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ABSTRACT Pseudorabies virus (PRV), an alphaherpesvirus with a broad host range, replicates and spreads in chains of synapti-
cally connected neurons. The PRV protein Us9 is a small membrane protein that is highly conserved among alphaherpesviruses
and is essential for anterograde axonal spread in neurons. Specifically, the Us9 protein is required for the sorting of newly assem-
bled PRV particles into axons. However, the molecular details underlying the function of Us9 are poorly understood. Here we
constructed PRV strains that express functional green fluorescent protein (GFP)-Us9 fusion proteins in order to visualize axonal
transport of viral particles in infected rat superior cervical ganglion neurons. We show that GFP-Us9-labeled structures are
transported exclusively in the anterograde direction within axons. Additionally, the vast majority of anterograde-directed cap-
sids (labeled with VP26-monomeric red fluorescent protein) and a viral membrane protein (labeled with glycoprotein M fused to
mCherry) are cotransported with GFP-Us9 in the anterograde direction. In contrast, during infection with PRV strains that ex-
press nonfunctional mutant GFP-Us9 proteins, cotransport of mutant GFP-Us9 with capsids in axons is abolished. These find-
ings show that axonal sorting of progeny viral particles is dependent upon the association of viral structures with membranes
that contain functional Us9 proteins. This association is required for anterograde spread of infection in neurons.

IMPORTANCE Alphaherpesviruses, such as pseudorabies virus (PRV), are parasites of the mammalian nervous system. These vi-
ruses spread over long distances in chains of synaptically connected neurons. PRV encodes several proteins that mediate directed
virion transport and spread of infection. Us9 is a highly conserved viral membrane protein that is essential for anterograde neu-
ronal spread of infection. In the absence of Us9, newly replicated viral particles are assembled in the cell body but are not sorted
into or transported within axons. Here, we constructed and characterized novel PRV strains that express functional green fluo-
rescent protein (GFP)-Us9 fusion proteins in order to visualize its localization in living neurons during infection. This enabled
us to better understand the function of Us9 in facilitating the spread of infection. We show that all viral particles moving in the
anterograde direction are labeled with GFP-Us9, suggesting that the presence of Us9 determines the capacity for directed trans-
port within axons.
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Iphaherpesviruses, including the human pathogens herpes

simplex virus 1 (HSV-1), HSV-2, and varicella-zoster virus,
are neuroinvasive pathogens that replicate and spread within the
mammalian nervous system (1, 2). In their natural hosts, these
viruses enter the peripheral nervous system (PNS) and establish
lifelong persistent infections in sensory ganglia. Periodically,
newly replicated viral particles are transported out toward the
periphery and cause recurrent disease. In rare cases, infection
spreads from the PNS to the central nervous system, an event that
is often lethal. Spread of infection, both within and between hosts,
is integral to the viral life cycle and requires bidirectional transport
of viral particles over long distances in axons. Specifically, retro-
grade axonal transport of viral particles (toward the neuron cell
body) is required to initiate infection and establish latency, while
anterograde axonal transport (away from the neuron cell body) is
required to spread infection to the periphery. The directional
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spread of viral infection is controlled by the action of specific viral
proteins.

Pseudorabies virus (PRV) is an alphaherpesvirus with a broad
host range that is used extensively for studying viral spread in the
nervous system (3, 4). PRV proteins that are important for antero-
grade spread of infection include highly conserved glycoprotein I
(gD), gE, and Us9 (5-7). Of these three proteins, only PRV Us9 is
essential for anterograde spread of infection in neurons both in
vitro and in vivo (5, 8,9). PRV Us9 is a small (98-amino-acid) type
II tail-anchored membrane protein enriched in lipid raft mi-
crodomains. These attributes allow Us9 to accumulate in the cel-
lular plasma membrane and trans-Golgi network and incorporate
into virion envelopes (5, 10, 11). However, the molecular mecha-
nisms underlying Us9’s role in viral spread and directed axonal
transport of viral particles remain poorly understood.

Anterograde spread involves the sequential steps of sorting
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FIG1 Construction and characterization of the GFP-Us9 fusion. (A) Schematic representations of Us9-GFP and GFP-Us9 enriched in lipid raft microdomains
in relation to intracellular membranes. (B) Schematic design of the compartmentalized chamber SCG neuronal culture. Dissociated SCG neurons are seeded into
the S compartment. Neurons are cultured for 3 weeks and extend neurites into the N compartment. PK15 cells are seeded into the N compartment 1 day prior
to S compartment infection. All cells are harvested by scraping prior to viral titer determination. (C) Viral titers of wild-type (Wt) Us9 (PRV 328), Us9-GFP (PRV
164), and GFP-Us9 (PRV 340) in the S and N compartments of compartmentalized neuronal cultures were determined 24 h postinfection of the S compartment.
Titers represent two biological replicates with three chambers for each virus. Median values are plotted as solid lines. (D) Single-step growth curves for wild-type
Us9-expressing (PRV 328) or GFP-Us9-expressing (PRV 340) virus on PK15 cells were determined. Cells and medium were harvested at 0, 3, 6, 12, and 24 h after

infection at an MOI of 10 PFU per cell.

newly synthesized progeny virions to the axon, long-distance
transport within axons, and subsequent egress and entry into a
susceptible cell. The assembly state of the transported virion mov-
ing in the anterograde direction has been highly contested. Evi-
dence that fully assembled, mature PRV particles undergo antero-
grade transport comes from several studies using live-cell imaging
of fluorescently tagged PRV mutants replicating in dispersed neu-
ronal cultures or in Campenot chambers coupled with transmis-
sion electron microscopy (8, 12—17). Us9 is also predicted to be on
the surface of anterograde-directed vesicles containing virions
(10, 11, 18). Notably, Us9-null mutants assemble and release viri-
ons from the cell body but do not sort or transport these newly
synthesized virions into axons.

In this study, we constructed and characterized PRV strains
that express a novel green fluorescent protein (GFP) fusion to the
amino terminus of Us9 (GFP-Us9). We demonstrate that GFP-
Us9 retains the capacity for anterograde-directed spread of PRV.
We also generated PRV strains expressing the GFP-Us9 fusion
protein or GFP-Us9 missense protein in combination with other
fluorescent viral structural proteins. These strains enabled us to
visualize the transport dynamics of PRV particles in relation to
GFP-Us9 using live-cell imaging. We found that the functional
GFP-Us9 fusion protein is associated with nearly all virions mov-
ing in the anterograde direction, suggesting that Us9 may directly
engage viral or host factors that facilitated axonal sorting and
transport of intracellular virions.

RESULTS

Construction and validation of PRV expressing GFP-Us9. In
this study, we constructed PRV recombinants that express a GFP
fusion to the amino terminus of Us9 (GFP-Us9). These strains
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retained the capacity to promote the sorting and transport of viral
structural proteins into axons. We were guided by previous work
with other viral homologs of Us9 which suggested that the amino
terminus could accommodate large amino acid additions without
compromising anterograde spread function (19). In addition, a
carboxy-terminal GFP fusion to Us9 (Us9-GFP) could not pro-
mote axonal sorting and anterograde spread of infection in vitro or
in vivo (20). The presence of the bulky GFP on the Us9 carboxy
terminus appears to disrupt the sorting and transport of viral
structures (20) (Fig. 1A), presumably through interference with
protein-protein interactions. To limit steric hindrance at the
amino terminus, we added a flexible linker between GFP and Us9
(Fig. 1A). To test whether PRV expressing GFP-Us9 was capable of
anterograde spread, we used a well-characterized compartmental-
ized chamber system adapted by Ch’ng and Enquist (13, 21, 22)
(Fig. 1B and Materials and Methods). This system has been used to
examine the Us9-mediated anterograde spread of PRV from neu-
ronal cell bodies (soma or S compartment) into susceptible epi-
thelial cells plated on isolated distal axons (neurite or N compart-
ment) (Fig. 1B). The viral titers achieved in the N compartment
represent a measure of axonal anterograde spread to, and ampli-
fication by, epithelial PK15 cells. Wild-type virus infections typi-
cally spread to the N compartment via axonal transport and reach
a maximum titer within 24 h of S compartment infection. In con-
trast, chamber infection with PRV strains that do not express Us9
or express a nonfunctional mutant Us9 protein results in essen-
tially no infectious virus in the N compartment (8, 18-20).

The S compartments of compartmentalized neuronal cultures
were infected with PRV strains expressing wild-type Us9 (PRV
328) (20), Us9-GFP (PRV 164) (20), or GFP-Us9 (PRV 340) (this
study). At 24 h postinfection, viral titers in the S compartment
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FIG 2 Subcellular localization of GFP-Us9 in PRV-infected SCG neurons. (A) An SCG cell body infected with PRV 341 for 18 h. Differential interference
contrast and GFP, mRFP, and merged GFP-mRFP fluorescence images are shown. Inset of a region of neuronal cytoplasm (white box in merged image)
containing VP26-mRFP and GFP-Us9 puncta. Scale bar, 2 um. (B) Representative frames from Movie Sl in the supplemental material with GFP-Us9,
mRFP-capsid (VP26-mRFP), and an overlay of the two fluorescence channels are displayed as indicated. PRV 341 was used to infect dissociated SCG neurons.
Axons at sites distal from the cell body were imaged by epifluorescence microscopy at 8.5 h postinfection. Scale bars, 5 wm. (C) Quantitation of fluorescent puncta
from multiple movies with isolated axons. Initially, a total of 253 anterograde-directed fluorescent puncta were analyzed for mRFP or GFP fluorescence or if both
fluorophores were present on the same migrating structure. Another 258 anterograde-moving, VP26-mRFP-positive structures were analyzed for detectable GFP

content.

were equivalent for all three PRV strains, indicating similar pro-
duction of infectious progeny (Fig. 1C). However, titers in the N
compartment at this time were markedly different, depending on
the PRV strain. PRV expressing wild-type Us9 spread efficiently to
the N compartment, producing viral titers ranging between 107
and 108 PFU/ml. PRV 164, the mutant expressing Us9-GFP,
spread poorly or not at all to the N compartment, as noted previ-
ously (20). In contrast, the PRV strain expressing the GFP-Us9
fusion protein (PRV 340) spread to the N compartment in all
chambers, with viral titers near 107 PFU/ml, an approximately
1-log decrease from wild-type Us9 titers at the same time
(Fig. 1C). The decrease in the N compartment titer of GFP-Us9
expressing PRV is not due to reduced viral amplification; wild-
type-expressing and GFP-Us9-expressing PRV strains have equiv-
alent replication kinetics in PK15 cells (Fig. 1D). We conclude that
GFP-Us9 protein is functional for promoting significant antero-
grade spread of infection in our in vitro system.

Subcellular localization and transport of GFP-Us9. Since the
new GFP-Us9 fusion protein was capable of supporting antero-
grade spread of PRV, we next determined the localization of GFP-
Us9 in infected cells. Previously, Us9 and Us9-GFP have been
characterized to accumulate in both the plasma membrane and
intracellular puncta in infected cells (9, 10, 19, 23). We imaged
superior cervical ganglion (SCG) neurons infected with a PRV
strain expressing GFP-Us9 and VP26-monomeric red fluorescent
protein (mRFP) (14) (PRV 341) late in infection to determine if
GFP-Us9 had an altered localization compared to previous work.
GFP-Us9 accumulated in both the soma and axonal plasma mem-
brane (Fig. 2A). Further, GFP-Us9 localized to cytoplasmic punc-
tate structures in the neuronal soma, some of which also con-
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tained VP26-mRFP puncta. We also found GFP-Us9 in punctate
axonal structures associated with VP26-mRFP. We next imaged
these structures, which may represent virions moving in the an-
terograde direction.

In the absence of Us9 protein or when the defective Us9-GFP
fusion protein has been expressed, no viral capsids are found in
axons of infected neurons (8). However, consecutive frames from
arepresentative movie of GFP-Us9 and VP26-mRFP puncta show
cotransport of the two viral fluorescent fusion proteins in the an-
terograde direction within axons (Fig. 2). As we previously ob-
served, axons contain abundant GFP-Us9 puncta with a subset of
these puncta colabeled with VP26-mRFP. In the selected frames,
two VP26-mRFP structures are colabeled with GFP-Us9 and
moving in the anterograde direction (Fig. 2B; see Movie S1 in the
supplemental material). When we quantified axons for fluores-
cent structures moving in the anterograde direction, the majority
of GFP-Us9 puncta, over 60%, did not colocalize with detectable
VP26-mRFP puncta. When we looked exclusively at anterograde-
directed VP26-mRFP positive puncta, 96.5% of these puncta were
colabeled with GFP-Us9 (Fig. 2C). We conclude that the VP26-
mRFP puncta are capsid assemblies that move in the anterograde
direction only when complexed with GFP-Us9.

A mutant Us9 is not cotransported with anterograde-
directed capsids. We next constructed a PRV recombinant ex-
pressing a previously characterized Us9 missense protein fused to
the amino terminus of GFP. This mutant carries alanine substitu-
tion mutations in the conserved dityrosine motif located at the
start of the acidic protein cluster in the cytoplasmic domain (Y49-
50A). These residues are essential for Us9-mediated anterograde-
directed viral spread of infection in a rat eye model (24). We tested
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FIG 3 Us9 function is necessary for anterograde transport of capsids. (A) Analysis of anterograde transport capacity of PRV strains expressing mutated forms
of Us9 or GFP-Us9. Viral titers of wild-type (Wt) Us9 (PRV 328), the Us9 Y49-50A mutant (PRV 172), GFP-Us9 (PRV 340), and the GFP-Us9 Y49-50A mutant
(PRV 440) in the S and N compartments of compartmentalized neuronal cultures were determined at 24 h postinfection of the S compartment. (B) Represen-
tative images of SCG axons infected with either GFP-Us9/VP26-mRFP (PRV 341) or GFP-Us9 Y49-50A/VP26-mRFP (PRV 442) and fixed with 4% parafor-
maldehyde at 8 h postinfection. Closed arrowheads indicate doubly positive structures, whereas open arrowheads indicate singly positive structures. Scale bars,
5 wm. (C) Quantitation of dually and singly labeled VP26-mRFP puncta in SCG axons infected with PRV 341 or PRV 442. Quantitation was performed on 5 cells
per infection and covered the initial 150 to 225 nm of the SCG axon. The numbers of doubly positive (yellow) and singly positive (red) VP26-mRFP puncta are

expressed as percentages of the total structures counted across all of the images.

the anterograde spread capacity of PRV expressing GFP-Us9 Y49-
50A (PRV 440) in the compartmentalized neuronal culture sys-
tem (Fig. 3A). As predicted, PRV strains expressing either the
native or the GFP-fused version of the dityrosine missense protein
were completely incapable of supporting spread to the N com-
partment, confirming that these strains are defective in antero-
grade spread.

The anterograde spread deficiency phenotype observed with
GFP-Us9 Y49-50A may be caused by either an inability of the
missense protein to sort viral proteins into axons or an inability to
engage anterograde transport machinery. To determine if virion
transport in axons was blocked or reduced, we constructed PRV
strains that expressed both the GFP-Us9 Y49-50A and VP26-
mRFP fusion proteins (PRV 442) and infected dissociated SCG
cultures as before. In axons of PRV 442-infected neurons, there
were no anterograde-directed VP26-mRFP puncta compared to
PRV 341 (wild-type GFP-Us9/VP26-mRFP)-infected neurons at
comparable times after infection (see Movies S2 and S3 in the
supplemental material). To quantify the numbers of colabeled
virion structures, the cultures were fixed and VP26-mRFP puncta
were counted (Fig. 3B). The number of colabeled puncta in PRV
442-infected axons was markedly lower than that of those found
after comparable PRV 341 infection (Fig. 3C). We suspect that the
small numbers of dually labeled structures observed in PRV 442
infections are similar to immobile dually labeled structures in the
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movies in the supplemental material. Interestingly, while VP26-
mRFP puncta were not moving in the anterograde direction after
PRV 442 infection, substantial numbers of singly labeled GFP-Us9
Y49-50A puncta continued to move in the anterograde direction.
This observation suggests that while the dityrosine motif in Us9 is
essential to promote efficient sorting and transport of VP26-
mRFP puncta (presumably capsids), it has little to no effect on the
capacity of the mutant Us9 fusion protein itself to enter and move
in axons.

GFP-Us9 is cotransported with other viral membrane pro-
teins. To determine if the GFP-Us9 puncta not associated with
VP26-mRFP contain other viral membrane proteins, we fused
mCherry to the carboxy terminus of PRV gM, a conserved glyco-
protein present in viral and cellular membranes with known in-
volvement in secondary envelopment (25, 26). The gM-mCherry
fusion protein replaced endogenous gM and was expressed from
the endogenous gM promoter. We imaged dissociated SCG neu-
rons infected with a double-recombinant virus expressing both
GFP-Us9 and gM-mCherry (PRV 348). At distal axon sites, many
doubly positive punctate structures were observed moving in the
anterograde direction (Fig. 4; see Movie S4 in the supplemental
material), 96% of the GFP-Us9-positive structures moving in the
anterograde direction were also positive for gM-mCherry. Con-
versely, very few structures were singly labeled with GFP-Us9 or
gM-mCherry. The high concordant localization of these two viral
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membrane proteins suggests that they are alternative products of
virion production which could include light particles or vesicles
carrying viral membrane proteins only (Fig. 5). The full composi-
tion of these structures and their role in anterograde viral spread
remain to be resolved.

DISCUSSION

Viral protein Us9 is essential for anterograde-directed spread of
PRV infection in vitro and in vivo. Our goal was to visualize the
transport dynamics, localization, and function of PRV Us9 by
using fluorescent fusion proteins and live-cell imaging of infected
neurons. We could not use a previously characterized carboxy-
terminal fusion of GFP to Us9 (Us9-GFP) because it was defective
for anterograde-directed spread of infection. However, we char-
acterized an N-terminal fusion (GFP-Us9) and found that it re-
tains the ability to promote anterograde spread of PRV. GFP-Us9
was associated with anterograde moving viral particles (labeled
with VP26-mRFP or gM-mCherry). A GFP-Us9 missense mutant
incapable of anterograde spread (Y49-50A) did not sponsor

viral membrane GFP-Us9 cluster

w Axonal membrane proteins in lipid raft
Light particle within membrane Virion within

transport vesicle . . ;
P protein vesicle ~ transport vesicle

Anterograde directed transpor‘t)

-

FIG 5 Schematic model of Us9 incorporation into viral particles. Three
classes of viral particles are potentially labeled with GFP-Us9 as they undergo
anterograde-directed transport within the axon: virions containing capsid as-
semblies, viral membrane proteins, and GFP-Us9. Subvirion assemblies that
lack capsids but contain tegument proteins known as light particles would also
associate with GFP-Us9. Finally, intracellular membranes containing viral
membrane proteins (membrane protein vesicles) that would topologically re-
semble secretory vesicles would also be marked by GFP-Us9.
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anterograde-directed capsids, but the missense fusion protein it-
self moved into axons and was transported in the anterograde
direction. These fluorescent viral fusion proteins have allowed the
visualization of viral processes associated with the directed spread
of infection in neurons.

Our data are in concordance with the married model of PRV
transport: fully assembled virions, enclosed in a membranous
transport vesicle, are transported in axons in an anterograde di-
rection. This model has been validated using a variety of experi-
mental techniques for PRV, including fluorescent and electron
microscopy coupled with compartmentalized neuronal culturing
(12, 13). The significant coassociation of GFP-Us9 with almost all
anterograde-directed capsids is greater than results reported for
other viral membrane proteins (12, 27). In contrast, the structures
being transported during HSV infection remain controversial (16,
17, 27-30). There are conflicting reports about the role of Us9 in
HSV spread (31, 32) and that Us9 does not associate with HSV
membrane proteins (33). The development of a functional HSV
GFP-Us9 fusion may help resolve the disparate observations and
models for HSV transport.

Intracellular membrane localization of Us9 is important for
sorting newly assembled virions from the cell body into axons.
Us9 in lipid rafts is essential for axonal sorting and anterograde
spread of infection but not for incorporation into virion mem-
branes or for virion egress from the cell bodies of neurons (18).
Us9 is predicted to localize within the membranes of the virion
transport vesicle such that the functional domains of Us9 are ex-
posed to the intracellular environment. This would allow Us9 to
directly engage proteins that are required for axonal sorting and
anterograde transport of vesicles containing virions (9, 34). Us9 is
incorporated into the virion envelope (11, 35), but the GFP-Us9
labeling of extracellular virions is at or below the limit of detection
under optical conditions identical to those used in this study (un-
published results). This raises the possibility that the concentra-
tion of GFP-Us9 within virions is variable and reduced compared
to that of intracellular virions surrounded by a transport vesicle
membrane. The fact that we can observe GFP-Us9 as fluorescent
puncta associated with capsids in axons suggests that Us9 may be
preferentially incorporated into the membrane of the intracellular
transport vesicle surrounding virions rather than virion enve-
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lopes. Regulation of Us9 activity may also occur by posttransla-
tional modifications such as phosphorylation (11). However, a
simple model is that differential incorporation of GFP-Us9 into
transport vesicles could regulate whether or not virions are sorted
into axons. Vesicles with lower GFP-Us9 activity would egress
from the cell body, while vesicles with increased GFP-Us9 activity
would be sorted into axons.

The number of GFP-Us9 puncta without capsids moving in the
anterograde direction is striking, with over 60% of the total fluo-
rescently labeled puncta lacking a detectable VP26-mRFP signal.
The coassociation of wild-type GFP-Us9 with gM-mCherry in al-
most all anterograde-trafficking particles suggests that viral mem-
brane protein assemblies are involved. These structures might in-
clude capsid-less light particles (36), as well as vesicle precursors
involved in virion formation (Fig. 5). The relevance and impact of
nonvirion structures on the spread of infection remain to be de-
termined. While the number of structures observed might be in-
fluenced by in vitro culture conditions, light particle production
does occur in vivo (37). Interestingly, the GFP-Us9 missense mu-
tant Y49-50A moves efficiently in the anterograde direction in the
absence of full virions. It is possible that membrane-associated
Us9 facilitates transport for any vesicular membrane, and the Y49-
50A mutation alters a second function involved in the recruitment
of mature virions into axons. Alternatively, the Y49-50A mutant
may be incorporated into membranes and passively carried along
a cellular secretion pathway. Further experimentation is required
to understand the nature and importance of these nonvirion
structures.

One caveat of our study is that the GFP-Us9 fusion protein
does not completely restore viral spread to wild-type levels. Fur-
ther observation of viral transport and spread using different mu-
tant Us9 proteins will allow us characterize the modest deficiency
related to the GFP fusion, as well as to dissect Us9 function.

In conclusion, this fluorescent fusion protein enables us, for
the first time, to visualize Us9-dependent axonal sorting events.
Further goals of studies utilizing this functional fusion protein
include the identification of protein interaction partners, under-
standing of the functional defects of Us9 point mutations, and
testing of the model of differential Us9 incorporation into a subset
of viral membranes. GFP-Us9 is an important reagent leading to
the eventual understanding of Us9’s function in alphaherpesvirus
spread and disease.

MATERIALS AND METHODS

Plasmids and viruses. The PRV mutant expressing GFP-Us9 (PRV 340)
was constructed by cloning the PRV Us9 opening reading frame into the
EcoRlI site of pPEGFP-C1. A flexible hydrophilic linker was placed between
the GFP moiety and the Us9 protein (38); the nucleotide sequence of the
linker region was 5" GAATTCGCCCTTCGGAGAAGGACAAGGACAAG
GACAAGGACCCGGAAGAGGATATGCCTATAGAAGT 3’ (the EcoRI
site is underlined, and the linker sequence is italicized), which translated
into the peptide sequence SPFEGEGQGQGQGPGRGYAYRS. The plasmid
construct was designated pML122. In order to recombine pML122 into
the gG locus of the PRV genome, 3 to 4 ug of plasmid was digested with
Nsil, heat inactivated at 80°C for 20 min, and transfected into 293T cells
(~107 cells per 10-cm dish) using Lipofectamine 2000 and following the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). At 2 h posttra
nsfection, cells were infected with PRV 337 (19) and incubated until a
significant cytopathic effect (CPE) was observed, approximately 48 h pos
ttransfection. Targeted homologous recombination between pML122
and PRV 337 was predicted to occur between the 5" homologous arm of
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the Nsil fragment containing the cytomegalovirus promoter and the 3’
homologous arm containing sequence downstream of the simian virus 40
poly(A) site. Cells and medium were then collected together, serially dilu
ted, and plated onto PK15 cells. Individual plaques expressing GFP-Us9
were identified using a Nikon Eclipse TE300 inverted epifluorescence mi
croscope. Initial isolates were subjected to three further rounds of plaque
purification and examined by Western blot analysis to confirm the expres-
sion of PRV GFP-Us9 and the loss of expression of bovine herpesvirus
Us9. This virus strain was designated PRV 340. The construction of
GFP-Us9 Y49-50A was done in a similar manner using de novo synthesis
methods to generate Us9 with alanine codon substitutions at tyrosines 49
and 50 (24) also containing the flexible linker sequence. This construct
was cloned into pEGFP-C1 as described above, which was then used to
generate a PRV strain expressing GFP-Us9 Y49-50, designated PRV 440.
To construct the recombinant PRV strain expressing GFP-Us9 and VP26-
mRFP (14), PK15 cells were coinfected at a multiplicity of infection
(MOI) of 10 PFU per cell with 1 X 107 PFU of PRV 340 and PRV 325
(Us9-null/VP26-mRFP virus isolated as described in reference 8) and
allowed to undergo full CPE; the isolated virus was designated PRV 337.
Individual fluorescent plaques expressing both GFP and mRFP were isol
ated and purified for three subsequent rounds of plaque purification as
described above and designated PRV 341. Coinfection of PRV 440 and
PRV 325 was also used to isolate GFP-Us9 Y49-50A/VP26-mRFP, design
ated PRV 442.

A PRV recombinant expressing a gM-mCherry fusion protein was
constructed by de novo synthesis (GenScript USA Inc., Piscataway, NJ.) of
a plasmid containing the terminal 500 bp of the UL10 open reading frame
(gM) with an in-frame fusion of mCherry fluorescent protein and 500 bp
of downstream flanking sequence. This plasmid was linearized by EcoRI
and Sall restriction enzyme digestion and directly cotransfected with PRV
Becker nucleocapsid DNA. Virus was harvested, and limiting dilutions
were made to isolate individual plaques on PK15 cells. Individual plaques
expressing gM-mCherry were identified using a Nikon Eclipse TE300 in-
verted epifluorescence microscope. These initial isolates were subjected to
three subsequent rounds of plaque purification to generate PRV 347. To
isolate a virus expressing gM-mCherry and GFP-Us9, gM-Cherry plasmid
DNA was linearized and cotransfected with PRV 340 nucleocapsid DNA.
Doubly positive gM-mCherry- and GFP-Us9-expressing plaques were
isolated and subjected to three rounds of plaque purification. This virus
was designated PRV 348.

Neuronal culturing and infection. PK15 cells were maintained in
10% fetal bovine serum (FBS)-1% penicillin-streptomycin in Dulbecco’s
modified Eagle’s medium (DMEM). Primary neuronal cultures of SCG
neurons were maintained in neuronal medium, which consists of Neuro-
basal medium (Invitrogen, Carlsbad, CA) supplemented with 1%
penicillin-streptomycin-glutamine (Invitrogen), B27 Supplement (Invit-
rogen), and 50 ng/ml neuronal growth factor 2.5 S (Invitrogen). Prior to
neuron plating, cell culture surfaces were coated with polyornithine
(Sigma-Aldrich, St. Louis, MO) at 500 pg/ml in borate buffer, pH 8.2,
followed by murine laminin (Invitrogen) at 10 ug/ml in calcium- and
magnesium-free Hanks balanced salt solution. Compartmentalized neu-
ronal cultures were prepared as described in references 13 and 39. Briefly,
plastic tissue culture dishes were treated as described above and air dried.
Parallel grooves were etched into the surface, and a 1% methylcellu-
lose—1X DMEM solution was spotted onto the grooves. CAMP320 Teflon
isolator rings (Tyler Research; Edmonton, Alberta, Canada) were coated
with autoclaved vacuum grease on one side and gently applied to the
treated culture surface such that the parallel grooves extended across the
three compartments. The compartments were individually filled with
neuronal medium and tested for leaks. Dissociated SCG neurons were
plated into one side (S) compartment. Cultures were maintained until
axon extensions had robustly penetrated and grown into the far-side (N)
compartment, typically 17 to 21 days after dissociation.

Viral infections of PK15 cells were performed in 2% FBS-containing
medium. Viral titer determination was similar to infection, but the me-
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dium was supplemented with 1% methylcellulose to limit virus diffusion.
Three days postinfection, methylcellulose medium was aspirated and cells
were stained with methylene blue solution to visualize the cell monolayer.

For infection of dissociated or compartmentalized SCG neuronal cul-
tures, approximately 1 X 10° PFU of virus was used per dish, diluted in
100 to 200 ul of conditioned neuronal medium. SCG neurons were not
infected until 17 to 24 days of culturing to allow full neuronal maturation.
Infection of compartmentalized neurons and quantitation of virions that
have undergone anterograde-directed transport require specific prepara-
tions. One day prior to infection, approximately 5 X 10> PK15 cells in 1%
FBS-supplemented neuronal medium are plated on top of the isolated
axons in the N compartment (Fig. 1B). The cells amplify anterograde-
spreading virions in the N compartment, enhancing the detection of
spread events. Prior to the application of viral inoculum to the S compart-
ment, 1% methylcellulose-supplemented neuronal medium is placed
within the middle compartment. Though silicone grease is sufficient to
seal and isolate the compartments, the methylcellulose prevents acciden-
tal viral diffusion between the compartments in the unlikely event that the
grease barrier is compromised.

Imaging. Fluorescent particles were imaged in dissociated SCG cul-
tures on a MatTek glass bottom dish (MatTek Corporation, Ashland,
MA). Infections were performed as described above. Epifluorescence im-
aging was performed on a Nikon Ti-Eclipse inverted microscope
equipped with separate fast-switching excitation and emission filter
wheels (Prior Scientific, Rockland, MA). This system allowed rapid serial
acquisition of multiple fluorescence channels. The microscope is also
equipped with a heated cell culture chamber (Ibidi; Martinsried, Ger-
many) to ensure biologically relevant environmental conditions during
image acquisition. Images were acquired with either a CoolSnap ES2
charge-coupled device (CCD) camera (Photometrics, Tucson, AZ) or an
Ixon 895 back-thinned EM-CCD camera (Andor; Belfast, Northern Ire-
land). All images were acquired with a 100X Plan Apo VC objective
(Nikon Instruments, Melville, NY) with differential interference contrast
optics. Live movies were obtained using NIS-Elements ND acquisition,
resulting in the sequential acquisition of two fluorescence channels at a
maximum acquisition frequency of one frame every 0.9 s. Supplemental
movies were converted into. AVI files using NIS-Elements.
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