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The mechanism of anterograde transport of alphaherpesviruses in axons remains controversial. This
study examined the transport, assembly, and egress of herpes simplex virus type 1 (HSV-1) in mid- and
distal axons of infected explanted human fetal dorsal root ganglia using confocal microscopy and trans-
mission electron microscopy (TEM) at 19, 24, and 48 h postinfection (p.i.). Confocal-microscopy studies
showed that although capsid (VP5) and tegument (UL37) proteins were not uniformly present in axons
until 24 h p.i., they colocalized with envelope (gG) proteins in axonal varicosities and in growth cones at
24 and 48 h p.i. TEM of longitudinal sections of axons in situ showed enveloped and unenveloped capsids
in the axonal varicosities and growth cones, whereas in the midregion of the axons, predominantly
unenveloped capsids were observed. Partially enveloped capsids, apparently budding into vesicles, were
observed in axonal varicosities and growth cones, but not during viral attachment and entry into axons.
Tegument proteins (VP22) were found associated with vesicles in growth cones, either alone or together
with envelope (gD) proteins, by transmission immunoelectron microscopy. Extracellular virions were
observed adjacent to axonal varicosities and growth cones, with some virions observed in crescent-shaped
invaginations of the axonal plasma membrane, suggesting exit at these sites. These findings suggest that
varicosities and growth cones are probable sites of HSV-1 envelopment of at least a proportion of virions in the mid-
to distal axon. Envelopment probably occurs by budding of capsids into vesicles with associated tegument and

envelope proteins. Virions appear to exit from these sites by exocytosis.

In humans, herpes simplex virus type 1 (HSV-1) enters via
the mucosa or breaks in the skin. After replication in the
epithelial cells, the virions infect the nerve endings of dorsal
root ganglion (DRG) neurons innervating the infected tissue.
The virus is then transported via retrograde axonal transport to
the neuronal-cell body, where a lifelong latent infection is
established. Reactivation of HSV-1 from latency results in
anterograde axonal transport of the virus from the cell body to
the nerve terminals to reinfect cells in the skin or mucosa.
Reactivation of HSV-1 during a patient’s lifetime is frequent,
resulting in either recurrent symptomatic disease or asymp-
tomatic virus shedding (45, 52).

For many years, there has been controversy about the mecha-
nism of assembly and egress of alphaherpesviruses in cultured
cell lines. Until recently, there were two opposing models to
explain the events following capsid assembly in the nucleus and
subsequent budding through the inner nuclear membrane. The
first model proposes that there is direct transport of enveloped
capsids within vesicles from the outer nuclear membrane via
the trans-Golgi network to the plasma membrane, where they
are released by exocytosis (8, 24). The second model proposes
that enveloped capsids undergo de-envelopment at the outer
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nuclear membrane and secondary reenvelopment at the trans-
Golgi network. The enveloped capsids are then transported
within a vesicle to the plasma membrane and then released by
exocytosis. Only recently has sufficient evidence accumulated
in favor of the second model (33, 34, 47, 49, 51). However, in
neurons there is an added level of complexity, with virus egress
occurring from both the cell body of the neurons and the distal
axon terminus in vivo.

The process of alphaherpesvirus assembly and egress in the
cell body of DRG neurons appears to be similar to that in
cultured cell lines (15, 20, 33, 34, 35, 36, 47). However, recent
findings have increased the controversy regarding the mecha-
nism of anterograde transport and assembly in axons (10). The
findings of either enveloped capsids or unenveloped capsids or
both within axons by different investigators have suggested two
hypotheses. Early observations of enveloped capsids in vesicles
within neuronal processes, probably axons, suggested that fully
assembled virions in vesicles in the cell body are transported
into the axon and then to the axon terminus, where virions are
released by exocytosis (3, 30, 31). However, in these reports,
whether in neurons of the peripheral or central nervous system
of rabbit or rodent models in vivo or in vitro, the region of the
axon in which these enveloped capsids were observed was
either proximal (close to the cell body) or uncertain. In addi-
tion, either single or a few enveloped virions were demon-
strated in axons (Table 1). In several studies, both enveloped
and unenveloped capsids were observed in axons (21, 22, 25,
26, 43). Furthermore, clusters of enveloped capsids were often
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TABLE 1. Identification of alphaherpesvirus virions in axons by TEM or TIEM

System” Site of viral particles in axon Observations” Reference
Enveloped virions
HSV—chick embryo DRG Uncertain No virions in axons 22
HSV—rabbit optic nerve (retinal ganglia) ~ Uncertain Enveloped virions in cisternae (ER); 25
occasional unenveloped capsids
HSV—mouse DRG Proximal Single enveloped virion; no MTs visible 7
HSV—mouse DRG, celiac ganglion Proximal uncertain Periaxonal virions; atypical particles in 53
vesicle-rich region
HSV—dissociated rat DRG; in vitro “Neuritic extension” Three enveloped virions; no MTs visible 30
PRV—rat CNS sensory vagal processes Uncertain Single enveloped virions; no MTs visible 3
HSV—mouse trigeminal ganglion ? Proximal Several enveloped virions; no MTs visible 26
PRV—sympathetic ganglia Proximal (and axon hillock) ~ Many enveloped virions 5,10
PRV—sympathetic ganglia Midaxon Two enveloped virions 5
Unenveloped virions
HSV—DRG, two-chamber system Mid-distal Capsids surrounded by MTs 44
HSV—DRG two-chamber system Mid-distal Capsids surrounded by MTs; VP5-VP16 23
colocalization on particles, but not with
gB by TIEM
HSV—dissociated rat DRG; in vitro Uncertain VP5-labeled capsid in axon by TIEM 35
HSV—dissociated DRG Uncertain Capsid labeled for VP16 in axon 36
HSV—mouse trigeminal ganglion Midaxon UJ/E capsids identified by TIEM and 43
adjacent to MTs
PRV—sympathetic ganglia Proximal Two U/E capsids after BFA inhibition 10
HSV—mouse retinal ganglia Midaxon Unenveloped capsids (VP5 immunolabeled) 27
(?) enveloped virions
Both enveloped and unenveloped virions
HSV—suckling mice, spinal cord Uncertain Single U/E capsid in unmyelinated axon; 21
cluster of enveloped virions in cisternae
(ER) (myelinated axon)
PRV—mouse DRG Proximal Several enveloped virions in vesicle-rich region 16
PRV—sciatic nerve Midaxon Enveloped and unenveloped virions (not shown)

HSV—DRG in vitro
cones, varicosities

Mid-distal axon, growth

Enveloped and U/E capsids in varicosities and
growth cones (and adjacent axon)

This study

“ CNS, central nervous system.

> U/E, unenveloped; MT, microtubule; ER, endoplasmic reticulum; BFA, brefeldin A.

demonstrated in cisternae, thought to be part of the agranular
endoplasmic reticulum, or in vesicle-rich regions (21, 25).

An alternative mechanism was suggested by observations of
unenveloped HSV-1 capsids in direct apposition to microtu-
bules during anterograde axonal transport in the distal regions
of axons interacting with autologous human epidermal ex-
plants in the external chamber of a two-chamber system (44).
Follow-up observations of infected axons in this system by
transmission immunoelectron microscopy (TIEM) showed un-
enveloped capsids, adjacent to microtubules, immunolabeled
for capsid VPS5 and surrounded by tegument proteins (VP16),
whereas glycoproteins and other tegument proteins were ob-
served within axonal vesicles in distal axons (23, 36). Unenvel-
oped capsids were demonstrated in infected axons during an-
terograde transport, but not in uninfected axons, by controlled
and blinded electron microscopy observations and by both
TIEM and scanning immunoelectron microscopy. In our lab-
oratory, previous studies have observed more than 100 unen-
veloped particles, but no enveloped capsids, in the mid- or
distal axon, usually in cross sections (references 23, 35, 36, and
44 and unpublished observations). These studies were further
supported by the examination of capsid, tegument, and enve-
lope protein localization by serial fixation and immunofluores-
cence assay, demonstrating differences in the kinetics of glyco-
protein and capsid protein appearance in axons and the

inhibition of transport of glycoproteins, but not capsid pro-
teins, with brefeldin A. Furthermore, intact unenveloped cap-
sids were detected in axons by transmission electron micros-
copy (TEM) in neurons treated with brefeldin A (35), and the
tegument protein US11 was found to directly interact with the
heavy chain of the anterograde molecular motor kinesin (11).
The above observations suggested separate capsid and glyco-
protein transport and assembly at the axon terminus (although
the latter has not been visualized). Other laboratories have
also provided further evidence for such anterograde axonal
transport of unenveloped HSV-1 capsids (27, 42, 43).

However, two recent reports from the same laboratory chal-
lenged this “separate transport” or “subassembly” hypothesis
(5, 10). Del Rio et al., using dual red-fluorescent-protein-/
green-fluorescent-protein (GFP)-labeled pseudorabies virus
(PRV) in cultured rat superior cervical ganglion (SCG) neu-
rons showed a heterogeneity in GFP-labeled VP22 fluores-
cence that was similar in purified virions, the cell body, and
axons of neurons. They also showed large numbers of enve-
loped particles in the proximal axon. The transport of these
enveloped capsids was inhibited by brefeldin A, leaving a small
number of unenveloped capsids within the proximal axon (10).
In a three-chamber system, enveloped particles within vesicles
were also observed within the midaxon (5).
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Therefore, the literature now contains two sets of observations,
one in which investigators have observed enveloped HSV-1 cap-
sids within proximal axons and PRV in proximal and midaxons,
while in the other, we and others have observed unenveloped
capsids in cross sections of mid- and distal regions of axons,
clearly defined by the two-chamber system (Table 1).

In this study, we add a further dimension to the understand-
ing of viral anterograde transport, using serial fixation and
colocalization of all three classes of viral proteins, capsid, teg-
ument, and glycoprotein, in human fetal DRG axons. Appli-
cation of in situ fixation and longitudinal sectioning of DRG
cultures has enabled the identification and visualization of the
entire mid- and distal regions of axons and their specialized
regions, growth cones and varicosities. We demonstrate colo-
calization of viral capsid, tegument, and envelope proteins and
accumulation of enveloped and unenveloped capsids in specific
regions of the mid- and distal axon, namely, the varicosities
and growth cones. Free envelope and tegument proteins in
apposition to axonal vesicles within the growth cones were
observed by TIEM. Furthermore, we show partially enveloped
capsids within these varicosities and growth cones, suggesting
that virions can assemble at these sites.

MATERIALS AND METHODS

Cells and viruses. Virus stocks were passaged in HEp-2 cells as previously
described (35, 36). A clinical isolate of HSV-1 (CW1) was used in both confocal
and electron microscopy studies. vUL37-GFP virus was used in confocal-micros-
copy studies.

Construction of vUL37-GFP virus. HSV-1 strain 17 DNA has a single Spel
restriction enzyme site at the 3’ end of the UL37 open reading frame. To
generate the UL37-GFP fusion, an in-frame Spel site was engineered at the N
terminus of the GFP open reading frame in the expression vector pGFPemd-b”
(Packard Bioscience). A second Spel site was introduced into the Sall site
downstream from the GFP stop codon in pGFPemd-b to generate the plasmid
pGFPSpe2. The purified GFP fragment from Spel-digested pGFPSpe2 was
ligated with Spel-digested HSV-1 strain 17 virion DNA. The ligated DNA was
transfected into BHK cells using Lipofectin (Invitrogen). After 4 days, the cul-
ture medium was harvested and titrated on BHK cells. Green-fluorescing
plaques were purified through three cycles of plaque picking. One isolate (des-
ignated vUL37-GFP) was selected and grown to high titer on Hep2 cells. The
presence of the UL37-GFP fusion protein was confirmed by Western blotting of
infected cells and purified virions (data not shown).

The kinetics of vUL37-GFP and parental strain 17 growth in BHK cells were
similar over 30 h as measured by single-step growth curves (data not shown).
vUL37-GFP infected and replicated in neurons with kinetics similar to those of
the clinical strain CW1 (data not shown).

Single-step growth curve for vUL37-GFP virus. BHK-21 clone 13 cells were
cultured in Glasgow in minimal essential medium supplemented with 10% tryp-
tose phosphate broth and 10% newborn calf serum (ETC10). Replicate 35-mm
plates were infected with 5 PFU/cell of HSV-1 strain 17 or vUL37-GFP. A
sample of each virus inoculum was retained as the zero-hour time point. After 1 h
at 37°C, the virus inoculum was removed. The cells were washed and overlaid
with 2 ml of fresh ETC10 and replaced at 37°C. Individual plates were harvested
at 1 (immediately after the addition of fresh overlay medium), 3, 6, 9, 12, 18, 24,
and 30 h p.i. and stored at —70°C. Samples were sonicated, and virus titers were
estimated by titration on BHK cells (data not shown).

Antibodies. Antibodies as specified were kindly provided by the following
investigators: rabbit antibody against VP5 from Gary Cohen and Roselyn Eisen-
berg, University of Pennsylvania, Philadelphia, PA (6); rabbit antibody against
VP22 from Peter O’Hare, Marie Curie Institute, Oxted, United Kingdom (14);
mouse antibody against gG from Tony Minson, University of Cambridge, United
Kingdom (32); and guinea pig antibody against gD from David Bernstein, Cin-
cinnati Children’s Hospital Medical Centre and the University of Cincinnati,
Cincinnati, Ohio. Fluorescein isothiocyanate-conjugated antibodies were pur-
chased from Sigma. Fluorolink Cy5- and Cy3-conjugated antibodies were pur-
chased from Amersham Life Science. Gold-conjugated antibodies were obtained
from British Biocell International.
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Coverslips with DRG cultures in situ are
fixed and processed to epoxy resin
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Areas containing mid to distal axons are sectioned
and placed on grids for TEM studies

FIG. 1. Overview of the human fetal DRG cultures on coverslips
and processing for TEM. (A) Photomicrograph of the explanted DRG
with axons extending randomly from the ganglia. (B) Schematic dia-
gram showing the fixation and processing of DRG cultures in situ and
the precise selection of the mid- and distal regions of axons for longi-
tudinal sections and TEM examination.

Preparation of human fetal DRG explants. DRG were prepared from human
fetal tissue obtained at therapeutic termination with the informed consent of the
mother. Protocols were approved by the Research Ethics Committee of the Western
Sydney Area Health Service (now known as the Sydney West Area Health Service).
The DRG were dissected, cleansed of connective tissue, placed onto Matrigel coat-
ed-glass coverslips, and cultured for 5 to 7 days to allow axon outgrowth (Fig. 1).

HSV-1 infection of DRG cultures. For confocal and electron microscopy stud-
ies of anterograde transport of HSV-1, DRG cultures were infected either with
CW1 (10° PFU/0.5 ml/ganglion) or with vUL37 GFP virus (5 X 10° PFU/0.5
ml/ganglion). After 2 h, the inoculum was removed. The cultures were washed
twice, and fresh medium was added. The infected cultures were incubated at
37°C under 5% CO, for 17, 22, or 46 h. The cultures were washed three times in
phosphate-buffered saline and processed for either confocal microscopy or elec-
tron microscopy. For studies of HSV-1 entry into axons, DRG cultures were
infected with the clinical isolate CW1 (10° PFU/0.5 ml/ganglion). The inoculum
was removed at 1 or 1.5 h p.i., and the cultures were washed three times prior to
fixation for electron microscopy. Mock-infected cultures were incubated in me-
dium and fixed at 1, 1.5, 19, 24, or 48 h p.i.

Detection of infectious HSV-1 particles in the supernatants of DRG cultures.
Cultures of human fetal DRG were infected with clinical isolate CW1 (10°
PFU/0.5 ml/ganglion). After 2 h, the inoculum was aspirated. The cultures were
washed twice, and fresh medium was added. Samples of supernatant were taken
at 3, 6, 24, and 48 h p.i. for virus quantification on human fibroblasts. Virus
quantification was performed by a fluorescent-focus assay using an antibody to
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FIG. 2. Distribution and colocalization of VP35, gG, and UL37 proteins in distal axons and growth cones of HSV-1-infected human DRG at 24 h p.i.
Human DRG explants were grown on Matrigel-coated coverslips and infected with vUL37-GFP virus. After 24 h p.i., the cultures were fixed,
permeabilized, and labeled simultaneously with antibodies to capsid VP5 and envelope glycoprotein gG. VP5, UL37, and gG antigens were distributed
throughout the axon with concentrations of fluorescence at varicosities and growth cones (A, B, C). Foci of colocalization between two or three antigens
were found at the varicosities and growth cones (arrows) (D to G). The images show UL37-GFP as green (A), VPS5 as red (B), and gG as cyan (C).
Overlay images of dual colocalization in yellow and free (not colocalized) antigens in blue are shown for VP5 and UL37 (D), for UL37 and gG (E), and
for VP5 and gG (F). Triple colocalization (white) and noncolocalized antigens (blue) are shown in panel G. Bars, 40 um.

HSV-1 gC (Syva Microtrak). This experiment was conducted twice with replicate
cultures, and the results were expressed as mean titers.

Immunofluorescence and confocal microscopy. DRG cultures were processed
for immunofluorescence and confocal microscopy as previously described (35).
Colocalization between two or more fluorochromes was determined using the
dyadic Boolean calculation process from the Leica TCS SPII confocal software
(Leica Microsystems Heidelberg, Germany). Image analysis using the Boolean
“AND” operator was performed to visualize colocalization between antigens.
The Boolean “XOR” operator was used to visualize areas showing no colocal-
ization between antigens.

TEM. Coverslips with DRG cultures in situ were fixed in modified Karnovsky’s
fixative (2.5% formaldehyde [freshly prepared from paraformaldehyde], 2.5%
glutaraldehyde in 0.1 M MOPS [morpholinepropane sulfonic acid] buffer, pH
7.4). The cultures were fixed for 1 h at room temperature and then processed
with Spurr epoxy resin as previously described (35, 36). Following polymeriza-
tion, the coverslips were separated from the resin by plunging them into liquid
nitrogen, leaving the DRG explant and axons exposed on the surface of the
block. Areas in the blocks containing mid- to distal regions of axons were
selected. Ultrathin sections (70 nm) were collected and examined using a Philips
CM120 BioTWIN transmission electron microscope at 100 kV (Fig. 1).

For anterograde transport of HSV-1, 1,206 axon processes were examined at
24 h p.i. and 768 at 48 h p.i. To investigate entering virus at early time points, 409
axon processes were examined.

Statistics. Data were analyzed using the statistical software package SPSS for
Windows version 12. Fisher’s exact test was used to test for association between
the distribution of unenveloped or enveloped capsids and sites within axons

(growth cones, varicosities, or intervening regions of axons). The Pearson chi-
square test was used to test for association between the numbers of extracellular
capsids and time. A 5% level of significance was assumed throughout.

TIEM. DRG cultures were processed by freeze substitution as previously
described (35, 36).

Immunolabeling. Tissue sections were dual immunolabeled using primary
antibodies against tegument protein VP22 and envelope glycoprotein D and
secondary antibodies conjugated to 5- and 10-nm gold particles as previously
described (36).

RESULTS

In this study, confocal microscopy and electron microscopy
were used to examine the assembly and egress of two strains of
HSV-1 in axons of cultured human fetal DRG explants. DRG
axons were approximately 4 to 5 mm in length, branched fre-
quently, and had numerous axonal swellings, or varicosities,
along their lengths. The varicosities could be seen by confocal
microscopy as irregular-shaped swellings between two and
eight times the diameter of the axon and were usually located
at branch points, as previously described (1, 2, 39, 50, 54). The
cultures were then fixed at 24 and 48 h p.i. and processed in
situ for confocal microscopy and electron microscopy. For
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FIG. 3. VP5, gG, and UL37 proteins colocalized in axonal varicosities in midregions of axons of HSV-1-infected human DRG at 48 h p.i.
Cultures of DRG explants were infected with vUL37-GFP virus, fixed, permeabilized, and labeled simultaneously with antibodies to VP5 and
gG. All three antigens were distributed throughout the axon, with concentrations of fluorescence present at varicosities (arrows) (A, B, C).
Foci of colocalization of two or three antigens were found at the varicosities (arrows). The images show UL37-GFP as green (A), VPS5 as
red (B), and gG as cyan (C). Overlay images of dual colocalization in yellow and free (not colocalized) antigen in blue are shown for
VP5/UL37 (D), for UL37/gG (E), and for VP5/gG (F). Triple colocalization (white) and free antigen (blue) are shown in panel G. Bars, 40

pm.

TEM studies, we examined longitudinal sections of the mid-
and distal regions of axons in situ, and this was critical for the
identification of varicosities and growth cones. Varicosities
with the ultrastructural appearance of growth cones were lo-
cated in the vicinity of axonal branches and appeared to be
formed by the growth of the axon termini beyond the expanded
vesicle-rich region of the growth cone, consistent with pub-
lished observations (1, 2, 19, 50, 54). The ultrastructural ap-
pearances of varicosities and growth cones were similar in
infected and uninfected neurons.

HSV-1 capsid protein VPS5, tegument protein UL37, and
envelope glycoprotein gG colocalize in axonal varicosities and
growth cones. After infection of DRG cultures with the HSV-1
clinical isolate CW1 or with vUL37-GFP, the distribution of
capsid protein VPS5, tegument protein UL37 (vUL37-GFP
only), and envelope glycoprotein gG were examined by confo-

cal microscopy at 19, 24, and 48 h p.i. Although UL37 and VP5
were not consistently present in axons at 19 h p.i., by 24 and
48 h p.., labeling for VPS5, UL37, and gG was distributed
throughout the axon, with concentrations of antigen present at
varicosities, often located at axonal branch points, and at
growth cones (Fig. 2, 3, and 4). Colocalization between two or
more fluorochromes was determined using the dyadic Boolean
calculation process from the Leica confocal software. Image
analysis using the Boolean “AND” operator was performed
to visualize colocalization between antigens. The Boolean
“XOR” operator was used to visualize areas showing no colo-
calization between antigens. Colocalization of all three anti-
gens, VP5, UL37, and gG (triple colocalization), was mostly
detected in intense foci in varicosities and growth cones (Fig. 2,
3, and 4) whereas free (not colocalized) antigen was diffusely
distributed throughout the axons, varicosities, and growth cones
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FIG. 4. VPS5, gG, and UL37 proteins colocalized in axonal varicos-
ities and growth cones in distal regions of axons of HSV-1-infected
human DRG at 48 h p.i. Cultures of DRG explants were infected with
vUL37-GFP virus, fixed, permeabilized, and labeled simultaneously
with antibodies to VP5 and gG. All three antigens were present in
intense foci in varicosities (arrows) and growth cones (arrowheads) (A,
B, C). Foci of colocalization of two or three antigens were found in
varicosities (arrows) and growth cones (arrowheads). The images show
UL37-GFP as green (A), VPS5 as red (B), and gG as cyan (C). Overlay
images of dual colocalization in yellow and free (not colocalized)
antigens in blue are shown for VP5/UL37 (D), for UL37/gG (E), and
for VP5/gG (F). Triple colocalization (white) and free antigen (blue)
are shown in panel G. Bars, 40 pm.

(Fig. 2, 3, and 4). At 48 h p.i,, there was a marked increase in the
intensity of fluorescence compared to 24 h p.i. (data not shown).
Colocalization of all three antigens in the mid- and distal regions
of axons (compared to 24 h p.i.) (data not shown) was mostly in
the varicosities and growth cones. Analysis of the dual colocaliza-
tion between VP5/UL37, VP5/gG, and UL37/gG showed a dis-
tribution similar to that of the triple colocalization. However, the
precise locations of the foci of colocalization within the varicos-
ities and growth cones differed between combinations of VP5/
UL37, VP5/gG, and UL37/gG. For each pairwise combination,
analysis of the distribution of free versus colocalized antigens was
examined. In all colocalization studies, more free than colocalized
antigen was found diffusely distributed throughout the axons,
including varicosities and growth cones (Fig. 2, 3, and 4).
Enveloped, partially enveloped, and unenveloped capsids were
present in axonal varicosities and growth cones. Using TEM,
axonal varicosities and growth cones were identified in control
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or infected axons by their distinctive morphologies. The vari-
cosities showed a disruption in microtubules, so they had fewer
microtubule bundles. They also contained numerous vesicles
of various sizes, resembling growth cones ultrastructurally. The
growth cones were readily visible among the distal axonal pro-
cesses and showed the typical ultrastructural morphology. This
consists of a central region containing a high concentration of
heterogeneous vesicles (clear and dense core vesicles), mitochon-
dria, and a few microtubules, which are continuous with the axon
that precedes the growth cone, and a peripheral domain rich in
actin filaments (Fig. 5) (1, 2, 9, 19, 38, 39, 50, 54).

Unenveloped HSV-1 capsids were seen in mid- and distal
regions of axons in varicosities and growth cones and in regions
of axons between varicosities and growth cones, where they
were in direct apposition to microtubules (Fig. 6A and 7A and
D and Table 2; also see Fig. 9A). The unenveloped capsids had
a distinctive morphology similar to that previously reported
only in axons of HSV-infected neurons (23, 35, 36) and were
not present in uninfected cultures in this study (Fig. 5). Enve-
loped capsids were also observed in vesicles in varicosities and
growth cones and, rarely, in regions of the axons immediately
adjacent to varicosities and growth cones (Fig. 6C and 7A, C,
and D and Table 2; also see Fig. 9A). Clusters of unenveloped
and enveloped capsids were observed, but only in varicosities
or growth cones (Fig. 7D). Unenveloped and enveloped cap-
sids can be directly compared in such clusters. In addition,
partially enveloped capsids were identified in both varicosities
and growth cones, mostly at 24 h p.i. (Fig. 6B and 7B and Table
2). These capsids were partially surrounded by an electron-
dense vesicular membrane, consistent with invagination of the
vesicle. (Fig. 6B and 7B) and were similar to those observed
surrounding enveloping capsids in the cytoplasm of infected
cell lines or in the cell bodies of neurons (20, 34, 36).

To determine whether such partially enveloped capsids
might be due to endocytosis of virions by axons, human DRG
cultures were infected and examined by TEM at 1 and 1.5 h
p.i., guided by previous kinetic studies (13, 30, 35). Enveloped
capsids adherent to the plasma membranes of axons, as well as
submembranous unenveloped capsids, were readily observed.
No enveloped capsids within vesicles or partially enveloped
capsids were observed (Fig. 8).

The numbers of viral particles in the mid- and distal regions
of axons were determined by examining 1,206 axon processes
at 24 h p.i. and 768 at 48 h p.i. (Table 2). There was a statis-
tically significant difference between the distributions of enve-
loped and unenveloped particles by site (Fisher’s exact test,
P < 0.001). The proportions of enveloped capsids in vesicles
detected in varicosities and growth cones at 24 and 48 h p.i.
were consistently higher than the numbers of unenveloped
capsids in each of these sites, (i.e., varicosities, 20.8% unen-
veloped capsids at 24 and 48 h [95% confidence interval {CI},
9.3%, 32.3%]; growth cones, 19.1% unenveloped capsids at 24
and 48 h [95% CI, 7.9%, 30.4%]), whereas the proportion of
unenveloped capsids in the intervening regions of axons was
86.7% (95% CI, 69.5%, 100.0%).

A few enveloped capsids were observed within vesicles close
to the membranes of the varicosities and growth cones. In
these cases, examination at high magnification revealed that the
vesicle membrane was continuous with the axonal membrane,
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FIG. 5. Electron micrographs of mock-infected human DRG axons. Coverslips with explanted DRG cultures in situ were fixed and processed
for TEM. Areas containing mid- and distal regions of axons were sectioned, collected on copper grids, and examined using a Philips CM120
BioTWIN transmission electron microscope at 100 kV. (A) An axonal varicosity (arrow) is an expanded region of the axon showing a disruption
in microtubule bundles and contains numerous heterogeneous vesicles (arrowhead). Growth cones (B and C) (arrows) at the axon terminus are
visible among the distal axons and have a central region containing a high concentration of heterogeneous vesicles (clear and dense core vesicles)
(arrowheads) and a few microtubules, which are continuous with the axon that precedes the growth cone. Bars, 1 pm.
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FIG. 6. Electron micrographs of HSV-1 particles in infected human DRG axons. Coverslips with explanted DRG cultures in situ were infected
with the clinical isolate CW1 of HSV-1, fixed, and processed for TEM. Areas containing mid- and distal regions of axons were sectioned and
examined. (A) Unenveloped capsid (arrowhead) in midaxon. (B) Partially enveloped capsid (arrowhead) in an expanded, vesicle-rich varicosity.
The inset shows an enlargement of the viral particle, surrounded by a vesicular membrane. (C) Enveloped capsid in a vesicle (arrow) in a varicosity.
The inset shows an enlargement of the enveloped capsid in a vesicle. (D) Extracellular viral particle (arrowhead) adjacent to a varicosity. The inset
shows an enlargement of the viral particle in a thickened crescent-shaped invagination of the axonal plasma membrane. Bars, 200 nm.
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FIG. 7. Ultrastructural examination of viral particles in human DRG axons infected with HSV-1. Coverslips with explanted DRG cultures in
situ were infected with the clinical isolate CW1 of HSV-1, fixed, and processed for TEM. Areas containing mid- and distal regions of axons were
sectioned and examined. (A) Enveloped (arrow) and unenveloped (arrowhead) capsids in growth cones. (B) Partially enveloped capsid (arrow-
head) in a growth cone. The inset shows an enlargement of the partially enveloped capsid. A dense, thickened membrane on the vesicle
surrounding the viral particle is visible and probably represents tegument and envelope proteins. (C) Enveloped capsids in vesicles (arrows) in a
growth cone. (D) Enveloped (arrows) and unenveloped (arrowheads) capsids in an axonal varicosity at an axonal bifurcation. Note the homoge-
neous size and morphology of unenveloped capsids, equivalent to those within the enveloped virions. Bars, 200 nm.

leaving an open channel to the extracellular space through
which the virion might exit the axon (Fig. 9A), similar to those
observed in relation to virions exiting from the neuronal cell
body (31).

When cultures of human fetal DRG were infected with
clinical isolate CW1 (10° PFU/0.5 ml/ganglion) and samples of
culture medium were taken at 3, 6, 24, and 48 h p.i. for virus
quantification on human fibroblasts, no infectious virus was

detected in the supernatant until 48 h p.i. (median, 7 X 107
PFU/ml/ganglion). When examined by TEM, extracellular
virions were observed adjacent to axonal varicosities, growth
cones, and regions of axons adjacent to them. These increased
markedly between 24 and 48 h p.i. (Table 2), consistent with
the time of detection of extracellular infectious virus. Some of
the extracellular virions appeared to sit within thickened cres-
cent-shaped invaginations of the plasma membrane, similar
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TABLE 2. Quantification of viral particles in mid- and distal axons

No. at:
Capsid 24 h pi. 48 h pi.
(n = 1206)" (n = 768)"
Enveloped in axons 1 1
Unenveloped in axons 6 7
Enveloped in varicosities 24 10
Unenveloped in varicosities 3 7
Partially enveloped in varicosities 3 1
Enveloped in growth cones 25 11
Unenveloped in growth cones 6 3
Partially enveloped in growth cones 2 0
Extracellular 280 150°

“The total numbers of axon processes and regions of axons examined were
1,206 at 24 h p.i. and 768 at 48 h p.i.
b P < 0.001 (Pearson chi-square test).
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to virions exiting the cytoplasm of the cell bodies of neurons
(Fig. 6D) (31, 36). Viruses adhering to axons during entry did
not show this morphology.

Envelope glycoprotein D is transported in axonal vesicles,
either independently or in association with tegument protein
VP22. TIEM was used to look for the presence of envelope
glycoproteins and tegument proteins in vesicles in growth
cones. Human DRG cultures were infected with the HSV-1
clinical isolate CW1 and fixed at 24 h p.i. The DRG cultures
were then processed for TIEM by freeze substitution. Dual
immunogold labeling (5- and 10-nm gold particles) with anti-
bodies to tegument protein VP22 and gD was performed.
Some electron-dense vesicles in growth cones labeled either
for VP22 or gD, while others labeled for both viral proteins

il
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FIG. 8. Entry of HSV-1 into axons of explanted human DRG. Coverslips with explanted DRG cultures in situ were infected with the clinical
isolate CW1 of HSV-1, fixed at 1.5 h p.i., and processed for electron microscopy. Areas containing mid- and distal regions of axons were sectioned
and examined. (A) Enveloped virion (arrow) adherent to the plasma membrane of an axonal varicosity. The inset shows an enlargement of the
viral particle. (B) Extracellular virion (arrow), viral particle (short arrow) bound to the axonal plasma membrane, and unenveloped capsid
(arrowhead) inside the axon. The inset shows an enlargement of the adherent viral particle. (C) Unenveloped capsid (arrowhead) in an axon,
subjacent to the axonal plasma membrane. The inset shows an enlargement of the unenveloped capsid. Bars, 200 nm.
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FIG. 9. Electron micrographs of HSV-1 particles in infected human DRG axons. Coverslips with explanted DRG cultures in situ were infected
with the clinical isolate CW1 of HSV-1, fixed, and processed for electron microscopy. (A) Enveloped (arrow) and unenveloped (arrowhead) viral
particles in varicosities. The membrane of the vesicle surrounding the enveloped capsid (inset) has fused with the axonal membrane, forming a pore
to the surface, presumably allowing the virion to exit the axon. (B) Immunogold labeling of growth cones for tegument protein VP22 (5 nm)
(arrows) and glycoprotein D (10 nm) (arrowheads). Label for VP22 (5 nm) is associated with vesicles either alone or together with gD (10 nm).

Bars, 200 nm.

(Fig. 9B). Hence, tegument protein VP22 and glycoprotein D
were found associated with vesicles in growth cones, either
independently or in association with each other.

DISCUSSION

In this study, complementary approaches of immunofluo-
rescence detection of HSV-1 proteins by confocal micros-
copy and electron microscopy were used to examine the
process of HSV-1 transport and assembly in axons. The use
of in situ fixation, processing, and longitudinal sectioning of
axons allowed the localization of virions and cellular organelles
to mid- and distal axons.

In human fetal DRG axons, colocalization of all three
classes of HSV-1 components, capsid, tegument, and envelope
proteins, was largely restricted to axonal varicosities and
growth cones and was consistent with the presence of enve-
loped capsids in vesicles, which were observed in clusters at
these sites by TEM. TIEM findings demonstrating the pres-
ence in growth cones of axonal vesicles associated with tegu-
ment (VP22) and envelope (gD) proteins, alone or together,
were consistent with and also explained the confocal findings
of free and colocalized proteins in these sites. Therefore, some
tegument and envelope proteins may be transported separately
or together, associated with axonal vesicles. These observa-
tions extend the findings for PRV in chick DRG neurons by
real-time fluorescence (29) and are consistent with our previ-
ous TIEM studies of single tegument and envelope protein
transport in axonal vesicles (23, 36). In concurrent studies of
anterograde axonal HSV-1 transport in dissociated rat DRG

neurons, we detected VP22 and gG proteins in the most distal
regions of axons before VP5 and VP16 proteins, also consis-
tent with free protein transport (unpublished data). Early
availability of these proteins on vesicles in the distal axon
could allow later assembly, as occurs in the trans-Golgi net-
work. Colocalization of all three HSV-1 antigen classes was
observed in the axon hillock and proximal axon but became
attenuated rapidly in the midregions of the axon. These
findings are consistent with recent reports of numerous en-
veloped PRV capsids in proximal SCG axons (5, 10), declin-
ing in numbers in the midaxon (5).

There could be two explanations for the partially enveloped
capsids observed at 24 h p.i. in varicosities and growth cones:
they may be assembling and exiting, or they may represent
later reuptake of released virus by endocytosis. Entry of HSV-1
into cells by endocytosis rather than fusion with the cell mem-
brane has now been reported by several laboratories and is cell
type dependent (37, 40, 41). Following TEM examination of
axons at 1 and 1.5 h p.i., we found adherent virions and sub-
membranous unenveloped capsids along the length of axons,
including varicosities and growth cones. However, no envel-
oped or partially enveloped capsids were seen at these times.
This is consistent with recent reports by Nicola and coworkers
and an earlier report by Lycke et al. that HSV-1 does not
utilize endocytosis to enter neurons (30, 40, 41).

In addition, these partially enveloped capsids showed marked
similarity to those observed enveloping in the Golgi complex in
cultured cell lines and in the cell bodies of DRG neurons (20,
34, 36). Also, enveloped virions in crescent-shaped invagina-
tions of the plasma membrane or in vesicles subjacent to the
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membrane but connected to the surface by a pore were ob-
served in both varicosities and growth cones, suggesting they
were exiting at these sites (31, 34). There was a marked in-
crease in the number of extracellular enveloped virions sur-
rounding growth cones, varicosities, and regions of the axons
adjacent to these sites from 24 to 48 h p.i., consistent with the
appearance of extracellular infectious virus at 48 h p.i. Al-
though there was a 10-fold increase in the number of extracellular
virions from 24 to 48 h p.i,, there was no corresponding increase
in the numbers of partially enveloped capsids seen (Table 2).

Furthermore, there are two other quantitative arguments
against the possibility that virus emerging from axons at 24 or
48 h p.i. might reinfect adjacent axons and contribute to the
number of partially enveloped and unenveloped viral particles
observed by TEM. First, virus only enters axons by anterograde
transport between 19 and 24 h p.i., so the TEM observations at
24 h p.i. could not be explained by cross-infection. Secondly,
the concentrations of virus, undetectable at 24 h p.i. and 7 X
10% PFU/ml at 48 h p.i., in supernatants are very low compared
to the inoculum of 2 X 10° PFU/ml required for detection of
virus entering axons at 1 and 1.5 h p.i. by TEM. Therefore, we
estimate that more than 10,000 axons would need to be sur-
veyed to detect one entering viral particle at 48 h p.i. (and
more at 24 h p.i.). Thus, the most likely explanation of these
partially enveloped virions in varicosities and growth cones is
that they are enveloping prior to exit.

Superficially, these data showing mixtures of enveloped and
unenveloped capsids present in focal collections in growth
cones and varicosities appear inconsistent with our previous
reports of only unenveloped capsids in cross sections of distal
axons. This can be explained by the superior ability of the TEM
technique used in this study to locate focal collections of en-
veloped virus in growth cones and varicosities and our focus on
the mid- and distal regions of axons. In our studies, unenve-
loped capsids still predominated in the regions of axons be-
tween varicosities and growth cones. Rare enveloped capsids
seen close to, but not within, varicosities and growth cones
could either be the result of envelopment within the latter
structures or represent transport of enveloped capsids from
proximal axons. Our findings also conflict with a recent report
showing only enveloped PRV capsids in proximal axons, except
in the presence of brefeldin A (10), and with several of the
reports shown in Table 1. However, the effects of brefeldin A
on PRV in SCG neurons also appear to be markedly different
from our report of HSV-1 in DRG neurons (35). Using twice
the dose we used, del Rio and coworkers observed complete
inhibition of axonal transport of PRV enveloped capsids,
accumulation of unenveloped capsids in the cell body, and
occasional unenveloped capsids in axons (10). Furthermore,
we observed accumulation of enveloped HSV-1 capsids in
the cell body and inhibition of axonal transport of envelope,
but not capsid, proteins or capsids. How can these differences
be explained? Although it seems unlikely that there will be
completely different mechanisms of transport, assembly, and
egress between PRV and HSV-1 in neuronal axons, substantial
differences in other functions have been demonstrated be-
tween these distantly related alphaherpesviruses. The pro-
cesses of anterograde transport of PRV in SCG neurons and
HSV in DRG neurons seem similar, but they differ at least in
degree. Ch’ng et al. reported that PRV capsid proteins entered

HSV-1 ACCUMULATION, ENVELOPMENT, AND EXIT IN AXONS 3603

mid-distal SCG axons by at least 14 h and that PRV can infect
indicator PK15 cell lines via axons at 12 h (4, 5), whereas
HSV-1 capsid proteins usually take approximately 24 h to enter
axons (reference 35 and unpublished observations). Further-
more, we have never observed such large numbers of HSV-1
virions in (proximal) axons as reported for PRV in SCG neu-
rons by del Rio et al. (10). Our previous observations of a delay
in spread between cell body and axon suggest a filtering mech-
anism in the proximal axon or axon hillock (35, 36) that may be
more restrictive for HSV-1 than for PRV, a hypothesis that is
being explored. This hypothesis could be consistent with pre-
vious reports (Table 1) showing enveloped virions in axons
where the region of the axon was defined as proximal and
virions were often clustered in cisternae. Therefore, ongoing
studies in our laboratory are directed at the proximal axon,
using the new techniques. It will be interesting to determine
whether the proximal axon contains a greater proportion of
enveloped to unenveloped HSV-1 capsids, thus more closely
resembling the cell body.

Recently, there have been technical advances in fluorescence
and immunoelectron microscopic studies of anterograde axonal
transport of alphaherpesviruses, but all continue to have prob-
lems, requiring the use of multiple techniques to complement
their weaknesses. Thus, del Rio et al. (10) used combinations of
dual-labeled capsid or tegument proteins and real-time fluo-
rescence. This has the great advantage that colocalizing pairs
of proteins can be observed during transport, but also the
potential disadvantage that they may represent individual pro-
teins traveling together rather than as components of virions.
Further understanding of anterograde transport of PRV was
shown by Luxton et al. (29). Using similar dual- labeled PRV
virions and real-time fluorescence, they elegantly demon-
strated the cotransport of UL36 (VP1/2) and UL37 tegument
proteins with capsid during retrograde transport in DRG
axons. However, during anterograde transport, five tegument
proteins (UL36, UL37, VP13/14, VP16, and VP22) appeared
to be cotransported with capsid VP26, although the cotrans-
port of VP13/14 and VP22 was less consistent. In addition,
these proteins were also capable of capsid-independent antero-
grade transport, similar to those described here and in our
previous studies (23, 35, 36). The real-time fluorescence stud-
ies would be even more powerful if simultaneous labels for
capsid, tegument, and envelope were available. In contrast, the
advantages of serial fixation and simultaneous staining for cap-
sid, tegument, and envelope proteins and colocalization by
confocal microscopy are offset by the fact that these are not
diffraction limited but measured within a discrete pixel area.
Nevertheless, serial fixation allows direct detection of native
protein, verifying that incorporation of label does not alter its
transport properties.

TEM and TIEM are the only techniques that achieve the
resolution required to identify capsids, but they are static tech-
niques. They need to be used together with real-time fluores-
cence, or at least serial fixation, for appropriate interpretation.
The electron microscopy techniques combined with longitudi-
nal sections advance the field by allowing more accurate defi-
nition and sampling of different regions of the axon than were
previously achieved with cross sections in the two-chamber
model.



3604 SAKSENA ET AL.

J. VIROL.

Cellbody

T Envelope glycoprotein

= Tegument

FIG. 10. Schematic diagram of the proposed model for assembly and egress of HSV-1 in varicosities and growth cones. Unenveloped capsids
coated by inner tegument proteins are transported from the cell body into axons, accumulating in varicosities (Var) or growth cones (GC). At these
sites, capsids invaginate vesicles, acquiring tegument and envelope proteins. These enveloped capsids, now contained within vesicles, exit locally
via exocytosis. However, the possibility that enveloped HSV-1 capsids from the cell body also enter the mid- and distal regions of the axon and
exit via the varicosities and growth cones cannot be excluded. ER, endoplasmic reticulum; G, Golgi; Nu, nucleus.

Taking into consideration some of the key studies in Table 1,
especially recent reports (references 4, 5, and 10 and our own
data), there appear to be two possible explanations for the
apparently contradictory findings of enveloped versus unenve-
loped capsids in axons from different laboratories. One is that
both enveloped and unenveloped HSV-1 and PRV capsids in
both SCG and DRG neurons are transported into all regions
of axons to different degrees for each system and exit via
varicosities and growth cones. The other, our preferred option,
is that enveloped HSV-1 capsids may exit from the DRG axon
hillock and proximal axon by a mechanism similar to that in the
cell body but that there is a filtering mechanism leading to
selective transport of unenveloped capsids into the mid- and
distal axons much greater than for PRV in SCG. These unen-
veloped capsids are coated by inner tegument proteins and are
transported from the cell body into and along the axons via
rapid kinesin/microtubule-mediated transport (11, 48). They
then accumulate in varicosities or growth cones, where they
assemble by invaginating vesicles transporting externally ad-
herent tegument proteins and envelope proteins in the mem-
brane and exit at these sites. The selective effects of gE, gI, and
US9 in regulating PRV structural-protein transport into the
distal rather than proximal axon could be consistent with such
a hypothesis (4, 5). The separate, and perhaps faster, kinetics
of transport of envelope glycoproteins and outer tegument
proteins associated with axonal vesicles may prepare the distal
axon for reenvelopment.

A minimal interpretation of our data is that there appear to
be both enveloped and unenveloped capsids in varicosities and
growth cones, with unenveloped capsids being significantly
more frequent in the intervening regions between the varicos-
ities. At least some and probably all of these unenveloped
capsids are undergoing assembly and envelopment within the

varicosities or growth cones and exiting by exocytosis. This is
supported by the presence of tegument and envelope proteins
in association with vesicles in the growth cones. Enveloped
virions contained within vesicles probably exit locally via exo-
cytosis by fusion of the vesicle membrane with the outer mem-
brane of the varicosity or growth cone, releasing the virions
into the extracellular fluid (Fig. 10). Recent data suggest that
neurotransmitter-containing vesicles are transported distally
from the central region of growth cones into their filopodia,
probably along microtubules, to fuse with the plasma mem-
brane (46). The possibility that HSV-1 has evolved to utilize
this cellular function as a means of virus egress should be
explored.

Furthermore, in cell lines and in the cell bodies of neurons,
alphaherpesviruses acquire inner and outer tegument proteins
sequentially at separate sites. The outer tegument proteins,
including VP22, are probably acquired at the trans-Golgi net-
work, followed by final envelopment (17, 34, 36). Envelopment
of capsids by budding into vesicles bearing tegument and gly-
coprotein appears to be analogous in the cell body and the
varicosities and growth cones. These vesicles could be derived
from the Golgi, especially as some neuronal proteins, such as
SCGI10, traffic to all three sites (28, 38).

Therefore, how do these processes in cultured DRG neu-
rons in vitro resemble those in nerves in vivo? Nerve growth
factor (NGF) added in vitro induces frequent axonal branch-
ing, whereas in vivo axonal branching appears to be deter-
mined by a balance between inhibitory factors, such as sema-
phorins, secreted by mesenchymal cells, and stimulatory
factors (NGF), secreted by epithelial cells (12, 18). Thus, the
frequent axon branching seen in our neuronal cultures may
resemble the plexus of unmyelinated fibers within the stratum
granulosum (adjacent to NGF-secreting keratinocytes), which
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would provide varicosities and growth cones as sites of viral
egress with easy access to the epidermis.
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