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Neurotropic herpesviruses depend on long-distance axon transport for the initial establishment of latency in
peripheral ganglia (retrograde transport) and for viral spread in axons to exposed body surfaces following
reactivation (anterograde transport). Images of neurons infected with herpes simplex virus type 1 (HSV-1),
acquired using electron microscopy, have led to a debate regarding why different types of viral structures are
seen in axons and which of these particles are relevant to the axon transport process. In this study, we applied
time-lapse fluorescence microscopy to image HSV-1 virion components actively translocating to distal axons in
primary neurons and neuronal cell lines. Key to these findings, only a small fraction of viral particles were
engaged in anterograde transport during the egress phase of infection at any given time. By selective analysis
of the composition of the subpopulation of actively transporting capsids, a link between transport of fully
assembled HSV-1 virions and the neuronal secretory pathway was identified. Last, we have evaluated the
seemingly opposing findings made in previous studies of HSV-1 axon transport in fixed cells and demonstrate
a limitation to assessing the composition of individual HSV-1 particles using antibody detection methods.

Several members of the alphaherpesvirus subfamily infect
and establish latency within the peripheral nervous system of
their natural hosts. The human pathogen herpes simplex virus
type 1 (HSV-1) and the veterinary pathogen pseudorabies vi-
rus (PRV) are commonly studied models of herpesvirus neural
infection. These viruses initially infect exposed skin or mucosal
tissue and spread to innervating sensory or sympathetic nerve
endings. Neurotropic herpesviruses enter nerve terminals by
fusion of the envelope with the plasma membrane (47), result-
ing in release of the capsid and tegument into the cytosol (36,
37). Following fusion, capsids together with a subset of tegu-
ment proteins engage the host microtubule transport machin-
ery and move intracellularly to the neuronal cell body (4, 35,
58), where the DNA genomes are deposited in nuclei and
latency is established. HSV-1 and PRV are highly conserved
both in postentry capsid transport dynamics and in the com-
position of the moving particle in axons during this early stage
of infection (4, 35). Upon reactivation, progeny viral particles
sort into axons from the neuronal cell body and move antero-
grade back toward nerve terminals, where infection spreads to
exposed tissue and ultimately to new hosts. Reactivated spread
of HSV-1 can result in several pathologies that range from
mild (herpes labialis) to severe (keratitis). The ability of neu-
rotropic herpesviruses to undergo long-distance directed
movement in axons is critical both for the establishment of
latency and for recurrent disease resulting from reactivation.

Understanding the process by which HSV-1 traffics in axons
is fundamental to deciphering the molecular mechanisms of
microtubule-based transport and how the virus disseminates in
animals and causes disease. Several laboratories have used

transmission electron microscopy (TEM) to examine the com-
position of progeny intracellular HSV particles in axons at late
time points postinfection. Collectively the TEM observations
are ambiguous, with some research groups reporting the pres-
ence of enveloped capsids in vesicles (13, 33, 37), others the
presence of non-membrane-associated capsids (32, 50), and
some noting the presence of both forms in axons (26, 31, 46a,
54). Immunofluorescence microscopy of a neuroblastoma cell
line infected with HSV-1 detected only a minority of capsids in
neurites for which a corresponding envelope signal could be
detected (60–62). In contrast, TEM studies of the closely re-
lated neuroinvasive herpesvirus PRV have consistently shown
that the majority of viral particles within axons are enveloped
and resident in the lumen of vesicles during the egress phase of
infection (8, 10, 15, 21, 38, 39). The PRV findings are further
substantiated by time-lapse microscopy of fluorescently tagged
recombinant viruses, which demonstrates that progeny capsids
actively undergoing anterograde transport to distal axons are
associated with membrane components (5, 21).

These differences have led to one hypothesis that the human
pathogen HSV-1 uses a mechanism that is distinct from that of
PRV to disseminate from neuron cell bodies to the distal axon
(reviewed in references 14 and 16). Whether these two neuro-
invasive herpesviruses have evolved multiple mechanisms to
disseminate within the nervous system or share a conserved
transport process has important ramifications for both the mo-
lecular mechanisms of virus intracellular transport and patho-
genesis. To date, all interpretations of HSV-1 anterograde
axon transport are based on images captured from fixed cells.
Both to better understand the dynamics of HSV-1 axon trans-
port and to specifically examine the composition of actively
trafficking HSV-1 particles in axons, we have provided here a
time-lapse study of HSV-1 composition during anterograde
axon transport in neurons. The results support a model of
HSV-1 transport by way of the neuronal secretory pathway and
that HSV-1 and PRV transport occurs by a fundamentally
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conserved process. Differences between HSV-1 and PRV that
may have contributed to the disparate historical accounting of
how these neuroinvasive herpesviruses traffic in axons are dis-
cussed. Finally, because these findings oppose the interpreta-
tions of previous immunofluorescence studies of HSV-1, addi-
tional experiments are included that may help to explain this
apparent dichotomy.

MATERIALS AND METHODS

Plasmid construction. PCR template plasmids, pEP-EGFP-in and pEP-
mRFP1-in, were a gift from Nikolaus Osterrieder and were used to insert the
monomeric fluorescent proteins GFP (green fluorescent protein) and mRFP1
(monomeric red fluorescent protein) into herpesvirus bacterial artificial chro-
mosome (BAC) clones using a two-step BAC recombination protocol (7, 66). A
pEP-CMV�GFP-in template plasmid was made by modifying a cytomegalovirus
(CMV)-driven GFP expression construct that duplicated an internal portion of
the CMV promoter and inserted the aphAI gene (encoding kanamycin resis-
tance) and an I-SceI cleavage site between the duplicated sequences. This was
achieved by amplifying the last 393 nucleotides (nt) of the CMV immediate-early
(IE) promoter along with an endogenous downstream NheI restriction site with
the primers 5� GGGATATCGGATCCGGTAAACTGCCCACTTGG (EcoRV
and BamHI sites underlined) and 5� GCGCTAGCGGATCTGAC (NheI site
underlined). The PCR product was digested with NheI and EcoRV and cloned
into a CMV-EGFP expression construct using a unique SnaBI site in the CMV
promoter. This produced a 143-nt duplication with a BamHI site at the center.
The aphAI gene and I-SceI cleavage site cassette from pEP-EGFP-in were
cloned into the BamHI site by PCR amplification using primers encoding 5�
BglII sites. pGS2435 is a derivative of pEP-CMV�GFP-in that additionally
encodes two PRV US4 (gG) homology sequences flanking the CMV IE pro-
moter repeats and downstream poly(A) sequence to allow for homologous re-
combination into the US4 locus of the PRV pBecker3 infectious clone using
two-step BAC recombination (66). The US4 homology sequences were obtained
from pGS202, which contains the SalI fragment of the US4 open reading frame
(ORF) from pALM104 (30), which was provided by Lynn Enquist. A 384-nt
portion of the US4 gene was amplified from pGS202 using the primers 5�
GCCAGCTGCCACCGGGACGGACTACTCTCG (PvuII site is underlined)
and 5� CGGCATGCATCGTGAGCCCGTGCTTCATGC (SphI site is under-
lined), and the PCR product was cloned upstream of the CMV IE promoter in
pEP-CMV�GFP-in at PvuII and SphI (pGS2434). A 735-nt portion of the US4
gene was amplified off pGS202 using the primers 5� GCGAATTCGCTTCCCC
TCGACCGACGAG (EcoRI site is underlined) and 5� GCACATGTTAGATC
GAGGTGCGGATGTCG (AflIII site is underlined), and the PCR product was
cloned into pGS2434 downstream of the poly(A) tail at EcoRI and AflIII to
create pGS2435. Plasmid constructs encoding the neuropeptide Y signal se-
quence fused to GFP (peNPYss-noMetGFP) and the Vamp2 open reading
frame fused to GFP (peVamp2-GFP) were a generous gift from Gary Banker
and were used to create derivatives of pGS2435 that additionally encoded for
NPYss-GFP or Vamp2-GFP expression under the control of the CMV IE pro-
moter. The peNPYss-noMetGFP and peVamp2-GFP plasmids were digested
with NheI and BsrGI, and the coding sequences of the fusion constructs were
cloned into pGS2435 at NheI and BsrGI (partial digestion). This resulted in the
pEP-CMV�NPYss-GFP-in and pEP-CMV�Vamp2-GFP-in plasmids.

Virus construction. PRV-GS1236 is a dual-fluorescence virus that encodes
mRFP1 fused to the N terminus of the VP26 capsid protein and GFP fused to the
C terminus of the gD envelope protein, and it was previously described (5).
PRV-GS1236 is referred to as “PRV RFP-cap/GFP-env” throughout this report.
All recombinants constructed for this study were created using a two-step BAC
recombination protocol (66) performed with the Escherichia coli strain GS1783,
which encodes inducible Red and I-SceI activities. All HSV-1 recombinant vi-
ruses were derived from the pYEbac102 infectious clone of HSV-1 strain F (65),
and PRV recombinant viruses were derived from the pBecker3 infectious clone
of PRV strain Becker (56).

HSV1-YEbac102 is referred to as “wild type” throughout this report.
HSV1-GS2822 is a monofluorescent red-capsid-tagged derivative of HSV-1
harboring the mRFP1 coding sequence fused to the 5� end of the UL35 gene
(encodes the VP26 capsid protein) and is referred to as “HSV-1 RFP-cap”
throughout this report. Primers to insert the mRFP1 ORF as a translational
fusion to the 5� end of the HSV-1 UL35 ORF were 5� CCGACACCCCCATA
TCGCTTCCCGACCTCCGGTCCCGATGGCCTCCTCCGAGGACG and 5� CG
GTGGTAACGGTGCTGGGGCGGTGAAATTGCGGGACGGCGGCGCCGG

TGGAGTGG (the UL35 start methionine codon is in bold, and sequence with
homology to the pEP-mRFP1-in template is underlined). HSV1-GS2971 en-
codes a monofluorescent envelope-tagged derivative that contains egfp fused
to the UL27 gene (encodes the gB envelope glycoprotein) and is based on a
previous design in which GFP was inserted following the signal peptide
sequence at amino acid 43 (63). Primers to insert the GFP ORF as a trans-
lational fusion to amino acid 43 of UL27 were 5� GGCGGCTCCGAGTTC
CCCCGGCACGCCTGGGGTCGCGGCCGTGAGCAAGGGCGAGGAG
and 5� GCGCCGGAGTGGCAGGGCCCCCGTTCGCCGCCTGGGTCGC
CTTGTACAGCTCGTCCATGC (sequence with homology to the pEP-
GFP-in template is underlined). HSV1-GS2971 is referred to as “HSV-1
GFP-env” throughout this report. HSV1-GS2843 is a dual-fluorescence strain
that encodes both mRFP1-VP26 and GFP-gB and was isolated by recombin-
ing egfp into the pGS2822 infectious clone. HSV1-GS2843 is referred to as
“HSV-1 RFP-cap/GFP-env” throughout this report.

HSV1-GS3353 and HSV1-GS3561 are derivatives of HSV-1 RFP-cap in which
the CMV IE promoter followed by either the neuropeptide Y signal sequence
fused to GFP (HSV1-GS3353) or the Vamp2 ORF fused to GFP (HSV1-
GS3561) were recombined into the US5 (gJ) locus of the pGS2822 infectious
clone using homology encoded in the 5� end of PCR primers. Primers used to
insert CMV IE-NPYss-GFP-polyA and CMV IE-Vamp2-GFP-polyA into the
HSV-1 US5 locus were 5� AGAAACAGCACACGACTTGGCGTTCTGTGTG
TCGCGATGTAGTTATTAATAGTAATCAATTACGGGGTCATTAG and 5�
TTATACGACAACTGGGTCCATGTAGGGATGGTAACGCCCAGTTTGG
ACAAAGGACAACTAGAATGC (the US5 start methionine codon is in bold,
and sequence with homology to pEP-CMV�NPYss-GFP-in and pEP-
CMV�Vamp2GFP-in is underlined). HSV1-GS3353 is referred to as “HSV-1
RFP-cap/NPYss-GFP” and HSV1-GS3561 is referred to as “HSV-1 RFP-cap/
Vamp2-GFP” throughout this report. PRV-GS2727 and PRV-GS2795 were
made by releasing the US4-flanked sequence from pEP-CMV�NPYss-GFP-in
and pEP-CMV�Vamp2GFP-in (respectively) by AflIII and PvuII digestion fol-
lowed by two-step recombination into the US4 locus of the pGS847 infectious
clone, which was previously described (58). PRV-GS2727 is referred to as “PRV
RFP-cap/NPYss-GFP” and PRV-GS2795 is referred to as “PRV RFP-cap/
Vamp2-GFP” throughout this report. The recombinant mono- and dual-fluores-
cence viruses are summarized in Table 1.

Cells and virus propagation. HSV-1 recombinants were isolated following
transfection of BAC infectious clones into Vero cells expressing Cre recombi-
nase using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and were subse-
quently passaged on Vero cells as previously described (4). PRV recombinants
were isolated following electroporation of BAC infectious clones into PK15 cells
and were subsequently passaged on PK15 cells (35). Viral propagation kinetics
were assessed by single-step growth curve analysis, and viral titers were measured
by plaque assay as previously described with the exception that Vero cells were
used in place of PK15 cells (56). In the case of HSV1-GS2843 (HSV-1 RFP-
cap/GFP-env), spontaneous syncytial activity sporadically appeared with serial
passage. Stocks displaying syncytial activity were discarded.

Neuronal culture. Dissociated dorsal root ganglia (DRG) sensory neurons
were purchased from Lonza (Walkersville, MD) (rat DRG) or isolated from
embryonic chickens (E8-E11) and cultured as previously described (57). DRG
neurons were cultured for 2 to 3 days before infection. A derivative of a mouse
catecholaminergic central nervous system cell line, Cath.a derived (CAD), was
maintained in Dulbecco’s modified Eagle medium (DMEM) F12 supplemented
with 8% fetal bovine serum (FBS) and differentiated in culture by serum star-
vation for 4 days before infection (52).

Virus purification. HSV-1 wild type, RFP-cap, GFP-env, and RFP-cap/GFP-
env were each used to infect one 850-cm2 roller bottle (Corning) of 80 to 90%
confluent Vero cells at a multiplicity of infection (MOI) of 3. Viral particles were
purified from infected cell supernatants at 20 h postinfection (hpi) as previously
described with the exception that viral particles were initially pelleted through a
10% Nycodenz cushion (5).

Nucleocapsid isolation. Two 22.5-cm dishes of confluent Vero cells were
infected with HSV-1 RFP-cap at an MOI of 10. Infected cells were harvested 1
day postinfection (dpi), spun at 1,000 � g for 10 min at 4°C, and washed once
with phosphate-buffered saline (PBS). Infected cell pellets were resuspended in
50 ml of 1% NP-40 lysis buffer (0.15 M NaCl, 0.01 M Tris-HCl [pH 7.2], 2 mM
MgCl2, and 1% NP-40) supplemented with 5 mM dithiothreitol (DTT) and
protease inhibitor cocktail (Sigma) and incubated on ice for 30 min. Nuclei were
pelleted at 1,000 � g for 10 min at 4°C, and pellets were separated from
cytoplasmic material, washed, and resuspended in 3 ml of NP-40 lysis buffer.
Resuspended nuclei were then passed several times through a series of syringes
(18-, 21-, and 25-gauge) and supplemented with 100 U of DNase I (MP Bio-
medicals) before being brought to a final volume of 5 ml in NP-40 lysis buffer.
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The sample was passed two additional times through a 25-gauge needle. Debris
was removed by centrifugation at 3,000 � g for 10 min at 4°C, and the cleared
supernatant was overlaid on 35% sucrose in TNE (500 mM NaCl, 1 mM EDTA,
20 mM Tris [pH 7.6]) and centrifuged at 25,000 rpm in a Beckman SW41 rotor
for 1 h at 4°C. The resulting pellet was resuspended in 250 �l of TNE.

Western blot analysis. HSV-1 wild type, GFP-env, and RFP-cap/GFP-env
were each used to infect confluent Vero cells in a 6-well tray at an MOI of 2.
Lysates of infected and uninfected cells were harvested in 500 �l of 2� final
sample buffer (6.25 mM Tris [pH 6.8], 10% glycerol, 0.01% bromophenol blue,
2% sodium dodecyl sulfate, and 10% �-mercaptoethanol) at 1 dpi. Lysate sam-
ples were boiled for 5 min, and 10 �l of each was electrophoresed through an 8%
sodium dodecyl sulfate polyacrylamide gel followed by transfer to a polyvinyl-
idene fluoride membrane (Pall). For detection of GFP, the membrane was
incubated with mouse anti-GFP antibody B-2 (Santa Cruz Biotechnology) di-
luted 1:1,000, followed by incubation with horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (Jackson ImmunoResearch) diluted
1:10,000. For detection of HSV-1 gB, the membrane was incubated with a 1:5,000
dilution of rabbit polyclonal antiserum R74 (provided by Patricia Spear) fol-
lowed by incubation with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (Jackson ImmunoResearch) diluted 1:50,000. For detection
of GFP in purified virions, HSV-1 GFP-env virions were mixed with equal
volumes of 2� final sample buffer, while HSV-1 wild-type and RFP-cap/GFP-env
virions were mixed with 2� final sample buffer at a 2:1 volume ratio. Samples
were boiled for 5 min, and 15 �l of each was electrophoresed through a 4 to 20%
sodium dodecyl sulfate polyacrylamide gel (Bio-Rad) followed by transfer to a
polyvinylidene fluoride membrane (Pall). The membrane was incubated with
mouse anti-GFP antibody as described above. For detection of gB and VP5
antigens in purified virions, equal volumes of virions were mixed with 2� final
sample buffer and boiled for 5 min. A 7.5-�l volume of the wild-type sample and
20 �l of the HSV-1 GFP-env and RFP-cap/GFP-env samples were electropho-
resed through a 4 to 20% sodium dodecyl sulfate polyacrylamide gel (Bio-Rad),
followed by transfer to a polyvinylidene fluoride membrane (Pall). The mem-
brane was incubated with rabbit polyclonal antiserum specific for HSV-1 gB as
described above. The HSV-1 VP5 major capsid protein was detected with mouse
anti-VP5 H1.4 (Biodesign International, Sato, ME) diluted 1:3,000, followed by
incubation with horseradish peroxidase-conjugated goat anti-mouse secondary
antibody (Jackson ImmunoResearch) diluted 1:10,000. For all Western blots,
horseradish peroxidase signal was detected by incubation with luminol-coumeric
acid H202 chemiluminescence solution, and exposed film was digitized with an
EDAS 290 documentation system (Kodak). Relative intensities of gB and VP5
protein bands were quantitated using the ImageJ software program, and gB
expression was normalized to VP5 protein levels (1).

Immunofluorescence analysis. Isolated nucleocapsids and purified virions
were diluted in PBS, adhered to polyornithine-treated coverslips immediately
following isolation, and maintained at 37°C for 2 h before fixation. Vero cells
were seeded 1:10 on coverslips and infected the following day with HSV-1
RFP-cap at 1 � 106 PFU per coverslip. Samples were either fixed at 24 hpi for
Vero cell analysis or at 48 hpi for analysis of viral particles released from Vero
cells onto bare regions of the coverslip. Dissociated chick sensory DRG neurons
were seeded on polyornithine-treated coverslips at low density for 2 days before
infection with HSV-1 RFP-cap at 1 � 106 PFU per coverslip. For these exper-
iments, the MOI was not calculated for either Vero or DRG cultures due to the
sparse cell densities. Infected DRG neurons were fixed at 24 hpi. All samples
were processed for immunofluorescence identically to the methods described by
Snyder et al. (62). Briefly, samples were fixed with 4% paraformaldehyde for 30
min, permeabilized in 0.2% Triton X-100 for 15 min, and blocked with 2% goat
serum for 1 h. For detection of VP5, two mouse monoclonal antibodies, 3B6
(Virusys, North Berwick, ME) and H1.4 (Biodesign International, Sato, ME),
were mixed at a 1:1 ratio and diluted 1:500. The IL-73-1 mouse monoclonal
antibody (provided by Patricia Spear) was diluted 1:500 for detection of gC.
Alexa 488-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR)
secondary antibodies were diluted 1:2,000.

Fluorescence microscopy. All images were acquired with an inverted wide-field
Nikon Eclipse TE2000-U microscope using automated fluorescence filter wheels
(Sutter Instruments, Novato, CA), a 60� 1.4 numerical aperture oil objective
(Nikon), and a Cascade:650 camera (Photometrics, Roper Scientific). The mi-
croscope was housed in an environmental box maintained at 37°C (In Vivo
Scientific). The Metamorph software package was used for image acquisition and
processing (Molecular Devices, Downington, PA).

Immunofluorescence imaging of nucleocapsids, gradient-purified extracellular
virions, and nascent viral particles released from Vero cells onto the coverslip
was accomplished by acquiring static images with 1-s RFP and 4-s GFP sequen-
tial exposures. To image GFP-gB incorporation into extracellular virions, Vero

cells were seeded 1:10 on coverslips and infected the following day with either
HSV-1 RFP-cap or RFP-cap/GFP-env at 1 � 105 PFU per coverslip, and images
were captured 2 to 3 days postinfection. The presence of GFP or Alexa 488
fluorescent emissions from individual capsid-containing particles was scored
using a custom automated image processing algorithm that detected particles
based on RFP emissions and determined the presence or absence of correspond-
ing GFP emissions from the same diffraction-limited emission source (11). Typ-
ically, between 10 and 100 punctae were scored per image, with multiple images
analyzed for each sample.

Living primary sensory neurons and differentiated CAD cells were imaged in
sealed chambers as previously described (57). To assess the frequency of egress
transport, dissociated sensory chick DRG neurons were infected with 1 � 106

PFU per coverslip and imaged at 9, 12, 15, 18, and 21 hpi. Static images of one
proximal and one distal field from seven infected neurons were captured at each
time point with 1-s RFP and 4-s GFP sequential exposures. HSV-1 egress
transport was imaged in chick or rat dissociated DRG neurons and differentiated
CAD cells from 18 to 24 hpi. PRV egress transport was imaged in chick disso-
ciated DRG neurons from 10 to 13 hpi. For all egress transport experiments,
neurons were infected with approximately 1 � 106 PFU per coverslip. Time-lapse
imaging of mRFP1 and GFP emissions was accomplished by continuous sequen-
tial imaging using automated excitation-and-emission filter wheels (Sutter In-
struments, Novato, CA) with 100-ms exposures for each channel.

RESULTS

Isolation and characterization of fluorescent viruses. A
monofluorescent mRFP1-VP26 virus (referred to as “HSV-1
RFP-cap”) was used to track HSV-1 capsids in living cells (4).
Four HSV-1 glycoproteins were initially modified as GFP fu-
sions for use as an envelope marker: glycoproteins B, C, D, and
H (gB, gC, gD, and gH). HSV-1 encoding a GFP fusion to gC
produced bright fluorescence in the axon membrane that over-
whelmed emissions from individual viral particles, gD-GFP
and GFP-gH fusions resulted in poor fluorescence during in-
fection, and a gH-GFP fusion impaired virus spread (data not
shown). These problems were largely absent when the coding
sequence for GFP was inserted behind the codons for the gB
signal sequence, resulting in a translational fusion of GFP to
the N-terminal ectodomain of gB (referred to as “HSV-1 GFP-
env”), similar to previous approaches (51, 63). To simulta-
neously image capsids and the gB envelope protein, a dual-
fluorescence derivative of HSV-1 encoding both markers
(referred to as “HSV-1 RFP-cap/GFP-env”) was isolated. All
viruses were derived from the HSV-1 (strain F) pYEbac102
infectious clone and are summarized in Table 1 (65).

Both mono- and dual-fluorescence recombinants of HSV-1
propagated slower than unmodified HSV-1 in Vero cells,
which is consistent with a previously characterized recombi-
nant strain of HSV-1 encoding similar fluorescent fusions (Fig.
1) (63). Although the ability of GFP-env viruses to replicate
within a log of the wild-type replication indicates that the
essential function of gB in viral fusion and entry was not dis-
rupted (6, 68), the reporter viruses are mutants since they did
not fully recapitulate the kinetics of HSV-1 propagation. In
contrast, the kinetics of retrograde transport in axons following
entry was not impaired by placing GFP on gB, and retrograde
transporting particles were never associated with GFP-gB flu-
orescence emissions, indicating that viral fusion and entry were
not disrupted (i.e., the viral particles were not in endosomes;
data not shown) (36, 47). Expression of the GFP-gB fusion
protein was confirmed by Western blot analysis (Fig. 2) and
was observed predominantly in the nuclear membrane and
endoplasmic reticulum of Vero cells infected with HSV-1
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RFP-cap/GFP-env, consistent with previous fluorescence mi-
croscopy reports (data not shown) (3, 20, 28, 53, 70).

Tracking the motion of individual HSV-1 particles in living
cells first required an assessment of GFP-gB structural incor-
poration and fluorescence emissions from viral particles. This
was accomplished in two ways. First, HSV-1 wild-type, GFP-
env, and RFP-cap/GFP-env extracellular particles were puri-
fied and examined by Western blot analysis. A GFP antibody
detected a single band at the expected size for the fluorescent
fusion protein in both the GFP-env mono- and dual-fluores-
cence virions, confirming the structural incorporation of the
GFP-gB fusion protein (Fig. 3A); however, gB-specific antisera
yielded a 3- or 5-fold-decreased reactivity with GFP-gB in
HSV-1 GFP-env or RFP-cap/GFP-env particles, respectively,
relative to that of the wild type (Fig. 3B). Whether these results
represented a reduction in GFP-gB incorporation or a de-
creased reactivity of the gB antisera as a result of the GFP
fusion was not immediately clear. As a second test of GFP-gB
incorporation, extracellular viral particles that had accumu-
lated on bare regions of a coverslip following release from
nearby infected Vero cells were imaged by fluorescence mi-
croscopy, as previously described (5, 35). This in situ assay
allows protein incorporation to be assessed at the level of

individual viral particles. Two days following infection of Vero
cells with HSV-1 RFP-cap/GFP-env, GFP-gB emissions were
detected from an average of 58% of extracellular HSV-1 par-
ticles (Fig. 3C and D). This frequency is less than the 85%
detection frequency previously obtained with PRV expressing
a gD-GFP envelope fusion (5), and in conjunction with the
Western blot data, it suggests that the GFP fusion to gB likely
results in a decrease in gB incorporation into virions (Fig. 3B).
Although the 58% frequency indicated that detection of
GFP-gB in intracellular virions would be more challenging
than the corresponding experiments previously performed with
PRV, the frequency was sufficiently high to encourage us that
a conclusive result of HSV-1 particle composition during an-
terograde axon transport could be achieved. This result pro-
vided a critical parameter for time-lapse imaging of individual
particles during infection: the frequency of GFP-gB detection
in HSV-1 extracellular particles is an approximate upper limit
to what should be detected in living cells if capsids are envel-
oped. As a side note, punctate GFP-gB emissions were fre-
quently detected in the absence of a corresponding RFP-
tagged capsid signal in the in situ assay and were interpreted as
light particles (64).

Accumulation and transport frequency in axons of cultured
neurons. Monofluorescent GFP-gB punctae were visible in
chick DRG axons as early as 9 h postinfection (hpi). Similar to
the case with PRV gD-GFP, these HSV-1 GFP-gB signals
frequently moved bidirectionally in axons independent of cap-
sids and were highly dynamic (5). These GFP-gB-containing

FIG. 2. Fluorescent fusion protein expression. Western blot of ly-
sates from Vero cells that were either uninfected or infected with the
indicated strain of HSV-1 and probed with an anti-gB antibody (A) or
an anti-GFP antibody (B) 1 day postinfection. Equal volumes of lysates
were loaded. The gB antiserum weakly cross-reacts with glycoprotein
C, which migrates just below gB (Patricia Spear, personal communi-
cation).

TABLE 1. Virus strains

Virus strain Description Capsid fusion Envelope
fusion Vesicle label Titer

(PFU/ml)

HSV 1-YEbac102 Wild type 7.5 � 108

HSV 1-GS2822 RFP-cap mRFP1-VP26 2.8 � 108

HSV 1-GS2971 GFP-env GFP-gB 1.0 � 108

HSV 1-GS2843 RFP-cap/GFP-env mRFP1-VP26 GFP-gB 7.7 � 107

HSV 1-GS3353 RFP-cap/NPYssGFP mRFP1-VP26 NPYssGFP 1.0 � 108

HSV 1-GS3561 RFP-cap/Vamp2-GFP mRFP1-VP26 Vamp2-GFP 4.5 � 108

PRV-GS1236 RFP-cap/GFP-env mRFP1-VP26 gD-GFP 3.0 � 108

PRV-GS2727 RFP-cap/NPYssGFP mRFP1-VP26 NPYssGFP 3.5 � 108

PRV-GS2795 RFP-cap/Vamp2-GFP mRFP1-VP26 Vamp2-GFP 7.3 � 107

FIG. 1. Propagation kinetics of fluorescent viruses. Single-step
growth curves of unmodified HSV-1 strain F (wild type) and three
recombinant derivatives (RFP-cap, GFP-env, and RFP-cap/GFP-env)
are shown. Infected cell supernatants (dashed lines, open symbols) and
adherent Vero cells (solid lines, filled symbols) were harvested at the
indicated times, and titers were quantitated by plaque assay.
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structures may represent prelight particles in the axon secre-
tory pathway or may simply be secretory vesicles containing
glycoproteins (42). In contrast to GFP-gB, HSV-1 RFP-capsids
were infrequently detected in axons, and the majority of these
were static. This low frequency of HSV-1 capsid anterograde
transport in axons is in contrast to reports of PRV, where
anterograde moving capsids are readily detected in axons (5,
12, 21, 34, 35, 57). The relative frequencies of HSV-1 and PRV
capsid egress in axons were compared using a previously de-
scribed dual-fluorescence strain of PRV encoding a red fluo-
rescent capsid and GFP fused to gD (referred to as “PRV
RFP-cap/GFP-env”) (5). Low-density chick DRG sensory neu-
ron cultures were infected with an equal number of PFU of
either HSV-1 RFP-cap/GFP-env or PRV RFP-cap/GFP-env,
and axons were imaged at 9, 12, 15, 18, and 21 hpi. Only axons
from neurons that were at the egress stage of infection (based
on red fluorescent nuclei) were imaged. PRV capsids were
present in axons more frequently than HSV-1 capsids and

peaked at the 18-hpi time point. In contrast, HSV-1 main-
tained a low level of capsid axon localization throughout the
experiment, with a small increase at the 21-hpi time point (Fig.
4A and B). A similar trend was noted in infected rat DRG
sensory neurons and in neurons infected with the HSV-1 RFP-
cap monofluorescent virus (data not shown). A low frequency
of HSV-1 axon egress relative to that of PRV was suspected
previously and is supported by these findings (54).

Progeny HSV-1 particles are typically imaged in axons of
neurons fixed at 18 to 24 hpi, which is considered to be the
peak of HSV-1 axon egress (16, 41). To better assess the
relative frequencies of HSV-1 and PRV axon transport during
peak times of egress, the number of moving PRV capsids per
live-cell imaging session was determined based on our previ-
ously reported data recorded between 10 and 13 hpi (5) and
compared to the number of moving HSV-1 capsids recorded
per imaging session between 18 and 24 hpi. The average num-
ber of moving capsids per imaging session was 20 for PRV and
3 for HSV-1, with many imaging sessions failing to detect any
moving HSV-1 capsids in axons (Fig. 4C). Although this was
not a side-by-side comparison but rather was a summary of
data acquisition conducted over a year, both sets of experi-
ments were conducted with chick DRG sensory neurons under

FIG. 3. Incorporation of fluorescent fusion protein into extracellu-
lar viral particles. (A) Western blot of sucrose gradient-purified extra-
cellular viral particles from the indicated HSV-1 strain probed with an
anti-GFP antibody. (B) Western blot of sucrose gradient-purified ex-
tracellular viral particles from the indicated HSV-1 strains probed with
anti-gB and anti-VP5 antibodies. The latter was included as a loading
control. (C) Examples of GFP and RFP emissions from individual
extracellular viral particles released from Vero cells 2 to 3 days postin-
fection with the indicated HSV-1 strain. The fields are each 24 �m by
24 �m; the bar is 2 �m. (D) GFP-gB incorporation frequency (GFP �
RFP particles/total RFP particles) determined from images as repre-
sented in panel C. Averages from five individual experiments are
shown, with error bars representing the standard deviation (n, number
of capsid-containing particles imaged).

FIG. 4. Frequency of capsid trafficking in axons during egress.
(A) Dissociated chick DRG sensory neurons were infected with PRV
RFP-cap/GFP-env (circles) or HSV-1 RFP-cap/GFP-env (triangles),
and seven neurons were imaged during the indicated times postinfec-
tion. For each neuron, a proximal (P) and distal (D) region of the axon
were imaged in a 58.5-�m by 78-�m field, and the number of individual
capsids present in the axon segment was determined. Bars indicate
mean values. (B) Summary of the data presented in panel A. The total
number of capsids present in axons at the each time postinfection for
PRV RFP-cap/GFP-env (circles; solid lines) or HSV-1 RFP-cap/GFP-
env (triangles; dashed lines) at proximal (open symbols) or distal
(closed symbols) sites are indicated. (C) Comparison of total antero-
grade transport events captured as part of the current HSV-1 RFP-
cap/GFP-env study or from a previous study of PRV RFP-cap/GFP-
env (5). Imaging for both studies was during peak egress (PRV, 10 to
13 h postinfection; HSV-1, 18 to 24 h postinfection) in dissociated
chick DRG sensory neurons. The number of moving capsids (PRV �
181 capsids; HSV-1 � 123 capsids) recorded during each independent
experiment (for PRV, 9 experiments; for HSV-1, 35 experiments) is
indicated. Bars indicate mean values.
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equivalent conditions. Together, these results confirm that
HSV-1 egress in axons is infrequent relative to that of PRV.

HSV-1 capsids transport in axons with the gB envelope
marker. Low-density chick DRG neurons infected with HSV-1
RFP-cap/GFP-env were imaged from 18 to 24 hpi, and actively
transporting capsid and gB signals were tracked in axons using
continuous 100-ms exposures of RFP and GFP emissions. The
analysis focused on viral particles moving through axon regions
away from branch points, varicosities, and the initial axon seg-
ment, which were proposed as sites of capsid envelopment in a
previous study (54). Although HSV-1 transport events were
significantly less common than with PRV, infrequent HSV-1
capsids displayed bidirectional transport with net anterograde
motion similarly to PRV (57). The majority of HSV-1 capsids
preferentially moved either anterograde or retrograde during
the course of a recording. However, unlike PRV, a fraction of
HSV-1 capsids underwent multiple reversal events during a
single recording, making the determination of overall transport
direction sometimes difficult. Capsids that either showed no
net directionality or underwent three or more reversal events
over the course of a single recording were therefore scored as
having “unclear” transport directionality. Of 123 HSV-1 cap-
sids tracked in chick DRG axons, 58 were moving anterograde
and 28 retrograde, and 37 were classified as unclear (Fig. 5B).
The proportion of HSV-1 retrograde-transported capsids dur-

ing egress (1 in 3 capsids) was greater than that previously
reported for PRV (1 in 7 capsids) (5, 57).

Seventy percent of anterograde-transported HSV-1 capsids
were associated with the GFP-gB membrane protein in chick
DRG axons (40 of 58 capsids emitted detectable GFP fluores-
cence) (Fig. 5A and B). This is similar to our previous finding
that PRV capsids traffic as a complex with the gD membrane
protein (5). In contrast to PRV, where only the anterograde
population was associated with glycoprotein, HSV-1 capsids
were associated with GFP-gB regardless of transport direction
(Fig. 5B).

To determine if the results obtained in avian neurons were
consistent with HSV-1 egress transport in mammalian neu-
rons, two additional sets of experiments were conducted. First,
dissociated rat DRG sensory neurons were infected with
HSV-1 RFP-cap/GFP-env and imaged between 18 and 24 hpi.
Because the results obtained in avian neurons required a year
of experimentation due to the low frequency of HSV-1 antero-
grade transport events, the sample size of transport events
subsequently captured in rat DRG neurons was by necessity
smaller. Dual-fluorescence time-lapse imaging revealed 68%
of anterograde transported capsids were moving in association
with GFP-gB (19 of 28 capsids emitted GFP fluorescence)
(Fig. 5C and E). Similar to the capsid dynamics observed in
chick DRG, approximately 1 in 3 particles were moving retro-

FIG. 5. Capsids are transported with gB during egress in axons. Dissociated DRG sensory neurons from chick (A) or rat (C) or a differentiated
mouse CNS cell line (CAD) (D) were infected with HSV-1 RFP-cap/GFP-env, and axons were imaged following replication from 18 to 24 h
postinfection. Montages are frames of alternating RFP-capsid (R) and GFP-gB (G) emissions captured with continuous 100-ms exposures. Each
montage documents the motion of a single viral particle toward the axon terminal. Frames are 2.5 �m by 20.5 �m (A), 2.5 �m by 21 �m (C), or
2.5 �m by 11 �m (D). (B) The numbers of RFP-capsids that are transported with (gray) or without (black) GFP-gB in chick DRG sensory neurons.
(E) Percentages of anterograde moving capsids that are cotransported with GFP-gB in different neuronal cell types (left) and the percentage of
GFP-gB incorporation into extracellular viral particles as derived from Fig. 3 (right). n, number of capsids tracked.
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grade in rat DRG axons during egress time points; however, of
these, only 25% were being transported in association with the
GFP-gB envelope marker (3 of 12 capsids emitted GFP fluo-
rescence). Second, a mouse central nervous system (CNS) cell
line (CAD cells) (52) was differentiated in culture to project
neurites and used to study HSV-1 capsid and envelope traf-
ficking during egress. Unlike primary cells, in which capsid
transport events were infrequent (Fig. 4), HSV-1 capsid trans-
port was surprisingly common in a subset of the CAD cell
neurites. Of 136 HSV-1 capsids tracked in CAD neurites, 131
capsids were traveling anterograde, and 64% of these were
associated with the GFP-gB membrane protein (84 of 131
capsids emitted GFP fluorescence) (Fig. 5D and E).

The initial characterization of GFP-gB incorporation into
HSV-1 particles (Fig. 3) indicated that if HSV-1 egressed in
axons as enveloped viral particles, approximately 58% of an-
terograde moving capsids should emit sufficient green fluores-
cence to detect the presence of GFP-gB. The analysis of
HSV-1 anterograde axon transport surpassed this baseline and
consistently yielded 65 to 70% GFP-gB association with cap-
sids in each neuron cell type (Fig. 5E). These results support a
model of HSV-1 anterograde transport in axons as fully assem-
bled virions.

HSV-1 and PRV capsids are transported in axons using the
secretory pathway. To further examine the composition of viral
particles during anterograde axon transport, HSV-1 and PRV
encoding RFP-capsid (mRFP1-VP26) were modified to also
express GFP-tagged cellular markers (Table 1). This was
achieved by recombining a cytomegalovirus immediate-early
promoter driving the expression of either the neuropeptide Y
(NPY) signal sequence fused to GFP (NPYss-GFP) or vesicle-
associated membrane protein 2 (Vamp2) fused to GFP
(Vamp2-GFP) into either the gJ (HSV-1) or gG (PRV) locus.
The NPY signal sequence is sufficient to direct GFP into the
lumen of Golgi-derived vesicles (18). In contrast, the Vamp2-
GFP fusion serves as a marker for vesicle membranes in axons
(2, 46). All four reporter viruses were used to infect low-
density chick DRG neuron cultures, and anterograde transport
in axons was imaged from 10 to 13 hpi for PRV and from 18 to
24 hpi for HSV-1.

The frequency and brightness of NPYss-GFP and Vamp2-
GFP labeled vesicles varied from cell to cell and differed from
findings in studies with PRV versus HSV-1. As with the HSV-1
GFP-gB and PRV gD-GFP membrane markers, NPYss-GFP
and Vamp2-GFP were frequently observed trafficking in axons
apart from HSV-1 or PRV capsids. However, NPYss-GFP and
Vamp2-GFP vesicles were less frequent in HSV-1-infected
neurons in general (data not shown). Several time-lapse re-
cordings were discarded due to a complete lack of GFP punc-
tae in axons (more often the case with NPYss-GFP) or because
the GFP background levels were so high that coincidental
association with capsids was inevitable (more often the case
with Vamp2-GFP). From the remaining recordings, 76 capsids
were recorded traveling toward axon terminals in neurons in-
fected with PRV RFP-cap/NPYss-GFP. Of these, 84% emitted
detectable GFP fluorescence during time-lapse imaging (Fig.
6A and Fig. 6C). For PRV RFP-cap/Vamp2-GFP, 59 capsids
were recorded traveling toward axon terminals and 66%
yielded detectable emissions from the GFP vesicle marker
(Fig. 6C). These findings are consistent with previous reports

that PRV capsids acquire membrane before the onset of an-
terograde transport in axons (5, 21). For the corresponding
HSV-1 recombinant viruses, 47% (n � 30) of capsids had
detectable NPYss-GFP and 52% (n � 23) had detectable
Vamp2-GFP fluorescence while traveling toward axon termi-
nals (Fig. 6B and C). Like capsid cotransport with GFP-gB,
HSV-1 capsids showed a similar association with both NPYss-
GFP and Vamp2-GFP regardless of transport direction (data
not shown). Although the vesicle marker approach yielded
variable labeling of HSV-1 and PRV capsids, the presence of
NPYss-GFP and Vamp2-GFP with capsids during transport
provided support for the GFP-gB findings and indicated that
anterograde axon transport of HSV-1 occurs by way of the
neuronal secretory pathway.

Immunofluorescence detection of capsids is restricted in
intact virions. The live-cell imaging data reported here support
findings in TEM studies in which HSV capsids enveloped and
resident in the neuronal secretory pathway within axons were
observed (13, 26, 31, 33, 37, 46a). However, these findings
contrast previous immunofluorescence analysis of HSV-1 cap-
sid egress in neurites of a cultured neuroblastoma cell line
(60–62). There are several technical differences between the

FIG. 6. Capsids are transported with labeled cellular vesicles dur-
ing egress in axons. Dissociated chick DRG sensory neurons infected
with PRV RFP-cap/NPYss-GFP (A) or HSV-1 RFP-cap/NPYss-GFP
(B) were imaged during peak times postinfection (PRV, 10 to 13 hpi;
HSV, 18 to 24 hpi). Frames of alternating RFP (R) and GFP (G) emis-
sions were captured using continuous 100-ms sequential exposures.
Example time-lapse series are shown from left to right where a single
progeny capsid is seen moving toward the axon terminal in association
with the NPYss-GFP vesicle lumen marker. Frames are 2.4 �m by 13.3
�m (A) or 1.9 �m by 12 �m (B). (C) The percentages of RFP-capsids
that are cotransported with NPYss-GFP (left) or Vamp2-GFP (right)
vesicle markers are reported.
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FIG. 7. Anti-VP5 antibodies are partially excluded from labeling intact virions but not unenveloped capsids. (A and B) Vero cell (A) or dissociated
chick DRG sensory neuron (B) fixed at 24 h postinfection with HSV-1 RFP-cap (red) and stained with a combination of two antibodies directed against
VP5 (green). VP5 antibodies labeled capsids present in the nucleus but displayed poor staining of RFP-capsids present in the cytoplasm (A) or axon (B).
Frames are 30 �m by 30 �m (A) or 31.5 �m by 10.5 �m (B). (C) Imaging of individual viral nucleocapsids isolated from HSV-1 RFP-cap-infected nuclei
(left panel), extracellular virions purified from HSV-1 RFP-cap-infected Vero cell supernatants (middle panel), or viral particles released from Vero cells
onto coverslips at 2 to 3 days postinfection with HSV-1 RFP-cap (right panel) are shown. Nucleocapsids and purified virions were seeded on coverslips
for 2 h before fixation and were stained with either a combination of two VP5-specific antibodies or an antibody directed against gC. Examples of
mRFP1-VP26 (red-capsid) and anti-VP5 or anti-gC (green) emissions from the same 24-�m by 24-�m field are shown. Graphs below each panel
represent the fraction of mRFP1 particles that emit green antibody fluorescence (n, number of RFP-capsids).
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published immunofluorescence studies and the live-cell imag-
ing described in this report that may contribute to the apparent
divergent results between these studies (see Discussion). One
possible source of the discrepancy comes from studies demon-
strating that antibody detection of individual capsids in cells is
specifically attenuated for cytoplasmic capsids but not nuclear
capsids (45). Because nuclear capsids of HSV-1 are not envel-
oped, while cytoplasmic capsids typically are, this work raises
the question of whether immunofluorescence detection of
HSV-1 particles in axons would selectively enrich for nonen-
veloped capsids while simultaneously overlooking enveloped
capsids in the secretory pathway.

To address this question, the previously described immuno-
fluorescence protocol used for detection of HSV-1 particles in
neurites was applied verbatim to axons of primary neuronal
cells, paying careful attention to use the same antibodies and
conditions as previously reported (62). To first characterize
antibody detection of individual HSV-1 particles in infected
cells, Vero cells and chick DRG neurons were infected with
either HSV-1 wild type or RFP-cap for 24 h and then fixed,
permeabilized, and stained with a combination of two mouse
monoclonal antibodies directed against the VP5 major capsid
protein. With both wild-type-infected (data not shown) and
RFP-cap-infected cells, the VP5 antibody mix labeled capsids
in the nuclei of Vero cells but reacted poorly with cytoplasmic
RFP-capsids (Fig. 7A), recapitulating previous findings ob-
tained with HSV-1-infected Vero cells (45). In axons from
chick DRG, 41.3% (n � 75) of RFP-capsids were detected
with the VP5 antibody mix (Fig. 7B). Because these results
provided preliminary support for the idea that capsid detection
with antibodies could be restricted by the presence of sur-
rounding tegument and envelope, antibody detection of cap-
sids in isolated virus particles was next examined. Three types
of HSV-1 RFP-cap particles were included in this study: (i)
viral particles that were released onto coverslips in situ from
infected cells (as described above), (ii) purified extracellular
heavy particles (which includes mature virions), and (iii) cap-
sids isolated from the nuclei of infected Vero cells. Particles
were absorbed to glass coverslips and processed using the same
immunofluorescence protocol that was applied to Vero cells
and sensory neurons. In addition to the VP5 antibody mix, an
antibody directed against the gC envelope protein was in-
cluded in the study. As expected, nucleocapsids (which have
not acquired an envelope) were not labeled by the gC anti-
body; unexpectedly, only 32% of RFP-capsid extracellular
heavy particles that were purified using a dextran gradient
displayed gC reactivity. Both of these viral particle prepara-
tions yielded 100% labeling with the anti-VP5 antibody mix. In
contrast, 92% of in situ-released RFP-capsids containing viral
particles were labeled for gC, but only 46% of these had de-
tectable anti-VP5 reactivity (Fig. 7C). Two conclusions can be
made from these results. First, purification of enveloped viral
particles can alter virion integrity and allow more effective
antibody access to the capsid, as observed with the HSV-1
H-particle preparation. Second, and more relevant to examin-
ing viral particle composition in axons, capsids within envel-
oped virions that have been fixed and permeabilized are not
consistently accessible to VP5 antibodies, as shown by the in
situ extracellular HSV-1 sample. These observations suggest
that while unenveloped capsids should be efficiently identified

in axons by antibody detection, enveloped virions would often
be overlooked. Since enveloped virions in cells are further
enclosed in a vesicle membrane that is tightly juxtaposed to the
viral envelope (9, 13), antibody detection may be further hin-
dered.

DISCUSSION

One defining feature of neuroinvasive herpesviruses is the
use of intracellular axon transport to travel within their hosts.
While several viruses are known to use the microtubule cy-
toskeleton to move within cells (reviewed in reference 55),
viruses such as HSV-1 and PRV are remarkable for two rea-
sons: intracellular viral particles sustain microtubule transport
over long distances, and the net direction of transport reverses
between initial infection (retrograde transport to the neural
soma) and late infection (anterograde transport to the distal
axon). Global cellular changes resulting from infection do not
account for the switch from retrograde to anterograde traffick-
ing, but instead, differences in the composition of the actively
moving viral structure appear to dictate the transport direction
(58). Therefore, studies of herpesvirus intracellular transport
and its regulation require an understanding of the composition
of the actively trafficking viral particles at each stage of infec-
tion.

During initial infection, HSV and PRV both engage the
cellular retrograde transport machinery following fusion-me-
diated entry into axons (4, 31, 58, 67), which for both viruses
results in loss of the viral envelope (5, 23, 24, 36, 37, 40, 44, 47,
59) and a subset of tegument proteins (4, 23, 25, 35, 40).
However, the VP1/2 tegument protein, which binds directly to
the capsid surface (11, 49), and the UL37 tegument protein,
which binds VP1/2 (29, 69), remain associated with HSV-1 and
PRV capsids during the trip to the neural soma (4, 35). Ret-
rograde transport events in neurons immediately following in-
fection with either HSV-1 (strain F) or PRV (strain Becker)
are equally abundant and kinetically indistinguishable (4). The
dynein motor complex is required for viral retrograde trans-
port (17); whether VP1/2, UL37, a component of the capsid, or
a combination thereof recruits the dynein motor complex is an
active area of investigation.

For PRV, the switch to anterograde trafficking during late
infection is accompanied by a compositional shift in the trans-
ported viral particle. Electron microscopy imaging studies
demonstrate that an abundance of viral particles are present in
axons during late infection and that these particles are pre-
dominantly membrane bound and resident within the lumen of
vesicles (10, 15, 21, 22, 38, 39). Initial support for the model
that PRV virions transport to distal axons in vesicles came
from observations that impairing viral membrane glycoprotein
delivery to axons late during infection, either by treatment with
brefeldin A or by infection of neurons with mutant PRV that
does not express the Us9 gene product, coincidentally blocked
capsid localization to axons (10, 15, 38). Ultimately, direct
evidence that the membrane-bound viral particles are engaged
in anterograde axon transport was obtained by live-cell fluo-
rescence microscopy studies of cultured neurons (5, 21).

Finding HSV-1 particles in axons during the egress phase of
infection, particularly in distal regions, has proved challenging
(13, 37, 50, 54) and was suggested to be a difference between

VOL. 84, 2010 HSV ANTEROGRADE AXON TRANSPORT 13027



HSV-1 and PRV infection (14, 16). The small amount of
HSV-1 axon transport relative to that of PRV is formally
documented in a side-by-side experiment as part of this study
(Fig. 4A and B). Nevertheless, several different laboratories
using electron microscopy to resolve the structure of HSV
particles in axons during late infection have either reported the
presence of enveloped capsids (13, 33, 37), unenveloped cap-
sids (32, 50), or both (26, 31, 46a, 54). As with PRV, HSV-1
particles of differing composition reside within axons during
the egress stage of infection; however, the HSV-1 reports are
inconsistent regarding whether enveloped virions or naked
capsids are the more prevalent species. Furthermore, the lack
of live-cell imaging studies has precluded formal conclusions of
which type of particle, enveloped or naked, moves anterograde
in axons.

Using time-lapse fluorescence microscopy, we provide evi-
dence that enveloped HSV-1 virions are transported in axons
by the neuronal secretory pathway. This conclusion is sup-
ported by three lines of evidence. First, using the HSV-1 RFP-
cap/GFP-env reporter virus, approximately 65 to 70% of an-
terograde-transported HSV-1 capsids were associated with a
GFP-gB signal in either chick or rat DRG sensory neurons or
in a mouse CNS cell line (CAD) that was differentiated in
culture to project neurites. While it is possible that the remain-
ing 30 to 35% of capsids were transported toward the distal
axon without an envelope, imaging results of static extracellu-
lar virions indicated that the absence of colocalization was a
limitation of the GFP-gB fusion as an envelope marker. There-
fore, rather than HSV-1 having two distinct mechanisms of
anterograde transport, it seems more likely that only envel-
oped virions in host-derived vesicles actively move anterograde
toward the distal axon. Second, imaging of an HSV-1 recom-
binant expressing a secreted GFP (NPYss-GFP) demonstrated
that the actively transported HSV-1 particles were often asso-
ciated with this luminal marker of the neuronal secretory path-
way. Third, the axon-targeted synaptic vesicle protein Vamp2
was frequently cotransported with HSV-1 capsids during an-
terograde transport. The latter finding is notable, since it not
only provides an additional line of support for a secretory
model of HSV-1 axon transport but also provides the first
indication of a class of vesicle (presynaptic) that HSV-1 can
hijack to be transported to the distal axon. Although the fre-
quency of detection of capsids associated with vesicle markers
was lower than with GFP-gB, this was not necessarily surpris-
ing since expression of the NPYss-GFP luminal marker and
that of the Vamp2-GFP membrane marker were more variable
during infection. Also noteworthy was that recombinants of
PRV that expressed the vesicle markers yielded colocalization
with capsids during transport more frequently than the HSV-1
counterparts. While this may indicate a difference between the
two viruses, such a conclusion is premature, since the different
infection kinetics of the two viruses necessitated examining
transport at different times postinfection. This impacted the
amount of GFP signal associated with virions during transport
and the background GFP apart from virions, both of which
impacted our ability to effectively monitor the composition of
particles during transport. Nevertheless, these points do not
detract from the larger finding: HSV-1 capsids were cotrans-
ported with the GFP-gB viral envelope marker, NPYss-GFP
luminal marker, and Vamp2-GFP vesicle membrane marker

during anterograde axon transport by time-lapse imaging. Col-
lectively, these results support transport of HSV-1 by the se-
cretory pathway in neurons.

The source of the controversy surrounding this topic is un-
doubtedly multifaceted (27, 32, 41, 43, 48, 50, 60–62). The
primary complication of HSV-1 studies is the low frequency of
anterograde transport events, which has the effect of propor-
tionally increasing the number of static and retrograde moving
viral particles in axons of cultured cells. The latter particles
may arise from nonproductive fusion of the virion being trans-
ported with the surrounding vesicle membrane, reinfection of
the axon, or second rounds of infection of adjacent neurons.
Although the axon egress frequency may mechanistically be a
small difference between how HSV-1 and PRV function, it
could manifest as a large perceivable distinction that makes the
viruses appear to function by discrete mechanisms. Consistent
with this interpretation, a recent comparative TEM analysis of
three HSV-1 strains found in all cases that 75% of virions in
axons during late infection are enveloped in vesicles (46a).

Analysis of HSV-1 composition by immunofluorescence as-
say during anterograde trafficking has also led to the conclu-
sion that capsids are transported separately from viral glyco-
proteins in neurites of human neuroblastoma SK-N-SH cells
(60–62). However, these immunofluorescence results should
be considered in context with analogous studies of PRV-in-
fected neurons, which have also produced images in which
capsids appear to lack viral glycoproteins in axons (19, 57). The
latter result is hard to reconcile given the ease of imaging
enveloped PRV particles in axons by TEM and time-lapse
microscopy. We therefore evaluated the effectiveness of im-
munofluorescence to assess the composition of individual in-
tracellular viral particles. Antibodies directed toward the
HSV-1 capsid, which previously were reported to show little
overlap with envelope signals in neurites (60–62), labeled
nonenveloped (nuclear) capsids consistently but were re-
stricted in the ability to label enveloped capsids. These find-
ings support those of a previous study that suggest capsid
epitopes may be blocked in enveloped virions (45). Given
the heterogeneity of HSV-1 particle composition in axons,
these findings imply that the use of capsid-specific antibod-
ies selectively enriches for the detection of unenveloped
capsids. The prior immunofluorescence studies also used an
HSV-1 GFP-capsid virus in conjunction with antibodies
against viral membrane glycoproteins to show a lack of
membrane markers with capsids in axons. The latter dis-
crepancy may be explained if antibody accessibility to gly-
coproteins in axonal virions are restricted by the surround-
ing vesicle membrane and associated proteins, similar to the
restriction of capsid antibodies by the viral envelope and
tegument. Testing this hypothesis would require the techni-
cal achievement of purifying intracellular virion-containing
vesicles, which was not included in this study since it is
beyond our current means.

This study addresses a longstanding controversy regarding
the envelopment state of neurotropic herpesviruses during
egress in axons, and these results are in agreement with obser-
vations made with HSV-1-infected neurons more than 25 years
ago (37). The use of time-lapse fluorescence microscopy in
living isolated neurons demonstrated that while PRV is not a
precise model of all aspects of HSV-1 anterograde trafficking
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in axons, particularly with regard to the frequency of transport
events, the two viruses share a fundamentally conserved pro-
cess for transport to the distal axon via the neuronal secretory
pathway.
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ADDENDUM IN PROOF

While this manuscript was in press, a related study appeared
online as an in press manuscript (J. Huang, H. M. Lazear, H.
M. Friedman, Virology, 30 October 2010, doi: 10.1016/j.virol
.2010.10.009). Applying electron microscopy to primary sym-
pathetic neurons grown in culture chambers, the authors ob-
served that HSV-1, HSV-2, and PRV particles are enveloped
and resident in the lumen of axon vesicles.
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