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Pseudorabies virus (PRV) glycoprotein E (gE) is a type I viral membrane protein that facilitates the
anterograde spread of viral infection from the peripheral nervous system to the brain. In animal models, a
gE-null mutant infection spreads inefficiently from presynaptic neurons to postsynaptic neurons (anterograde
spread of infection). However, the retrograde spread of infection from post- to presynaptic neurons remains
unaffected. Here we show that gE is required for wild-type localization of viral structural proteins in axons of
infected neurons. During a gE-null PRV infection, a subset of viral glycoproteins, capsids, and tegument
proteins enter and localize to the axon inefficiently. This defect is most obvious in the distal axon and growth
cones. However, axonal entry and localization of other viral membrane proteins and endogenous cellular
proteins remains unaffected. Neurons infected with gE-null mutants produce wild-type levels of viral structural
proteins and infectious virions in the cell body. Our results indicate that reduced axonal targeting of viral
structural proteins is a compelling explanation for the lack of anterograde spread in neural circuits following
infection by a gE-null mutant.

Neuroinvasion, by definition, describes the spread of an in-
fection from sites in the periphery to the central nervous sys-
tem (CNS) (spinal cord or brain). Viral infections of the CNS
often lead to fatal encephalitis and are difficult to treat even
with efficacious antiviral drugs (45). Members of the Alphaher-
pesvirinae subfamily such as herpes simplex virus (HSV) type 1
(HSV-1) and HSV-2 and varicella-zoster virus are neurotropic
parasites of the peripheral nervous system (PNS) in their nat-
ural hosts. Unlike most other neurotropic viruses, alphaher-
pesviruses are rarely neuroinvasive in their natural hosts (e.g.,
humans for HSV and swine for pseudorabies virus [PRV])
despite an invariable infection of the PNS. After initial infec-
tion of the peripheral tissue, alphaherpesvirus virions will in-
vade and establish a latent but reactivateable infection at the
PNS neurons where they reside for life (34). This characteristic
infection program occurs in the natural host without significant
pathogenesis and without spread to the CNS. For healthy in-
dividuals, reactivation of latent infection usually results in the
reinfection of peripheral tissue at the initial site of entry. Oc-
casionally, for unknown reasons, productive replication contin-
ues unabated in the PNS and infection spreads to the CNS,
causing lethal infection of the brain (13, 47). The molecular
mechanisms that regulate this potentially devastating infection
of the nervous system are poorly understood.

To study the mechanisms of directional spread of alphaher-
pesviruses in neurons, we focused our attention on an attenu-
ated PRV strain called Bartha (24). PRV Bartha is selectively
neuroinvasive. It is unable to invade the CNS by sensory (ef-
ferent) routes, and once in the CNS, it spreads only from
postsynaptic to presynaptic neurons in a circuit-specific man-
ner (4). This discriminatory neuroinvasiveness is due largely to
a deletion in the Bartha genome, which removes the coding

sequences of three PRV membrane proteins: glycoprotein E
(gE), gI, and Us9. Deletion of any one of these three genes
results in the selective neuroinvasive phenotype as well as a
lower virulence (2, 6, 40). Since PRV Bartha replicates like
wild-type virus in cell lines and primary cultured neurons, gE,
gI, and Us9 most likely function specifically in regulating the
directional spread of PRV infection from presynaptic to
postsynaptic neurons (anterograde spread of infection). In an-
imal models tested, all three viral mutants are also attenuated
compared to a wild-type infection (2, 22, 38, 40).

The PRV gE and gI membrane proteins have distinct topol-
ogies. PRV gE is a type I transmembrane glycoprotein and is
known to interact with gI, also a type I transmembrane protein,
to form a heterodimer via ectodomain interactions (44). Cur-
rent thinking is that the gE/gI proteins are multifunctional and
appear to play a role in efficient cell-to-cell spread in nonneu-
ronal cells, anterograde spread in synaptically connected neu-
rons, species-specific binding of immunoglobulin G as Fc re-
ceptors, and mediators of full virulence in animal infections
(17).

PRV gE is required for efficient cell-cell spread of infection
but does not affect production of infectious extracellular viri-
ons, since replication and single-step growth of gE null mutants
is normal (29). Indeed, gE and gI proteins are considered
nonessential for replication in cell culture. Work from several
laboratories indicates that the gE/gI complex plays distinct
roles in secondary envelopment (31) and targeting and/or re-
lease of virions at cell-cell junctions (20). In HSV-1, the cyto-
plasmic domain of gE targets mature virions to basolateral
junctions where spread to a neighboring cell occurs. In addi-
tion, expression of a truncated gE and gI at cell junctions
decrease the spread of HSV between keratinocytes (9). Taken
together, all these results indicate that gE protein is essential in
promoting efficient targeting of virions and subsequent spread
of infection at the basolateral cell-cell junctions.

A prevailing hypothesis states that gE is required at cell-cell
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junctions, e.g., synaptic junctions, to promote trans-neuronal
spread of infection from presynaptic to postsynaptic neurons
(13, 28). In this hypothesis, the absence of gE would result in
accumulation of virions at the axon terminals on the presyn-
aptic side of the terminal. An alternative hypothesis is that the
defect in gE-null infections occurs in the neuron cell body
rather than at axon terminals. Since gE has been shown to
target mature virions to the cell-cell junction in epithelial cells,
it is conceivable that a sorting or axonal entry defect would
prevent the virion from being transported to the axon terminal
and subsequently infect the postsynaptic neuron. In either
model, the gE-null defect affects only the anterograde spread
of virions from pre- to postsynaptic neurons and not the pro-
duction of virions in the neuron soma or the retrograde spread
of infection from post- to presynaptic neurons. To test the
hypotheses, we cultured sympathetic neurons and infected
them with PRV. In the absence of gE, we show a dramatic
reduction of viral glycoproteins (gB, gD, and gC) in axons.
Furthermore, viral capsid (VP5, VP26) and tegument (VP22)
proteins also fail to enter axons efficiently. This surprising
result suggests that gE plays a central role in entry of and/or
targeting a subset of viral proteins to axons and explains why
anterograde spread of infection via axons is compromised in
gE-null mutant infections of animal models.

MATERIALS AND METHODS

Virus strains and cells. All PRV strains used in the study were grown and
passaged in a porcine kidney cell line (PK15). The replication defective adeno-
virus that expresses chick NgCAM (AdNgCAM) was kindly provided by the
Mellman laboratory (46) upon receiving permission from the Sonderegger lab-
oratory (43). AdNgCAM was passaged on a Swiss 3T3 cell line (American Type
Culture Collection). The wild-type strain of PRV used in this study is called PRV
Becker (33), while the gE-null strain (PRV 91) is isogenic with PRV Becker, as
previously described. Another strain of gE-null PRV (PRV 758) was produced
from a PRV infectious clone (37) carrying a deletion of the gE open reading
frame. Both PRV 91 and PRV 758 were constructed using the parental plasmid
pALM91 (6). Both mutants share identical phenotypes and do not express gE, as
confirmed by Western blot analyses. All experiments involving gE-null PRV
refer to the PRV 758 strain unless otherwise stated. PRV 758R (gE-null rever-
tant) was constructed from PRV 758. PRV 107 was previously made and char-
acterized (38). PRV 756 (gE-ectodomain null) was constructed from a plasmid
pALM93, which was previously published (44). Briefly, pALM93 was digested
with StuI and MluI to liberate a fragment of the PRV genome that contains gE
and its flanking region. This fragment was cloned into pGEM5zf(�) and desig-
nated pTH27. To remove the gE ectodomain, pTH27 was digested with XcmI
and SrfI and replaced with a PCR-amplified fragment that contains an 8-amino-
acid FLAG epitope tag (amino acids DYKDDDK) with a GSG linker (pTH31;
forward oligonucleotide, 5�-GGAGCCCAAGATGACGTTGGCCGAGC-3�;
reverse oligonucleotide, 5�-TCCACTTCCTTTGTCATCGTCGTCCTTGTAGT
CGGTCGTCTCGGCGGAGAG-3�). pTH31 was subsequently digested with
FspI and NsiI, subcloned into the bacterial artificial chromosome transfer vector
(pTH36), and sequenced, and allelic exchange was carried out to transfer the gE
deletion into the bacterial artificial chromosome infectious clone (36) (pTH55).
Infectious virions were harvested via electroporation of pTH55 in PK15 cells.
PRV 181 expresses dual fluorescent fusion proteins monomeric red fluorescent
protein (mRFP)-VP26 and green fluorescent protein (GFP)-VP22 (11). All three
dual fluorescent fusion mutants bearing gE mutations were constructed by re-
combining the viral genomes of PRV 181 with either PRV 758 (gE null), PRV
107 (gE cytoplasmic tail null), or PRV 756 (gE ectodomain null) via coinfection
and then subsequently screening for viral progeny that express both fluorescent
fusion proteins in the absence of gE.

Neuronal cultures. Sympathetic neurons from rat superior cervical ganglia
were harvested from embryonic day 15.5 to 16.5 rat embryos (Hilltop Labs, Inc.).
Culture conditions and dissection methods were previously described by Ch’ng et
al. 2005 (7), modified from Tomishima and Enquist (42). Delta TPG glass-
bottom dishes (Bioptechs, Inc.) were coated with 100 �g/ml poly-DL-ornithine
(Sigma-Aldrich) and 10 �g/ml of natural mouse laminin (Invitrogen). The neu-

ron cultures were maintained in Dulbecco’s modified Eagle (Gibco) and Ham’s
F-12 (Gibco) in a 1:1 ratio and supplemented with 10 mg/ml of bovine serum
albumin (BSA; Sigma-Aldrich), 4.6 mg/ml glucose (J. T. Baker), 100 �g/ml of
holo-transferrin (Sigma-Aldrich), 16 �g/ml of putrescine (Sigma-Aldrich), 10
�g/ml of insulin (Sigma-Aldrich), 2 mM L-glutamine (Gibco), 50 �g/ml or units
of penicillin and streptomycin (Gibco), 30 nM selenium (Sigma-Aldrich), 20 nM
progesterone (Sigma-Aldrich), and 100 ng/�m of nerve growth factor 2.5S (In-
vitrogen). Nonneuronal cells were eliminated with 1 �M/ml of cytosine-�-D-
arabinofuranoside. All experimental protocols related to animal use have been
approved by The Institutional Animal Care and Use Committee (IACUC) of the
Princeton University Research Board under IACUC protocol number 1453-
AR2.

Antibodies. Mouse monoclonal antibody (MAb) specific for SV2 and
cNgCAM (8D9) were purchased from the Developmental Studies Hybridoma
Bank at the University of Iowa. The mouse MAb against actin (AC-40) was
purchased from Sigma (A-4990), and the antibodies that recognize mannosidase
II were purchased from Covance (53FC3). Mouse MAbs that recognize PRV-
specific proteins, gB (M2) and gC (M1), were described in a previous study (14).
The rabbit polyclonal antiserum specific for gE was also described in a previous
study (40). IN-13 mouse MAb that recognizes VP5 was a gift from H. Rhiza
(Federal Research Center for Viruses Diseases for Animals, Tubingen, Ger-
many). The pooled gD mouse MAb was a kind gift from G. Cohen (Department
of Microbiology, University of Pennsylvania). The Us9-specific rabbit polyclonal
antiserum was generated by A. Brideau and was previously described (3). The
goat polyclonal antiserum raised against Us2 was a gift from B. Banfield (De-
partment of Microbiology, University of Colorado Health Sciences Center). The
rabbit polyclonal antiserum against VP22 and the mouse MAb (3C10) that
recognizes the major capsid protein VP5 were gifts from T. del Rio and A. Flood
from the Enquist lab. The horseradish peroxidase-conjugated goat anti-mouse
and goat anti-rabbit secondary immunoglobulin G antibodies used in the West-
ern blots were purchased from Kierkegaard and Perry Labs, Inc. All secondary
fluorophores used in immunofluorescence experiments were Alexa Fluor dyes
(Molecular Probes).

Viral infections. Protocols for viral infection of neurons have been described
by Ch’ng et al. (7). All PRV infections of neuron cultures were carried out under
high multiplicities of infection (MOI) unless otherwise stated. Briefly, neurons
were cultured on Delta TPG dishes for approximately 2 to 3 weeks prior to any
experiment. The viral inoculum was diluted in 2% fetal bovine serum in Dul-
becco’s modified Eagle (Gibco) and overlaid on the neuronal culture for 1 h in
a humidified 37°C incubator. After 1 h, the viral inoculum was removed and
replaced with neuron medium. Infections usually lasted for 14 to 16 h before the
samples were fixed and processed for immunofluorescence. For experiments
using AdNgCAM, neuron cultures were first infected at a high MOI for 24 h with
AdNgCAM using the standard infection protocols described above. At 24 h
postinfection (hpi), a superinfection was carried out with either a mock sample
or samples infected with PRV Becker or gE-null PRV for another 15 h. Cultures
were fixed and processed for immunofluorescence.

Fluorescence and immunofluorescence microscopy. All fluorescence experi-
ments were carried out based on previously described protocols (7). Briefly,
neuron cultures were infected for 14 to 16 hpi, washed once with phosphate-
buffered saline (PBS), fixed for 10 min with 3.2% paraformaldehyde (PFA), and
rinsed three times with PBS containing 3% BSA (PBS-BSA). For direct fluores-
cence experiments, the process was completed, a drop of Aqua Poly/Mount
(Polysciences, Inc.) mounting medium was added to the floor of the dish, and a
coverslip was placed on top of the drop. The samples were left overnight for the
Aqua Poly/Mount to harden. For indirect immunofluorescence studies, neurons
were permeabilized with 3% BSA and 0.5% saponin after 3.2% PFA fixation.
The permeabilized cells were then incubated with primary antibodies for 1 h
followed by the secondary antibodies for another 1 h. After each incubation, the
neurons were rinsed three times with PBS–3% BSA and 0.5% saponin. After the
final rinse, a drop of Aqua Poly/Mount was added to the floor of the dish and a
coverslip was placed on top of the drop. Samples were allowed to dry prior to any
microscopy work. For nonpermeabilized surface staining of infected cultures,
detergent was omitted from each step of the protocol described above. All
confocal micrographs were collected with a Zeiss LSM510 laser scanning micro-
scope with either a 40� or 63� oil objective. The confocal sections obtained
were either through the focal plane of the cell body or the focal plane of the axon,
depending on experimental parameters. All images were processed with Adobe
Photoshop (version 6.0) and assembled in Adobe Illustrator (version 9.0).

Kinetics of PRV infection in neuronal cultures. Neuron cultures were allowed
to mature for 3 weeks before being infected at a high MOI with wild-type PRV
or PRV 91 as described in the previous section with one additional step: after the
neuron cultures were incubated for 1 h in viral inoculum, the inoculum was
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removed and incubated with a citrate wash (40 mM citrate, pH 3, 10 mM KCl,
0.135 M NaCl) for 1 min. The citrate wash inactivated the input virus. After the
incubation, the citrate wash was removed and the infected cultures were rinsed
twice with PBS and replaced with the original culture medium. For each virus,
samples were collected at four time points, t � 0, 10, 16, and 24 hpi, with the
sample collected at t � 0 being the first sample collected immediately after the
citrate wash. At each time point, the medium was removed, the infected cell
bodies were harvested, and titers were determined on PK15 cells. Note that while
infectious particles can be detected in the medium, we did not present the
extracellular titer data because the accurate PFUs cannot be determined due to
the affinity of extracellular particles to the surface of the dish.

Western blot analysis of infected neuronal cultures. Neuron cultures were
plated at high density (approximately one ganglion/dish) on 35-mm tissue culture
dishes (Falcon). The cultures were maintained for 1 month to allow growth and
expansion of the neuritic network. After 1 month, the cultures were infected with
wild-type PRV, PRV gE null, and PRV gE null revertant according to the
protocols described in the section above. At 16 hpi, the infected neurons were
washed once with PBS and harvested. The harvested neurons were pelleted,
lysed with loading buffer, boiled for 10 min, and then sheared with a 26-gauge
needle before being loaded in equal volumes and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein gel was
transferred onto a nylon membrane and Western blotted for various viral struc-
tural proteins. Cellular actin served as a loading control.

Quantitation of viral glycoproteins. Neuron cultures were grown, infected, and
processed for indirect immunofluorescence as described above. For quantitation
purposes, all images were collected with a Nikon Eclipse TE-300 inverted epi-
fluorescence microscope with a 20� objective lens. Ten images were collected
for each viral infection, and five images were collected for each mock infection.
To ensure that the axonal densities were comparable between images, each
image collected contained approximately 10 neuron cell bodies. All images were
converted to grayscale and inverted using Adobe Photoshop. To quantify the
immunofluorescence intensity of the axonal network, software called Scion Im-
age for Windows (version 4.0.2; Scion Corp.) was used. A density threshold was
uniformly applied to all the images, and a filter was applied to block any signals
coming from the neuron cell body. The average pixel density was calculated and
plotted on a bar graph. Error bars reflect �2 standard errors of the means.

RESULTS

Subcellular localization of viral gE in dissociated sympa-
thetic neurons during wild-type PRV infection. Dissociated
superior cervical ganglia neuron cultures were infected with
PRV Becker, fixed with PFA, and labeled with gE-specific
antibodies. At 4 hpi, gE can easily be detected in the cell bodies

but is absent in axons (unpublished data). At 14 hpi, gE is
abundant in both cell bodies and axons. Confocal micrographs
collected at the plane of the neuron cell body show that gE is
predominantly localized to the Golgi (Fig. 1A). Antibodies
specific for mannosidase II, a cis-medial Golgi marker, colo-
calized with gE in the cell bodies (Fig. 1B and C). In nonper-
meabilized samples, gE is readily detected on the surfaces of
cell bodies (Fig. 1D) and the surfaces of axons (Fig. 1E).
Unlike the permeabilized immunofluorescence staining, sur-
face expression of gE is uniform and nonpunctate. In axons, gE
appears as individual, punctate, immunoreactive vesicles, the
distribution of gE immunoreactivity within the length of the
axon varies with certain regions more heavily labeled with gE
than others (Fig. 1F).

gE is required for wild-type axonal localization of viral
structural glycoproteins. Recently, Tomishima and Enquist
reported that the type II, tail-anchored viral membrane protein
Us9 was essential for axonal localization of viral glycoproteins
(42). They also stated that gE mutants had no such effect.
However, when we developed quantitative techniques to mea-
sure glycoprotein content in axons, we found that neurons
infected with gE-null PRV expressed significantly lower
amounts of viral glycoproteins in axons compared to a wild-
type infection (Fig. 2a). The apparent disparity in these results
and those of Tomishima and Enquist is resolved upon closer
examination of the proximal and distal regions of the axon. In
wild-type PRV-infected neurons, glycoproteins are found in
both the proximal and distal regions of the axon (Fig. 2b, A to
D). However, in gE-null mutant-infected neurons, glycopro-
teins localize primarily to the proximal segment of the axon
(Fig. 2b, I to L), while the intensity of the immunofluorescence
signal rapidly fades away in the distal segment of the axon (Fig.
2b, E to H and M to P). Our findings are consistent with the
published observations of Tomishima and Enquist that glyco-
proteins in gE-null mutant-infected neurons are localized
mainly to the proximal segment of the axon. To further confirm
the gE-null phenotype, we quantitated the immunofluores-

FIG. 1. Steady-state localization of gE in infected neuron cultures. Cultured neurons were infected with wild-type PRV, and at 14 hpi, neurons
were labeled with various antibodies in permeabilized (A, B, C, F) or nonpermeabilized (D, E) neurons. Antibodies specific for gE were used to
determine steady-state localization of gE (A, D to F), while antibodies raised against mannosidase II (Man II) were used as cis and medial Golgi
markers (B). (C) Colocalization of gE (green) and mannosidase II (red) is shown in the merged image. N, nucleus.

VOL. 79, 2005 AXONAL LOCALIZATION OF ALPHAHERPESVIRUS PROTEINS 8837



8838 CH’NG AND ENQUIST J. VIROL.



cence intensity of glycoproteins in axons (as described in Ma-
terials and Methods). Neurons infected with wild-type and
gE-null revertant viruses express similar amounts of axonal
glycoproteins. In contrast, neurons infected with gE-null mu-
tant virus have reduced amounts of gB, gD, and to a lesser
extent, gC, in their axons (Fig. 3).

gE is not required for wild-type axonal localization of two
membrane-associated, nonglycosylated viral proteins. As Us9
is required for axonal localization of viral glycoproteins, it is
important to demonstrate that the expression or subcellular
localization of Us9 protein is not affected by PRV gE-null
mutant infections. Figure 4a (A to C) indicates that Us9 local-
ization in wild type- and gE-null mutant-infected neurons is
similar, if not identical. Indeed, in either infection, Us9 is easily
detected throughout the neuronal network. A closer examina-
tion of individual neurons confirms that subcellular distribu-
tion of Us9 in cell bodies and axons is unchanged during a
gE-null mutant infection (Fig. 4b, E to H). Viral glycoproteins
like gB, gC, gD, and gE are posttranslationally modified in the
Golgi apparatus, but nonglycosylated viral membrane proteins
are also well known. Us9 is a type II tail-anchored integral
membrane protein (1), while Us2 associates with the plasma
membrane through prenylation of its CAAX motif (8). Inter-
estingly, both Us9 and Us2 localize to the axonal compartment
independent of gE expression (Fig. 4a). A magnified image of
individual neurons reveals that subcellular distribution of Us9
and Us2 appears identical in either wild type- or gE-null mu-
tant-infected neurons (Fig. 4b).

gE expression does not disrupt axonal localization of cellu-
lar proteins. While a PRV infection affects various cellular
processes, the neuronal secretory pathway is unaffected during
infection and host proteins are capable of entering axons in-
dependent of gE expression. For example, the synaptic vesicle
protein (SV2) is detected as punctate, vesicular structures in
the axonal network of all three infected neuron cultures (Fig.
5a). Similarly, the localization of an ectopically expressed ax-
onal protein, NgCAM, a well-characterized cell adhesion mol-
ecule, is unaffected by PRV infection. Neurons were initially
infected with a defective adenovirus vector that expresses the
chicken isoform of NgCAM for 24 h. About 20% of the neu-
rons in the culture infected by the adenovirus expressed
NgCAM. After 24 h, the neurons were superinfected with
wild-type or gE-null PRV or mock infected. Fourteen hours
after superinfection, neurons were indirectly labeled with an-
tibodies specific for NgCAM and Us9. Figure 5b shows that
both Us9 and NgCAM are found in abundance in both cell
bodies and axons independent of gE expression. Taken to-
gether, these two experiments indicate that the neuronal se-
cretory pathway is not disrupted during infection and gE does
not affect axonal localization of endogenous and exogenously
expressed neuronal proteins.

gE is required for wild-type axonal localization of viral teg-
ument protein VP22 and capsid proteins VP5 and VP26. PRV
DNA is packaged in an icosahedral capsid structure within the
nucleus prior to localization to axons for long-distance trans-
port. However, it is unclear how tegument proteins enter and
are transported in axons. Tegument proteins could enter axons
and be transported within vesicles, in association with capsids,
with glycoproteins, or a combination of all three modes of
targeting and transport. Previously, Tomishima and Enquist
reported that only viral glycoproteins require Us9 to enter
axons, while capsids and tegument proteins entered axons in-
dependent of Us9 expression. In contrast, we discovered that
not only glycoproteins but also capsids and some tegument
proteins require gE to enter axons efficiently. At 4 hpi with a
wild-type virus, capsid protein VP5 was detected primarily in
the nuclei of cell bodies but not in axons (unpublished data).
At 14 hpi with a wild-type virus, VP5 is found localized to the
cell body and the entire length of the axon. Capsid proteins
were usually visible as uniform punctate structures in axons
(Fig. 6a). In gE-null PRV mutant-infected neurons, capsid
proteins filled the nuclei and cell body but were markedly
reduced in axons (Fig. 6a, A to C) Like glycoproteins, capsid
proteins can still be detected in axons during gE-null mutant
infections, but the amount is markedly reduced compared to
wild-type infection and visible primarily in the proximal seg-
ment of the axon. To confirm these findings, we constructed
recombinant viruses that express fluorescent fusion proteins.
First, we built PRV 181 by fusing red fluorescence protein

FIG. 3. Quantitation of viral glycoproteins in infected axons. Quan-
titation of viral glycoproteins in axons was carried out for wild-type,
gE-null, gE-null revertant, and mock-infected neuron cultures. At 14
hpi, samples were fixed and processed for immunofluorescence and
images were collected via epifluorescence microscopy. Using protocols
described in Methods and Materials, we calculated the relative immu-
nofluorescence intensity of the glycoproteins in axons.

FIG. 2. gE is required for wild-type axonal localization of viral glycoproteins. (a) Cultured neurons were infected with either wild-type PRV
(A, D, G, J) or gE-null PRV (B, E, H, K) or mock infected (C, F, I, L). At 14 hpi, cells were fixed, permeabilized, and labeled with antibodies
specific for gE (A, B, C), gB (D, E, F), gD (G, H, I), and gC (J, K, L). �-, anti-. (b) The same experiment as for panel a, but confocal images were
obtained at a higher magnification. 3-D representations of the immunofluorescence signals were obtained using Zeiss LSM 510 software (E to H
and M to P) to compare the intensity of axonal staining in a wild-type and gE-null infection.
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(RFP) and enhanced GFP to the amino termini of capsid
protein VP26 and tegument protein VP22, respectively. Both
RFP-VP26 and GFP-VP22 are packaged into virions and be-
have like wild-type virus in cell cultures (11). To produce a
gE-null mutant bearing the fluorescent fusion proteins, we
crossed PRV 181 with a gE-null virus, creating PRV 760. Next,
we infected cultured neurons with PRV 181 and PRV 760 and
imaged live neurons using confocal microscopy (see Materials
and Methods). As expected, we observed that during the early
stages of infection, RFP-VP26 and GFP-VP22 localize primar-
ily to the nuclei and cannot be detected in axons (unpublished
data). By 14 hpi for PRV 181, both VP26 and VP5 fusion
proteins were visible throughout the cell body and the axon
compartment (Fig. 6b, A to E). In contrast, by 14 hpi with PRV
760, the cell body was filled with both fusion proteins (Fig. 6b,
I and J), but neither RFP-VP26 nor GFP-VP22 was visible in
the distal axons (Fig. 6b, F to H). A small number of capsids
can be observed in the proximal axon, but most remained in
the cell body, leading to a subtle increase in the mRFP signal
in the cytoplasm of PRV 760-infected neurons. Next, we con-
structed PRV 759, a gE-null mutant virus that expresses only
RFP-VP26. As with PRV 760, we observed a significant reduc-
tion of RFP-VP26 in axons (unpublished data). Based on the
experiments above, we conclude that gE is required for effi-

cient wild-type localization of viral capsids and at least one
tegument protein to axons.

Neurons infected with a gE-null mutant produce wild-type
levels of viral structural proteins. Cultured neurons were in-
fected with wild-type PRV or gE-null mutant or gE-null rever-
tant virus or were mock infected. After 18 hpi, whole-cell
lysates were loaded in equal volumes, analyzed via SDS-
PAGE, and subsequently Western blotted for selected viral
structural proteins (Fig. 7a). The steady-state expression of
viral glycoproteins (gB, gC, and gD), viral capsid (VP5), viral
tegument (VP22), and viral membrane protein (Us9) are iden-
tical in all infections. In addition, the relative ratio of mature
versus immature glycoproteins produced during a gE-null mu-
tant infection is comparable to that of a wild-type infection. In
data not shown, we found that the amount of gI protein in
infected cells was unaffected. We conclude that production and
processing of viral structural proteins are not affected during a
gE-null mutant infection and that posttranslational processing
of viral glycoproteins in the Golgi compartment is independent
of gE expression.

Localization of viral glycoproteins in neuron cell bodies is
indistinguishable in wild type- and gE-null mutant-infected
neurons. To ensure that the absence of gE does not alter the
localization of other viral proteins, neurons were infected with

FIG. 4. gE is not required for wild-type axonal localization of viral membrane proteins. (a) Cultured neurons were infected with either wild-type
PRV (A, D) or gE-null PRV (B, E) or mock infected (C, F). At 14 hpi, cells were fixed, permeabilized, and labeled with antibodies that are specific
for viral membrane proteins Us9 (A, B, C) or Us2 (D, E, F). �-, anti-. (b) This experiment is similar that described for panel a, except the confocal
images were magnified. Both wild-type PRV (A, E) and gE-null PRV (C, G) infections were labeled with antibodies directed against Us9 (E, G)
and Us2 (A, C). 3-D reconstructions of the confocal images are also shown (B, D, F, H).
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the wild type or gE-null mutants and stained for viral gB, gC,
gD, and gE. Confocal images were taken at the plane of the
cell bodies. Figure 7b (A to D) depicts a typical wild-type
subcellular distribution of glycoproteins in the Golgi compart-
ment. These images are similar, if not identical, to those ob-
served during a gE-null mutant infection (Fig. 7b, E to H).
While the subcellular distributions of glycoproteins in cell bod-
ies appear normal, the overall intensity of glycoproteins within
the cell bodies is slightly elevated during a gE-null mutant
infection. This observation may reflect the bottleneck created
by the inability of glycoproteins to enter axons.

Absence of gE has no effect on attachment, entry, or repli-
cation of PRV in neurons. gE has not been reported to func-
tion during attachment, entry, or replication of PRV in epi-
thelial cells. To confirm these results in neurons, we infected
neurons at a high multiplicity of infection with the wild type or
gE-null mutants and measured the amount of PFU recovered.

Cultures were briefly treated with a citric acid buffer after the
1-h incubation to eliminate the infectivity of any extracellular
virions. At various time points after infection, the amount of
newly produced intracellular infectious particles was deter-
mined on a monolayer of PK15 cells as described in Materials
and Methods. As shown in Fig. 8, both wild-type and gE-null
mutant infection produce identical amounts of infectious par-
ticles.

gE colocalizes with virion proteins but not with SV2. To
examine whether viral capsids and glycoproteins are being
packaged in synaptic vesicles, neurons were infected with wild-
type PRV, fixed, and stained with antibodies specific for gE
along with antibodies specific for either gB, VP5, or SV2.
Distinct puncta of immunofluorescence was visible along the
extent of each infected axon. While colocalization of gE with
any one protein is evident to a certain extent, the degree of
colocalization varies with each individual protein. For example,

FIG. 5. gE does not affect localization of cellular proteins. (a) Cultured neurons were mock infected (A) or infected with either wild-type PRV
(B) or gE-null PRV (C). At 14 hpi, cells were fixed, permeabilized, and labeled with antibodies that recognize SV2 (�-SV2). The arrows indicate
the presence of individual synaptic vesicles within the neuritic network. (b) Cultured neurons were initially infected with a replication-defective
adenovirus expressing a chick isoform of the neural-glia cell adhesion molecule (cNgCAM). At 24 h after the adenoviral infection, the neuron
cultures were then mock infected (A, D, G) or superinfected with either wild-type PRV (B, E, H) or gE-null PRV (C, F, I). The cultures were
further incubated for another 14 h before being fixed, permeabilized, and labeled with antibodies specific for cNgCAM (A, B, C) and Us9 (D, E,
F) as controls for infection. Merged images (G, H, I) show localization of Us9 (green) and cNgCAM (red).
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gE and gB have similar axonal localization profiles and their
immunofluorescence signals often overlap in the entire axonal
compartment (Fig. 9A, D, and G). gE and VP5 immunofluo-
rescence signals also partially colocalized at distinct regions in
axons (Fig. 9B, E, and H) but to a lesser extent than gE and gB
colocalization. In contrast, gE and SV2 rarely colocalized in
axons (Fig. 9C, F, and I).

Both gE protein domains function in targeting viral pro-
teins to axons. The gE cytoplasmic tail domain is essential for
endocytic retrieval of the protein from the plasma membrane
and contributes to gE-promoted virulence (38, 39). This do-
main is also required for efficient cell-cell spread in plaque
formation and reduces the kinetics of anterograde trans-neu-
ronal spread (39). The contribution of the gE ectodomain to
any of these phenotypes has not been studied. Accordingly, we
infected neurons with mutant viruses that express a truncated
gE protein lacking the cytoplasmic tail (PRV 107) or the gE
ectodomain (PRV 756). When compared to a wild-type infec-
tion, neurons infected with both PRV 107 and PRV 756 had
comparable amounts of gB in the cell body but reduced
amounts of gB in axons (Fig. 10a). Nevertheless, we consis-
tently observed a slight increase in gB antigen in axons after
infection with PRV107 mutant than with the gE null mutant.

The data implicate both gE protein domains in the efficient
localization of glycoproteins to axons.

To visualize capsid and tegument proteins in axons without
resorting to antibody detection methods, we recombined the
various gE mutations into the dual-fluorescent fusion virus
PRV 181 (RFP-VP26/GFP-VP22). To accomplish this task, we
coinfected PRV 181 with PRV 107, PRV 758, and PRV 756
individually and isolated recombinant dual-fluorescent fusion
virions with their corresponding deletions in gE. Cultured neu-
rons were then infected with the dual-fluorescent gE mutants
PRV 760 (gE null), PRV 762 (gE cytoplasmic tail null), and
PRV 763 (gE ectodomain null), fixed, and compared with PRV
181-infected neurons (Fig. 10b). In neurons infected with PRV
181, capsids are localized in axons and in growth cones in
abundance. However, in PRV 760-infected neurons, the cap-
sids in axons are dramatically reduced and cannot be detected
in growth cones. With neurons infected with PRV 762 and
PRV 763, capsids were also dramatically reduced in both axons
and growth cones, although the amount in PRV 762-infected
neurons appears to be slightly higher. As expected, neurons
infected with each of the three gE mutants also have little to no
tegument protein GFP-VP22 in the axons. The data confirm
our previous findings that both the gE cytoplasmic tail and the

FIG. 6. gE is required for wild-type axonal localization of viral capsid proteins and viral tegument protein VP22. (a) gE is required for wild-type
axonal localization of viral capsid VP5. Cultured neurons were infected with either wild-type PRV (A) or gE-null PRV (B) or mock infected (C).
At 14 hpi, cells were fixed, permeabilized, and labeled with antibodies specific for the viral capsid protein VP5 (�-VP5). (b) Cultured neurons were
infected with either PRV 181 (A to E) or PRV 760 (F to J). At 14 hpi, cells were fixed and confocal images were collected for RFP-VP26 (A, F,
D, I) or GFP-VP22 (B, G, E, J) either through the plane of the axon (A, C, F, H) or through the plane of the neuron cell body (D, E, I, J).
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gE ectodomain play a role in axonal targeting of viral proteins.
While the severity of the axonal targeting defect in the gE
mutant infection has not yet been rigorously characterized in
animal models, it is likely that both domains contribute to
wild-type function of gE in sorting or targeting of viral cargo
into axons.

DISCUSSION

In nonneuronal cells, it is thought that final (secondary)
envelopment of PRV virions occurs when cytoplasmic capsids
bud into a specialized vesicular compartment to acquire a
mature envelope. This compartment has been postulated to be
part of the trans-Golgi network, a late endosome, or a special-
ized viral compartment (27). In this model, the mature virion
leaves the compartment in a transport vesicle and exits the cell
via exocytosis. In PNS neurons, secondary envelopment pre-
sumably occurs in the cell body with release of infectious viri-
ons. However, in addition to local release of virions, the infec-
tion must spread to the CNS or back to the surface via long-
distance movement in axons. The nature of this long-distance
movement of infection via axons remains contentious. Electron
microscopy studies suggest that mature virions produced from
cell bodies move through the axons in transport vesicles (5, 10,
11, 15, 16, 21, 23, 26, 48). However, several studies indicate that

virions are not transported fully assembled, but rather, sepa-
rate structural components, or subassemblies, are moved in
axons (30, 32, 42). From these studies, the authors concluded
that unenveloped capsids and viral glycoproteins are trans-
ported independently in axons and secondary envelopment of
these subassemblies subsequently occurs in distal sites of the
axon and axon terminals.

In this study, we show that gE is required for efficient entry
of viral glycoproteins, capsids, and at least one tegument pro-
tein into axons. This defect becomes more pronounced in distal
axons and growth cones. The neuronal secretory pathway re-
mains functional in wild-type and gE-null mutant infections.
Our findings for gE-null and Us9-null mutant viruses are con-
sistent with the hypothesis that spread of infection from neu-
rons occurs in two distinct and independent pathways in cul-
tured neurons (12, 13, 28, 32). One pathway involves a gE-, gI-,
and Us9-independent assembly and release of virions from the
neuronal cell body. The other pathway involves axonal entry of
viral proteins required for long-distance spread of infection via
axons. The efficiency of axonal entry of these viral proteins
depends on gE, gI, and Us9.

Most studies on compartmentalization of axonal proteins
focus on the sorting of individual proteins. What makes viral
proteins such as gE and Us9 remarkable and noteworthy is not
only must they enter axons themselves but they also must direct
and regulate entry of virus structural proteins into axons. So,
how does gE function in localizing viral cargo to axons? Based
on our current understanding of polarized trafficking of axonal
proteins, we speculate that gE functions in a cell body sorting
compartment that is part of the trans-Golgi network and asso-
ciated with sites of viral assembly in the neuron cell body. In
this specialized compartment, gE may assume several roles
such as recruiting and localizing viral glycoproteins and assem-
bled capsids to budding sites where they will exit the compart-
ment in transport vesicles destined for the axon. Alternatively,

FIG. 7. Viral structural proteins are expressed at wild-type levels in
infected neurons and have wild-type localization in the neuron cell
bodies. (a) Steady-state expression of viral structural proteins during
infection of cultured neurons was determined via Western blots. Cul-
tured neurons were infected at a high MOI with wild-type PRV, gE-
null PRV, gE-null revertant PRV or mock infected. At 16 hpi, the
infected neuron lysates were harvested, analyzed via SDS-PAGE, and
Western blotted for viral glycoproteins (gE, gB, gD, and gC), mem-
brane protein (Us9), and tegument (VP22) and capsid (VP5) proteins.
The total amount of actin served as a loading control. (b) Steady-state
expression of viral glycoproteins in cell bodies was determined for
wild-type PRV- and gE-null PRV-infected neurons. At 14 hpi, cultures
were labeled with antibodies specific for gB (A, E), gE (B, F), gC (C,
G), and gD (D, G). �-, anti-.

FIG. 8. The kinetics of infectious virus production after a gE-null
infection are identical to those for a wild-type infection in cultured
neurons. Cultured neurons were infected with either wild-type PRV or
gE-null PRV. At 0, 10, 16, and 24 hpi, the amount of infectious
intracellular virus produced by the neurons was harvested and titers
were determined on PK15 cells. This experiment was done in triplicate,
and the standard deviations for each time point were calculated and
shown as error bars on the graph.
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gE might bind the cellular machinery normally required for
axonal targeting, such as the fast axonal transport complex.
Whether gE actively recruits viral proteins to the compartment
or interacts directly with proteins involved in axonal transport,
the loss of gE ultimately will block a pre- to postsynaptic
transmission of infection while having no affect on the produc-
tion of extracellular virions from the cell body.

Our data support the proposal that viral capsids are trans-
ported in membrane vesicles rather than as unenveloped cap-
sids. The gE protein is inserted in lipid membranes yet regu-
lates axonal entry of viral capsids. It is hard to envision how gE
could regulate capsid entry into axons if the capsids were not
associated with membrane vesicles. A long-standing idea was
that herpes virions might be transported in synaptic vesicles
carrying neurotransmitters. This idea seems unlikely to be
valid, as we have been unable to prove colocalization of syn-
aptic vesicle proteins such as SV2 and VAMP2 with viral struc-
tural proteins. The nature of the membranes surrounding PRV
virion components remains to be discovered. All of our find-
ings are consistent with the idea that not all viral proteins or
protein complexes moved into axons need be localized to the
same compartment. Viral membrane proteins are often in-
serted into axonal membranes independently and found on the
axolemma, and some tegument protein and capsid structures
are often found in separate complexes in axons (11, 25).

Our initial experiments to localize the domains of the gE
protein required for the axonal sorting function indicated that
both the cytoplasmic tail and ectodomain are required for
efficient targeting of viral cargo to axons. A loss of either

domain resulted in reduced axonal localization of viral pro-
teins, particularly to the distal regions of the axon. These data
are consistent with published work using gE cytoplasmic tail
mutants and our own unpublished data from rat eye infection
studies indicating that both gE domains affect rate, or effi-
ciency of spread, of infection to second-order retinorecipient
neurons (38; unpublished data). The gE cytoplasmic domain
encodes several sorting signals including the canonical ty-
rosine-based “YXX	” endocytosis motif at amino acids 478
and 517, an aspartate-rich acidic cluster domain, and dileucine
motifs (41). It might be expected that loss of the cytoplasmic
tail may prevent gE-mediated targeting of viral cargo to axons.
Similarly, the gE ectodomain may also harbor motifs respon-
sible for axonal targeting, as has been described for the type 1
membrane axonal protein called NgCAM. Indeed, like gE,
NgCAM has axonal targeting motifs in both the cytoplasmic
and ectodomains (35). Alternatively, the gE ectodomain might
function indirectly by aiding the gE cytoplasmic tail in directing
viral proteins into axons by forming a complex with gI (19, 40,
44). Since the cytoplasmic domains of either gE or gI are
required for efficient pre- to postsynaptic spread of infection,
formation of a stable complex through ectodomain interactions
may facilitate wild-type spread of the virus by either cytoplas-
mic domain (38).

It is important to stress that absence of gE does not com-
pletely abolish localization of viral structural components in
axons. The gE, gI, and Us9 proteins appear to have an additive
effect in axonal targeting (unpublished data). This finding was
first observed in vivo in PRV Bartha-infected neurons where

FIG. 9. gE colocalizes with viral glycoproteins and capsids but not with synaptic vesicle protein. Cultured neurons were infected with wild-type
PRV for 14 h, fixed, permeabilized, and labeled with antibodies that recognize gE (D to F) and either gB (A), VP5 (B), or SV2 (C). Merged images
are shown in panels G to I. Arrowheads indicate colocalization of gE and VP5 in axons.
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the defect in axonal localization of viral proteins was markedly
severe, with essentially no viral structural proteins detected
in the axons (Fig. 3 and data not shown) (6). The gE-null
defect in entry and transport of viral proteins is most prom-
inent in the distal regions of the axon at varicosities and at
growth cones because the phenotype is amplified by requir-
ing that viral proteins travel the entire length of the axon.
While our results indicate that gE is required for axonal
targeting of viral proteins, we have not yet identified the
viral proteins needed at the axon terminals to promote
transmission of infection from a pre- to postsynaptic neuron.
In fact, it may be that gE/gI proteins could have a role at the
presynaptic terminal to promote spread to the connected
neuron, but the effect in the cell body is epistatic on this
putative downstream function.

The relevance of our findings must be understood in the
light of neuronal cell biology. Nearly all features of neuronal
specialization depend on the proper localization of membrane
proteins, whether they be neurotransmitter receptors, ion
channels, transporters, or adhesion molecules. Proteins must

be accurately sorted to the somatodendritic or axonal compart-
ments. One serious impediment to understanding this funda-
mental sorting process is that no one predominant mechanism
functions across all cell types. What is true for an epithelial cell
is not always true for a neuron (18). The initial idea that axonal
sorting signals were identical to apical membrane sorting sig-
nals is true for some proteins but not others. Important ques-
tions remain: do herpesvirus virion proteins override intrinsic
neuronal sorting machinery or do these viral proteins carry
their own neuronal sorting signals? The answers will be most
useful for virologists and neurobiologists alike.
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FIG. 10. The gE ectodomain and cytoplasmic tail are required for efficient targeting of viral proteins to axons. (a) Cultured neurons were
infected with wild-type PRV (A), PRV 758 (B), PRV 107 (C), and PRV 756 (D) for 14 h, fixed, permeabilized, and labeled with antibodies that
recognize gB. (b) Cultured neurons were infected with PRV 181 (A, B), PRV 760 (C, D), PRV 763 (E, F), and PRV 762 (G, H) for 14 h, fixed,
and mounted on glass slides. Fluorescence images for both RFP-VP26 (top row; A, C, E, and G) and GFP-VP22 (bottom row; B, D, F, and H)
were captured via confocal microscopy. Bars, 20 �m.
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