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Axonal transport of herpes simplex virus (HSV-1) is essential for viral infection and spread in the peripheral
nervous system of the host. Therefore, the virus probably utilizes existing active transport and targeting
mechanisms in neurons for virus assembly and spread from neurons to skin. In the present study, we used
transmission immnunoelectron microscopy to investigate the nature and origin of vesicles involved in the
anterograde axonal transport of HSV-1 tegument and envelope proteins and of vesicles surrounding partially
and fully enveloped capsids in growth cones. This study aimed to elucidate the mechanism of virus assembly
and exit from axons of human fetal dorsal root ganglia neurons. We demonstrated that viral tegument and
envelope proteins can travel in axons independently of viral capsids and were transported to the axon terminus
in two types of transport vesicles, tubulovesicular membrane structures and large dense-cored vesicles. These
vesicles and membrane carriers were derived from the trans-Golgi network (TGN) and contained key proteins,
such as Rab3A, SNAP-25, GAP-43, and kinesin-1, involved in the secretory and exocytic pathways in axons.
These proteins were also observed on fully and partially enveloped capsids in growth cones and on extracellular
virions. Our findings provide further evidence to the subassembly model of separate transport in axons of
unenveloped capsids from envelope and tegument proteins with final virus assembly occurring at the axon
terminus. We postulate that HSV-1 capsids invaginate tegument- and envelope-bearing TGN-derived vesicles
and utilize the large secretory vesicle pathway of exocytosis for exit from axons.

Herpes simplex virus type 1 (HSV-1) is a member of the
alphaherpesvirus subfamily which includes human and animal
viruses such as human varicella-zoster virus and porcine pseu-
dorabies virus (45). Herpesviruses have the ability to infect and
remain dormant or latent in neurons in the peripheral nervous
system of the host (45). In humans, HSV-1 enters via the intact
mucosa or via 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 the
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 viral shedding (15, 45).

DRG neurons in vitro have a highly polarized structure
consisting of a cell body, short neurites, and one long axon.
Most of the proteins (membrane and synaptic vesicle proteins)
needed for axon outgrowth and function of growth cones and
synapses are synthesized in the cell body and transported along

the axon by fast axonal flow (1, 26). Newly synthesized synaptic
vesicle and plasma membrane proteins have been shown to be
transported by pleiomorphic tubulovesicular organelles and
dense-cored vesicles from the trans-Golgi network (TGN) in
the cell body to the growth cones and synapses (26, 39, 54).
Neurotropic viruses such as HSV-1 probably utilize existing
transport machinery in neurons for production of virus prog-
eny and virus spread from neuron to neuron.

All herpesviruses have four structural components (45).
The virion consists of an electron-dense core containing
double-stranded DNA enclosed within an icosahedral cap-
sid. The capsid is surrounded by the tegument, which con-
sists of approximately 23 proteins. A host cell-derived lipid
envelope containing an estimated 16 membrane proteins,
including 13 different glycoproteins, encloses the virus (33,
45). The exact mechanism of anterograde axonal transport,
assembly, and exit from axons of alphaherpesviruses, espe-
cially HSV-1 and pseudorabies virus, is the subject of con-
siderable debate. Two models have been proposed. The
subassembly model proposes that there is separate transport
of virus components or subassemblies. In this model, unen-
veloped viral capsids are transported directly along micro-
tubules to the axon terminus while the envelope and tegu-
ment proteins travel in association with transport vesicles.
Final assembly of enveloped capsids and exit of virus then
occurs either along the axon shaft or at the axon terminus
(18, 27, 29, 30, 31, 37, 38, 40, 41, 44, 46, 49, 50, 56, 57). The
alternative or “married” model proposes that fully assem-
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bled capsids in the cell body are transported down the length
of the axon within host cell vesicles prior to exocytosis (3, 7,
9, 11, 20).

Using an in vitro culture of human fetal axons, we demon-
strated the presence of partially and fully enveloped capsids
within vesicles in axonal varicosities and growth cones. This
suggested that axonal varicosities and growth cones are the
probable sites of envelopment of at least a proportion of
HSV-1 capsids in mid to distal human axons in vitro (46). We
have also shown that HSV-1 tegument and envelope proteins
can be transported in axons in association with transport ves-
icles separately from viral capsids (27, 37, 38, 46). However,
little is known about the origin, nature, and fate of these
transport vesicles and the distribution of viral tegument and
envelope proteins on these vesicles. The work presented here
follows up on our previous study (46) and utilizes transmission
immunoelectron microscopy (TIEM) to examine the vesicles
carrying HSV-1 tegument and envelope proteins in human
fetal axons and the vesicles surrounding partially and fully
enveloped capsids in axonal varicosities and growth cones. This
study shows that HSV-1 tegument and envelope proteins are
transported in axons to the axon termini either together or
separately. We also show that their transport is associated with
tubulovesicular membrane structures and large dense-cored
vesicles derived from the TGN. In particular, HSV-1 tegument
and envelope proteins and viral particles associate with TGN-
46, GAP-43, Rab3A, SNAP-25, and kinesin-1, which are key
cellular proteins involved in the secretory and exocytic path-
ways in neurons (10, 24, 25, 26, 32, 39, 51, 52, 62). This study
also provides further support to the subassembly model of
HSV-1 transport in axons and proposes that the final envelop-
ment of HSV-1 capsids in varicosities and growth cones occurs
by invagination of TGN-derived vesicles bearing tegument and
envelope proteins. Our findings suggest that HSV-1 utilizes the
large secretory vesicle pathway of exocytosis for exit from
axons.

MATERIALS AND METHODS

Cells and viruses. Two viruses were used in parallel in this study, a clinical
isolate of HSV-1 (CW1) and vUL37-green fluorescent protein (GFP)-labeled
HSV-1 (strain 17). These viruses were grown and passaged in Hep-2 cells as
previously described (46). The findings reported in this study were the same for
both viruses used.

Antibodies. Antibodies as specified were kindly provided by the following
investigators: rabbit antibodies against VP5 and gB (R69) were from Gary Cohen
and Roselyn Eisenberg, University of Pennsylvania, Philadelphia, PA (8); rabbit

antibody against VP22 was from Peter O’Hare, Marie Curie Research Institute,
Oxted, United Kingdom (17); and mouse antibodies against VP16 (LP1) were
from Tony Minson, University of Cambridge, United Kingdom (36). The follow-
ing commercially available antibodies were used: rabbit polyclonal against
SNAP-25 (Affinity BioReagents), rabbit polyclonal against Rab3A (Santa Cruz
Biotechnology), sheep anti-human TGN46 (AbD Serotec, United Kingdom),
rabbit polyclonal against GAP-43 (Chemicon International), and mouse mono-
clonal antibody against kinesin-1 (Chemicon International). The gold-conjugated
antibodies were obtained from British Biocell International (United Kingdom),
and the electron microscope-silver enhancement kit was obtained from Aurion
(The Netherlands).

Preparation of human fetal DRG explants. DRGs were prepared from human
fetal tissue obtained at therapeutic termination following the informed consent
of the mother. The University of Sydney and Sydney West Area Health Services
Human Research Ethics Committees approved these protocols. The DRGs were
dissected, cleansed of connective tissue, placed onto Matrigel-coated plastic
coverslips or on Aclar film (Electron Microscopy Sciences) and cultured for 5 to
7 days to allow axon outgrowth as previously described (46).

HSV-1 infection of DRG cultures. DRGs explant cultures were infected with
either CW1 (5 � 105 PFU/0.5 ml/ganglion) or vUL37 GFP virus (5 � 105

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 incu-
bated in 5% CO2 at 37°C for 28 h. The cultures were washed three times in
phosphate-buffered saline and processed for TIEM. Mock-infected cultures were
incubated in medium and fixed at 30 hpi.

TIEM. DRG cultures were processed by modified freeze substitution as pre-
viously described (38, 46).

Immunolabeling. Tissue sections on Formvar/Pioloform-coated gilded nickel
grids were immunolabeled as previously described (38, 46). Briefly, primary
antibodies were incubated together overnight at 4°C, followed by incubation with
secondary antibodies conjugated to gold particles of different sizes (5, 10, 15, and
20 nm). In some experiments, secondary antibodies conjugated with 2-nm gold
particles were used in combination with sequential silver enhancement per-
formed to obtain two different sizes of gold particles. Steps following primary
antibody incubation, including washing steps, secondary antibody incubation,
and silver enhancement, were performed using a Leica EM IGL Immunostainer
(Leica Microsystems, Austria). After immunolabeling, the sections were double
stained using 1% uranyl acetate (in 50% ethanol) and Reynolds lead citrate and
examined with a Philips CM120 BioTWIN transmission electron microscope at
100 kV. Images were collected using a SIS Morada digital camera.

For all our immunolabeling experiments, a blocking step with 10% normal
serum and acetylated bovine serum albumin was performed in order to assist in
the reduction of nonspecific binding reactions. Immunolabeling of mock-infected
cells was also performed in parallel as a control for viral antigens. In addition,
primary antibody omission and incubation with irrelevant antibodies (e.g., rabbit
polyclonal anti-GFP [eBioscience] and sheep polyclonal anti-human immunode-
ficiency virus type 1 p24 [Aalto Bio Reagents, Ireland]) were used as controls for
cellular and viral antigens. Antibodies to GFP labeled only cells and viral par-
ticles from DRG cultures infected with the vUL-37 GFP-labeled virus but not
those from DRG cultures infected with the clinical isolate of HSV-1 (CW1).
Mock-infected cultures did not label with this antibody. Antibodies to human
immunodeficiency virus type 1 p24 did not label either mock-infected or HSV-
1-infected DRG cultures.

FIG. 1. Double immunogold labeling for HSV-1 tegument proteins VP16 and VP22 in axons of HSV-1-infected human DRG. Coverslips with
DRG cultures were processed to Lowicryl HM20, and dual immunogold labeling of ultrathin sections of mid and distal axons containing varicosities
and growth cones was performed as described in Materials and Methods. (A) Label for VP22 (arrowhead) on a dense-cored vesicle in a growth
cone. (B) Double label for VP16 (10-nm gold particles; arrows) and VP22 (15-nm gold particles; arrowheads) on dense-cored vesicles in a varicosity
and decorating an extracellular virion (indicated by the asterisk). (C) Label for VP16 (arrow) and VP22 (arrowhead) on separate dense-cored
vesicles in adjacent axons. (D) Label for VP22 (5-nm gold particles; arrowheads) and VP16 (20-nm gold particles; arrows) is present on a
tubulovesicular membrane structure and multivesicle aggregate in between two enveloped capsids in a varicosity. Label for VP22 is decorating both
viral particles inside the varicosity, while label for both VP16 and VP22 decorates the extracellular virion (indicated by the asterisk). (E) Dual label
for VP16 (10-nm gold particles; arrow) and VP22 (15-nm gold particles; arrowhead) on a partially enveloped viral capsid in a growth cone.
(F) Label for both VP16 (10-nm gold particles; arrows) and VP22 (15-nm gold; arrowhead) in proximity to unenveloped capsids (indicated by the
asterisk) and on a large dense-cored vesicle in a growth cone. (G) Accumulation of enveloped capsids in a growth cone, densely labeled for both
VP16 (arrows) and VP22 (arrowheads). Label for both tegument proteins also decorates an extracellular viral particle (indicated by the asterisk)
adjacent to the growth cone. Bars, 200 nm.
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RESULTS

In this study, the distribution and colocalization of tegument
proteins VP16 and VP22, envelope protein gB, and key cellular
proteins involved in the secretory and exocytic pathways in
neurons (TGN-46, Rab3A, SNAP-25, GAP-43, and kinesin-1)
were examined by single and dual gold labeling of longitudinal
sections of mid and distal regions of human fetal axons cul-
tured in vitro. This technique allowed us to visualize long
regions of the same axon and clearly identify varicosities and
growth cones (46). In order to identify and distinguish viral
capsids from membranous vesicles in axons, the following set
of criteria was followed. Unenveloped capsids were distin-
guished from axonal vesicles on the basis of their size (approx-
imately 125 nm in diameter) (63), thicker structure of the viral
capsid compared to vesicle walls, and electron-dense DNA
cores. A viral capsid has a complex internal structure, whereas
a membranous axonal vesicle has a homogeneously dense cen-
ter surrounded by a clear halo and is enclosed in a single
membrane (27). Enveloped capsids were identified based on
the following criteria including size (170 to 220 nm in diame-
ter) (23), an electron-dense core or capsid, a well-developed
tegument layer, and two distinct membranes, representing the
viral envelope and the membrane of the enclosing vesicle. It is
possible to encounter enveloped capsids without a visible core
in a given plane of section. In this situation, viral capsids were
identified if they contained dual immunogold labeling for viral
capsid, tegument, or envelope proteins. Electron micrographs
shown here in support of our findings are representative of
multiple observations.

HSV-1 tegument and envelope proteins are transported in
axons in tubulovesicular structures and large dense-cored ves-
icles. (i) Tegument proteins (VP16 and VP22). Immunogold
label for tegument proteins VP16 and VP22 was commonly
observed on mid to large dense-cored vesicles and tubulove-
sicular membrane structures in mid axons, varicosities, and
growth cones (Fig. 1). These dense-cored vesicles varied in size
from 90 nm up to 170 nm in length and from 60 nm to 130 nm
in width. The tubulovesicular membrane structures were quite
large and varied from 230 nm to 670 nm in length. Label for
VP16 and VP22 was observed either in separate vesicles or
together in the same vesicle along the length of axons and in
varicosities and growth cones (Fig. 1A to D) (Table 1). Label
for both VP16 and VP22 was also present decorating unenvel-
oped and enveloped capsids which accumulated in varicosities
and growth cones (Fig. 1D to G) (Table 1). Similarly, label for
both tegument proteins densely decorated extracellular virions
adjacent to axons and growth cones (Fig. 1B, D, and G) (Table
1). In addition, label for both tegument proteins could also be

seen in close apposition to the axonal plasma membrane (Fig.
2A and B).

(ii) Tegument and envelope proteins (VP16 and gB). Label
for envelope glycoprotein B in mid axons, varicosities, and
growth cones was present on large clear and dense-cored ves-
icles, tubulovesicular structures, and in close apposition to the
plasma membrane but was usually not associated with label for
tegument protein VP16 (Fig. 2A to E and 3B) (Table 1). In
growth cones, label for gB and VP16 was usually found to-
gether decorating enveloped capsids, tubulovesicular mem-
brane structures, and vesicles adjacent to unenveloped or en-
veloped capsids (Fig. 2E and F) (Table 1). The label for VP16
frequently decorated the viral capsids (Fig. 2E), while label for
gB was found on the vesicles that partially or completely sur-
rounded capsids (Fig. 2F). In addition, extracellular virions
adjacent to the axons and growth cones showed dense labeling
for both gB and VP16 (Fig. 2A and C) (Table 1).

Viral proteins are transported in axons to growth cones in
vesicles derived from the TGN: TGN and viral proteins VP22
and envelope glycoprotein gB. Several studies have shown that
vesicles or carriers that deliver synaptic and membrane pro-
teins to the axon terminus originate from the TGN (39, 54). In
order to identify the origin of the tubulovesicular structures
and dense-cored vesicles carrying viral proteins, we performed
single and dual immunogold labeling for TGN-46 protein with
either tegument VP22 or envelope gB proteins. TGN-46 is a
resident membrane protein of the TGN. Single labeling for
TGN-46 of mock-infected and infected axons showed label for
TGN-46 in clusters on the plasma membrane along mid axons,
growth cones, and at the tips of axons (without visible growth
cones). Label for TGN-46 was also seen in large dense-cored
vesicles and tubulovesicular membrane structures in mid axons
and growth cones (data not shown). Dual labeling of infected
axons showed the presence of label for TGN-46 in association
with either label for VP22 (Fig. 3A) or label for gB (Fig. 3B)
on large dense-cored vesicles, tubulovesicular structures, and
plasma membrane in mid axons and in growth cones (Table 2).

The vesicles carrying HSV-1 tegument and envelope pro-
teins also transport GAP-43, Rab3A, and SNAP-25, three key
proteins in the secretory pathway in neurons. To further char-
acterize the vesicles carrying the viral proteins along axons, we
performed single and dual immunogold labeling experiments
for viral proteins in axons with markers for key proteins in-
volved in the secretory and exocytic pathways in axons, includ-
ing GAP-43, Rab3A, and SNAP-25.

In order to determine if viral proteins travel in axons with
proteins known to be destined for transport to and accumula-
tion at axon termini, we performed single and dual labeling of

TABLE 1. Quantification of vesicles and HSV-1 particles containing immunogold label for tegument and envelope proteins in mid to distal axons

Vesicles or viral particles in mid and distal axons

% of vesicles or HSV-1 particles (no. labeled/total) containing:

Tegument label only Envelope label only Tegument and
envelope label

Vesicles in mid axons 36.84 (14/38) 52.63 (20/38) 10.53 (4/38)
Vesicles in growth cones and varicosities 33.33 (14/42) 52.38 (22/42) 14.29 (6/42)
Enveloped capsids in growth cones and varicosities 28.58 (2/7) 28.58 (2/7) 42.85 (3/7)
Unenveloped capsids in growth cones and varicosities 58.33 (7/12) 0.00 (0/12) 0.00 (0/12)
Extracellular virions 21.28 (20/94) 8.51 (8/94) 70.21 (66/94)
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FIG. 2. Double immunogold labeling for HSV-1 tegument protein VP16 and envelope gB in axons of HSV-1-infected human DRG. Coverslips with DRG
cultures were processed to Lowicryl HM20, and dual immunogold labeling of ultrathin sections of mid and distal axons containing varicosities and growth cones
was performed as described in Materials and Methods. Label for VP16 was detected with a 10-nm gold conjugate and for gB with a 15-nm gold conjugate.
(A) Label for gB (15-nm gold particles; arrowheads) is associated with a large clear-cored vesicle in a varicosity. Label for VP16 (10-nm gold particles; arrows)
is found on the plasma membrane separately from label for gB (arrowhead). Note the label for both gB (arrowhead) and VP16 (arrow) is found on the
extracellular viral particle (indicated by the asterisk) adjacent to the varicosity. (B) Label for gB (arrowhead) and VP16 (arrows) on separate dense-cored vesicles
in a varicosity. (C) Label for gB (arrowhead) in a large dense-cored vesicle in a growth cone. Note the extracellular viral particle (indicated by the asterisk)
adjacent to the growth cone is decorated with label for both gB (arrowhead) and VP16 (arrow). (D) Label for gB (arrowheads) on two separate large
tubulovesicles in mid axons. (E) Label for gB (arrowheads) and VP16 (arrows) is present on tubulovesicular membrane structures in close proximity to an
unenveloped capsid (indicated by the asterisk) in a growth cone. Label for VP16 (arrows) is also present on the unenveloped capsid. (F) Unenveloped capsid
partially surrounded by a tubulovesicular membrane structure with associated label for gB (arrowhead). Bars, 200 nm.
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FIG. 3. Immunogold labeling for TGN-46, GAP-43, Rab3A, tegument proteins VP16 and VP22, and envelope gB in mid and distal axons
of HSV-1-infected human DRG. Ultrathin sections were simultaneously incubated with primary antibodies overnight. Detection of primary
antibodies was obtained either by incubation with gold-conjugated antibodies of different sizes of gold particles (5 and 10 nm) or by
incubation with secondary antibodies conjugated with 2-nm gold particles and sequential silver enhancement to produce two different sizes
of gold particles. (A) Label for VP22 (arrowheads) and TGN-46 (arrows) together on tubulovesicular structures in a mid axon. (B) Label
for gB (arrowheads) together with label for TGN-46 (arrows) on the plasma membrane in a mid axon. (C) Label for GAP-43 (arrowheads)
is present on the plasma membrane of the tips of axons. (D) Label for GAP-43 (small gold particles) (arrowhead) is present in association
with label for VP16 (large gold particles; arrow) on the plasma membrane of a growth cone. (E) Label for Rab3A (arrowheads) is found
on clear and dense-cored vesicles as well as on the plasma membrane in a growth cone. Note that the label for Rab3A does not associate
with the unenveloped capsid (indicated by the asterisk). (F) Label for VP16 (arrows) is present together with or separately from label for
Rab3A (arrowheads) in an axon. Bars, 200 nm.
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viral tegument proteins with the growth cone-associated pro-
tein GAP-43. This neuron-specific GAP-43 protein is localized
to axons and plasma membrane of growth cones and presyn-
aptic terminals (21, 39, 58). In this study, label for GAP-43 was
found on or adjacent to the plasma membrane of axon tips,
varicosities, and growth cones in mock-infected (data not
shown) and infected (Fig. 3C and D) axons. Dual labeling for
GAP-43 and VP16 showed the presence of both labels together
on the plasma membrane of growth cones (Fig. 3D). Label for
both was also observed on large dense-cored vesicles and tu-
bulovesicular structures in mid axons, varicosities, and growth
cones (Table 2).

Rab3A is a member of a large set of GTP-binding proteins
that regulate intracellular trafficking by controlling fusion and
transport, and it plays a key role in the regulated exocytosis of
hormones and neurotransmitters (10). Label for Rab3A was
present on a variety of vesicles, including large dense-cored
vesicles, tubulovesicular structures, and also small clear-cored
vesicles found along mid axons, varicosities, and growth cones
of mock-infected (data not shown) and infected (Fig. 3E) neu-
rons. In addition, label for Rab3A was also found on or adja-
cent to the plasma membrane along axons, varicosities, and
growth cones of both mock-infected and infected axons (Fig.
3E). In infected axons, label for Rab3A was observed in asso-
ciation with label for tegument VP16 on the same tubulove-
sicular structures and large dense-cored vesicles in mid axons
and growth cones (Fig. 3F) (Table 2). However, label for
Rab3A and VP16 could also be found on separate vesicles
along the same axon (Fig. 3F).

Another important protein involved in the exocytic pathway in
neurons is SNAP-25 (synaptosomal-associated protein of 25
kDa). SNAP-25 is a soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor (SNARE) that localizes on
the plasma membrane (51, 52, 62). SNAP-25 plays a role in the
docking and fusion of vesicles to the plasma membrane and is
essential for calcium-triggered exocytosis (51, 52, 62). Label for
SNAP-25 was present in axons on large dense-cored vesicles and
along the plasma membrane in mid axons, growth cones, and
axon tips in both mock-infected (data not shown) and infected
cultures (see Fig. 6A) (Table 2). In infected axons, label for
SNAP-25 was found either together on the same vesicle with or
separately from label for tegument VP16 (Table 2).

HSV-1 capsids in growth cones invaginate TGN-derived ves-
icles carrying viral tegument and envelope proteins. The na-
ture and origin of the vesicles which HSV-1 capsids invaginate
to acquire an envelope are not known. Vesicles derived from
the TGN have been shown to play a key role in the axonal

transport of synaptic and membrane proteins to growth cones
(39). Therefore, we examined the distribution of label for TGN
and viral proteins on HSV-1 capsids (enveloped and unenvel-
oped) accumulating in the growth cones.

Label for TGN-46 together with either envelope glycopro-
tein gB or tegument protein VP22 was found decorating en-
veloped capsids within growth cones or axon tips (Fig. 4B and
C) (Table 2). The membranes of tubulovesicular structures
partially surrounding capsids in growth cones were also found
to contain dual label for TGN-46 and either gB or VP22 (Fig.
4A). In addition, extracellular viral particles in close proximity
to axons contain dual label for TGN-46 and either gB or VP22
(Fig. 4D), respectively (Table 2).

Enveloped viral capsids in growth cones associate with
GAP-43, Rab3A, and SNAP-25, key cellular proteins involved
in the secretory and exocytic pathways in neurons. To further
investigate the mechanism of envelopment of HSV-1 particles
in growth cones, we examined the distribution of label for
GAP-43, Rab3A, and SNAP-25 in growth cones containing
viral particles.

Label for GAP-43 was observed mainly on or in close appo-
sition to the plasma membrane of axon tips, varicosities, and
growth cones (Fig. 5A). Label for GAP-43 was also present in
most of the extracellular viral particles adjacent to varicosities
and growth cones (Fig. 5A) (Table 2). The label for GAP-43
was frequently present on enveloped capsids in varicosities and
growth cones and accumulated in proximity to enveloped par-
ticles in growth cones (Fig. 5B) (Table 2). The association of
GAP-43 label to viral capsids was exclusive to enveloped cap-
sids in growth cones as it did not associate with unenveloped
capsids (Fig. 5C) in mid axons or in growth cones (Table 2).

Label for Rab3A was observed on about half of the envel-
oped capsids within vesicles in growth cones and in less than
half of the extracellular viral particles (Fig. 5D) (Table 2). Like
label for GAP-43, label for Rab3A was not detected on unen-
veloped capsids in mid axons and growth cones (Fig. 3E) (Ta-
ble 2).

Label for SNAP-25, like GAP-43, accumulated and deco-
rated enveloped capsids in growth cones and axon tips (Fig. 6A
and B) (Table 2). But unlike GAP-43 and Rab3A, label for
SNAP-25 was present on unenveloped capsids in mid axons
and growth cones (Fig. 6C). In addition, the majority of extra-
cellular viral particles adjacent to axons labeled densely for
SNAP-25 (Fig. 6D) (Table 2). In particular, a “trail” of
SNAP-25 label could be seen extending from the axonal mem-
brane to the extracellular viral particle when the viral particle

TABLE 2. Quantification of viral particles and vesicles carrying viral proteins in axons containing immunogold label for TGN-46, Rab3A,
GAP-43, SNAP-25, and kinesin-1

Vesicles or HSV-1 particles with label for
VP16, VP22, or gB

% of viral particles or vesicles (no. marked/total) carrying indicated cellular markera

TGN-46 Rab3A GAP-43 SNAP-25 Kinesin-1

Vesicles in mid axons 80.0 (24/30) 50.0 (12/24) 52.2 (12/23) 40.0 (10/25) 35.5 (22/62)
Vesicles in growth cones and varicosities 85.7 (12/14) 62.5 (10/16) 65.2 (15/23) 46.1 (6/13) 53.6 (15/28)
Enveloped capsids in growth cones and

varicosities
68.0 (17/25) 50 (5/10) 62.5 (5/8) 80.0 (12/15) 72.2 (13/18)

Extracellular virions 80.3 (61/76) 35.1 (13/37) 71.4 (15/21) 73.7 (59/80) 74.4 (64/86)

a Apart from kinesin-1 and SNAP-25, immunogold label for TGN-46, Rab3A, and GAP-43 was not observed on unenveloped capsids in axons.
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was in close proximity to, but detached from, the axon
(Fig. 6D).

The motor protein kinesin-1 is present on vesicles carrying
HSV-1 tegument proteins and on enveloped capsids in vari-
cosities and growth cones and on extracellular virions. Kine-
sin-1 (KIF5) is a member of the kinesin superfamily of micro-
tubule-associated motor proteins that are important for
neurite polarization and outgrowth. Kinesin-1 is involved in
the anterograde transport of organelles, vesicles, and various
cargoes, such as GAP-43, in axons (13, 26). Given the impor-
tance of kinesin-1 in axonal transport, we sought to examine
the localization of kinesin-1 with viral tegument proteins as
well as viral particles in axons.

Label for kinesin-1 was found associated with tubulovesicu-
lar structures and large dense-cored vesicles carrying label for
VP22 in mid axons, varicosities, and growth cones (Fig. 7A).
Label for kinesin-1 was also seen in association with label for
VP22 in mid axons in apposition to microtubules (data not
shown). In particular, dense label for kinesin-1 was found dec-
orating enveloped capsids located inside varicosities and
growth cones as well as on extracellular virions adjacent to
axons (Fig. 7B, C, and D) (Table 2).

DISCUSSION

In the present study, we continue our investigation into the
mechanisms of transport of HSV-1 in axons of human DRG
neurons. Using TIEM, we sought to investigate the nature and
origin of the vesicles or carriers involved in the axonal trans-
port of viral tegument and envelope proteins to the axon ter-
minus and the possible mechanism(s) of virus assembly prior to
exit from axons. The key findings of this study are: (i) HSV-1
tegument and envelope proteins can travel in axons indepen-
dently of viral capsids; (ii) viral tegument proteins are trans-
ported either independently (on different vesicles) or together
(on the same vesicle) with other tegument or envelope pro-
teins; (iii) viral proteins are transported in mid axons to vari-
cosities and growth cones in multiple types of vesicles or car-
riers, including pleiomorphic tubulovesicular structures and
large clear- or dense-cored vesicles; (iv) these vesicles or car-
riers are derived from the TGN and contain key proteins in-
volved in the secretory and exocytic pathways in axons, which
include GAP-43, Rab3A, and SNAP-25; (v) viral capsids in
varicosities and growth cones invaginate vesicles or membrane
carriers containing viral tegument and envelope proteins,

FIG. 4. Dual immunogold labeling for tegument VP22 with label for TGN-46 in mid and distal axons of HSV-1-infected human DRG. Ultrathin
sections were incubated with sheep polyclonal antibody against TGN-46 and with rabbit polyclonal antibody to VP22. Label for TGN-46 was
detected with a 10-nm gold conjugate and for VP22 with a 15-nm gold conjugate. (A) Label for both TGN-46 (10-nm gold particles; arrow) and
VP22 (15-nm gold particles; arrowhead) is associated with a tubulovesicular membrane structure partially surrounding a viral capsid in a growth
cone. Inset shows higher magnification of the unenveloped capsid and label for both TGN-46 and VP22. (B) Label for both TGN-46 (arrows) and
VP22 (arrowheads) is associated with vesicles surrounding fully enveloped viral capsids in a growth cone. (C) Label for TGN-46 (arrows) on
enveloped viral capsids within vesicles accumulating in a growth cone. (D) Label for both TGN-46 (arrows) and VP22 (arrowheads) decorating
extracellular viral particles. Bars, 200 nm.
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GAP-43, Rab3A, and SNAP-25; and (vi) the anterograde mo-
lecular motor kinesin-1 is present on these vesicles or carriers
involved in the transport of viral proteins and those in which
the viral capsids invaginate during final virus assembly in the
growth cones.

In neurons, newly synthesized axonal proteins such as syn-
aptic vesicle proteins or plasma membrane proteins have been
shown to travel down axons to growth cones or synapses using
membrane carriers derived from the TGN. These carriers in-
clude dense-cored vesicles, tubulovesicular membrane struc-
tures, and pleiomorphic vesicles (2, 39, 42, 54, 61). These
membrane carriers have been shown to be heterogeneous in
shape and size. Tubulovesicular membrane structures may vary
in shape from spheres to tubules and can be up to 1.5 �m long,
whereas dense-cored vesicles measure between 70 and 200 nm
in diameter (35, 39).

This study shows that HSV-1 tegument and envelope pro-
teins appear to travel along axons either independently from
other tegument and envelope proteins in different large dense-

cored vesicles or tubulovesicular membrane structures or to-
gether in the same vesicle or membrane carrier. In addition,
our study shows that these large dense-cored vesicles and tu-
bulovesicular membrane carriers associated with tegument and
envelope proteins also carry TGN-46 protein, which is a resi-
dent membrane protein of the TGN. These results confirm that
these vesicle carriers are derived from the TGN in the cell body
and are consistent with the role that TGN plays in the sorting
of viral proteins destined for the axon terminus. In addition,
kinesin-1 protein was found associated with these large dense-
cored vesicles and tubulovesicular structures carrying tegu-
ment and envelope proteins, indicating that kinesin-1 is prob-
ably involved in their transport. Further examination of the
large dense-cored vesicles and tubulovesicular structures car-
rying these viral proteins revealed that they also contained key
axonal proteins involved in the secretory and exocytic pathways
in axons. These proteins include the synaptosomal-associated
protein SNAP-25, the GTP binding protein Rab3A, and the

FIG. 5. Immunogold labeling for GAP-43 and Rab3A in HSV-1-infected mid and distal human axons. Ultrathin sections were either single
labeled for GAP-43 or Rab3A or dual labeled with monoclonal antibody to VP5 and rabbit polyclonal antibody for GAP-43 incubated
simultaneously overnight. For double labeling, sequential incubation with secondary antibodies conjugated with 2-nm gold particles and silver
enhancement was performed to produce two different sizes of gold particles. (A) Label for GAP-43 (small gold particles; arrows) is present on the
plasma membrane of a varicosity and on the extracellular viral particle (indicated by the asterisk). The extracellular viral particle also carries label
for VP5 (large gold particle; arrowhead). (B) Label for GAP-43 (arrows) is present on vesicles surrounding enveloped capsids in a growth cone
while label for VP5 (arrowheads) decorates the enveloped capsids. (C) Label for GAP-43 along the plasma membrane of axons. Note that label
for GAP-43 (arrow) does not associate with the unenveloped capsid (indicated by the asterisk) found in mid axon. (D) Label for Rab3A (10-nm
gold particles; arrow) is present decorating an extracellular viral particle. Bars, 200 nm.
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growth cone-associated protein GAP-43 (10, 24, 25, 26, 28, 32,
39, 51, 52, 62).

SNAP-25 is a Q-SNARE protein, which localizes to the
plasma membrane and plays multiple roles in membrane traf-
ficking, axon elongation, and synaptogenesis (19, 32, 51, 52).
SNARE proteins are a family of membrane-tethered coiled-
coil proteins that regulate fusion reactions and target specific-
ity in vesicle trafficking (34, 51, 52, 62). SNAP-25 plays a role
in the docking and fusion of vesicles to the plasma membrane
and together with synaptotagmin is essential for calcium-trig-
gered exocytosis (51, 52, 62). Another key protein in the cal-
cium-dependent regulated exocytosis of hormones and neuro-
transmitters in neurons is Rab3A (5, 10, 53). Rab3A is a
member of a large set of GTP-binding proteins that regulate
intracellular trafficking. Rab3A has been implicated in the reg-
ulation of membrane trafficking by controlling fusion and
transport including transport and sequestration of secretory
vesicles at the release site (5, 10, 53). In addition to SNAP-25
and Rab3A, GAP-43 has also been shown to be involved in the
calcium-dependent fusion of synaptic vesicles (24). GAP-43
(also known as B-50, neuromodulin, and F1) is a neuron-
specific protein, which localizes to axons and plasma mem-

brane of growth cones and presynaptic terminals (21, 39, 58).
GAP-43 has been shown to interact with the synaptic core
complex, including SNAP-25, and to play an important role in
the regulation of exocytosis and release of both small clear and
large dense-cored vesicles (24, 25).

The secretion of neurotransmitters is mediated by the reg-
ulated exocytosis of two classes of vesicles, small clear synaptic
vesicles and large dense-cored vesicles (52, 62). Small clear-
cored vesicles store neurotransmitters such as glutamate,
�-amino-butyric acid, and acetylcholine. These vesicles are re-
leased at the active zones and undergo multiple cycles of exo-
cytosis and endocytosis within the nerve terminal (25). On the
other hand, large dense-cored vesicles, which contain cat-
echolamines or neuropeptides, cannot be refilled after exocy-
tosis and are therefore recycled via the TGN (25). The fusion
of these vesicles with the plasma membrane occurs in response
to increased calcium concentration and utilizes similar mech-
anisms in which SNARE proteins like SNAP-25 play a key
function (34, 51, 53, 62). Our findings indicate that HSV-1
tegument and envelope proteins associate in axons mainly with
large dense-cored vesicles. We found no evidence in this study

FIG. 6. Immunogold labeling for SNAP-25 in HSV-1-infected axons. (A and B) Label for SNAP-25 (arrows) is present on enveloped capsids
within vesicles as well as on the plasma membrane in axon tips. (C) Label for SNAP-25 (arrows) associates with an unenveloped capsid in an axon.
(D) Extracellular viral particles with dense label for SNAP-25 (arrows). Bars, 200 nm.
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that viral tegument or envelope proteins associated with the
small clear synaptic vesicles.

The large dense-cored vesicles and tubulovesicular struc-
tures observed in axons and growth cones in this study, carrying
HSV-1 tegument and envelope proteins, are similar in mor-
phology and size to those already described for the transport of
axonal, plasma membrane, and synaptic vesicle proteins such
as GAP43, synaptophysin, and SNAP-25 in axons (16, 39, 54).
Both types of membrane carriers were found to be derived
from the TGN and to carry TGN-38 protein (mouse homolog
of human TGN-46) (39, 54). In addition, these tubulovesicular
membrane carriers have been shown to be transported by rapid
axonal transport (up to 1 �m/s) (39), which is consistent with
the colocalization of kinesin-1 on these vesicles. Most of the
long-range intracellular transport occurs via the microtuble
network. Transport of cargo along microtubules is driven by
two families of motor proteins, kinesins and dyneins (22, 26).
Kinesin-1 (also known as KIF5 or conventional kinesin) is a
member of the kinesin superfamily. Most kinesin motor pro-
teins, with a few exceptions, transport cargo toward the plus
end of the microtubules. The transport of axonal proteins and
presynaptic components are dependent on specific kinesin mo-
tors. Kinesin-1 is involved in the transport of organelles, vesi-
cles, and various cargoes down axons (15, 22, 26). Kinesin-1

has been shown to interact with SNAP-25 (13) and to mediate
the transport down axons of organelles containing GAP-43 (5,
26). Hence, our findings strongly suggest that HSV-1 utilizes
the existing cellular pathways used for delivery of synaptic
vesicle proteins and membrane proteins to the axon terminus
or synapses and for the regulated exocytosis of neurotransmit-
ters and hormones.

It is possible that viral proteins could be recycled and trans-
ported from varicosities and growth cones into late endosomes
and multivesicular bodies (MVBs) by pleiomorphic vesicles,
including tubulovesicular structures, which can be found in
axons as part of the retrograde vesicular transport pathway (43,
60). However, the cellular markers used in this study have been
previously shown to associate with the large vesicle secretory
pathway (5, 10, 21, 24, 25, 34, 39, 51, 52, 53, 58, 62). In addition,
TGN-46, SNAP-25, and GAP-43 do not usually traffic into late
endosomes, lysosomes, or MVBs (4, 12, 55, 59). The presence
of TGN-46, SNAP-25, and GAP-43 and to a lesser degree
Rab3A is indicative of a TGN origin. The presence of all of
these markers in association with viral proteins and viral par-
ticles is not consistent with a predominance of the viral pro-
teins and viral particles being recycled in organelles such as
lysosomes or MVBs. Furthermore, TGN-46 and kinesin-1 as
well as the putative receptor for kinesin, amyloid precursor

FIG. 7. Dual immunogold labeling for kinesin-1 and tegument protein VP22 in HSV-1-infected mid and distal human axons. Ultrathin sections
were simultaneously incubated with monoclonal antibody to kinesin-1 and rabbit polyclonal antibody for VP22 overnight. This was followed by
sequential incubation with secondary antibodies conjugated with 2-nm gold particles and sequential silver enhancement to produce two different
sizes of gold particles. Labels for kinesin-1 (large gold particles; arrows) and VP22 (small gold particles; arrowheads) were present together on the
same tubulovesicular membrane structure in a varicosity (A), on an extracellular viral particle (B), and decorating enveloped viral capsids in a
varicosity (C) and a growth cone (D). Bars, 200 nm.
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protein, have been reported to associate with VP16-GFP-la-
beled HSV-1 particles moving in the anterograde direction
after injection into the giant axon of the squid (48). Thus, the
complement of markers including TGN46, the presence of
kinesin-1, and the size of the vesicles involved indicate that at
least the vast majority of the viral proteins and viral particles in
our study were associated with the anterograde vesicular trans-
port pathway rather than with retrograde vesicular transport.

A major finding of this study is the association of TGN-46,
GAP-43, SNAP-25, and kinesin-1 with fully or partially envel-
oped capsids in varicosities and growth cones and with extra-
cellular viral particles. However, these cellular proteins were
not identified in purified extracellular viruses analyzed by mass
spectrometry (33). This discrepancy could be due to the dif-
ferent techniques and cell types used in our study and in that
of Loret and colleagues (33). Both mass spectrometry and
immunoelectron microscopy have technical limitations, and
certain proteins due to their biochemical properties, low abun-
dance, or accessibility may not be readily detected by either
technique, especially when dealing with cellular proteins which
are present in low abundance compared to viral proteins. It is
also important to note that this study uses primary human
neurons and that the cellular protein composition in viruses
may differ according to the cell or region of the cell (e.g.,
axons) of origin (6, 47). Hence, viruses produced in neurons
may differ from the viruses produced in cell lines such as HeLa
and baby hamster kidney cells used in the Loret et al. study
(33). Furthermore, some of the proteins identified in our study,
such as GAP-43, SNAP-25, and Rab3A, are enriched in neu-
rons and hence will not be expected to be present in the viruses
produced from cells used in the study by Loret et al. (33).

Overall, our findings provide evidence supporting that fully
enveloped viral capsids in growth cones and varicosities utilize
the large vesicle pathway of exocytosis to exit the axons. These
findings strongly suggest that unenveloped HSV-1 capsids
invaginate large dense-cored vesicles and tubulovesicular or-
ganelles derived from the TGN carrying viral tegument and
envelope proteins for envelopment in varicosities and growth
cones. The incorporation of the cellular proteins TGN-46,
SNAP-25, GAP-43, and kinesin-1 into enveloped capsids may
be derived from the invaginating vesicle or tubulovesicular
membrane although SNAP-25 and kinesin-1 (14) are already
present on the surface of unenveloped capsids prior to envel-
opment. Hence, our findings give further support to the sub-
assembly model of separate transport in axons of unenveloped
HSV-1 capsids from envelope and tegument proteins with final
virus assembly occurring in growth cones at the axon termini.
The invagination of TGN-derived vesicles by tegument-coated
capsids in growth cones and varicosities is probably analogous
to the assembly and envelopment of viral capsids at the TGN
in the cell body of the neuron. Further studies are required to
determine whether all envelope and tegument proteins are
conveyed in the same membrane vesicle carrier or whether
there is heterogeneity with various combinations of envelope
and tegument proteins. For successful virus assembly, all of the
key tegument and envelope proteins need to be present on the
vesicle into which the unenveloped capsid invaginates. Alter-
natively, the capsid could invaginate two or more vesicles to
acquire a full complement of tegument and envelope proteins.
If so, whether such vesicles fuse prior to or at the same time as

the invagination of the capsid will need to be determined.
Further studies will reveal whether some vesicles bearing an
incomplete complement of viral proteins are present, whether
unenveloped capsids invaginate into them, or whether they are
incompetent for such final viral assembly.
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