rouse
et

ll·

et~.,

1976) Ra-bson

(1977) even reported that individuals suffering. from recurrent

herpes infections have defects ip PMNL chetnotatic activity.
Tear and conjunctiva are known as the major components of the ocular
defense system.

The norma 1 conjunctiva contains an enormous number. of

infiltrative inflammatory cells including PMNL, lymphocytes,. plasma
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cells, and mast cells (Baum, 1977).

In the histologic

observatio~s

on

allograft rejection of transplanted -pure corneal epithelium, there was
an intense leukocytic infiltration of the donor epithel1um, preqominantly
. Pr~NL (Khodadoust and Si1Verstein,, 1969).

In the zone of active rejection

of the graft, there were rna rked fragmentation and death of ep i the 1i a1
cells and PMNL (Khodadoust and· Silverstein,. 1969; Kanai 'and Polack,
1971}

c

In recent EM studies, Netca 1f and Rei chert ( 1979) reported that

PMN~

i nfi 1trati on i ntq ·the cornea 1 1 imbu·s. and

epfth~ li a l

.

basement membrane
.

was observed within 7 hr after HSV inoculation ihto corneas.
PMNL seem to participate in the
. the corneal epithelium..

e~~ly

~

Therefore,

events.of recurrent infection in

To assess their acti'vity in rabbit cornea, an

ADCC of rabbit PMNL was assayed kinetically.

The target cells were

HSV-infected primary rabbit corneal epithelium. ·Corneal epithelium has
a number of different features from other epithelium.
located at an immu.nologica]ly privileged site.,
cells are quite different from
blood supply.

or~inary

These cells ate

~1etabolically

these

epithelium due to the lack of

Therefore, the lytic cycle and the antigen expression of

HSV-1 in the PRCE .cells were first s·tudi ed (Figure 10,11).

The other

reason for using PRCE in the present study was· to obtain a homo 1ogous
system which may more closely simulate the .i!l vivo state.
The present study demonstrated that antibody-dependent cellular
cytotoxicity. (ADCC) mediated by the polymorphonuclear leukocytes and
mononuclear cells from rabbit peripheral blood could destroy HSV-1
· infected pr.imary cultures of rabbit corneal epithelium.
\

The destruction

occurred early during the eclip.se period_of the HSV growth cycle, before
the vi ruses rna ture in the cornea 1 epi the 1 i urn; some target ce 11 s were
lysed as early as 3 hr after infection (Figure 13). This suggest that
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the immune response in rabbit corneal epi-thelium can .eliminate the recurrent infection.

At this point, the relevance of the

vivo situation is questionable.
points to be clarified.

by

.
'

'

vitro assay to .iE_

In addftion, _,there are. several other

further study of the assay system •. The points
.

'
.

.i!l

.

.

.
.

t'

are 1) the effect of trypsinization of target cells; 2) the us·e of high
versus low M.D. I., 3) the use of active versus inactive virus, 4)· the.
use of homologous primary cell culturesver:sus the cell line as target
cells.

Nevertheless, _we postulate that an

~ltered

_.immune response upof1

epinephrine administration into eye could· be a factor contributing to
viral _shedding.

The reasons for tfie postulation are 1) adrenergic agents

or prostaglandins have been shown. to inhibit the functions ofT and B
lymphocytes and neutrophils by elevating the intracellular cyclic AMP
1evel s (Mel mon et

Q., 1973; Plaut et

~·,

1973; Henson, 1971; Russell

~nd

Miller, 1978; Trofatter and Daniels, 19i9), and 2) the present study
(Table XIII) and others .(Klyce et .!]_., 1973; Butterfield and Neufeld,
1977; Rowland and Potter,_ 1979) showed that epinephrine administration

into eye increased. the intracellular cyclic AMP levels in the·corneal
epi the 1i urn, iris and aqueous .humor .
The present study developed a simple and reproducible animal model for

J.!l vivo

HSV reactivation and suggested some possible mechanisms for HSV

reactivation and shedding.
mechanisms for shedding.

This model can be used to elucidate the basic·
Since the triggering agent is epinephrine, the

experiment seems to be easier than starting with nonspecific stimulation .
This model system can

al~o

therapy on HSV recurrence.

be

us~d

to study the effect of antivfral chemo-

In a pi 1ot study as shown in Tab 1e XXI I an

effective treatment (i.e., Ara-AMP iontophoresis) initiated 24 hr after
the HSV inoculation tend to decrease the frequency of induced shedding.

123

C.

Antiviral chemotherapy against HSV-1 and -2 infection in animal_model

lo

Effect of iontophoretic and

topic~l

applications of antivirals on the

HSV-1 epithelial ·keratitis
The high percentage ·of complete ·suppressi-on of epithel i._al keratitis
_establishment (Tabl-e XIV) and low lesion score (Figure 14) in the·Ara-AMP
iontophoresis _group suggest a therapeutic· amount of drug was delivered
and reduced the severity of the disease in acute stages .. These data are
consistent with the expected results from

t~e

pharmacoki netic study of

·Ara-AMP iontophoresis (Hill et ..!]_., 1979), i.e., at

60 min- after appl i-

cati9n, the ratio of Ara-AMP concentration for cathodal iontophoresis
compared to topical application .was:
and iris 2.5.

cornea'l2.2, aqueous humor 17.5,

Extremely low lesion scores for the total anterior segment

(less than 1.0) in iontophoresis group (Figure 15) seems to indicate
that iontophoretic application can restrain, to a certain

extent~

the

_spread_ of virus into deeper eye tissues and reduce the seve.ri ty of
ocular inflammation.

In supplementary study, three groups. of uninfected

rabbit eyes- (Group I:

Topical application of Ara-AMP, Group II:

Iontoc

phoresis of Ara-AMP,_ Group III: Iontophoresis of NaCl) were observed ·by
the slit lamp following fluorescein staining immediately and 24 hrs
after application

unde~

for 3 consecutive days.

the same conditions as the experimental groups
All eyes had varying num_bers of punctate corneal

erosions immediately after the topical or iontophoretic application of
Ara-AMP and NaCl, but withi.n 24 hrs there were no observable differences
from untreated rabbits.

Scanning electron-microscopy of corneal epithelium.

immediately after topical and iontophoretic application of Ara-AMP (Hill
et

!l·' 1978) showed a very small amount of surface

pittin~

with limited
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exposure of cells underlying the superficial epithelium.

These were

equal to or less than those seeh with the topical application of widely
I

used preservatives in ophthalmic
2.

prep~ratioris.

Effects of antiviral chemothenapy on HSV-1 and· -2 skin infection of
hairless mice_
One of ·the apparent problems in the topical medication of antiviral

drugs is s 1ow- penetrability into cutaneous tis sue.

The systemic admi ni-

stration of antivirals is -gener-ally- undesirable due to their overt and
potential side

effect~

because

thei~ u~ua1

mechariism of action involves

inhibition of DNA replication, affecting both the mammalian cell and the
virus.

Therefore, a method of administering high,concentrations of drug

into surface 1es ions may be a des·; rab 1e approach for treatment of vi ra 1
surface lesions.

When the cutaneous lesion was treated with nucleoside

ana 1ogues which have been shown to have very simi 1a r potency to each
other in vitro, only Ara-AMP iontophoresis produced therapeutic efficacy
(Table XVI,XV!I).

However, Ara-AMP

show~d

the lowest therapeutic index

and the 2nd. highest minimum inhibitory concentration (Table

XVIII)~

This

indicates that the penetrability of antiviral drug is one of the critical
factors for the topical treatment of cutaneous viral infection.
essentially a non-electrolyte; a weakly charged drug .

Ara-T is

Gangarosa et !]_.

(1979) reported that Ara-A can -be delivered in a limited, but significantly increased amount by a phenomenon termed iontohydrokinesis.

In a

like manner, Ara-T probably is increased in concentration by the same
mechanism since anodal iontophoresis of Ara-T had a significant inhibitory
effect on HSV-1 infection.
HSV-2 skin infection.

However, Ara-T iontophoresis had no effect on

Perhaps the drug concentration delivered by ionto-

hydrokinesis was not great enough to inhibit HSV-2 infection.·
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To treat forehead lesions of mice, Ara•AMP, ACV and PFA were employed.
(

Those drugs have different mechanisms of
and penetrab-i 1iti es.

Schaeffer et

~-

~ction

and, different potency· ·

( 1978) have shown that ACV, on a

molar basis, is about ·10 ti,mes more potent than IdUrd, 160 times more
active than· Ara-A, ·and about 600 times· more a'ctive than PAA.

ACV oint-

ments have shown to confer good protecti'on against the experimenta 1
herpetic kerat1tis and skin infection in animals (Kaufman, _1978; Schaeffer
. et 2.]_., 1978; Park et 2..]_., 1980).

PFA has also been shown to exert

potent antiviral activity against HSV-1 skin infections (Klein et
_1979; Alenuis et .!1_., 1978).

In present study, ACV and PFA treatment

initiated 3 hr after inoculation produced the
effect against

HSV-~

~.,

skin infection.

~ost

potent therapeutic

Topical applications showed almost

the same effect as fontophoret i c treatment with those drugs.

However,

Ara-AMP topical seemed not to have any beneficial effect on HSV-1 ski-n
infection.

In double-blinded, controlled human· study, Spruance et 21_.

(1979) showed that to pi ca_l use of Ara-AMP was ineffective against recurrent herpes· simplex labialis.

Failure was suggested to be due to lack

of penetration of Ara-AMP to the skin.

Therefore, topical application

of Ara-AMP may not be feasible for HSV skin

i~fection_s.

In the attempts to prevent latent infection by topical antiviral
treatment, Klein et 21_. (1979a) reported that when ACV was appl fed 3 hr
after infection, no latent HSV infections were established in the sensory.
ganglion.

However, ·when- the treatment .was delayed or the drug concentra-

ti on was decreased, an increased frequency of ganglionic infection was
observed.

PFA did not prevent the establishment of latent infection in

the spinal and trigemi-nal ganglia, even when the treatment was initiated
as early as 3 hr after infection (Klein et Q., 1979b).

Since iontopho-
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retic application of PFA and Ara-AM.P showed a markedly-improved therapeutic
effect when . compared to to pica 1 treatment in the present study, its ·
effect on the establishment of latent HSV infection and HSV recurrence
deser~es

further

inv~stigation.

SUMMARY AND CONCLUSIONS
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A reliable model which induces HSV reactivation l!l vivo has been-

developed and studi-ed.

-

The development of an J..!l.vivo model of HSV

reactivation involved studies of· spontaneous and· induced ocular HSV
shedding in the _1atently-i nfected- rabbit .. - ·The study a1so involved the
detection of vi~us:fiom explants or homogenates of rabbit: ?~ular and
'

nervous

tissue~.-

-The shedding was dete,rmfned by the detection of HSV-1

in the rabbi't tear fi 1m obtai ned vi a eye swabs.

The fre_quency of spon-

taneous HSV-1· shedding was 4~6% for 70 swabbings during the 40~200 days
PI for 10 rabbits.

The frequ'ency of spon~~neous sheddi ng·s decreased

with time after recovery from the viral infection a~d appeared to reach
a relatively constant level.

Ninety-five percent of the eyes shed virus

spontaneously at least once during the entire PI period, 40-220 .days.
- The i·nduction of ocular HSV-1 shedding fr.om late.ntly-infected rabbits
was performed by iontophoresis of 0. 01% ep-inephrine into the eye.

The

iontopho.resis of epinephrine was at 0.8 milliampe.res for 8 minutes once
a day for 3 consecutive days.

Uni 1ateral epinephrine iontophoresis

performed at 60 days postinoculation (PI) -resulted in ipsilateral HSV-.1
shedding in a11 cases ( 7/7) .

In the seven contra 1ate ra 1 eyes which

received saline iontophoresis, shedding- occurted in two eyes
Bilateral epinephrine

ionto~horesis perform~d

170-265 days. PI resulted in

HSV~l

and 100% of the rabbits (14/14).

(28%)~

on selected days during

shedding in 75% of the· eyes (21/28)All the sheddings induced was initiated

within 3 days after· the third iontophoretic application of epinephrine.
The frequency of HSV sheddi ngs induced by the epinephrine iontophoresis was significantly higher (p 0.05). than that by all the oth·er methodsemployed.

HSV-1 was detected from one-or ·both

co~cultivated

explants of

trigeminal and superior cervical ganglia from every eye in all experimental

~
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groups, indicating that all eyes had the potential to· shed virus.
was recovered only from

7~9%

HSV-1

of corneas among the homogenates of individual

eye tissues and 1acrima 1 glands, ·. sugges tlng that. the source of the
viruses was ganglionic •. The shedding ·,induction by-. bilateral epinephrine
iontophoresis was duplicated at about 220 days PI, employing a_nother
group of 10
the previous

~rabbits.

The frequency of· shedding induced, was the ·same as

e~peri ment,

75% of eyes and lOO% of rabbi. ts.

Infectious HSV was recovered from the
'

ho~ogenates
'

tissues during the latent phase of infection.

of rabbit nervous

The recovery was achieved

using an amplification procedure following induction of ocular shedding.
The frequency of HSV recovery was 35% from TG, 25% from SCG and REZ, and
20% from nerve.,

HSV was recovered from at 1east one of the nervous

tissues in 70% of rabbitsG

When the results were analyzed, there was a

significant difference in HSV occurrence between shedders and

~onshedd~rs

(shedders, 33% of nervous tissues, 67% of eyes; non shedders, 5% of
nervous tissues, 20% of eyes).

Furthermore, most virion recovery was

obtained during· or immediately after the viral shedding.

The frequency

of recovery was 71% from TG, 57% of SCG and 42% from NT and REZ when the
tissues were assayed within 3 days after the last shedding.

The frequency

of recovery was uniformly decreased to 15% to 25% of nervous tissues
when the tissues v1ere assayed 4-6 days after the shedding.

These

~esul

ts

suggest that epinephrine iontophoresis reactivates virus at the ganglionG
Subsequently, the virus sheds to peri phera 1 tissues through the axon
(nerve) for a ce-rtain period.

The study also showed that HSV could be

recoverd from the brain (REZ) upon-reactivation stimuli ..
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The present study_ demonstrated that the epinephrine iontophoresis
induced ocular shedding reliably
latently-infected. rabbits.

The

as.~ell

mo~el

as with a high frequency i,n the

system was

stmpl~

and reproducible

with a .minimum, of the :physiologic d·isturbance to the ·host~

The ·ocular

shedding in_duced .appeared to be the consequence of HSV reactivation at
the ganglion, and the subsequent moVement of the virions throu_gh axon
which might be bidirectional, i . ee, both to corneal epithelium and
brain.,
To study the mechanisms involVed by wh-ich the ep-inephrine iontopho_resis induced viral shedding, two preliminary studies were performed.
First, the changes in cyclic AMP levels of the ganglion and ocular
tissues were assessed after epinephrine iontophoresis into rabbit eyes.
.

.

I

,

'

The concentration of cyclic AMP was uniformly increased in the ocular
and nervous tissues from the
the contralateral side.

epinephrine~treated

side when compared to

The average increases· were as follows:. cornea,

29e7%; iris, 45.5%; SCG, 35.2; TG, 50.0%.

Second, the kinetics of an

ADCC by rabbit PMNL and MC against HSV-1 ·infected ·PRCE- were determined.
HSV-1 had an eclipse peri ad of about 4 hr and a rise period of about 8
hr in PRCE cells.

Substantial lysis of HSV.;.l infected PRCE cells (25.8%

by PMNL, 16% by MC) was observed as early as 3 hr after infection..

The

result indicates that the cytotoxicity of·HSV-1 i.nfected PRCE by PMNL or
MC occurred ·during the eclipse period of HSV-1. in PRCE, i.e., before the
·virus genomes mature in the infected cells.

These preliminary studies

suggested that, 1) the cyclic AMP might act as an intracellular mediator
of the epinephrine effect on the HSV recrudescence at the

~euron~

2)

creation of a defenseless state by epinephrine administrati.on at. the eye
chamber might be a -contributing

f~ctor

to

shedding~
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The therapeutic efficacy of antiviral agents was evaluated in animal
models.

The evaluation was also made according to the method of drug

application, e.g. topically or 'i'ontophoretica1ly and the timing of the
treatment initiation, e.g. 3·· hr P.( or 24-hr P'I., In the HSV-1 induced
keratitis of ·rabbits, the therapeutic efficacy was compared between
cathodal iontophoresis Of Ara-AMP. and topical medication with Ara-AMP·
and IdUrd.

When the treatment was initiated 24 hrs after viral inocu-

lation, topical IdUrd or Ara-AMP significantly ·(p<0.05) improved .the
disease process when compare:d to ~he placebo-treated group.

However,

iontophoresis of Ara-AMP resulted in a more marked improvement, showing /
a stati-stical significance (p< Oo05) when compared to IdUrd or Ara-AMP
topical treatment.

In the HSV-1 and -2 skin infections of the lumbosacral

Q

area of hairless mice, topical application of IdUrd, Ara-A, Ara-T and
Ara-AMP ointment tended to lower the average lesion score and mortality,.
and increase the mean survival time.

However, statistical signi'ficance

was not noted when (p>0.05)compared to the placebo-treated group.

In

c9ntrast, Ara-AMP iontophoresis significantly (p<O.OS) inhibited the
development of the HSV infectious process compared to either placebo or
to topical treatment.

The therapeutic efficacy of

ACV~

PFA and Ara-AMP

·was evaluated on the HSV-1 skin infections in the forehead area of
hairless mice.

In. both topical .and iontophoretic treatment, early

treatment ( 3 hr PI) resulted in better therapeutic effect than the
treatment initiated with a delay of 24 hr.

In topical treatment, ACV

and PFA produced marked therapeutic effect, showing statistical significance (p<0.05) for all the parameters employed when compared to untreated
or placebo-treated control.

However, topical Ara-AMP did not appear to

have any· beneficial effect on this model.

In iontophoretic treatment,
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all three drugs (ACV, PFA and Ara-AMP) employed were effective on the
HSV-1 infection.

The average lesion score and mortality were _markedly

decreased and the mean survival time was increasedm

Statistical signifi-

cance (p<0.05) was noted in all the· parameters employed when compared to
untreated control ... PFA·. iontophoresis produced the most .favorable thera-..

peut ic · effect. of the three drugs

Q

Therefore, the iontophoresis of

charged drugs seemed to be a recomm·endabJ e method for the trea trnent of
HSV ocular and cutaneous infectionso
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A. DEMONStRATION OF HSV FROM THE GANGLION IN
MAN AND ANIMALS DURING LATENT PHASE

Type of ganglion

Ganglion

Virus
recovered

Sensory

Trigeminal

HSV-1

Autonomic

Host
man

References
Bastian et !!.·, 1972

HSV-1

Baringer·et a1., 1973,
1974
-.-

HSV-1

Warren et

HSV-1

rabbit

21· , 1977
Stevens et 21·, 1972

HSV-1

mouse

Wa1z et _ll., 1974

Vagus
(Jugular
portion)

HSV-1

man

~Ia rren

Dorsal root

HSV-1

rabbit

Plummer et .!]_., 1970

HSV-1

mouse

Stevens et !l_. , 1971

HSV-2

mouse

Walz et _tl., 1974

HSV-2

man

Ba ri nge r, 1974

HSV-1

man

Warren et .ll. , 1978,

HSV-1

mouse

Price et !l· , 1975

Superior
Cervi ca 1

et !!.· , 1978
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LIST OF THE EXPERIMENTS ON THE

INDUCTION OF.HERPES REACTIVATION IN-RABBIT

Good and Campbell (1948)
Herpetic Encephalitis by Anaphylactic Shock
Schmit and Rasmussen (1960)
Herpetic Encephalitis by Epinephrine Injection
Anderson s et

.tl,~

(1961)

Induction of Ocular Shedding by Arthus Reaction
Laibson and Kibrick (1966, 1967, 1971)
Induction of Ocular Shedding by Topical or Parenteral Administration
of Epinephrine
Nesburn et

ll· (1976}

Induction of Ocular Shedding by

t~echanical

Stimulation of Trigeminal

Ganglia
Green, Rosborough, and Jones· (1979)
Induction of Ocular Shedding by Electrical Stimulation of Trigeminal
Ganglia
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D.

PHYSICOCHEMICAL PROPERTIES OF SEVERAL ANTIVIRALS.
Molecular
formula

Molecular
weight

Sol ubi 1i ty

C803NSH9

237

1

c8o3N5H7Na 2

237

100

10

Ara-A

Cl0°4N5Hl3

264

1. 8

Oe 18

Ara-AMP

Cl0°7N5Hl2

304

100

10

Ara-C

C905N3H13

229

7.0

0~7

Ara-T

C10°6N2H14

230

4

0.4

F3Tdr
IdUrd

Cl0°5F3Hll

283

OoOl

0. 01

C905N2Hll

27

10

1

PAA

c205PH 5

149

100

10

PFA

GO 5P

135

100

10

ComEOUnd
ACV
ACV (sodium
Salt).

~mg/ml}

Solubility
~%}

0.1

e

