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Anterograde neuronal spread (i.e., spread from the neuron cell body toward the axon terminus) is a critical
component of the alphaherpesvirus life cycle. Three viral proteins, gE, gI, and Us9, have been implicated in
alphaherpesvirus anterograde spread in several animal models and neuron culture systems. We sought to
better define the roles of gE, gI, and Us9 in herpes simplex virus type 1 (HSV-1) anterograde spread using a
compartmentalized primary neuron culture system. We found that no anterograde spread occurred in the
absence of gE or gl, indicating that these proteins are essential for HSV-1 anterograde spread. However, we did
detect anterograde spread in the absence of Us9 using two independent Us9-deleted viruses. We confirmed the
Us9 finding in different murine models of neuronal spread. We examined viral transport into the optic nerve
and spread to the brain after retinal infection; the production of zosteriform disease after flank inoculation;
and viral spread to the spinal cord after flank inoculation. In all models, anterograde spread occurred in the
absence of Us9, although in some cases at reduced levels. This finding contrasts with gE- and gl-deleted
viruses, which displayed no anterograde spread in any animal model. Thus, gE and gI are essential for HSV-1

anterograde spread, while Us9 is dispensable.

Alphaherpesviruses are parasites of the peripheral nervous
system. In their natural hosts, alphaherpesviruses establish life-
long persistent infections in sensory ganglia and periodically
return by axonal transport to the periphery, where they cause
recurrent disease. This life cycle requires viral transport along
axons in two directions. Axonal transport in the retrograde
direction (toward the neuron cell body) occurs during neuro-
invasion and is required for the establishment of latency, while
transport in the anterograde direction (away from the neuron
cell body) occurs after reactivation and is required for viral
spread to the periphery to cause recurrent disease. In addition
to anterograde and retrograde axonal transport within neu-
rons, alphaherpesviruses spread between synaptically con-
nected neurons and between neurons and epithelial cells at the
periphery (19, 22).

The alphaherpesvirus subfamily includes the human pathogens
herpes simplex virus type 1 (HSV-1), HSV-2, and varicella-zoster
virus (VZV), as well as numerous veterinary pathogens such as
pseudorabies virus (PRV) and bovine herpesviruses 1 and 5
(BHV-1 and BHV-5). The molecular mechanisms that mediate
alphaherpesvirus anterograde axonal transport, anterograde
spread, and cell-to-cell spread remain unclear. However, many
studies of several alphaherpesviruses have indicated that an-
terograde transport or anterograde spread involves the viral
proteins glycoprotein E (gE), glycoprotein I (gl), and Us9 (2,
5,7,9, 11, 13, 16, 26, 30, 31, 41, 46, 51, 52).

Glycoproteins E and I are type I membrane proteins that
form a heterodimer in the virion membrane and on the surface
of infected cells. Although dispensable for the entry of extra-
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cellular virus, gE and gl mediate the epithelial cell-to-cell
spread of numerous alphaherpesviruses (1, 3, 15, 20, 34, 38, 49,
53, 54). Us9 is a type II nonglycosylated membrane protein
with no described biological activity apart from its role in
neuronal transport (4, 18, 32). Here, we used several model
systems to better characterize the roles of gE, gl, and Us9 in
HSV-1 neuronal spread.

Animal models to assess alphaherpesvirus neuronal trans-
port (viral movement within a neuron) and spread (viral move-
ment between cells) include the mouse flank and mouse retina
models of infection. In the mouse flank model (Fig. 1A), virus
is scratch inoculated onto the depilated flank, where it infects
the skin and spreads to innervating sensory neurons. The virus
travels to the dorsal root ganglia (DRG) in the spinal cord
(retrograde direction) and then returns to an entire der-
matome of skin (anterograde spread). The virus also is trans-
ported in an anterograde direction from the DRG to the dorsal
horn of the spinal cord and subsequently spreads to synapti-
cally connected neurons. The production of zosteriform lesions
and the presence of viral antigens in the dorsal horn of the
spinal cord both are indicators of anterograde spread in this
system. PRV gE and Us9 are required for the production of
zosteriform disease, while gl is dispensable (7). In the absence
of gE, HSV-1 also fails to cause zosteriform disease. However,
unlike PRV, HSV-1 gE is required for retrograde spread to the
DRG, so the role of gE in HSV-1 anterograde spread could
not be evaluated in the mouse flank model (8, 36, 42).

The mouse retina infection model (Fig. 1B) has the advan-
tage of allowing anterograde and retrograde spread to be stud-
ied independently of one another. Virus is delivered to the
vitreous body, from which it infects the retina and other struc-
tures of the eye. The cell bodies of retinal neurons form the
innermost layer of the retina; therefore, the virus infects these
neurons directly, and spread from the retina along visual path-
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FIG. 1. Model systems to study HSV-1 neuronal spread. (A) Mouse flank model. Virus was scratch inoculated onto the skin, where it replicates,
spreads to innervating neurons, and travels in a retrograde direction to the neuron cell body in the DRG. After replicating in the DRG, the virus
travels in an anterograde direction back to the skin and into the dorsal horn of the spinal cord. Motor neurons also innervate the skin, allowing
virus to reach the ventral horn of the spinal cord by retrograde transport. (B) Mouse retina model. Virus is injected into the vitreous body, from
which it infects the retina as well as other structures of the eye, including the ciliary body, iris, and skeletal muscles of the orbit. From the retina,
the virus is transported into the optic nerve and optic tract (OT) (anterograde direction) and then to the brain along visual pathways. Anterograde
spread is detected in the lateral geniculate nucleus (LGN) and superior colliculus (SC). From the infected ciliary body, iris, and skeletal muscle,
the virus spreads in a retrograde direction along motor and parasympathetic neurons and is detected in the oculomotor and Edinger-Westphal
nuclei (OMN/EWN). Only first-order sites of spread to the brain are indicated. (Brain images were modified and reproduced from reference 47
with permission from of the publisher. Copyright Elsevier 1992.) (C) Campenot chamber system. Campenot chambers consist of a Teflon ring that
divides the culture into three separate compartments. Neurons are seeded into the S chamber and extend their axons into the M and N chambers.
Vero cells are seeded into the N chamber 1 day before infection. Virus is added to the S chamber and detected in the N chamber, a measure of
anterograde spread.

ways to the brain occurs in an exclusively anterograde direc-
tion. In addition, the virus infects the anterior uveal layer of
the eye (ciliary body and iris) and skeletal muscles in the orbit.
From these tissues, the virus infects innervating parasympa-
thetic and motor neurons and spreads to the brain in a retro-
grade direction. The localization of viral antigens in specific
brain sites indicates whether the virus traveled to the brain
along an anterograde or retrograde pathway (21, 25, 26, 39, 44,
51). PRV gE, gl, and Us9 each are essential for anterograde
spread to the brain yet are dispensable for retrograde spread
(5, 11, 25, 52). Even a strain of PRV lacking all three of these

proteins retains retrograde neuronal spread activity (12, 40,
44). In contrast, in the absence of gE, HSV-1 fails to spread to
the brain by either the anterograde or retrograde pathway (51).

The Campenot chamber system (Fig. 1C) has the advantage
of allowing quantitative measurement of anterograde spread.
Sympathetic neurons are cultured in a tripartite ring in which
neuron cell bodies are contained in a separate compartment
from their neurites. Virus is added to neuron cell bodies in one
chamber, and anterograde spread to a separate chamber is
measured by viral titers (13, 29, 30, 39, 43). Using this system,
gEnull, glnull, and Us9null PRV each were shown to have only
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a partial defect in anterograde spread, while a virus lacking all
three proteins was totally defective (13).

We sought to quantify the anterograde spread activity of
gEnull, glnull, and Us9null HSV-1 using the Campenot cham-
ber system. While gEnull and glnull viruses were completely
defective at anterograde spread, we found that a Us9null virus
retained wild-type (WT) anterograde spread activity in this
system. This observation was unexpected, since others pre-
viously had reported that Us9 is required for efficient HSV-1
anterograde transport or spread (26, 41, 46). Therefore, we
further characterized the neuronal spread properties of two
independent Us9-deleted viruses in the mouse retina and
mouse flank models of infection. Our results indicate that
gE and gl are essential for HSV-1 anterograde spread,
whereas Us9 is dispensable.

MATERIALS AND METHODS

Cells. Vero cells (African green monkey kidney epithelial cells) were propa-
gated in Dulbecco’s modified Eagle’s medium supplemented with 10 mM
HEPES (pH 7.3), 2 mM L-glutamine, 20 pg/ml gentamicin, and 5% heat-inac-
tivated fetal bovine serum.

Viruses. HSV-1 strain NS is a low-passage clinical isolate (23). NS-gEnull
contains a LacZ marker replacing gE amino acids 124 to 510 and produces no
functional gE protein, while rNS-gEnull is a rescue virus that restores gE ex-
pression (36). Us9- and the rescue virus, Us9R, (strain F) were provided by J. H.
LaVail, University of California at San Francisco (26). Us9- contains a deletion
of nucleotides (nt) 18 to 204, leaving the first 17 nt intact and nt 205 to 270 in an
altered reading frame. gInull contains a deletion of the first 886 nt of Us7, leaving
the remaining 377 nt in an altered reading frame. gInull and the rescue virus,
glnull-R (strain SC16), were provided by T. Minson, Cambridge University (3).
Virus stocks were prepared by infecting Vero cells at a multiplicity of infection
(MOI) of 0.01 and collecting the infected cells and media when the cytopathic
effect reached 100%. Single-step growth curves in dissociated superior cervical
ganglia (SCG) neurons and Vero cells were performed as previously described
(33). Mouse flank infections were performed using clarified supernatant, while
Campenot chamber and mouse retina model infections used virus that was
purified on a sucrose gradient and resuspended in phosphate-buffered saline
(PBS). Virus titers were determined by plaque assay on Vero cells (33).

Construction of NS-Us9null. A 2-kb fragment of the HSV-1 NS genome
spanning the Us9 coding sequence was cloned into a pBluescript SK+ vector.
The entire Us9 coding sequence was replaced with an mCherry marker using
SOEing PCR, generating plasmid pML71. Linearized pML71 was cotransfected
into Vero cells with HSV-1 NS DNA, and cells were overlaid with methylcellu-
lose. Red fluorescent plaques were picked and plaque purified three times to
produce NS-Us9null. Candidate plaques were screened by Western blotting for
the lack of Us9 expression, and viral DNA was sequenced to confirm the dele-
tion. NS-Us9null was provided by M. G. Lyman and L. W. Enquist, Princeton
University.

Antibodies. Anti-HSV-1 (Dako), UP575 (anti-gE), UP1928 (anti-gI), R122
(anti-gD), R118 (anti-gC), NC-1 (anti-VP5), and NC-L anti-light capsid (A
capsid) rabbit sera have been described already, as has the anti-gI monoclonal
antibody (MAb) Fd69 (17, 24, 27, 28, 50, 51). R122, R118, NC-1, and NC-L sera
were provided by G. H. Cohen and R. J. Eisenberg, University of Pennsylvania.
NC-L-purified immunoglobulin G was adsorbed against uninfected mouse brain
sections prior to use in staining. To prepare UP1990 anti-Us9 serum, Us9 protein
was expressed in Escherichia coli and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Us9 expression was confirmed
by Western blotting using anti-Us9 rabbit serum provided by B. Roizman, Uni-
versity of Chicago. A 16-kDa band was cut from the gel and used to immunize a
rabbit. PSU74 anti-VP22 rabbit serum was provided by R. Courtney, Pennsylva-
nia State University. The anti-actin MAb C4 was obtained from MP Biomedicals.
Rat anti-mouse Thy-1.2 (PharMingen) was used as a neuronal cell marker.
Secondary antibodies used were Alexa-555 goat anti-rabbit (Invitrogen), Alexa-
488 donkey anti-rat (Invitrogen), biotinylated goat anti-rabbit (Sigma), horse-
radish peroxidase (HRP) anti-mouse (GE Healthcare), and HRP anti-rabbit
(GE Healthcare).

Infection of SCG neurons in Campenot chambers. SCG neurons were cultured
in Campenot chambers as previously described (Fig. 1C) (10, 13, 14, 33). Briefly,
ganglia were dissected from E17 rat embryos and cultured in defined media
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containing nerve growth factor. Dissociated neurons from half of an SCG were
seeded into the soma (S) chamber, resulting in approximately 5,000 neuron cell
bodies. The neurons were cultured for 2 to 3 weeks until extensive neurite growth
was observed in the neurite (N) chamber. One day prior to infection, the culture
medium was changed and the middle (M) chamber was filled with neuron
medium containing 1% methylcellulose. Vero cells were seeded into the N
chamber in a 1:1 mixture of neuron medium:Vero medium at a density that
produces a confluent monolayer. Culture medium in the S chamber was replaced
by 50 pl of viral inoculum containing 1 X 10° PFU in neuron medium. After 1 h
at 37°C, the inoculum was removed. At 24 or 48 h postinfection (hpi), the cells
in the N and S chambers were scraped and the contents of each chamber stored
at —80°C.

Western blotting and immunoprecipitation. Vero cell extracts were prepared
once the cytopathic effect reached 100%. Cells were treated with 1% Triton
X-100, nuclei pelleted, and supernatants stored at —80°C. For immunoprecipi-
tations, cell extracts were incubated with Fd69 anti-gl MAb and then with
protein-G agarose beads (Invitrogen). Cell extracts and immunoprecipitates
were separated by SDS-PAGE on 4 to 15% Tris-HCI gels (Bio-Rad) and then
transferred to Immobilon P membranes and probed with the indicated antibod-
ies. Blots were incubated with ECL substrate (GE Healthcare) and imaged on
X-Omat film (Kodak).

Mouse flank infections. One day prior to infection, the right flanks of 7- to
8-week-old BALB/c mice (National Cancer Institute) were shaved and then
depilated with Nair. A total of 5 X 10° PFU of HSV-1 in 10 pul was placed on the
skin, and 80 gentle scratches were made through the droplet using a 27-gauge
needle (8, 36). Mice were observed for disease from 3 to 11 days postinfection
(dpi) and for survival until 15 dpi. Zosteriform disease was scored on a scale of
0 to 4 as follows: no lesions, 0; discrete lesions, 1; coalesced lesions, 2; ulcerated
lesions, 3; and necrosis, 4. Mice that died prior to the end of observation
continued to receive their last disease score. At 5 dpi, DRG from the right side
of the mouse were harvested and their titer was determined. At 6 dpi, the titers
of equal areas of dermatome skin at least 5 mm away from the inoculation site
were determined (8). For immunohistochemistry, spinal cords were harvested 3
or 5 dpi, while zosteriform skin was harvested 5 dpi.

Mouse retina infections. For retinal infection, 8- to 9-week-old BALB/c mice
were used. The temporal sclera was cut with spring scissors, and a hole was made
into the vitreous body using a 27-gauge needle (51). One microliter of inoculum
containing 4 X 10* to 4 X 10° PFU was injected into the vitreous body using a
Hamilton syringe, and it was held in place for 30 s to prevent backflow. Mice
were sacrificed 3, 5, or 8 dpi, and eyes and brains were harvested as described
previously (51). Briefly, fixed tissues were sectioned on a cryostat. Eyes were cut
in 10-wm sections in the saggital plane and mounted directly on slides. Brains and
spinal cords were cut in 40-wm sections in the coronal plane (brains) or trans-
verse plane (spinal cords) and transferred to cryoprotectant solution (30% su-
crose, 30% ethylene glycol, 1% polyvinylpyrrolidone in PBS). Tissues were
stored at —20°C until staining.

Immunofluorescence. Eye sections mounted on slides were heated at 45°C for
30 min prior to staining. Sections were incubated with rabbit anti-HSV-1 and rat
anti-Thy1.2, followed by Alexa-555 anti-rabbit and Alexa-488 anti-rat secondary
antibodies. Nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPT) (In-
vitrogen). Slides were mounted with Pro-Long Gold Antifade reagent (Invitro-
gen) and viewed under a Nikon Eclipse E1000 microscope with a BW Evolution
QE camera.

Immunohistochemistry. Skin from zosteriform lesions was fixed in 4% form-
aldehyde, embedded in paraffin, stained with anti-HSV-1, and counterstained
with hematoxylin (performed by the pathology core facility at the Children’s
Hospital of Philadelphia). Brain and spinal cord sections were stained by avidin-
biotin complex immunohistochemistry as described previously (51). Sections
were counterstained with cresyl violet and viewed under a Nikon Eclipse E1000
microscope with a Color Insight QE camera. Images were processed using Phase
3 imaging software and Adobe Photoshop.

Statistical analysis. All statistical analyses were performed with GraphPad
Prism software.

RESULTS

Characterization of NS-Us9null. Several mutant viruses were
used to assess the roles of gE, gl, and Us9 in HSV-1 neuronal
spread. We performed single-step growth curves to compare
the replication of NS-Us9null to that of NS in Vero cells (Fig.
2A) and in dissociated SCG neurons (Fig. 2B), and we found
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FIG. 2. Characterization of mutant viruses. (A) Vero cells were infected with HSV-1 NS or NS-Us9null at an MOI of 5. The titers of cells and
media were determined together on Vero cells. Results from one experiment are shown. (B) Dissociated SCG neurons were infected with 2.5 X
10° PFU HSV-1 NS or NS-Us9null. Results shown are the means = standard errors of two experiments. (C) Dissociated SCG neurons were
infected with 2.5 X 10° PFU HSV-1 glnull-R or glnull. Results shown are the means * standard errors of four experiments. (D) Vero cells were
infected with HSV-1, and extracts were separated by SDS-PAGE and then probed by Western blotting with antibodies against VP5 (aVP5), gE
(agE), gl (agl), Us9 (aUs9), or actin (aactin). (E) Extracts from Vero cells infected with NS, NS-Us9null, Us9-, or Us9R were immunoprecipitated
with anti-gl MAb Fd69. The extracts (Ext) and immunoprecipitates (IP) were probed by Western blotting with the indicated antibodies.

that Us9 was dispensable for HSV-1 replication in vitro, con-
sistent with reports of other Us9-deleted viruses (26, 41, 46).
We found that gl also was dispensable for replication in SCG
neurons (Fig. 2C), consistent with the growth curves of glnull
virus in epithelial cells (3). We previously have shown that gE
is dispensable for replication in SCG neurons and in epithelial
cells (33).

To further characterize the mutant viruses to be used in this
study, we probed infected cell lysates by Western blotting to
detect gE, gl, and Us9. As expected, the previously described
gE-deleted (NS-gEnull) and gl-deleted (gInull) viruses failed
to express gE and gl, respectively, while the corresponding
rescue viruses restored expression (Fig. 2D). Notably, NS-
gEnull expresses very little gl protein compared to the rescue
virus (lanes 6 and 7), while glnull expresses less gE protein
than its rescue virus and only a smaller, possibly unprocessed,
band (lanes 8 and 9). Two Us9-deleted viruses were used in
these studies: NS-Us9null, described in this report, and Us9-,
which was described previously (26). Neither Us9-deleted virus
expresses Us9 protein as assessed using a polyclonal rabbit
serum against Us9 (lanes 3 and 4). To confirm that gE and gl
are able to form a complex in the absence of Us9, infected cell
extracts were immunoprecipitated with anti-gIl MAb Fd69. gE

coprecipitated with gl in all samples (Fig. 2E, lanes 2, 4, 6, and
8), indicating that the gE/gl complex forms in the absence
of Us9.

Anterograde spread in Campenot chambers. We used rat
SCG neurons in Campenot chambers to characterize the roles
of gE, g, and Us9 in anterograde spread from neurons to
epithelial cells. A total of 1 X 10° PFU of HSV-1 was added to
the S chamber, and the titers of the contents of the S and N
chambers were determined at 24 and 48 hpi. Although each S
chamber contains approximately 5,000 SCG neurons, the neu-
rons are sparsely distributed, and much of the inoculum ad-
heres to the dish surface, making direct MOI calculations dif-
ficult (13, 45). In our experience, 1 X 10° PFU is at least 10
times greater than the amount of virus required to infect all
neurons in the culture, as assessed by immunofluorescence
staining for viral antigens. One day prior to infection, epithelial
detector cells (Vero cells) were seeded into the N chamber
since, as previously reported for PRV, no virus was detected in
the N chamber in the absence of epithelial cells (data not
shown) (13). S chamber titers remained approximately con-
stant from 24 to 48 hpi, which was expected, since sufficient
virus was added to infect all neurons in the S chamber. Overall,
S chamber titers at 24 and 48 hpi were similar for the mutant
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FIG. 3. Anterograde spread in Campenot chambers. A total of 1 X 10° PFU WT, mutant, or rescue strain HSV-1 was added to the S chamber.
The titers of the contents of the S (A and B) and N (C and D) chambers were determined on Vero cells 24 (A and C) or 48 (B and D) hpi. Results
shown are means *+ standard errors of six chambers per virus strain at each time point. *, P < 0.05; %, P < 0.01; %, P < 0.001.

and parental or rescue strains, although some variability oc-
curred (Fig. 3A and B).

At 48 hpi, titers of all mutant viruses were approximately 4
log,, in the S chamber, yet large differences in titers were
apparent in the N chamber (Fig. 3B and D). N chamber titers
of all viruses were low at 24 hpi (Fig. 3C); however, even at 48
hpi, no NS-gEnull or glnull virus was detected in the N cham-
ber, whereas the rescue virus had titers of 4 to 5 log,,. This
result is consistent with the previous finding that NS-gEnull has
a complete anterograde spread defect in the mouse retina
model of infection (51). Surprisingly, both Us9-deleted viruses
retained anterograde spread activity in the Campenot chamber
system (Fig. 3D). There was no significant difference between
the N chamber titers of NS and NS-Us9null at 48 hpi, indicat-
ing that this virus retains anterograde spread activity. N cham-
ber titers of Us9- were significantly lower than those of Us9R
(approximately 3 log,, reduced), but some anterograde spread
was detected. These results suggest that Us9- has a partial
defect in anterograde spread, but that this defect is much less
severe than the complete anterograde spread defects of the

gEnull and glnull viruses. Virus detected in the N chamber
after NS-Us9null and Us9- infection was confirmed by Western
blotting not to express Us9 protein.

Mouse retina infection model. We used the mouse retina
infection model (Fig. 1B) to further define the anterograde
spread properties of the Us9 mutant viruses and to charac-
terize glnull and gInull-R in this system. The phenotype of
NS-gEnull in the mouse retina model has been published
previously (51). Mice were injected with 4 X 10* PFU
HSV-1 NS, NS-Us9null, Us9-, Us9R, or glnull-R, while 4 X
10° PFU of gInull virus was inoculated.

Anterograde axonal transport into the optic nerve. At 5 dpi,
all six viruses tested showed extensive infection of the retina, as
assessed by immunofluorescence with an anti-HSV-1 antibody
(Fig. 4A). Viral antigens were detected in the optic nerve after
infection with NS-Us9null and Us9-, indicating the antero-
grade axonal transport of viral proteins. This antigen staining
was indistinguishable from NS and Us9R staining. Similar op-
tic nerve staining was observed for NS and NS-Us9null at 3 dpi
(data not shown). In contrast, no viral antigen was detected in
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FIG. 4. Anterograde transport into the optic nerve. Mice were infected in the vitreous body with WT, mutant, or rescue strain HSV-1,
and tissues were harvested 5 dpi. Sections were stained for immunofluorescence with anti-HSV-1 (red), the neuronal marker anti-Thyl
(green), and DAPI (blue). (A) Ganglion cell neurons form the innermost layer of the retina, which is shown in green at the top of each image.
Magnification, X200. (B) The retina is shown on the left side of each image, while the optic nerve is shown on the right, at the site of exit

from the retina. Magnification, X100.

the optic nerve after glnull virus infection, despite extensive
infection of the retina (Fig. 4A) and infection with titers 10
times greater than that of glnull-R. This phenotype is identical
to that of NS-gEnull in the mouse retina model and is consis-
tent with the Campenot chamber results (51).

Anterograde and retrograde spread to the brain. At 5 dpi,
WT and rescue viruses showed extensive spread to the brain
along visual pathways (anterograde spread) as well as along
parasympathetic and motor pathways (retrograde spread) (Fig.
5). After gInull virus infection, no viral antigen was detected
along visual pathways at 5 dpi (Fig. 5), as expected from the
absence of viral antigen in the optic nerve. Even when the
input dose was increased to 4 X 10° PFU and tissue was
harvested 8 dpi, no antigen was detected along visual pathways
(data not shown). This observation, along with the Campenot
chamber data, suggests that gl is essential for anterograde
axonal transport, and thus the anterograde spread, of HSV-1.
Interestingly, viral antigen was detected in nuclei reached by
retrograde spread after glnull infection (Fig. SA and C), al-
though the extent of staining was greatly reduced compared to
that of the rescue virus.

Both NS-Us9null and Us9- showed extensive antigen stain-
ing in nuclei reached by retrograde spread (Fig. SA and C),
confirming previous reports that Us9 is dispensable for HSV-1
retrograde spread (26, 41). The optic tract is the extension of
the optic nerve into the brain, and consistent with the staining
observed in the optic nerve (Fig. 4B), viral antigen was de-
tected in the optic tract after NS-Us9null and Us9- infection

(Fig. 5A and B). Viral antigen also was detected at second-
order sites along the visual pathway, including the lateral
geniculate nucleus (Fig. 5B) and superior colliculus (Fig. 5C),
although the amount of staining at these sites was greatly
reduced compared to that with NS and Us9R. Spread to these
second-order sites requires the virus to cross a synapse, indi-
cating that all of the components necessary to produce infec-
tious virus were transported into the optic nerve and optic
tract.

To verify that all classes of viral proteins are transported into
optic nerve axons in the absence of Us9, brains were stained 5
dpi with antibodies specific to viral glycoproteins, tegument, or
capsid (Fig. 6). In BALB/c mice, nearly all optic nerve axons
cross the midline, so viral antigens in the optic tract are de-
tected mainly on the side contralateral to the injected eye. The
general lack of staining in the ipsilateral optic tract confirms
the specificity of the antibody staining, although bilateral optic
tract staining sometimes is observed. Glycoprotein (Fig. 6A),
tegument (Fig. 6B), and capsid (Fig. 6C) antigens were de-
tected in the optic tracts of mice infected with NS, NS-Us9null,
Us9-, or Us9R, indicating that Us9 is not required for the
anterograde transport of these proteins. Antigen staining in
the ipsilateral optic tract was somewhat reduced for NS-
Us9null and Us9- compared to that of NS and Us9R, which
suggests that the mutant viruses are slightly impaired at an-
terograde transport. At 3 dpi, NS-Us9null and Us9- showed
staining patterns identical to that of NS, although all three
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FIG. 5. Spread to the brain. Mice were infected in the vitreous body with WT, mutant, or rescue strain HSV-1, and tissues were harvested 5
dpi. (A) Anterograde transport to the optic tract (black arrows) and multisynaptic retrograde spread to the suprachiasmatic nucleus (white arrows).
(B) Anterograde transport to the optic tract (black arrows) and anterograde spread to the lateral geniculate nucleus (black arrowheads).
(C) Anterograde spread to the superior colliculus (black arrows) and retrograde spread to the oculomotor and Edinger-Westphal nuclei (white

arrows). Magnification, X20.

viruses had only minimal antigen in the brain at this early time
point (data not shown).

Zosteriform disease in the mouse flank model. To further
analyze the spread properties of the two Us9-deleted viruses, we
employed the mouse flank model (Fig. 1A) (8, 36). Several types
of spread are required to produce zosteriform lesions, including

A B

Glycoprotein

(i) cell-to-cell spread between epithelial cells at the inoculation
site; (ii) epithelial-to-neurite spread; (iii) retrograde axonal trans-
port; (iv) spread to multiple neurons within the DRG; (v) antero-
grade axonal transport; and (vi) neurite-to-epithelial spread at the
zosteriform site. Thus, the production of zosteriform disease rep-
resents a rigorous test of viral spread.

Cc

Tegument Capsid

Contralateral

Ipsilateral

NS-Us9null

Ipsilateral Contralateral

Ipsilateral Contralateral

FIG. 6. Glycoprotein, tegument, and capsid antigens are transported into the optic tract. Mice were infected in the vitreous body with 4 X 10*
PFU HSV-1 NS, NS-Us9null, Us9-, or Us9R, and tissues were harvested 5 dpi. Optic tracts ipsilateral and contralateral to the injected eye are
shown at X200 magnification. Antigen staining in the contralateral optic tract is indicated with black arrows. Brains were stained with the following
antibodies against glycoprotein, tegument, or capsid: R122 anti-gD (NS, NS-Us9null) or R118 anti-gC (Us9-, Us9R) (A); PSU74 anti-VP22
(B); and NC-L anti-capsid (C). The antibodies against VP22 and light capsid produced higher background staining levels than did the

antibodies against gD and gC.
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FIG. 7. Zosteriform

disease in the mouse flank model. Mice were scratch inoculated with 5 X 10° PFU NS, NS-Us9null, or Us9-. (A) The

percentage of mice surviving was recorded for 15 dpi. For comparisons of NS to NS-Us9null or Us9-, P < 0.01; for comparisons of Us9- to
NS-Us9null, P > 0.05. (B) The severity of zosteriform disease was measured 3 to 11 dpi. For comparisons of NS to NS-Us9null or Us9-, P < 0.001;
for comparisons of Us9- to NS-Us9null, P > 0.05. For NS and NS-Us9null, n = 13; for Us9-, n = 4. (C) Zosteriform disease was photographed
7 dpi. (D) Zosteriform lesions from NS- or NS-Us9null-infected mice were stained with anti-HSV-1 and counterstained with hematoxylin. Viral
antigen staining is indicated by the arrows. (E) Viral titers in zosteriform lesions 6 dpi. **, P < 0.01 (n = 9). (F) Viral titers in DRG 5 dpi. *#%,

P <0001 (n = 5).

Mice were scratch inoculated with 5 X 10° PFU NS, NS-
Us9null, or Us9- and monitored for survival and zosteriform
disease. Both Us9-deleted viruses were significantly less lethal
than NS, but they were not significantly different from each
other. No mouse infected with NS survived past day 10, while

80 and 50% of mice infected with NS-Us9null and Us9-, re-
spectively, survived past day 15 (Fig. 7A). Zosteriform lesions
were observed in 13 of 13 mice infected with NS, 10 of 13 mice
infected with NS-Us9null, and 4 of 4 mice infected with Us9-.
NS-Us9null and Us9- disease scores were significantly lower
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FIG. 8. Viral spread to the spinal cord. Mice were flank inoculated
with 4 X 10° PFU NS or NS-Us9null. Spinal cords were dissected 5
(A) or 3 (B) dpi. Sections were stained with anti-HSV-1 and counter-
stained with cresyl violet. The boxed areas at X40 magnification are
shown at X200 magnification below. Black arrows indicate viral anti-
gen staining at 3 dpi.

than those of NS (Fig. 7B), although some mice infected with
each virus developed substantial zosteriform disease (Fig. 7C).
The presence of viral antigen in NS and NS-Us9null zosteri-
form lesions was confirmed by immunohistochemistry (Fig.
7D). Viral titers from NS-Us9null zosteriform lesions were
lower than those of NS, consistent with the disease scores for
each virus (Fig. 7E). NS-Us9null produced higher titers than
NS in DRG, indicating that reduced zosteriform disease was
not a consequence of impaired spread to the DRG (Fig. 7F).

Anterograde spread to the spinal cord. Once HSV-1 reaches
the DRG after flank inoculation, it can return to the skin in an
anterograde direction to produce zosteriform disease. How-
ever, since DRG sensory neurons are pseudounipolar, HSV-1
also can spread in the anterograde direction from the DRG to
the dorsal horn of the spinal cord and then spread transynap-
tically to other spinal cord neurons (Fig. 1A). At 5 dpi, exten-
sive viral antigen was detected in the dorsal horn of the spinal
cord after NS or NS-Us9null infection, indicating intact an-
terograde transport and transynaptic anterograde spread (Fig.
8A). Occasional ventral horn staining was observed, suggesting
retrograde spread via motor neurons, but the most abundant
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staining was in the dorsal horn. Staining of nuclei across the
midline also was observed, indicating multisynaptic spread. At
3 dpi (Fig. 8B), very little antigen was detected in the spinal
cord, but all staining at that time was in the dorsal horn. At
both 5 and 3 dpi, the staining pattern after NS-Us9null infec-
tion was indistinguishable from that of NS. The presence of
viral antigen in the dorsal horn of the spinal cord and the
production of zosteriform lesions after flank inoculation with
NS-Us9null indicate that Us9 is dispensable for anterograde
neuronal spread.

DISCUSSION

Previous work has implicated three viral proteins, gE, gl,
and UsY, in the anterograde axonal transport or anterograde
neuronal spread of the alphaherpesviruses HSV-1, PRV,
BHV-1, and BHV-5 (2, 5,7, 9, 11, 13, 16, 26, 29-31, 41, 46, 51,
52). Here, we show that gE and gI are essential for HSV-1
anterograde spread, while Us9 plays a nonessential contribut-
ing role (Table 1). We confirmed the Us9 phenotype using two
independent Us9-deleted viruses from two different strains of
HSV-1. We characterized the anterograde spread properties of
the two viruses in three different model systems, some of which
had multiple readouts for anterograde spread. We also
showed that, like gE, HSV-1 gl is required for anterograde
axonal transport in the mouse retina model; however, unlike
NS-gEnull, glnull retained some retrograde spread activity.

In Campenot chamber experiments to assess HSV-1 antero-
grade spread, virus was detected in the N chamber only in the
presence of Vero cells; no virus was detected from neurites
alone. Similarly, any of several epithelial cell types permit PRV
detection in the N chamber, but no virus is detected from free
neurites (13). In contrast, West Nile virus can be detected from
free N chamber neurites, although the titers are much lower
without amplification in epithelial cells (43). This observation
indicates that SCG neurons are not generally defective at virus
release and that the requirement for epithelial cells may be
specific to the molecular mechanisms used by alphaherpesvi-
ruses for axonal egress.

Like HSV-1 gEnull and glnull, PRV gEnull, glnull, and
Us9null viruses have complete anterograde spread defects in
animal models (2, 5, 7, 11, 29, 52). However, the Campenot
chamber system revealed that these PRV mutants retain par-
tial anterograde spread activity in vitro (13). In contrast, we

TABLE 1. Anterograde transport and spread phenotypes of
gE-, gl-, and Us9-deleted viruses in three model systems”

Retina Flank
Virus Campenot Optic LGN/ S osteriform Dorsal
Tract SC i Horn
NS +++ +4++ +++ +++
NS-Us9null +++ A+ ++ +++
Us9- + +++ o+ ++ ND
NS-gEnull - - (51) - (51) # (8, 36) ND
glnull - — — ND ND

“ Phenotypes are graded on the following scale: no spread (—), some spread
(+), moderate spread (++), extensive spread (+++). ND, no data; LGN,
lateral geniculate nucleus; SC, superior colliculus; #, NS-gEnull fails to reach the
DRG, so zosteriform disease cannot be evaluated. Numbers in parentheses
indicate references that report the results shown.
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detected no HSV-1 gEnull or glnull virus in the N chamber at
48 hpi, when WT and rescued viruses had achieved titers of 4
to 5 log,,. These results suggest that gE and gl play a role in
HSV-1 anterograde axonal transport or spread that is more
pronounced than that for PRV.

The absence of antigen in the optic nerve after NS-gEnull
and glnull infection suggests that viral proteins are unable to
traffic into the axon in the absence of gE or gl. This result is
consistent with observations with differentiated neuroblastoma
cells, in which the axonal localization of capsid and glycopro-
teins was reduced in the absence of gE and gl (46). This
reduced axonal localization was particularly pronounced at
more distal regions of the axon (20 to 25 pwm). Since retinal
ganglion cell bodies may be 1 mm or more from their axons
in the optic nerve, anterograde transport defects should be
clearly evident in the optic nerve. Although in the absence of
¢E or gl we failed to detect any viral antigens in the optic nerve
using a polyclonal anti-HSV-1 antibody, we cannot exclude
that certain viral proteins not detected by this antibody were
able to traffic into the optic nerve (51).

Conclusions about the individual importance of gE and gl in
HSV-1 spread are confounded by the fact that NS-gEnull and
glnull have reduced expression of gl and gE, respectively.
Thus, the phenotype of each deletion virus could be caused by
reduced levels of the other protein. gE and gl have been
reported to have variable effects on one another’s processing in
many alphaherpesviruses, although the implications of this for
spread and virulence are unclear (1, 6, 20, 35, 37, 48, 52, 53).

Direct comparisons between the gEnull and glnull viruses in
this study are further complicated by the fact that these two
mutants are in different strains of HSV-1 (NS and SC16, re-
spectively). Since some retrograde spread to the brain was
detected in glnull-infected animals, while NS-gEnull is com-
pletely defective at retrograde spread, it is tempting to postu-
late that gE is more critical for retrograde spread than gI (51).
However, it is possible that SC16 is more neuroinvasive than
NS, explaining the residual retrograde spread activity of the
glnull virus. A strain SC16 gEnull virus retained some ret-
rograde spread in the mouse pinna infection model, but at
reduced levels compared to those of glnull (3). Additional
isogenic gEnull and glnull mutants are needed to further
compare the relative roles of gE and gl in HSV-1 retrograde
spread.

Interestingly, PRV Us9null virus has a stronger anterograde
spread defect than PRV gEnull or gInull virus (13, 29-32). In
contrast, here we showed that two independent HSV-1 Us9-
deleted viruses have only minimal anterograde spread defects
compared to the complete defects of HSV-1 gEnull and glnull
viruses. In fact, since both Us9-deleted viruses have reduced
¢E and/or gl expression, it may be that the lack of sufficient gE
or gl contributes to the minor anterograde spread defects of
these viruses. It seems that the relative contributions of gE/gl
and Us9 to the anterograde spread of HSV-1 and PRV are
reversed, such that gE and gl are the main effectors in HSV-1
while Us9 is the main effector in PRV. Consistent with this
possibility, the Us9 genes of equine herpes virus and of BHV-1
are able to complement the anterograde spread defect of a
PRV Us9null virus, whereas VZV and HSV-1 Us9 do not
complement the PRV mutant (32). These observations support
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the conclusion that HSV-1 Us9 plays a different role in antero-
grade spread than does PRV Us9.

We used three different experimental systems to rigorously
characterize the anterograde spread properties of the Us9-
deleted viruses (Table 1). In the Campenot chamber system,
NS-Us9null retained complete anterograde spread activity,
while Us9- N chamber titers were reduced. In the mouse retina
model, both Us9 mutant viruses showed equivalent antero-
grade axonal transport (optic nerve and optic tract), although
transneuronal spread along visual pathways (to the lateral
geniculate nucleus and superior colliculus) was greatly reduced
compared to those of the WT and rescue viruses. In the mouse
flank model, NS-Us9null and Us9- both produced substantial
zosteriform disease, although it was less severe than NS dis-
ease. After flank inoculation, the anterograde spread of NS-
Us9null into the spinal cord was indistinguishable from that of
NS. Therefore, Campenot chambers were the only system in
which the phenotypes of the two Us9-deleted viruses differed
from each other. The Campenot system is more quantitative
than animal models and may reveal subtle transport pheno-
types that are not evident in vivo. The slight differences in
spread phenotypes observed in the various model systems also
may reflect the particular cell types that the virus spreads
through in each system, e.g., epithelial-to-neuron or neuron-
to-neuron spread.

Our results differ from the phenotypes of Us9null viruses
reported by others (26, 41, 46). Although the reasons for the
conflicting observations are unclear, there are several possible
explanations. First, variability in experimental systems may
produce differing conclusions. We note here that different
spread phenotypes were observed in the model systems we
used. Two distinct HSV-1 Us9-deleted viruses (both derived
from strain F) have been studied in mouse retina models sim-
ilar to the one used in this report. In both cases, the authors
concluded that the Us9null virus failed to spread in an antero-
grade direction to visual centers in the brain (26, 41). However,
Polcicova et al. note that 80% of mice infected with their
Us9null virus had no antigen at all in the brain, while 20% had
limited antigen in the suprachiasmatic nucleus only (41). This
observation is surprising, since the Us9null virus would be
expected to retain retrograde spread activity, meaning that
extensive antigen staining would be detected in the Edinger-
Westphal and oculomotor nuclei, in addition to the suprachi-
asmatic nucleus. That this was not the case suggests that the
infections were inefficient, or that this virus has additional
spread defects independent of Us9.

Using a different murine model, Polcicova et al. detected
greatly reduced anterograde spread of their Us9null virus from
the trigeminal ganglia to the cornea: virus was recovered from
only 29% of Us9null-infected mice, compared to 81% infected
with the rescue virus (41). They reported that corneal titers of
the Us9null virus were reduced 2 log,, compared to those of
the rescue virus. We observed a similar reduction in titers for
Us9- virus in the Campenot system; however, based on all of
the models evaluated, we concluded that Us9 contributes to,
but is not essential for, anterograde spread. LaVail et al. noted
that the amount of viral genome detected in the optic nerve
after Us9- infection was 7% of WT levels (i.e., slightly more
than 1 log,, reduced), indicating an anterograde spread defect
for this virus (26). These findings support a nonessential, al-
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though contributing, role for Us9. These investigators failed to
detect capsid antigens in the optic tract of mice infected with
Us9-, which differs from our results. However, LaVail et al.
administered valacyclovir at 24 hpi, which would reduce the
amount of viral antigens produced.

Snyder et al. used immunofluorescence to detect viral pro-
teins in the axons of differentiated neuroblastoma cells (46).
They reported that cells infected with a Us9-deleted virus had
fewer glycoprotein- and capsid-positive puncta in their axons
than the rescue virus, suggesting similar anterograde transport
defects for gEnull, glnull, and Us9null viruses. In contrast, we
found that viral antigen staining in the optic nerve and optic
tract (the axons of retinal neurons) was identical for NS, NS-
Us9null, Us9-, and Us9R, and we detected all classes of struc-
tural proteins in the optic tract. We found that the Us9-deleted
viruses have a different phenotype than the gEnull and glnull
viruses, suggesting that gE and gl are the main effectors of
HSV-1 anterograde spread.

Other studies of the role of Us9 in HSV-1 anterograde
spread have concluded that Us9 is an important mediator of
this process, but in all cases some residual anterograde spread
was observed for the mutant virus. Thus, those findings may
differ only in degree from the observations reported here.
However, the important conclusion from our results is that the
contribution of Us9 to anterograde transport within neurons or
anterograde spread between axons and epithelial cells is minor
compared to the roles of gE and gl.
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