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Rapid spread of a neurovirulent strain of HSV-1
through the CNS of BALB/c mice following anterior

chamber inoculation

Nancy M Archin and Sally S Atherton

University of Texas Health Science Center at San Antonio, Department of Microbiology, San Antonio, Texas, USA, and
Medical College of Georgia, Department of Cellular Biology and Anatomy, Augusta, Georgia, USA

Following uniocular anterior chamber (AC) inoculation of BALB/c mice with
the KOS strain of herpes simplex virus type 1 (HSV-1), virus spreads from the
injected eye to the ipsilateral suprachiasmatic nucleus (SCN) in the central
nervous system (CNS) to infect the optic nerve and retina of the contralateral
eye, and mice develop retinitis in that eye only. In contrast, after AC inocu-
lation of BALB/c mice with the H129 strain of HSV-1, mice develop bilateral
retinitis. The pathway(s) by which H129 spreads to cause bilateral retinitis is
not known. To determine the route and timing of H129 spread after AC inoc-
ulation, BALB/c mice were injected in the AC of the right eye with 5 x 103
PFU of H129. Brains from 30 mice were sectioned on a brain matrix and the
amount of virus in the brain and eyes was determined by plaque assay. Frozen
sections were prepared from the eyes, brain, and trigeminal ganglia of an ad-
ditional 30 mice, and HSV-1 antigen was detected by immunohistochemistry.
After AC inoculation, H129 follows a pathway similar to KOS in the CNS, but
H129 appears to spread more rapidly than KOS within the CNS. Unlike KOS,
H129 is able to infect brain stem nuclei and H129-infected mice developed
neurological impairments in addition to bilateral retinitis. The results of these
studies suggest that the ability of H129 to spread rapidly in the CNS allows
early virus infection of retino-recipient nuclei proximal to the contralateral
and ipsilateral optic nerves. Early infection of retino-recipient nuclei, such
as the SCN may allow virus to spread into the retinas before a virus-specific
immune response can be induced. Journal of NeuroVirology (2002) 8, 122—135.
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central nervous system; neurovirulence

Introduction

Acute retinal necrosis syndrome (ARN) is a poten-
tially devastating retinal disease, which usually af-
fects predominantly healthy individuals of all ages
(Lewis et al, 1989; Duker et al, 1990; Azazi et al, 1991;
Culbertson et al, 1991; Thompson et al, 1994; Ganatra
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et al, 2000; Lee and Charles, 2000). ARN is character-
ized by necrotizing retinitis, vitritis, retinal arteritis,
optic neuropathy, and retinal vasculitis (Fisher et al,
1982; Sergott et al, 1989; Culbertson and Atherton,
1993). The disease can be unilateral or bilateral with
involvement of the second eye occurring within a few
months to as long as 34 years after onset of ARN in one
eye (Falcone and Brockhurst, 1993; Ezra et al, 1995;
Schlingemann et al, 1996). Several members of the
human herpes virus family, notably herpes simplex
virus type 1 (HSV-1), type 2 (HSV-2), and varicella
zoster virus (VZV) have been implicated as causes of
ARN (Lewis et al, 1989; Duker et al, 1990; Azazi et al,
1991; Culbertson et al, 1991; Thompson et al, 1994;
Ganatra et al, 2000; Lee and Charles, 2000). Although
cytomegalovirus (CMV) has been implicated in a few



cases of ARN, CMV-related ARN is a rare occurrence
(Silverstein et al, 1997; Akpek et al, 1999; Ganatra
et al, 2000). In 1924, Von Szily showed that inocula-
tion of HSV-1 into one eye of rabbits leads to uveitis
and retinopathy in the contralateral or uninoculated
eye only (Von Szily, 1924). Features ofretinal destruc-
tion in the rabbit model mimic those observed in hu-
man patients with ARN.

More recently it was reported that uniocular ante-
rior chamber (AC) inoculation of BALB/c mice with
the KOS strain of HSV-1 results in retinitis in the
uninoculated eye only (Whittum et al, 1984; Atherton
and Streilein, 1987; Vann and Atherton, 1991). Al-
though the anterior segment of the inoculated eye is
infected, the retina of this eye is spared. Following
AC inoculation with KOS, virus travels though the
central nervous system (CNS) to infect the retina of
the uninoculated eye via synaptically connected neu-
rons. Virus leaves the inoculated eye via the parasym-
pathetic fibers of cranial nerve III, which supply the
iris and ciliary body (Whittum-Hudson and Pepose,
1987; Margolis et al, 1989; Vann and Atherton, 1991).
By day 3 postinoculation (p.i.), virus spreads to the
ipsilateral Edinger—Westphal nucleus (EW) of the hy-
pothalamus. From the EW, virus travels to the ip-
silateral suprachiasmatic nucleus (SCN), which be-
comes infected at day 5 p.i. (Vann and Atherton,
1991). From the ipsilateral SCN, virus then infects
the optic nerve and the retina of the contralateral
eye by day 7 p.i. (Vann and Atherton, 1991). Al-
though the contralateral SCN becomes virus positive
by day 7 p.i., virus does not enter the ipsilateral op-
tic nerve and retina and these structures remain free
of virus throughout the course of infection (Bosem
et al, 1990; Vann and Atherton, 1991; Azumi and
Atherton, 1994).

In contrast to KOS, when H129, a neurovirulent
and highly neuroinvasive strain of HSV-1, is injected
into the AC of BALB/c mice, the mice develop bilat-
eral retinitis (Vann, 1992). H129 was originally iso-
lated from a patient with fatal encephalitis and has
been described elsewhere (Dix et al, 1983). Exper-
imental studies have shown that neuroinvasive and
nonneuroinvasive strains of herpes simplex virus dif-
fer in their ability to produce neurologic and ocular
diseases (Wander et al, 1980; Richards et al, 1981; Dix
et al, 1983; Stroop and Schaefer, 1986; Stroop and
Schaefer, 1987; Stroop and Schaefer, 1989). Some of
these differences may be partially attributed to strain-
dependent abilities of virus to invade and replicate
within specific sites in neurological and ocular tis-
sues (Richards et al, 1981; Dix et al, 1983; Stroop and
Schaefer, 1986; Stroop and Schaefer, 1989). Conse-
quently, the pathways by which neuroinvasive and
nonneuroinvasive strains spread to cause ocular or
CNS diseases may be different. This difference is
not limited to herpes simplex virus. Neuroinvasive
and nonneuroinvasive strains of other «-herpesvirus,
such as pseudorabies virus, have also been shown to
spread differently in CNS and ocular tissues (Card
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et al, 1991, 1992). Because the pathways by which
neuroinvasive and nonneuroinvasive strains of her-
pes simplex virus spread to cause ocular or CNS dis-
eases may differ, and because unlike KOS, H129 is
a neuroinvasive and neurovirulent strain of HSV-1
(Dix et al, 1983), we hypothesized that, following AC
inoculation, H129 follows a different pathway in the
CNS than KOS to cause bilateral retinitis. Alterna-
tively, H129 and KOS follow similar pathways in the
CNS after AC inoculation, but H129 is able to infect
retino-recipient nuclei such as the SCN earlier than
KOS. Infection of retino-recipient nuclei proximal to
the ipsilateral and contralateral optic nerve early dur-
ing infection may allow H129 access to the retinas be-
fore a virus-specific immune response develops. The
purpose of these studies was to determine the route
and timing of virus spread following uniocular AC
inoculation of the H129 strain of HSV-1.

Results

Clinical findings

Following AC inoculation with H129, all mice
developed bilateral retinal necrosis by day 7 p.i.,
characterized by destruction of retinal architecture
and infiltration of inflammatory cells (Figure 1).
Phthisis of the injected eye was observed in several
mice. Severe neurological impairments were also
observed in mice during the course of infection. By
day 4 or 5 p.i., 90% of H129-injected mice exhibited
signs of neurological disease, such as ruffling of the
fur and weight loss. By day 6 p.i., mice were severely
wasted, ataxic, and dysstatic. Infected mice also
showed other signs of acute neurological illnesses
such as kyphosis and hemiparesis. Because 40-60%
of infected mice were moribund by day 7 p.i., day 6
was chosen as the end point for studies of spread of
H129 following AC inoculation.

Quantification of virus in infected areas
by plaque assays

Eyes Following uniocular AC inoculation of 5 x
10% PFU of H129, the titer of virus in the injected
eye reached a maximum at day 2 p.i., decreased
slightly at day 4 p.i., and remained relativel y constant
throughout the remainder of the course of infection
(Figure 2). As shown in Figure 2, virus was not recov-
ered from the contralateral (uninoculated) eye on day
1 or 2 p.i. Although a small amount of virus (approx-
imately 2 x 10' PFU) was recovered from the con-
tralateral eye at days 3 and 4 p.i., virus could not
be detected by immunohistochemistry (Figure 3B).
Atherton and Streilein observed two waves of virus
in the contralateral eye following AC inoculation
of BALB/c mice with KOS (Atherton and Streilein,
1987). The first wave of virus was of low titer and
detected 24-48 h p.i. A second wave of virus of high
titer was detected at day 7 p.i. Our studies suggest that
H129 may also invade the contralateral eye in two
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Figure 1 Photomicrograph showing retinal necrosis at day 7 p.i.
in mice infected via the AC with H129. BALB/c mice were inoc-
ulated in the AC with 2 ul of 5 x 10° PFU of H129 virus or an
equivalent volume of tissue culture media (mock-infection). Mice
were sacrificed at day 7 p.i., and the eyes were collected. Frozen
sections were prepared and stained with hematoxylin and eosin.
Theretinal architecture of mock-infected mice remained intact (A),
whereas the architecture of the retina of the ipsilateral (B) and con-
tralateral (C) eyes of virus-infected mice was destroyed (original
magnification, x198).
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Figure 2 Titers of infectious virus (average PFU +/— S.E.M.) in
the eyes of BALB/c mice after AC inoculation of H129. Mice were
inoculated in the AC of the right eye with 5 x 10° PFU of virus. Five
mice were sacrificed on each day indicated. The eyes from each
mouse were collected, homogenates were prepared, and titers of
virus were determined by plaque assays as described in Materials
and methods. Virus titers from each sample were determined in
duplicate. The minimum level of detection (0.7 log PFU/tissue)
represents the limit of the sensitivity of the plaque assays.

separate waves. The small amount of virus detected
in the contralateral eye at days 3 and 4 p.i. may be
analogous to the first wave of virus observed in KOS-
infected mice. The location of this first wave of virus
in H129-infected mice remains to be determined. By
day 6 p.i., the titer of virus in the uninoculated eye
was comparable to that observed in the injected eye.

Brain To determine the early spread of H129
through the CNS, virus recovery studies were per-
formed on brain sections ipsilateral and contralat-
eral to the side of ocular injection. At days 1
and 2 p.i., virus was not recovered from any area
of either the ipsilateral or the contralateral brain
(Figures 4A and 4B). At day 3 p.i., virus was re-
covered from the ipsilateral oculomotor nerve and
its roots (Cnlll), the ipsilateral oculomotor nucleus
(IIT), and the ipsilateral Edinger—Westphal nucleus
(Figure 4A). Although virus was also recovered from
the same areas of the contralateral brain (Figure 4B),
the average titer of virus in the contralateral side was
slightly less than that observed for the ipsilateral side
(1.85 x 10! PFU versus 4.24 x 10! PFU). At day 3 p.i,
virus was also recovered from the ipsilateral sen-
sory root of the trigeminal nerve (sV) and the prin-
cipal sensory trigeminal nucleus (PrV) of the brain
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Figure 3 Ipsilateral and contralateral retinas on days 4—6 after AC inoculation with H129 into euthymic BALB/c mice. BALB/c mice
were inoculated with 5 x 10° PFU of H129 into the AC of right eye. Five mice were sacrificed each day and immunohistochemistry was
performed on tissues using a polyclonal anti-HSV-1 antibody. Tissues were then examined for the presence or absence of virus antigen.
(A) Ipsilateral retina at day 4 p.i. Black arrows indicate virus antigen in the choroid. (B) Contralateral retina at day 4 p.i. Virus was not
detected in the contralateral retina in any mice at day 4 p.i. (C) Ipsilateral retina at day 5 p.i. Positive-stained cells were seen in all
layers of the retina as well as the choroid (black arrows). (D) Contralateral retina at day 5 p.i. Virus-positive cells were first observed in
the contralateral retina at day 5 p.i (black arrows). All layers of the retina were infected, but the amount of viral antigen observed was
less than that seen in the ipsilateral eye. The choroid of the contralateral eye did not become infected at any time during the course of
infection. (E) Ipsilateral retina and (F) contralateral retina at day 6 p.i. The entire retina of both the ipsilateral and contralateral eye is

infected (original magnification, x99).

stem but not from the contralateral portion of these
areas. Beginning on day 4 p.i., virus was recovered
from both the ipsilateral and contralateral SCN. The
average titer of virus recovered from the ipsilateral
SCN was slightly higher than that of the contralateral
SCN (2.24 x 10" PFU versus 1.21 x 10' PFU). At day
4 p.i., a small amount of virus (approximately 1 x 10*
PFU) was also recovered from both the ipsilateral and

contralateral medial pretectal areas (MPA) and the
lateral geniculate nucleus (LGN). At day 4 p.i., virus
was also recovered from the contralateral sensory
root of the trigeminal nerve and the principal sen-
sory trigeminal nucleus of the brain stem. As shown
in Figures 4A and 4B, as infection progressed, the
titer of virus in the brain increased. For these studies
virus titers were only obtained for days 1-4 p.i. After
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Figure 4 Titers of infectious virus (average PFU +/— S.E.M) in the brain of BALB/c mice after AC inoculation of H129. Mice were
inoculated in the AC of the right eye with 5 x 10° PFU of virus. Five mice were sacrificed on each day. The brain from each mouse
was collected and dissected on a brain matrix, homogenates were prepared, and titers of virus were determined by plaque assays
as described in Materials and methods. Virus titers for each sample were determined in duplicate. The minimum level of detection
(0.7 log PFU/tissue) represents the limit of the sensitivity of the plaque assays. (A) Ipsilateral brain. (B) Contralateral brain. Abbreviations:
EW, Edinger—Westphal nucleus; cnlll, root entry zone of cranial nerve 3 (oculomotor nerve); III, nucleus of the oculomotor nerve; SCN,
suprachiasmatic nucleus; LGN, lateral geniculate nucleus; MPA, medial pretectal area; Vs, sensory root of cranial nerve 5 (trigeminal
nerve); PrV, primary sensory nucleus of the trigeminal nerve; stem, brain stem. EW/cnlII/IIl = oculomotor complex. Vs/PrV/stem =

trigeminal nerve complex.

day 4 p.i., the number of nuclei positive for HSV-1
antigen (as observed by immunohistochemistry) in-
creased exponentially. Therefore after day 4 p.i., the
amount of virus in a single nucleus could not be de-
termined accurately by virus recovery studies.

Timing of virus infection and distribution
of viral antigen

As described in Materials and methods, frozen sec-
tions of eyes, brain, and trigeminal ganglia from
H129-injected BALB/c mice sacrificed on successive
days p.i. were stained for HSV-1 antigen.

Days 1 and 2

Eyes At day 1 p.i., virus was detected in the iris
and ciliary body of the anterior segment of the in-
jected eye only (Table 1). At day 2 p.i., the inten-
sity of antigen staining in the anterior segment of
the injected eye increased (not shown). In addition,
the ipsilateral ciliary ganglion also became positive
for viral antigen on day 2 p.i. and remained posi-
tive throughout the course of infection (Table 1). The
posterior segment of the injected eye remained virus
negative in all but one mouse in which a small area
in the choroid was viral antigen positive (not shown).

Virus was not detected in the contralateral eye at day
1 or day 2 p.i.

Trigeminal ganglia A few virus-infected cells
were detected in the ipsilateral trigeminal ganglion
in 2 of 5 mice at day 2 p.i. Viral antigen was not de-
tected in the contralateral trigeminal ganglion at day
2 p.i. (Table 1).

Brain A few virus-positive cells were observed
in the area of the ipsilateral oculomotor nerve and its
roots in 2 of 5 mice examined at day 2 (Table 1). Virus
was not detected at any other sites in the brain at day
2 p.i.

Days 3 and 4

Eyes At days 3 and 4 p.i., virus-infected areas
were observed within the choroid of the injected
eye of all mice examined (Figure 3A, Table 1). At
day 4 p.i, a few scattered virus-positive cells were
also observed in the ganglion cell layer of the pe-
ripheral ipsilateral retina (directly posterior to the
ciliary body) in 2 of 5 mice (not shown). The ip-
silateral optic nerve of one mouse also contained a
few virus-positive fibers (not shown). However the
central retina of all mice was virus-negative at day
4 p.i. (Figure 3A). Virus was not detected in any
area of the contralateral eye at this time (Figure 3B,
Table 1).
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Table 1 Sites of virus infection following AC inoculation of H129*
Days p.i.
Tissue® Site 1 2 3 4 5 6
Eye Iris, Ciliary body + ++ +++ +++ +++ +++
Choroid - +/-(1) ++ ++ ++ ++
Optic nerve — — — +/—(1) ++ o+
Retina - - - +/-(2) ++ +++
Ganglia CG, + ++ ++ ++ ++ ++
CGc - - - - - _
TG, - +/-(2) + ++ ++ ++
TGe - - - - +/-(2) +
Brain EW, IIL, cnllly - +/-(2) ++ +++ +++ +++
EW, III, cnlll, - - +/—-(1) + ++ Tt
SCN; - - - ++ ++ +++
SCNg - - - + ++ +++
LGN, - - - - ++ +++
LGN - - - - ++ +++
MPA, - - - + ++ +++
MPA - - - + ++ +++
PrV, Vs, - - + + ++ +++
PrV, Vsc - - - +/—(1) ++ -+
SG - - - +/-(1) ++ e
SCc - - - - ++ +++
Eyec Iris, Ciliary body - - - - - —
Choroid - - - - — _
Optic nerve - - — - + 4t
Retina — — — — ++ 444

*BALB/c mice were inoculated with 5 x 10° PFU of H129 into the AC of right eye. Five mice were sacrificed each day and immunohisto-
chemistry was performed on tissues using a polyclonal anti-HSV-1 antibody. Tissues were then examined for the presence or absence of

virus antigen.

bThe pattern of antigen expression in tissue sites is indicated as follows: (—), no antigen detected; (+/-), sparse amount of antigen de-
tected in 1 or 2 mice (number of mice are in parentheses); (+), sparse amount of antigen detected in all mice; (++), moderate amount of
antigen detected in all mice; (+++), dense amount of antigen detected in all mice. CG, ciliary ganglion; EW, Edinger—Westphal nucleus;
III, oculomotor nucleus; cnlll, root entry zone of cranial nerve 3; LGN, lateral geniculate nucleus; MPA, medial pretectal area; PrV, prin-
cipal sensory trigeminal nucleus; SC, superior colliculus; SCN, suprachiasmatic nucleus; TG, trigeminal ganglion; Vs, sensory root of
trigeminal nerve. Subscripts: (C), contralateral, left side; (I), ipsilateral, right side.

Trigeminal ganglia At days 3 and 4 p.i., all of
the ipsilateral trigeminal ganglia were virus-positive;
virus was not detected in the contralateral trigeminal
ganglion at this time (Table 1).

Brain At day 3 p.i.,, many virus-positive cells
were detected in the ipsilateral oculomotor nerve and
its roots, the ipsilateral oculomotor nucleus and the
ipsilateral EW (Figure 5A). The contralateral oculo-
motor nucleus of one mouse was also positive (not
shown). At day 3 p.i., a few virus-positive cells were
also observed in the ipsilateral sensory root of the
trigeminal nerve and the primary sensory trigem-
inal nucleus (Figure 6C). Virus was not observed
in the contralateral sV and PrV of any of the mice
at day 3 p.i. Beginning at day 4 p.i. virus was ob-
served in both the ipsilateral and the contralateral
SCN (Figure 5B), and more virus positive cells were
observed in the ipsilateral SCN than the contralat-
eral SCN. At day 4 p.i, a few virus-positive cells
were also observed in the contralateral and ipsilat-
eral MPA.

Days 5 and 6

Eyes At day 5 p.i., virus was detected in the op-
tic nerve and retina of the injected eye of all mice
(Figure 3C, Table 1). At this time, virus was also

detected for the first time in the contralateral optic
nerve and retina (Figure 3D). Virus was not observed
in the anterior segment or the choroid of the contralat-
eral eye at any time during infection nor was virus
observed in the contralateral ciliary ganglion. In both
retinas, virus appeared to spread from the ganglion
cell layer (initial site of virus infection in the retina)
to the outer nuclear and photoreceptor cell layers. At
day 6 p.i., the intensity of antigen staining in both
the ipsilateral and contralateral retinas increased
(Figures 3E and 3F), and both retinas were becom-
ing necrotic.

Trigeminal ganglia On days 5 and 6 p.i.,, many
virus-positive cells were detected in the ipsilateral
trigeminal ganglion, but only a few positive cells
were detected in the contralateral trigeminal ganglion
(Table 1).

Brain At day 5 p.i.,, many virus-positive cells
were detected in both the ipsilateral and contralateral
LGN (Figures 6A and 6B). Many virus-positive cells
were also observed in the ipsilateral and contralat-
eral MPA (not shown). By day 6 p.i., most nuclei
synaptically connected to sites of infection in the
brain were virus-positive. In addition, contiguous
and related nuclei of the ipsilateral and contralateral
brain were also infected with virus, suggesting that
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Figure 5 Coronal sections of infected brain tissues following AC inoculation with H129. BALB/c mice were inoculated with 5 x 10°
PFU of H129 into the AC of right eye. Five mice were sacrificed each day and immunohistochemistry was performed on tissues using a
polyclonal anti-HSV-1 antibody. Tissues were then examined for the presence or absence of virus antigen. (A) Oculomotor nerve complex
at day 3 p.i. Large, vertical black arrow indicates the midline of the brain. Small black arrows indicate virus antigen in the ipsilateral root
entry zone of the oculomotor nerve. Diamond arrow indicates the ipsilateral oculomotor nucleus. Asterisk shows the ipsilateral Edinger—
Westphal nucleus. Region shaded in gray of coronal brain section schema® highlights infected areas depicted in photomicrograph.
(B) Ipsilateral (I) and contralateral (C) suprachiasmatic nuclei at day 4 p.i. Large, vertical black arrow indicates the midline of the brain.
Small black arrows indicate infected areas. OC, optic chiasma. Region of coronal brain section schema® encircled highlights infected
areas depicted in photomicrograph (original magnification of (A), x40; original magnification of (B), x99).

*Adaptation of Bregma —3.28 mm, The Mouse Brain In Stereotaxic Coordinates (Franklin and Paxinos, 1997). With permission.
1’Adaptation of Bregma —0.34 mm, The Mouse Brain In Stereotaxic Coordinates (Franklin and Paxinos, 1997). With permission.

strain of HSV-1, spreads and causes bilateral retini-
tis. Following uniocular AC inoculation with H129,
virus replicated rapidly to high titers in the injected
eye. By day 2 p.i., the titer of virus in the injected

H129 spread bilaterally following uniocular AC
inoculation of virus.

Discussion

In this study, plaque assays and immunohistochem-
istry staining for virus antigen were used to determine
the pathways by which H129, a highly neurovirulent

eye increased from 5 x 10® PFU (amount of virus in-
jected) to an average of 2.25 x 10°® PFU. Immunohis-
tochemistry staining indicated that most of the virus
recovered at day 2 p.i. from the injected eye was in the
anterior segment and the ipsilateral ciliary ganglion.
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Figure 6 Coronal sections of infected brain tissues following AC inoculation with H129. BALB/c mice were inoculated with 5 x 10°
PFU of H129 into the AC of right eye. Five mice were sacrificed each day and immunohistochemistry was performed on tissues us-
ing a polyclonal anti-HSV-1 antibody. Tissues were then examined for the presence or absence of virus antigen. (A) Contralateral and
(B) ipsilateral lateral geniculate nucleus at day 5 p.i. Black arrows indicate infected areas. Regions of coronal brain section schema® shaded
in gray highlight infected areas depicted in photomicrograph. Ipsi, ipsilateral; Contra, contralateral. (C) Viral antigen detected in the sen-
sory root of the trigeminal nerve (small gray arrows) and primary sensory trigeminal nucleus (small black arrows) at day 3 p.i. Region of
coronal brain section schema® enclosed within box highlights infected areas depicted in photomicrograph (original magnification of (A)
and (B), x99; original magnification of (C), x40).

?Adaptation of Bregma —2.06 mm, The Mouse Brain In Stereotaxic Coordinates (Franklin and Paxinos, 1997). With permission.

b Adaptation of Bregma —5.34 mm, The Mouse Brain In Stereotaxic Coordinates (Franklin and Paxinos, 1997). With permission.
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By day 3 p.i., virus had also spread to the choroid of
the injected eye. However, the retina of the injected
eye remained free of virus. On day 3 p.i., virus was
also first detected in the ipsilateral oculomotor com-
plex and EW nucleus of the mesencephelon. Because
virus-positive cells were not observed in the retina of
the injected eye at either day 2 or 3 p.i. and because
axons of retinal ganglion cells provide the only out-
put from the retina into the brain (Sefton and Dreher,
1985), virus observed in the oculomotor complex and
EW nucleus at day 3 p.i. must have spread from the
injected eye via a nonretino-chiasmatic pathway. The
result that the ipsilateral ciliary ganglion was virus
positive at day 2 p.i. suggests that H129 leaves the
injected eye via parasympathetic fibers that inner-
vate the iris and ciliary body and is transported by
the oculomotor nerve retrogradely to the oculomotor
complex and EW nucleus as has been reported for the
KOS strain of HSV-1 (Vann and Atherton, 1991).

Virus-positive cells were also observed in the ipsi-
lateral sensory root of the trigeminal nerve as well as
the principal trigeminal sensory nucleus of the brain
stem at day 3 p.i. Because a few virus-positive cells
were observed in 2 of 5 ipsilateral trigeminal ganglia
at day 2 p.i, and because by day 3 p.i. the trigeminal
ganglia from all mice were virus-positive, these re-
sults suggest that H129 also leaves the injected eye via
the branches of the ophthalmic division of the trigem-
inal nerve that innervate the anterior segment of the
eye. As mentioned earlier, H129-infected mice begin
to exhibit symptoms of neurological illness, such as
ruffling of the fur, at day 4 p.i. During infection the
number of virus-infected neurons in the brain stem
increased (unpublished observations). So it is likely
that spread of H129 from the trigeminal nerve into
the brainstem contributes to some of the neurological
deficits observed in infected mice. Neurons acutely
infected by «-herpesvirus eventually undergo degen-
eration (Card et al, 1993).

Neuronal cell death together with immune re-
sponses to infection may contribute to the neu-
ropathology observed. In KOS, the virus titer in the
brain of infected mice peaks at about day 7 and then
slowly decreases to the minimum level of detection
as virus is cleared from the brain (unpublished ob-
servation). Likewise the number of KOS-infected nu-
clei increases and then slowly decreases (Vann and
Atherton, 1991). Although KOS infects the trigeminal
ganglion, it does not descend into the brain stem and
viral antigen is not observed in brain stem nuclei of
KOS-infected mice at any time during infection (Vann
and Atherton, 1991). KOS-infected mice do not de-
velop neurological deficits even when virusis present
on non-brain stem nuclei of the brain. The ability of
H129 to spread into the brain stem and cause neu-
rological disease is not unique to this strain. Other
investigators have made similar observations in mice
infected with other highly neuroinvasive strains of
HSV-1 via the ophthalmic route (Knotts et al, 1974;
Margolis et al, 1989).

Although virus-positive cells were observed main-
ly in the choroid of the injected eye at day 3 p.i. and
at day 4 p.i., a few ganglion cells in the periph-
eral retina of the injected eye (directly posterior to
the ciliary body) were virus-positive in some mice.
These results suggest that H129 may be capable of di-
rect anterior to posterior spread in the injected eye.
The iris, ciliary body and choroid are innervated
by postganglionic parasympathetic fibers from the
ciliary ganglion (Wolter, 1960; Marwitt et al, 1971;
Pillar and Tuttle, 1982). In addition, trigeminal nerve
fibers (ophthalmic branch) innervating the iris, cil-
iary body, and cornea traverse the choroid (Tusscher
ten et al, 1989). It is possible that virus spreads via
these neuronal connections from the iris/ciliary body
complex into the choroid. Because virus was not de-
tected in the central portion of the ipsilateral retina
at day 4 p.i., even in areas where the underlying
choroid was infected, it appears that virus did not
spread from the choroid to the retina. The route by
which a few ganglion cells of the peripheral retina
became virus positive at day 4 p.i. is less clear but
may be due to direct spread of virus from the ciliary
body into ganglion cells of the peripheral retina. It
is interesting that although virus is replicating in the
anterior chamber at very high titers on days 1-3 p.i.,
virus is detected in only a few ganglion cells in the
peripheral retina of 2 mice and the optic nerve of 1
mouse at day 4 p.i. This observation suggests that di-
rect anterior to posterior spread of virus is not the pri-
mary pathway by which virus infects the ipsilateral
retina.

Virus-infected cells were first observed in both the
contralateral and ipsilateral SCN and virus was first
recovered from both SCN on day 4 p.i. It has been pre-
viously reported that the avian EW nucleus receives
direct neuronal imput from the SCN (Gamlin et al,
1982; Gamlin and Reiner, 1991). Although this path-
way has not been described in mice, the results of this
study suggest that H129 spread directly from the ip-
silateral EW nucleus (which becomes infected at day
3 p.i.) to the ipsilateral SCN. A similar conclusion
was drawn for mice infected with KOS via the AC
route (Vann and Atherton, 1991). In addition, a few
virus-infected cells were also observed in the MPA
at day 4 p.i. A projection from the MPA to the EW,
believed to be part of the pupillary light reflex, has
been reported and a direct pretecto-suprachiasmatic
pathway has been defined in rats (Trejo and
Cicerone, 1984; Mikkelsen and Vrang, 1994). There-
fore, it might be hypothesized that after infecting the
EW nucleus, virus spread to the MPA and then to
the SCN. However, because the initial detection of
virus in the SCN and the MPA was at the same time
(day 4 p.i.), it seems unlikely that virus spread from
the MPA to the SCN. In H129-infected mice, more
virus-positive cells were observed in the ipsilateral
SCN than the contralateral SCN at day 4 p.i. Because
extensive commissural projections between the SCN
have been described (Card et al, 1981), it is likely that



virus crossed from the ipsilateral to the contralateral
SCN via these projections.

Focal areas of virus-positive cells were first ob-
served in the retina and the optic nerve of the con-
tralateral eye at day 5 p.i. At the same time, many
virus-positive cells were detected in the ipsilateral
retina and optic nerve. In all cases, retinal ganglion
cells were infected first, followed by infection of
the inner nuclear layer and photoreceptor cells. It
is well documented that subsets of ganglion cells in
the retina project directly to the SCN (Pickard, 1982,
1985; Moore et al, 1995). It has also been reported
in albino rodents that the optic fibers at the level
of the SCN are highly crossed so that the retinore-
cipient nucleus receives predominantly contralateral
retinal ganglion cell input (Wenisch, 1976). There-
fore, the most likely pathway by which H129 virus
spreads from the CNS to the retina of infected mice is
via retrograde spread from the ipsilateral SCN to the
contralateral retina and from the contralateral SCN
to the ipsilateral retina. Although our results suggest
that this pathway is most likely the one by which
H129 spreads from the CNS to the retina, there are
other possible routes. In addition to the SCN, the su-
perior colliculus (SC), the lateral geniculate nuclei
(VLGN, dLGN), the intergeniculate leaflet (IGL), and
the medial pretectal area (MPA) are all known to re-
ceive direct retinal input (Wenisch, 1976; Pickard,
1982, 1985; Norgren and Lehman, 1989; Moore et al,
1995). In addition, Hoogland and colleagues sug-
gested the possibility of a direct pathway between the
retina and the oculomotor nucleus (Hoogland et al,
1985).

Although all the previously mentioned nuclei
could be potential sources of virus detected in the
retina, in these studies, virus was not detected in the
LGN, the IGL, and the SC of all but one mouse un-
til day 5 p.i., coincident with detection of virus in
the retina. Therefore, it appears unlikely that virus
was able to spread (at least during the first 4 days of
infection) from the SC or the LGN to the retina. As
mentioned before, a few virus-positive cells were de-
tected in the MPA at day 4 p.i. Although the MPA
might be the source of virus in the retina during the
first 4 days of infection, the SCN is closer to the retina
of either eye and is a more direct route by which virus
can spread to the retina early during infection. This
idea is supported by studies in which «-herpesvirus
injected directly into the vitreous of mice required 2
to 4 days to spread to the pretectal area (Card et al,
1991; Sun et al, 1996). Conversely, virus infecting
the MPA at day 4 p.i. would be expected to require
2—4 days to reach the retina.

The aim of this study was to define the pathway by
which uniocular AC inoculation of the H129 strain
of HSV-1 results in bilateral retinitis. As has been
reported for the KOS strain of HSV-1 (Vann and
Atherton, 1991), H129 left the injected eye via the
parasympathetic fibers that supply the iris and ciliary
body and spread through the CNS to infect the retina
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of the contralateral eye. However unlike KOS, H129
also spread from the CNS to infect the retina of the
ipsilateral eye resulting in bilateral retinitis. Fur-
thermore, H129 also spread from the injected eye
via the ophthalmic branch of the trigeminal nerve
into the trigeminal ganglion and from the ganglion
into the brain stem. In addition to developing bilat-
eral retinitis, H129-infected mice also developed neu-
rological impairments. H129 spread through the CNS
more rapidly than KOS. For example, H129 virus was
detected in the EW nucleus of 2 of 5 mice as early as
day 2 p.i., whereas KOS is not detected in the EW un-
til day 3 p.i. (Vann and Atherton, 1991). Furthermore,
KOS is not detected in the ipsilateral SCN until day
5 p.i. and the contralateral SCN until day 7 p.i.,
whereas H129 was detected in both SCN by day
4 p.i. As mentioned before, both KOS and H129
spread from the ipsilateral SCN into the contralateral
retina. However, H129 was detected in the contralat-
eral retina at day 5 p.i., whereas KOS is not detected
in the contralateral retina until day 7 p.i. (Vann and
Atherton, 1991). Although H129 follows a similar
pathway through the CNS as KOS and infects mainly
the same nuclei, it is possible that H129 infects sub-
sets of neurons within a nucleus that KOS cannot.
Although differential infection within a nucleus is
an interesting possibility, the methodologies used in
these studies are not those that would be used to de-
termine differential infection. Nevertheless, tropism
of H129 for subsets of neurons that are synaptically
connected to distal sites via shorter neuronal path-
ways than other subsets might partially explain the
observation that H129 spread more rapidly than KOS
within the brain.

H129 replicates to higher titers in CNS tissues than
KOS (Vann, 1992). It could therefore be postulated
that ipsilateral ARN in H129-infected mice is a fea-
ture of enhanced local replication rather than rapid
spread of virus. For example, at day 5 p.i., the number
of cells infected in the SCN of H129-infected mice is
higher than in mice infected with KOS (unpublished
observation). This would be expected, however, be-
cause H129 infects both the ipsilateral and contralat-
eral SCN at day 4 p.i., and KOS is not detected in the
ipsilateral SCN until day 5 p.i. and in the contralat-
eral SCN until day 7 p.i. It would be expected that
H129 in the SCN at day 4 p.i. would replicate and the
number of infected cells would increase by day 5 p.i.
Although an increase in the number of virus-infected
cells is not observed in the SCN of H129-infected
mice until day 5 p.i., virus is already present in both
the ipsilateral and contralateral retinas by that day.
This suggests that enhanced local replication may not
be necessary for the initial spread of virus but may
rather contribute to the amount of virus infecting the
retinas on later days.

The results presented herein also show that H129
spreads in the CNS in a retrograde manner. This
finding contradicts reports that the H129 strain
of HSV-1 is capable of only anterograde spread
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(Zemanick et al, 1991; Barnett et al, 1995; Sun et al,
1996). However, in these previous reports, the AC
was not used as a route of inoculation and differ-
ences between routes of virus inoculation may ex-
plain why H129 was reported to spread anterogradely
only. These results suggest the mode by which H129
spreads in the CNS is dependent upon the route of
peripheral inoculation.

In conclusion, the results of these studies sug-
gest that the ability of H129 to spread rapidly
from site to site in CNS tissues allows virus to
infect retino-recipient nuclei proximal to the con-
tralateral and ipsilateral optic nerve early during
infection (i.e., on or before day 4 p.i). Early in-
fection of retino-recipient nuclei such as the SCN
may allow virus to spread into the retinas before
a significant immune response can be induced. In
thymectomized, T-cell-depleted mice, KOS is de-
tected in the ipsilateral SCN a day earlier than in
euthymic mice and in the contralateral SCN 2 days
earlier, and T-cell-depleted KOS-infected mice de-
velop bilateral retinitis (Azumi and Atherton, 1994;
Matsubara and Atherton, 1997). Furthermore, T cells
infiltrate the contralateral SCN of KOS-infected eu-
thymic mice two days before virus is detected (Zhao
et al,1995). This would suggest that T cells are impor-
tant and play a role in preventing ipsilateral retinitis
in KOS-infected mice, perhaps by limiting or delay-
ing the spread of virus into the contralateral SCN.
Therefore, a lack of infiltrating T cells in the SCN of
H129-infected mice early during infection may cor-
relate with development of bilateral retinitis. Exper-
iments to address this hypothesis are in progress. To
our knowledge, this is the first time the pathway of
H129 spread after AC inoculation has been exten-
sively studied. Although rare, herpesvirus-induced
ARN syndrome remains a serious disease with the
outcome for many patients being blindness. Under-
standing the mechanisms by which some strains of
HSV cause unilateral retinitis while others cause bi-
lateral retinitis perhaps may result in the develop-
ment of more effective methods for the treatment of
ARN or in identification of patients at risk for devel-
opment of bilateral ARN.

Materials and methods

Virus

H129, a neurovirulent strain of HSV-1, was used in
these studies. H129 was originally isolated from a pa-
tient with encephalitis (Dix et al, 1983). H129 was re-
ceived in 1985 (a kind gift from RD Dix, Ph.D., Univer-
sity of Miami School of Medicine, Miami, Florida);
this strain of HSV-1 has since been passaged nu-
merous times in cell culture. Stocks of H129 virus
were propagated on Vero cells grown in complete
Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 5% fetal bovine serum and antibiotics. The
titer of virus stocks was determined by standard

plaque assay on Vero cells and titers were expressed
as plaque forming units (PFU) per milliliter. Stocks
were stored at —70°C in 1-ml aliquots, and a fresh
aliquot of virus stock was thawed and used for each
experiment. The stock of H129 used in these experi-
ments had a titer of 1.4 x 108 PFU.

Animals

Adult female BALB/c mice 8—12 weeks old (Taconic,
Germantown, NY) were used in all experiments. The
mice were housed in accordance with National Insti-
tutes of Health guidelines. All mice were maintained
on a 12-h light alternating with a 12-h dark cycle and
were given unrestricted access to food and water. For
all intraocular injections, and perfusions, mice were
anesthetized intramuscularly with a cocktail contain-
ing 0.08 mg rompum and 0.9 mg ketamine per 25 g
body mass.

Inoculations

Mice were anesthetized and inoculated via the
AC route as follows: the right eye was proptosed,
aqueous humor was removed by paracentesis, and
2 ul containing 5 x 10® PFU of virus was injected
into the AC with a 30-gauge needle attached to a
100-p¢] microsyringe (Hamilton, Reno, NV). The in-
oculum was prepared by diluting virus stock in
DMEM containing antibiotics. Control mice were in-
oculated with 2 ul of either phosphate buffered saline
(PBS) or DMEM.

Perfusions

Mice were deeply anesthetized and perfused trans-
cardially with PBS for approximately 3 minutes.
Following perfusion, the brain, both eyes, and
both trigeminal ganglia were quickly removed, snap
frozen on dry ice and stored at —70°C.

Immunohistochemistry

Frozen tissues were sectioned on a cryostat at a
thickness of 8—10 um, and serial sections were col-
lected on positively charged slides (Fisher Scientific,
Pittsburgh, PA). Frozen sections were fixed with ace-
tone, incubated with 0.3% hydrogen peroxide to
eliminate endogenous peroxidase, blocked with nor-
mal goat serum (Vector Laboratories, Burlingame,
CA), and incubated with rabbit anti-HSV-1 poly-
clonal antibody (Accurate Chemicals, Westbury, NY).
Sections were then washed with PBS, incubated with
anti-rabbit IgG (Vector Laboratories), washed again,
and reacted with avidin-biotin solution (Vector Labo-
ratories). Diaminobenzadine (DAB, Sigma, St. Louis,
MO) was used as the chromogen to obtain a final
color reaction. The color reaction was intensified by
adding 0.04% nickel chloride (Sigma) to the DAB
solution. Sections were then counterstained with
methyl green (Sigma), dehydrated in a graded ethanol
series, cleared with xylenes, coverslipped, and exam-
ined microscopically for purple-black-stained cells
indicative of virus infection.



Dissection of brain tissue

Frozen brain tissue was allowed to thaw slightly
and placed on a rodent brain matrix (ASI Instru-
ments, Warren, MI) that had been chilled on dry ice.
When each brain was partially thawed, it was cut
into 14 coronal sections using alcohol-sterilized dis-
posable microtome blades (Accu-Edge blades, Sakura
Finetek, Torrance, CA). Each brain section was then
sectioned in the midline and the right and left halves
of each brain slice were placed in separate sterile
tubes containing 500 ul of serum-free DMEM with
antibiotics. Care was taken to avoid contamination of
the specimens during collection and dissection of the
brain.

Plaque assay

Each half of each brain section was homogenized. In
addition, each eye was also homogenized in 500 pl
DMEM containing antibiotics. Each homogenate was
serially diluted and plated on Vero cells (American
Type Culture Collection, Manassas, VA) that were
80% confluent. Adsorption of virus was carried out
for 1 h at 37°C in a CO; incubator. Following adsorp-
tion, the cells were overlaid with a 1:1 solution of 2X
DMEM containing 10% serum and antibiotics and
1% low-melt agarose (Life Technologies, Rockville,
MD). After 5 days at 37°C, the cells were fixed with
10% buffered formalin and stained with 0.13% crys-
tal violet (Sigma). Plaques were counted, and the titer
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