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Anterograde transport of herpes simplex virus (HSV) from neuronal cell bodies into, and down, axons is a
fundamentally important process for spread to other hosts. Different techniques for imaging HSV in axons
have produced two models for how virus particles are transported in axons. In the Separate model, viral
nucleocapsids devoid of the viral envelope and membrane glycoproteins are transported in axons. In the
Married model, enveloped HSV particles (with the viral glycoproteins) encased within membrane vesicles are
transported in the anterograde direction. Earlier studies of HSV-infected human neurons involving electron
microscopy (EM) and immunofluorescence staining of glycoproteins and capsids supported the Separate
model. However, more-recent live-cell imaging of rat, chicken, and mouse neurons produced evidence sup-
porting the Married model. In a recent EM study, a mixture of Married (75%) and Separate (25%) HSV
particles was observed. Here, we studied an HSV recombinant expressing a fluorescent form of the viral
glycoprotein gB and a fluorescent capsid protein (VP26), observing that human SK-N-SH neurons contained
both Separate (the majority) and Married particles. Live-cell imaging of rat superior cervical ganglion (SCG)
neuronal axons in a chamber system (which oriented the axons) also produced evidence of Separate and
Married particles. Together, our results suggest that one can observe anterograde transport of both HSV
capsids and enveloped virus particles depending on which neurons are cultured and how the neurons are
imaged.

Herpes simplex virus (HSV) and other alphaherpesviruses
establish latency in the sensory nervous system. Periodic reac-
tivation leads to the production of infectious virus in sensory
ganglia, followed by virus transport in neuronal axons to epi-
thelial tissues. Repetitive infection of the cornea causes scar-
ring, which represents the major infectious cause of blindness.
Anterograde transport (from neuronal cell bodies to axon ter-
mini) is a fundamentally important property of alphaherpesvi-
ruses, essential for long-term survival in the form of spread to
other hosts. Early studies of HSV infection in human fetal
neurons involving electron microscopy (EM), immuno-EM,
and immunofluorescence analyses led to the conclusion that
capsids are transported in the anterograde direction separately
from vesicles containing viral glycoproteins (9, 17). More-re-
cent studies from the same laboratory showed that there was
virus envelopment (assembly of capsids with glycoproteins) at
relatively numerous varicosities and at growth cones in cul-
tured human neurons (18). Studies in our laboratory also sup-
ported what we termed the “Separate” model for HSV antero-
grade transport, i.e., transport of unenveloped capsids
separately from viral glycoproteins (20–22). In this model, en-
velopment occurs at axon termini. In human neuroblastoma

(SK-N-SH) cells differentiated to produce neurites, HSV gly-
coproteins stained with a panel of different antibodies (against
gB, gD, gE, or gI) were observed as puncta that were separate
from capsids stained with different antibodies specific to capsid
proteins (20–22).

Early studies of the anterograde transport of the porcine
alphaherpesvirus pseudorabies virus (PRV) involving fixed, an-
tibody-stained rat superior cervical ganglion (SCG) or chicken
dorsal route ganglion (DRG) neurons supported Separate
transport of capsids and glycoproteins (19, 26). However, sub-
sequent studies involving EM of rat neurons (4) and live-cell
analyses of a “two-color” recombinant PRV expressing both a
fluorescent small capsid protein (VP26-monomeric red fluo-
rescent protein [mRFP]) and glycoprotein gD fused to green
fluorescent protein (gD-GFP) in chick neurons (2) concluded
that enveloped PRV particles are transported in the antero-
grade direction in neurons. In this so-called “Married” model,
envelopment occurs in neuron cell bodies, and enveloped par-
ticles within vesicles are transported in axons. This model was
also supported by EM studies showing numerous PRV envel-
oped capsids in axons (13). Thus, it has been suggested that
PRV and HSV might differ in the mechanisms by which cap-
sids are transported in neuronal axons (6, 13, 20, 21), with PRV
using the Married mechanism and HSV using the Separate
mechanism. Given the fundamentally important nature of al-
phaherpesvirus transport in neurons, the notion that PRV and
HSV differ in this process was surprising.

More-recent EM studies of HSV-infected neurons have pro-
duced other results. In one study of HSV-infected rat SCG
neurons, 25% of capsids were Separate and 75% Married (15).
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A second study reported only Married HSV particles in rat
neuronal axons (10). We note that one of the earlier EM
studies involving HSV-infected human neurons described a
fraction of the total particles that were Married (2 of a total of
15 particles in axons distant from varicosities) (18).

There are difficulties with the interpretation of both the
antibody-staining and the EM experiments described above.
First, fixed neurons do not produce information on whether
capsids or glycoproteins are being actively transported in the
anterograde direction versus the retrograde direction or are
stalled. This is especially problematic if capsids that are imaged
are assumed to be undergoing anterograde transport but in-
stead have entered the neuron following “secondary infection.”
Secondary infection will be defined here as a virus, derived
from another neuron or a nonneuronal cell, that reaches ex-
tracellular spaces and then enters the neuron under study. On
entry into the neuron under study, there is deenvelopment,
producing a capsid (free of glycoproteins) that moves in the
retrograde direction in axons, toward the nucleus (1). Second,
most EM studies have reported the presence of relatively few
HSV particles in axons, compared with EM studies of PRV
(13, 15, 17, 18), making interpretation of the results difficult.

Investigations into HSV anterograde transport have also
involved live-cell analyses of HSV recombinants expressing
either the capsid protein VP26 fused to GFP or gD fused to
yellow fluorescent protein (YFP), designated “one-color” vi-
ruses here (21, 22). These studies involved primarily SK-N-SH
neuroblastoma cells, although we note that the central conclu-
sions were also confirmed in rat trigeminal ganglion (TG)
neurons. With these one-color recombinants expressing VP26-
GFP (22) or VP26-mCherry capsids (A. Snyder, unpublished
data), it was possible to image more capsids than the EM
studies did and to measure the kinetics of transport. However,
it was necessary to fix and stain neurons to assess the colocal-
ization of capsids with glycoproteins, leading to criticisms that
those puncta analyzed for colocalization might not be moving.
There are several arguments against the notion that the capsids
characterized in these studies were produced by secondary
infection (and thus were moving retrogradely). First, we used
low multiplicities of infection (MOIs) (1 to 2 PFU/neuron)
(20–22), in contrast to other studies involving PRV and HSV,
in which high MOIs (100 to 1,000 PFU/neuron) were appar-
ently used (1, 12, 19). Second, there was marked accumulation
of HSV capsids at axon hillocks from 12 to 17 h after infection,
followed by a burst of capsid transport into and down axons
with both SK-N-SH cells and rat TG neurons (22), as had been
previously reported with human DRG neurons (14). The ki-
netics of this capsid accumulation followed by transport into
axons was not consistent with secondary infection. Third, stud-
ies of HSV VP26-GFP-labeled capsids clearly showed antero-
grade transport of a significant fraction of capsids (22).

Recently, Antinone et al. (3) constructed a “two-color” HSV
recombinant expressing both a fluorescent capsid protein
(VP26-mRFP) and a fluorescent glycoprotein (GFP-gB) that
allowed imaging of capsids and a glycoprotein. Infection of
chicken and rat neurons and mouse neuroblastoma cells pro-
duced evidence that 64 to 70% of capsids were in the Married
form while undergoing anterograde transport (3). However, no
GFP-gB signal was detected in 42% of extracellular virus par-
ticles produced by their HSV recombinant (particles that

should have an envelope). They concluded that all or most
anterograde transport of HSV involves enveloped (Married)
particles. Here, we constructed a similar HSV recombinant
expressing mRFP-gB and VP26-Venus (a variant form of the
enhanced yellow fluorescent protein known as VenusA260K).
Imaging of human SK-N-SH neurons and rat neurons in iso-
lator chambers produced evidence of both Married and Sepa-
rate anterograde transport.

MATERIALS AND METHODS

Cells and viruses. Vero cells were propagated in Dulbecco’s minimum essen-
tial medium (DMEM) (Invitrogen) with 7 to 8% fetal bovine serum (FBS) (ISC
BioExpress, Kaysville, UT). HSV recombinants were propagated, and their titers
determined, on Vero cells.

Construction of an HSV recombinant expressing mRFP-gB and VP26-Venus.
To construct a protein in which HSV-1 gB sequences were fused to monomeric
red fluorescent protein, approaches similar to those used to construct a gB fusion
with enhanced cyan fluorescent protein (ECFP) were used (23). A plasmid
designated pBS-mRFP1-UL27, containing gB sequences fused to mRFP1 coding
sequences (a generous gift from R. Y. Tsien), was generated by an in-frame
insertion of the mRFP1 coding sequences into a NotI site of the UL27 gene in
pBS-UL27. This placed the mRFP at the N terminus of gB between the signal
sequence and the N terminus of mature gB. A recombinant HSV, YK613, that
expressed the gB fusion protein was derived by transfecting rabbit skin cells with
intact YK304 viral DNA (wild-type HSV-1 strain DNA derived from a bacterial
artificial chromosome [BAC]) and plasmid pBS-mRFP1-UL27 as described pre-
viously (23, 24). A second recombinant, YK614, which expresses mRFP-gB and
VP26-Venus, was produced by coinfecting Vero cells with YK613 and another
HSV recombinant, YK60, expressing VP26-VenusA206K, which was described
previously (23). YK614 was selected by screening for viruses that expressed both
mRFP and Venus fluorescence as described previously (23). The presence of
mRFP-gB and VP26-Venus sequences in the HSV recombinant YK614 was
confirmed by PCR amplification and sequencing.

Extracellular HSV particles. Vero cells were infected with YK614 (using 5
PFU/cell). After 22 h, cell culture supernatants were harvested and cell debris
removed by low-speed centrifugation at 1,000 � g for 15 min, followed by
10,000 � g for 5 min. These virus particles were adsorbed onto glass coverslips
that had been coated with poly-D-lysine (30 �g/ml) and laminin (2 �g/ml) for 16 h
at 37°C.

Neuron cell cultures. SK-N-SH neuroblastoma cells (American Type Culture
Collection) were propagated as described previously (20–22). A separate line of
these cells was derived in our laboratory by repeated, selective removal of a
fraction of cells from dishes using brief incubation with 100 mM Na citrate buffer,
pH 7.3. Rat superior cervical ganglion (SCG) neurons were prepared from rat
(embryonic day 18 [E18]) embryos as described previously (12). These neurons
(10 to 40,000 cells) were plated in microfluidic chambers (23 mm diameter; Xona
Microfluidics, Temecula, CA), consisting of small plastic chambers connected by
10-�m-wide microgrooves or channels (12, 16). These chambers were mounted
in poly-D-lysine- and laminin-coated glass-bottom 35-mm-diameter dishes
(WillCo). Neurons were plated in the somal chamber; they extended axons into
the channels and subsequently into the adjacent axonal chamber. The axons in
channels can be imaged from below. These cells were incubated in growth
medium for 7 to 14 days of culture and were then infected with HSV using 3 to
12 PFU/neuron (based on the number of cells originally plated) by introducing
the virus into the somal chamber.

Imaging of virus particles adhering to glass coverslips and within SK-N-SH
neurites. YK614 extracellular particles adsorbed onto glass coverslips were fixed
with 4% paraformaldehyde and were permeabilized with 0.2% Triton X-100 as
described previously (22). The particles were then stained with various antibod-
ies, followed by secondary fluorescent antibodies as described previously (20–22).
SK-N-SH neurons were plated onto Lab-Tek Permanox chamber slides (Nalge
Nunc) coated with poly-D-lysine (30 �g/ml; Sigma) and laminin (2 �g/ml; Sigma)
or rat tail collagen (5 �g/ml; Roche) and were differentiated using retinoic acid
as described previously (20). After 10 to 14 days, approximately 60 to 70% of the
cells exhibited neurites, and the cells were infected with YK614 (1 to 3 PFU/cell)
for 19 to 23 h; then longer neurites that were not in association with other cells
were imaged. Images were acquired on a high-resolution wide-field DeltaVision
Core system (Applied Precision) utilizing an Olympus IX71 inverted microscope
with a proprietary XYZ stage enclosed in a controlled environment chamber,
transmitted-light differential interference contrast (DIC), and a solid-state mod-
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ule for fluorescence. A Nikon CoolSNAP ES2 HQ camera was used to acquire
images as optical axis images in a 512-by-512 BIN of 2 format with a 60�
(numerical aperture, 1.42) Plan Apo N objective in 2 colors, Venus and mRFP.
The images were deconvolved using softWorX Explorer software with the ap-
propriate optical transfer function (OTF) using an iterative algorithm of 10
iterations. Histograms were optimized for the most positive image and were
applied to all the other images from that experiment before the images were
saved as 24-bit merged tagged-image format files (TIFF).

Live-cell imaging of rat SCG axons in microfluidic chambers. Rat neurons in
microfluidic chambers were infected with YK614 using 3 to 12 PFU/cell for 19 to
23 h and were then imaged while at 37°C under 6% CO2 in an enclosed chamber
using an inverted objective and the deconvolution system described above. Axons
were observed for 1 to 2.5 min using frames of 0.5 s. Again, images were
deconvolved using softWorX Explorer.

Radiolabeling, immunoprecipitation, and gel electrophoresis of viral proteins.
Vero cells were infected with various HSV strains for 5 to 6 h. Then the cells
were washed with DMEM lacking methionine and cysteine and were incubated
in this medium containing [35S]methionine-cysteine (50 �Ci/ml) for 2 to 3 h. Cell
extracts were made using Nonidet P-40 (NP-40)–deoxycholate (DOC) buffer,
comprising 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate containing 2 mg/ml bovine serum albumin (BSA), and 0.5% phenyl-
methylsulfonyl fluoride (PMSF). Radiolabeled cell extracts were centrifuged at
40,000 rpm in a Beckman benchtop ultracentrifuge for 40 min to remove insol-
uble proteins and were then mixed with the gB-specific monoclonal antibody
(MAb) 15�B2 or GFP-specific rabbit antibodies. Then protein A-Sepharose was
added for an additional 90 min as described previously (27). The protein A-
Sepharose was washed 3 times with NP-40–DOC buffer; proteins were eluted by
boiling in buffer containing 2% sodium dodecyl sulfate and 2% �-mercaptoeth-
anol; and the mixture was then subjected to electrophoresis using polyacrylamide
gels as described previously (27).

RESULTS

Construction and characterization of an HSV recombinant
expressing mRFP-gB and VP26-Venus. To address the mode of
transport of HSV further, we constructed an HSV expressing a gB
protein fused to monomeric red fluorescent protein (designated
mRFP-gB) and VenusA260K fused to the C terminus of the small
capsid protein VP26 (designated VP26-Venus). The construction
of the gB fusion protein was similar to that of gB fused to mo-
nomeric enhanced cyan fluorescent protein (ECFP), which was
described previously (23). This mRFP-gB construct was recom-
bined into wild-type HSV-1 strain F DNA, producing recombi-
nant virus YK613, as described in Materials and Methods. A
recombinant expressing both mRFP-gB and VP26-Venus (23),
designated YK614, was constructed by coinfecting Vero cells with
YK613 and another HSV recombinant, YK601, which expresses
VP26-VenusA206K (23), and screening for viruses that expressed
both mRFP and Venus fluorescence as described previously (23).
The presence of mRFP-gB and VP26-Venus sequences was con-
firmed by PCR amplification and sequencing. In addition, VP26
and gB were immunoprecipitated from YK614-infected Vero
cells that had been radiolabeled with [35S]methionine-cysteine.
YK614 expressed a gB glycoprotein that was substantially larger
than the gB glycoprotein expressed by wild type HSV-1 and had
the size expected given the fusion of gB with mRFP (Fig. 1A).

FIG. 1. Immunoprecipitation of mRFP-gB and VP26-Venus from YK614-infected cells. Vero cells were infected with either wild-type HSV-1
strain F, YK614 (carrying the mRFP-gB and VP26-Venus sequences), F-BAC gB�, which does not express gB (7), or F-US9�/GFP, which
expresses GFP (21, 22). After 6 h, the cells were radiolabeled with [35S]methionine-cysteine for 150 min; then the cells were lysed in NP-40–DOC
buffer containing 2 mg/ml BSA and 1 mM PMSF. Extracts were centrifuged at high speed to remove insoluble debris and were then mixed with
anti-gB monoclonal antibody (MAb) 15�B2 (A) or with rabbit anti-GFP antibodies (B). Then protein A-Sepharose was added, and gB or GFP
was immunoprecipitated as described previously (27). The positions of gB, mRFP-gB, GFP, and VP26-GFP, as well as those of molecular mass
markers of 220, 97, 66, 46, and 30 kDa, are indicated.
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YK614-infected cells also expressed a protein that was immuno-
precipitated with GFP-specific antibodies (which cross-react with
the Venus protein) and had the size expected for a VP26-Venus
fusion protein (Fig. 1B).

The replication of YK614 (mRFP-gB, VP26-Venus), YK613
(mRFP-gB), and YK304 (wild-type HSV-1 derived from a
BAC) was compared using rat SCG neurons. The neurons
were infected using 5 PFU/cell, and the combined cells and cell
culture supernatants were harvested after 2, 15, 10, and 26 h.
Summarizing these data, YK614 produced �10-fold-less infec-
tious virus than YK613 and wild-type HSV after 26 h (not
shown). Previously, we found that replication of an HSV ex-
pressing VP26-GFP produced �10-fold-less infectious virus in
neurons than wild type HSV-1, and many fewer capsids were
transported into axons (22). Thus, the fusion of GFP or Venus
to VP26 had substantial effects on virus replication and capsid
transport, while the fusion of mRFP to gB had less of an effect
on virus replication.

There can be variability in the incorporation of certain gly-
coproteins fused to fluorescent proteins into the virion enve-
lope. As many as 15% of PRV extracellular particles did not
contain detectable gD-GFP (2), and 42% of HSV extracellular
particles contained no detectable gB-GFP (3). The vast major-
ity of extracellular PRV and HSV particles are enveloped, and
thus, it has been concluded that there can be reduced incor-
poration of glycoprotein fusion proteins into the virion enve-
lope. We also noted some proteolytic cleavage of gD-YFP in
previous studies, although 95% of those puncta that stained
with anti-gD polyclonal antibodies also exhibited gD-YFP flu-
orescence (20). In the present studies, there was no evidence of
proteolysis of mRFP-gB (Fig. 1A). We prepared YK614 extra-
cellular particles from Vero cells, harvesting cell culture su-
pernatants at 22 h, removing cell debris at low speed (1,000 �
g for 15 min, followed by 10,000 � g for 5 min), and then
allowing these HSV particles to adhere to glass coverslips
coated with poly-D-lysine and laminin. The particles were fixed
with 4% paraformaldehyde, permeabilized with 0.2% Triton

X-100, and imaged using an Olympus inverted wide-field mi-
croscope with a solid-state module for fluorescence, and im-
ages were deconvolved. As in previous studies, there were
relatively numerous mRFP-gB puncta that did not exhibit
VP26-Venus fluorescence, consistent with L particles or mem-
brane blebs (Fig. 2). However, most of the VP26-Venus-la-
beled capsids (green) exhibited mRFP-gB fluorescence. As
before, there was variability in the amounts of mRFP-gB flu-
orescence associated with different capsids. In Fig. 2, the par-
ticles numbered 1, 2, and 4 displayed relatively strong
mRFP-gB fluorescence (Fig. 2C). Particle number 5 showed
lower mRFP-gB fluorescence (Fig. 2C) and appeared as an
entirely green particle in Fig. 2A. Particle number 3 had no
detectable mRFP-gB fluorescence in Fig. 2C. However, it was
possible to enhance the mRFP-gB signal by increasing the
minimum fluorescent intensity detected and thus to detect
signals from particles 3 and 5 (Fig. 2D). With enhancement of
the mRFP-gB signal, we could detect gB associated with 80%
of VP26-Venus capsids (Table 1). The differences between

FIG. 2. Characterization of YK614 extracellular particles. Vero cells were infected for 22 h with YK614; then cell culture supernatants were
harvested, and cell debris was removed by low-speed centrifugation at 1,000 � g for 15 min, followed by 10,000 � g for 5 min. These supernatants
were incubated with polylysine- and laminin-coated glass coverslips for 16 h in a humidified incubator at 37°C. Virus particles that stuck to
coverslips were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and then imaged by deconvolution microscopy as
described previously (22). (A) mRFP-gB fluorescence superimposed on VP26-Venus fluorescence. (B and C) VP26-Venus and mRFP-gB
fluorescence, respectively. (D) mRFP-gB fluorescence enhanced by raising the minimum intensity that was assigned maximum fluorescence, so that
the red puncta numbered 3 and 5 were more intense than those in panel C. (E to G) Histograms of the number of pixels on the y axis versus the
relative pixel intensity on the x axis for panels B to D. Panel G differs from panel F in that any pixel to the right of the diagonal red line has been
assigned maximum intensity. VP26-Venus puncta 1 to 5 are labeled in all the images.

TABLE 1. Colocalization of fluorescence in YK614 virus particles
from cell culture supernatants of Vero cellsa

Fluorescence Colocalizationb

mRFP-gB 221/276 (80)
R#68 (rabbit polyclonal anti-gB) 152/210 (72)
DL6 (mouse anti-gD MAb) 165/211 (78)
3B6 and H1.4 (anti-VP5 MAb) 222/263 (84)
NC-1 (rabbit polyclonal anti-VP5) 197/225 (88)
NC-7 (rabbit polyclonal anti-VP26) 178/198 (90)

a YK614 (expressing both mRFP-gB and VP26-Venus) particles from cell
culture supernatants were allowed to adhere to polylysine- and laminin-coated
glass coverslips; then they were fixed with 4% PFA and permeabilized with 0.2%
Triton X-100 before being imaged directly (VP26-Venus versus mRFP-gB) or
stained with various antibodies.

b Expressed as the number of capsids detected by VP26-Venus fluorescence
that exhibited mRFP-gB fluorescence or stained with the anti-gB, anti-gD, anti-
VP5, or anti-VP26 antibodies/total number of capsids detected by VP26-Venus
fluorescence (percentage).
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these data and previous studies involving a similar HSV re-
combinant expressing VP26-mRFP and GFP-gB in which 42%
of capsids contained no detectable gB (1) may reflect our use
of solid-state illumination in deconvolution microscopy, which
may surpass standard wide-field microscopy (1), although de-
tection systems also influence the capacity to detect low levels
of fluorescence.

Previously we characterized the transport of wild-type HSV
capsids using two anti-VP5 (large capsid protein) MAbs: 3B6
and H1.4 (21, 22). Antinone et al. (3) used a mixture of these
two antibodies under similar conditions and were unable to
recognize approximately half of the extracellular capsids re-
leased from Vero cells. They suggested that our studies might
have missed Married particles in axons, because these MAbs
were less able to access capsid epitopes in enveloped particles.
Here, we addressed this concern by staining YK614 extracel-
lular particles with various anticapsid and antiglycoprotein an-
tibodies. Capsids adsorbed onto polylysine- and laminin-
coated glass coverslips, fixed with 4% PFA, and permeabilized
with 0.2% Triton X-100 were stained with antibodies as de-
scribed previously (22). Under these conditions, MAbs 3B6
and H1.4 recognized 84% of VP26-Venus-labeled capsids (Ta-
ble 1). Rabbit NC-1 sera, specific for VP5 (5), and NC-7 sera,
specific for VP26 (5), recognized 88% and 90% of capsids,
respectively. Rabbit polyclonal antibodies specific for gB rec-
ognized 72% of these particles, and a mouse MAb specific to
gD recognized 78% of the particles. While the two VP5-spe-
cific MAbs produced lighter staining than the polyclonal anti-
bodies, there was clear staining with these VP5 MAbs, so that
masking of epitopes in enveloped particles, in our experiments,
was not likely. More likely, the differences between our results
and those of Antinone et al. relate to the instability of the
anti-VP5 MAbs (these antibodies appear to be prone to dena-
turation during freeze-thaw cycles) or to our use of more-
sensitive means to detect fluorescence.

Analyses of anterograde transport of capsids and glycopro-
teins in SK-N-SH neuroblastoma cells. Many of our previous
studies of HSV anterograde transport involved SK-N-SH neu-
roblastoma cells differentiated with retinoic acid to produce
neurites (20–22). We note that our SK-N-SH cultures are dif-
ferent from those of the American Type Culture Collection
because we optimized for cells that produce more-extensive
and longer neurites and that transport HSV capsids well. This
involved repeated selection of a fraction of cells from dishes by
incubation with 100 mM Na citrate buffer, pH 7.3. Following
differentiation, 60 to 80% of these SK-N-SH cells produced
neurites. It is theoretically possible that nonneuronal cells
present in these cultures after differentiation could produce
HSV progeny causing secondary infection of neuronal cells, so
that there is retrograde transport in neurites. To reduce the
level of secondary infection, SK-N-SH cells were plated at less
dense concentrations in the presence of neutralizing antibodies
and were infected at low MOIs (1 to 2 PFU/cell). In addition,
HSV capsids accumulated in axon hillocks until about 16 to
19 h and were subsequently moved into axons, and imaging of
VP26-GFP capsids was consistent with substantial anterograde
spread. These properties were not consistent with secondary
infection.

SK-N-SH neurons infected with YK614 for 19 to 23 h were
fixed with 4% PFA, and neurites were examined by deconvo-
lution microscopy (20–22). The majority of puncta correspond-
ing to capsids (VP26-Venus) (green) were not colocalized with
detectable mRFP-gB (red) in SK-N-SH neurites (Fig. 3A and
B). However, there was clear colocalization of VP26-Venus
and mRFP-gB fluorescence (involving concentric fluores-
cence) in some cases (arrow in Fig. 3A). This imaging involved
levels of fluorescence enhancement similar to those used for
Fig. 2D, so it was unlikely that we were unable to detect
mRFP-gB, if present, in more than 20% of the capsids. Enu-
merating more than 150 VP26-Venus puncta, we observed

FIG. 3. Imaging of capsids and gB in SK-N-SH neurons infected with YK614. SK-N-SH neuroblastoma cells were differentiated to produce
neurites as described previously (22). The cells were infected with YK614 using 1 to 2 PFU/cell; then, after 19 to 23 h, the cells were fixed with
4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and imaged by deconvolution microscopy (22). Red fluorescence (mRFP-gB) and
green fluorescence (VP26-Venus) are superimposed. (A and B) Neurites distal from cell bodies. (C) Neurite with a flared axon terminus similar
to a neuronal growth cone. The arrows in panels A and C point to puncta with colocalization of mRFP-gB and VP26-Venus fluorescence.
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more than 80% that did not contain detectable mRFP-gB
fluorescence. Differentiated SK-N-SH neurons produced flar-
ing at neurite termini, similar to growth cones, and there was
more often colocalization of capsids and gB there (arrow in
Fig. 3C). Presumably this colocalization corresponds to sec-
ondary envelopment.

Live-cell analyses of capsids transported in YK614-infected
SK-N-SH neurites proved to be difficult for a number of rea-
sons. First, there were relatively low numbers of capsids in
neurites, as was noted by Antinone et al. with a similar HSV
recombinant (3). Second, a relatively high fraction of the
YK614 capsids did not move or moved relatively short dis-
tances during the period of observation (1 to 3 min). There
were examples of both Married and Separate capsid transport
in these live-cell analyses. However, these problems in live-cell
analyses and the possibility of secondary infection led us to
move these studies into rat neurons growing in microfluidic
chambers.

Analyses of anterograde transport in rat neurons using mi-
crofluidic chambers. Liu et al. described microfluidic chambers
that were used to characterize anterograde spread of PRV
(12). These are small plastic chambers connected by 10-�m-
wide microgrooves or channels (16). Neurons plated in the
somal chamber extend axons into the channels and subse-
quently into the adjacent axonal chamber. Hydrostatic pres-
sure between the somal and axonal chambers prevents move-
ment of fluids or virus between chambers, isolating the axons
and reducing secondary infection. We prepared rat SCG neu-
rons as described previously (12) and plated 10 to 40,000 cells
in somal chambers mounted in poly-D-lysine- and laminin-
coated glass-bottom 35-mm-diameter dishes. After 7 to 14 days
of culture, the cells were infected with YK614 using 3 to 12
PFU/neuron (based on the number of cells originally plated)
by introducing virus into the somal chamber. After 19 to 23 h,
neuronal axons within the channels were imaged from below
using live-cell deconvolution microscopy. Puncta correspond-
ing to mRFP-gB (red) and capsids (green) were followed over
the course of 1 to 2.5 min. We observed three types of particles
that moved in the anterograde direction. First, there were
particles that exhibited VP26-Venus (green) fluorescence with
no detectable mRFP-gB (red) fluorescence (Fig. 4A). Second,
there were Married capsids, i.e., VP26-Venus capsids and
mRFP-gB nearly superimposed on one another (Fig. 4B). The
small displacement of green and red signals relates to the need
to switch filters to detect different fluorescent wavelengths.
Third, there were vesicles containing mRFP-gB and no obvious
VP26-Venus capsids (Fig. 4C), consistent with previous obser-
vations of glycoprotein vesicles (1, 2, 20, 22). In Fig. 4 we
installed gaps (e.g., between frames 7 and 26 in Fig. 4A) in
order to describe more distance and time in the transport
monitored. In some instances, puncta were lost from the plane
of focus for several frames (each frame is �0.5 s), because
axons were not entirely in the same horizontal plane and
puncta moved out of the focal plane. However, every punctum
that was enumerated could be accurately followed. The capsid
in Fig. 4A was transported �35 �m in 14.5 s, averaging 2.4
�m/s, which is similar to the speed reported for PRV (19).

Three representative movies of the live-cell analyses are
presented as supplemental material. Movie S1 shows a green
punctum, i.e., a Separate capsid, that begins one-third of the

distance from the left at time zero and moves to the right (from
the axonal toward the somal chamber), largely disappearing
from focus twice and then reappearing. This capsid moved �35
�m in approximately 17 s, corresponding to 2 �m/s. Following
these first 17 s of the movie, there was an absence of puncta for
approximately a minute. This illustrates the relatively low lev-
els of capsid transport in some axons, especially when fewer
axons are present in the channels. Beginning at 1 min, 18 s, a
Married capsid, with intense mRFP-gB fluorescence, moved
from the extreme left side of the frame toward the middle over
the course of 27 s. Again, there was a small lag in detecting the
green fluorescence relative to the red fluorescence, related to
the need to change filters. Movie S2 in the supplemental ma-
terial shows a Married particle (indicated by an open arrow)
with stronger VP26-Venus fluorescence and less-intense
mRFP-gB fluorescence that begins near the middle of the
frame at time zero, moves over or under a red punctum, and
continues to the right, moving slowly until 22 s and then mov-
ing more rapidly to the right, with a total of 28 �m of move-
ment from 0 to 1.0 min. To the left of this Married capsid there
was a green punctum (indicated by a filled arrow), i.e., a Sep-
arate capsid, that was initially stalled, then moved about 8 �m
over 10 to 15 s, stalled again, after 1.0 min moved out of focus
(1.0 to 1.1 min), and then moved �10 �m from 1.1 to 1.2 min
before going out of focus. There were also numerous vesicles
containing gB (red) that moved, while others were stalled.
These images illustrated common observations of stalling, fol-
lowed by shorter periods of transport. Movie S3 in the supple-
mental material shows a channel with more neurons (plated at
40,000 neurons per somal chamber) and numerous capsids and
glycoprotein vesicles. The majority (70 to 80%) of capsids that
moved either from left to right (in the anterograde direction)
or from right to left (in the retrograde direction) were Sepa-
rate. There was again substantial stalling, followed by trans-
port. For example, there was a bright green punctum (indi-
cated by the open arrow) approximately 13 to 14 �m from the
left that was largely stalled from 0 to 4 s; then the capsid moved
�10 �m from 4 to 15 s, slowed, stalled until 20 s, and then went
out of focus. From 0 to 15 s there was a Married particle
(arrowhead) that began just left of center and then moved
more slowly �20 to 25 �m to the right. This movie also rep-
resented another important observation that likely explains the
substantial right-to-left movement of capsids and glycopro-
teins. At time zero, there was a bright green punctum (indi-
cated by the filled arrow) in the middle of the frame. This
capsid was stalled for the first 5 s; then it jiggled and moved
slowly, initially to the right, then downwards in an arch from 6
to 15 s, changing direction, and ultimately moving left (toward
the somal chamber) and out of the frame from 15 to 42 s, with
some periods of stalling. We observed other examples of red
puncta that initially moved from right to left altering course
and moving from left to right in axons. Thus, it appeared that
these axons initially grew in the direction of the axonal cham-
ber but then turned back, in an arc or semicircle, toward the
somal chamber. These observations suggest that some of the
puncta that moved right to left (toward the somal chamber)
were actually moving in the anterograde direction in turned
axons. Note that these turns were relatively rare even when
neurons were plated more densely (40,000 cells/well) and were
not observed at all when neurons were less dense.
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Figure 5 shows representative still images derived from
movie S3 in the supplemental material. The open arrow points
to a Separate capsid that moved in the anterograde direction
(right) slowly at first and then more rapidly between 4 to 14 s,
was stalled until 18 s, and then moved right and out of focus at
23 s (not shown). The filled arrowhead indicates a Married
particle (green and red fluorescence) that moved in the an-
terograde direction (right) over �10 �m until 5 s (not shown)
and disappeared from the focal plane at 6 s (not shown). The
filled arrow documents a capsid that was stalled at first (1 to
3 s) and then moved right (3 to 6 s), then in an arc from 6 to
15 s (compare 7 to 14 s), and then rapidly leftward (toward the
stromal chamber) over 40 to 45 �m from 14 to 44 s.

Table 2 summarizes the transport of capsids in four exper-
iments involving different concentrations of neurons (15 to
40,00 neurons in the somal chamber), different culture periods
(7 to 14 days after neuron plating), and different MOIs (3 to 12
PFU/cell). In experiment 1, 70% of capsids that moved in the
anterograde direction (entirely left to right during the whole
observation period) were Separate. Note that we enhanced
the gB signal in the images as much as possible and erred on
the conservative side: if there was there was any detectable
mRFP-gB fluorescence associated with a capsid, the particle
was labeled Married. The neurons in experiment 1 were rela-
tively more concentrated, and we observed two axons that
turned back toward somal chambers but classified all right-to-
left movement as retrograde in Table 2, although, as discussed
above, several of these capsids were likely moving in the an-
terograde direction. In experiment 1, there were also substan-
tial numbers of capsids (25% of the total capsids) that were
static for the entire period of observation (1.5 to 2.0 min), and
these capsids were also largely (93%) Separate. Given their
location, these particles likely moved before and after the
relatively short observation period. Experiment 2 involved less-
dense neurons with many fewer axons in the channels, and
most (89%) of the anterograde capsids were Separate. In ex-
periment 2 and experiment 3, there were fewer neurons and
fewer retrograde capsids, again consistent with less turning of
axons when neurons were less dense. In experiment 4, there
were moderate bundles, and over half of the capsids that
moved in the anterograde direction were Married. Similarly,
about half the static capsids were Married. Totaling all the
capsids that moved in the anterograde direction in these rat
neurons, 67% of the capsids were Separate.

DISCUSSION

Our studies with the YK614 HSV recombinant expressing
mRFP-gB and VP26-Venus provided evidence for both Mar-

FIG. 4. Imaging of capsids and gB in axons of SCG rat neurons
present in the connecting channels between microfluidic chambers.
Rat SCG neurons were plated in the somal chambers of microfluidic
devices (20,000 neurons per chamber) for 14 days. The cells were
infected with YK614 using 3 PFU/cell and were then imaged by live-
cell deconvolution microscopy after 23 h. (A) VP26-Venus-labeled

capsid (Separate particle) moving in the anterograde direction, from
left to right. (B) VP26-Venus labeled capsid with colocalized
mRFP-gB fluorescence (Married particle) moving in the anterograde
direction. The small displacement of green and red signals relates to
the need to switch filters in order to detect different fluorescent wave-
lengths. (C) Puncta containing mRFP-gB moving in the anterograde
direction. Gaps were introduced, e.g., in panel A between frames 7 and
26, in order to show longer distances of travel. Frames of 0.5 s are
numbered along the right side. Bars, 5 �m.
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ried and Separate anterograde transport. In SK-N-SH cells,
80% of the capsids observed in fixed neurites showed no de-
tectable mRFP-gB. Given that we could not detect mRFP-gB
fluorescence in �20% of HSV extracellular particles, it was
likely that the majority of the capsids in SK-N-SH neurites
were transported as Separate particles. Live-cell imaging of
SK-N-SH neurites encountered two problems: (i) lower levels
of capsid transport during the relatively short periods of ob-
servation and (ii) difficulties in interpreting the data based on
the possibility of secondary infection. In SK-N-SH neurons,
there were often numerous capsids that were stalled. For rea-
sons described in the introduction and the second section of
Results, secondary infection (resulting in retrograde transport)
is unlikely to account for these stalled capsids. These capsids
managed to reach distal regions of SK-N-SH axons by some
mechanism, and the capsids were clearly inside neuronal
axons. Thus, the more likely possibility is that these capsids and
also glycoproteins moved in the anterograde direction but were
not observed in motion during the short (1- to 3-min) obser-
vation periods. Substantial stalling was also observed in rat
neurons. However, we also believe that transport of HSV par-
ticles in SK-N-SH axons is less efficient, i.e., there are more
capsids stalled at any given time, than that in embryonic neu-
rons, which likely have active transport systems. That said,
SK-N-SH neurons do transport HSV capsids and glycoproteins
into axons well, i.e., these structures get there, but live-cell
analyses more readily capture transport in embryonic neurons.

Given these considerations, we performed live-cell analyses
using rat SCG axons in microfluidic chambers. In these neu-
rons, 67% of HSV capsids that were moving in the anterograde
direction were Separate. This figure must be considered in
terms of the 20% of extracellular enveloped virus particles that
do not contain detectable mRFP-gB. However, again, we con-
cluded that a large fraction, or even a majority, of YK614
capsids that moved in the anterograde direction in both SK-
N-SH and rat SCG neurons were transported as Separate
particles. We also compared YK614 to the HSV recombinant
GS2843, described by Antinone et al. (3), which expresses
GFP-gB and VP26-mRFP. Rat SCG neurons growing in mi-
crofluidic chambers infected with GS2843 displayed both Sep-
arate and Married particles, although the ratios of these two
types of particles were not accurately quantified (not shown).

Notwithstanding observations of Separate transport, the
present studies clearly showed Married particles, observations
that we had not made previously. In previous studies, the
fraction of Married particles observed in wild-type HSV-in-
fected SK-N-SH neurons and stained with antibodies was low
(5 to 10%) (20, 22). In contrast, the studies reported here with
the two-color HSV recombinant in fixed SK-N-SH neurites
(that were not stained with antibodies) produced evidence for

FIG. 5. Still images derived from live-cell analyses (shown in movie
S3 in the supplemental material). Images of several rat neuronal axons
within a channel connecting the somal and axonal chambers are shown.
The number of seconds following the initiation of live-cell imaging is
given. Open arrows follow a Separate capsid (green) that moved slowly
in the anterograde direction (rightward) from 1 to 4 s and then rapidly
to the right over �10 �m from 4 to 14 s, after which it was largely
stalled from 14 to 18 s and then moved right again and out of focus at
23 s (not shown). Filled arrowheads point to a Married particle (green
and red fluorescence) at 1 s that moved to the right over �10 �m until

5 s (not shown) and disappeared at 6 s (not shown). Filled arrows point
to a bright Separate capsid that was stalled from 1 to 3 s, moved slowly
to the right from 3 to 6 s (compare 3 to 7 s), then moved downwards
in an arc from 6 to 15 s (compare 7 to 12 s), and changed directions,
moving rapidly left (toward the stromal chamber) over �40 to 45 �m
from 14 to 44 s (14, 18, 27, and 44 s shown), followed by a period of
stalling.
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as many as 20% Married particles. In rat SCG axons there
were even more Married particles (33%). These differences
might, in part, reflect the fact that YK614 expresses mutant
forms of both gB and VP26 with large protein sequences fused
to viral proteins, whereas the previous studies were done using
wild-type HSV or one-color recombinants. Both YK614 and an
HSV expressing VP26-GFP (22) produced 10-fold-lower quan-
tities of infectious HSV. More importantly, we reported that
HSV recombinants expressing VP26-GFP or gD-YFP dis-
played reduced numbers of capsids that were transported into
axons and that this transport of capsids was significantly de-
layed (20, 22). Antinone et al. (3) also observed relatively few
HSV capsids in axons with their GFP-gB–VP26-mRFP recom-
binant in chicken, rat, and mouse neurons, as we did with
YK614. Thus, the addition of bulky fluorescent proteins to
VP26 reduces capsid transport, and this might also be the case
with gB, although decreased titers were not observed with
YK613. Moreover, it is conceivable that addition of fluorescent
proteins to both capsids and glycoproteins could alter the ratio
of Married to Separate particles. At the very least, these two-
color recombinants should be considered mutants. Another
result might also explain some of the differences in Married
versus Separate particles described here and elsewhere. In the
present studies, rat neurons plated at higher densities pro-
duced axons that were more often bundled or arranged in
fascides, and there tended to be a higher proportion of Mar-
ried particles in these bundles (Table 2). When neurons were
plated at lower densities, there were fewer bundles, and as
many as 90% of the capsids moving in the anterograde direc-
tion were Separate. We never or infrequently imaged bundles
of axons in previous studies of SK-N-SH or rat neurons
(20, 22).

The differences we observed in the ratios of Separate to
Married particles when comparing rat SCG neurons with hu-
man SK-N-SH neurons might also be pertinent. HSV is obvi-
ously a human virus and may more prominently transport
capsids in human neurons. EM and immunofluorescence stud-
ies by Cunningham and colleagues involving human fetal dor-
sal route neurons infected with a clinical HSV strain have
consistently produced evidence of Separate HSV capsids in
axons, although 2 of a total of 15 particles in axons distant from

varicosities were Married on one study (9, 14, 18). Recent EM
studies involving three HSV lab strains in rat SCG neurons
observed both Married (75%) and Separate (25%) particles.
Antinone et al. (3), in their studies of an HSV strain expressing
VP26-mRFP and GFP-gB, observed that 64 to 70% of capsids
moving in the anterograde direction were Married in rat DRG,
chicken, and mouse neurons. They could not detect gB-GFP in
as many as 42% of extracellular HSV particles. One possibility
is that there were lower levels of GFP-gB incorporated into
extracellular virions, compared with the incorporation of
mRFP-gB in YK614 (20% of particles without mRFP-gB).
Alternatively, given our observations involving the anti-VP5
MAb, it is also possible that our detection of mRFP-gB and
other fluorophores was more sensitive. Perhaps there was a
small fraction of Separate particles that was obscured by the
imaging conditions in the studies of Antinone et al. It may be
that we missed a fraction of Married particles in SK-N-SH
neuroblastoma cells (20, 22), although those studies involved
wild-type or one-color HSV, which may be different. Perhaps
HSV interacts differently with components of the human an-
terograde transport machinery than with those in rodent or
chicken neurons. There are cases of HSV proteins that do not
function well in rodent cells. For example, the HSV ICP47
protein blocks the human transporter for antigen presentation
(TAP) but not mouse or rat TAP (11, 25).

In summary, there is growing evidence that HSV can trans-
port capsids in the anterograde direction by either of two
mechanisms. Kinesin motors can apparently transport both
capsids coated with tegument proteins and vesicles containing
enveloped capsids. This would not be too surprising, given the
broad diversity of kinesins and the large numbers of structures
they transport (8). If true, this opens up the fascinating possi-
bility that there are multiple viral proteins that cannibalize the
transport systems in neurons.
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TABLE 2. Summary of the anterograde and retrograde transport of HSV capsids in SCG rat neurons in microfluidic chambers

Expt
no. Expt descriptiona

No. of capsidsb

Anterogradec Retrograde Static

Married Separate Married Separate Married Separate

1 40,000 neurons, large bundles of axons, 7 days in culture before infection using
3 PFU/cell, imaging begun at 20 h p.i.

20 46 3 55 4 38

2 15,000 neurons, fewer axons in channels, 14 days in culture before infection
using 3 PFU/cell, imaging begun at 19 h p.i.

4 31 0 0 3 1

3 20,000 neurons, fewer axons in channels, 14 days in culture before infection
using 12 PFU/cell, imaging begun at 22 h p.i.

35 61 1 6 0 6

4 20,000 neurons, moderate bundling of axons in channels, 14 days in culture
before infection using 3 PFU/cell, imaging begun at 23 h p.i.

16 14 1 2 41 37

a YK614 was used for infection in all experiments. p.i., postinfection.
b Capsids detected by VP26-Venus fluorescence that exhibited mRFP-gB fluorescence (Married) or that showed no detectable mRFP-gB fluorescence (Separate)

were enumerated. Anterograde, capsids that moved exclusively in the anterograde direction; retrograde, capsids that moved in the retrograde direction during the
majority of their transport; static, capsids that remained static for all of the observation period.

c A total of 75 capsids (33%) moving in the anterograde direction were Married, and 152 (67%) were separate, in the four experiments taken together.
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