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ABSTRACT We have shown that the herpes simplex virus 1 (HSV-1) gK gene is essential for efficient replication and spread in the
corneal epithelium and trigeminal ganglion neuroinvasion in mice (A. T. David, A. Baghian, T. P. Foster, V. N. Chouljenko, and
K. G. Kousoulas, Curr. Eye Res. 33:455– 467, 2008). To further investigate the role of gK in neuronal infection, we utilized a mi-
crofluidic chamber system separating neuronal cell bodies and axonal termini. HSV-1 (McKrae) engineered virus constitutively
expressing enhanced green fluorescence protein (GFP) was efficiently transmitted in both a retrograde and an anterograde man-
ner. These results were corroborated by expression of virion structural proteins in either chamber, as well as detection of viral
genomes and infectious viruses. In contrast, efficient infection of either chamber with a gK-null virus did not result in infection
of the apposed chamber. These results show that gK is an important determinant in virion axonal infection. Moreover, the in-
ability of the gK-null virus to be transmitted in an anterograde manner suggests that virions acquire cytoplasmic envelopes prior
to entering axons.

IMPORTANCE Herpes simplex virus 1 (HSV-1) enters mucosal epithelial cells and neurons via fusion of the viral envelope with
cellular membranes, mediated by viral glycoprotein B (gB) in cooperation with other viral glycoproteins. Retrograde transport
of virions to neuronal cell bodies (somata) establishes lifelong latent infection in ganglionic neurons. We have previously re-
ported that gK binds gB and is required for gB-mediated membrane fusion (Jambunatathan et al., J. Virol. 85:12910 –12918,
2011; V. N. Chouljenko, A. V. Iyer, S. Chowdhury, J. Kim, and K. G. Kousoulas, J. Virol. 84:8596 – 8606, 2010). In the current
study, we constructed a recombinant virus with the gK gene deleted in the highly virulent ocular HSV-1 strain McKrae. This re-
combinant virus failed to infect rat ganglionic neuronal axons alone or cocultured with Vero cells in microfluidic chambers. In
addition, lack of gK expression prevented anterograde transmission of virions. These results suggest that gK is a critical determi-
nant for neuronal infection and transmission.
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Herpes simplex virus 1 (HSV-1) is an important human patho-
gen that typically causes mucocutaneous lesions in facial and

genital epithelial/mucosal surfaces. The hallmark of the HSV-1 life
cycle is infection of sensory neurons, where the virus establishes a
latent infection for the life of the host (1). HSV-1 neuronal infec-
tion can occasionally cause acute encephalitis (2), while ocular
HSV-associated disease is one of the most common infectious
causes of blindness in developed countries (3, 4).

HSV-1 enters neuronal cells via a pH-independent fusion of
the viral envelope with neuronal plasma membranes (5, 6), while
it can enter a wide range of nonneuronal cells via either pH-
independent or pH-dependent endocytosis (7). Virus entry into
all cells involves the coordinated functions of the glycoproteins
gD, gB, gH, gL, and gC (8). Fusion of the viral envelope with
cellular membranes causes deposition of the viral capsid into the
cytoplasm, which is subsequently transported to the cell nucleus.
This retrograde transport of capsids to the neurons is highly de-

pendent on the cellular microtubule network and is most likely
mediated via direct interactions by one or more tegument and
capsid proteins with the dynein motor and the dynein cofactor
dynactin (reviewed in references 9 to 11).

Infectious virus production is initiated in the nucleus of cells,
where capsids assemble. The virus acquires an initial viral enve-
lope by budding of capsids into perinuclear spaces. Fusion of the
viral envelope with the outer nuclear membrane is thought to
deliver partially tegumented capsids into the cytoplasm. These
capsids acquire additional tegument proteins before acquiring
their final envelopes by budding into intracellular vesicles, most
likely originating from the trans-Golgi network (TGN). Fully ma-
tured virions are finally released through an exocytosis process
that appears to involve the kinesin family of microtubular
network-associated motors (reviewed in references 9 to 11).

The mechanism of anterograde transport of alphaherpesvirus
in neuronal cells is highly controversial, to a large extent because
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of disparate results obtained with pseudorabies virus (PRV) and
HSV-1. Two principal mechanisms of axonal transport have been
proposed: (i) independent axonal transport of viral glycoproteins
and capsids and assembly of the enveloped virions in the plasma
membrane and (ii) transport of fully enveloped virions that have
formed via budding of capsids into TGN-derived membranes. A
number of viral glycoproteins have been implicated in efficient
egress of virions from infected nonneuronal cells (reviewed in
reference 10).

HSV-1 gK is a structural component of the virion particle and
functions in virus entry into epithelial cells (12, 13), cytoplasmic
virion envelopment, virion egress, and virus-induced cell fusion
(14). Recently, we showed that HSV-1 gK and UL20 physically
bind to gB and gH and modulate gB-mediated membrane fusion
(15, 16). Also, we reported that gK was essential for virus spread in
the cornea of mice, neuroinvasiveness, and establishment of la-
tency in ganglionic neurons (17). In this work, we utilized a mi-
crofluidic chamber to show that gK is required for infection of
neuronal axons and anterograde transport in neurons.

RESULTS
Replication characteristics of recombinant viruses on rat dorsal
root ganglionic neurons. We have previously described the con-
struction of recombinant HSV-1 (McKrae) viruses constitutively
expressing the enhanced green fluorescence protein (GFP) under
the human cytomegalovirus immediate-early promoter (HCMV-
IE) (17). To determine the role of glycoprotein K (gK) in neuronal
replication, a set of recombinant viruses with intact or deleted gK
genes was constructed and studied. This set of viruses included the
following: (i) the wild-type McKrae strain, compared to a mutant
virus lacking the gK gene (�gK/GFP�) and a virus in which the
deleted gK gene was rescued to wild type (R/GFP�) (Fig. 1A to C,
respectively); and (ii) a set of McKrae-derived viruses that have an
HCMV-IE-GFP gene cassette replacing the gK gene sequence
(�gK/GFP�) and a derivative virus in which the missing gK gene
is replaced, placing the HCMV-IE-GFP gene cassette adjacent to
the gK gene (R/GFP�) (Fig. 1D and E, respectively).

All wild-type-like viruses (wild-type and gK-rescued virus)
produced on average similar-size plaques on both Vero and
VK302 cells (Fig. 2) (17). In contrast, gK-null viruses prepared in
either Vero or VK302 cells produced on average drastically smaller
viral plaques on Vero cells. The gK-null defects were comple-
mented on VK302 cells, which express the HSV-1 (KOS) gK gene
(Fig. 2) (17, 18). Examination of individual viral plaques by fluo-
rescence microscopy revealed that all viruses containing the GFP
gene cassette readily expressed GFP (Fig. 2).

Infection of rat dorsal root ganglionic neurons with wild-type
McKrae virus resulted in rapid cytopathic effects exhibited as early
as 12 h postinfection (hpi). Typically, neurons appeared rounded
up and swollen, while the overall number and length of axons
present before infection appeared to be markedly reduced at early
times after infection (not shown). Ganglionic neurons were in-
fected with each of the viruses, and growth was compared in vi-
ruses containing GFP (Fig. 3A) and those without GFP (Fig. 3B).
The parental strain is included in both graphs for a baseline com-
parison. Wild-type HSV-1 (McKrae) virus and virus produced
after rescue of the deleted gK gene replicated with approximately
equal efficiencies in the presence (Fig. 3A) or absence (Fig. 3B) of
the GFP gene. However, mutant viruses lacking the gK gene
whether stocks were prepared on either Vero or the gK comple-
menting cell line, VK302, replicated 1 to 2 logs less efficiently than
the parental McKrae viruses at late times postinfection on rat neu-
rons (Fig. 3A and B). Similar results were obtained for gK-null
virus replication in Vero in comparison to those for the wild-type
virus (17). Specifically, titers for the �gK viruses approached max-
imum titers ranging from 4 � 104 to 7 � 104 PFU, while the
rescued viruses approached maximum titers of 4 � 105 to 5 �
105 PFU. In addition, gK-null virus titers appeared to decrease
during an apparent eclipse phase of viral replication before in-
creasing again at later times postinfection. These results show that
infectious gK-null viruses were clearly produced in neurons.

Microfluidic multichamber device for neuronal transport
studies. A commercially available microfluidic device was utilized
for neuronal transport studies (see Materials and Methods). This
device enables the physical separation of neuronal somata and
axon termini under virion-impermeable conditions (Fig. 4A). To
ensure that virions could not be passively transmitted from one
chamber to the other, control experiments were performed as
follows: Vero cells were plated in wells on both sides of the micro-
fluidic chamber. Wells of one side were infected with R/GFP�
virus at a multiplicity of infection (MOI) of 10. A hydrostatic
pressure differential between the infected and uninfected cham-
bers was maintained by ensuring that the uninfected fluid levels
were substantially higher than those in the infected wells. The
infected cells exhibited extensive cytopathicity and expression of
GFP at 48 hpi. In contrast, the uninfected cells did not exhibit any
cytopathic effects or fluorescence at 5 days postinfection, suggest-
ing that virions were not able to passively leak from the infected
into the uninfected wells (Fig. 4B).

Infections of axonal termini. Microfluidic chambers were
seeded with rat dorsal root ganglionic neurons. Neurons were
allowed to propagate axons across the microgroove barrier for 10
to 15 days, or until axons and neuronal endings were visibly pres-
ent across the barrier and the apposed chamber, respectively (see
Materials and Methods). The neuronal ending chambers were in-
fected with R/GFP� and �gK/GFP� viruses at an MOI of 5. Pro-
gression of infection on the neuronal soma side of the microfluidic

FIG 1 Schematic representation of mutant viruses. The top line represents
the prototypic arrangement of the HSV-1 genome with the unique long (UL)
and unique short (US) regions flanked by the terminal repeat (TR) and inter-
nal repeat (IR) regions. (A) McKrae wild type. (B) McKrae parental strain with
deletion mutation of gK and without the GFP cassette (�gK/GFP�). (C) Res-
cue of the gK deletion in the virus in part B without the GFP cassette (R/
GFP�). (D) McKrae parental strain with deletion of the gK gene by replace-
ment with a GFP cassette (�gK/GFP�). (E) Rescue of the virus in part D with
preservation of the GFP (R/GFP�).
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device was monitored daily using a fluorescence microscope to
detect GFP expression. GFP expression was readily detected as
early as 24 hpi for the R/GFP� virus, while infection with the
�gK/GFP� virus failed to produce any GFP expression as late as
5 days postinfection (Fig. 5A to E). Surprisingly, �gK/GFP� virus
grown on the VK302, gK-complementing, cells failed to be effi-
ciently transmitted to the neuronal soma side of the microfluidic
device, as evidenced by an occasional fluorescent cell detected in
the neuronal soma chambers (Fig. 5F). In a second series of exper-
iments, axonal compartments were coplated with a monolayer of
VK302 cells prior to infection. Similarly, the R/GFP� virus was
efficiently transmitted to the soma chamber when axonal com-
partments containing VK302 cells were infected (Fig. 5G to J). In
contrast, there was only occasional fluorescence detected in the
soma chamber infected with the �gK/GFP� virus despite strong
replication and spread within the VK302 cell monolayer, evi-
denced by the level and extent of GFP-emitted fluorescence
(Fig. 5K to N).

To determine whether infectious virions and/or viral DNA was
transported in a retrograde manner, neuronal terminus chambers
were infected with an MOI of approximately 5. The number of
viral genomes was obtained by quantitative PCR, while the pres-
ence of infectious virus was assessed by determining viral titers on
VK302 cells as detailed in Materials and Methods. For all three
infections, there was little difference in DNA levels on the axon

side over a 72-h period (Fig. 6). Examination of the number of
viral genomes and PFU obtained from samples derived from the
soma side of the devices revealed that the R/GFP� virus efficiently
transported and replicated in soma chambers, producing maxi-
mum viral genomes and PFU at 72 hpi. In contrast, both the
�gK/GFP� virus grown on Vero cells and �gK/GFP� virus
grown on VK302 cells failed either to enter neurite ends or to be
transported through axons and subsequently replicate in soma
chambers at 72 hpi (Fig. 6B, D, and F).

Neuronal cell body infection and anterograde transport of
virions. For anterograde studies, after seeding of microfluidic
chambers and propagation of axons, axonal side wells were co-
plated with a monolayer of VK302 cells. Then, the neuronal so-
mata were infected as described for the neurite-only side in the
retrograde studies. Infection of the neuronal soma side of the mi-
crofluidic chambers was also monitored daily by visualizing GFP
fluorescence. All three viruses, R/GFP�, �gK/GFP� (Vero), and
�gK/GFP� (VK302), infected neuronal somata efficiently, as ev-
idenced by the strong GFP fluorescence (Fig. 7A). However, only
the R/GFP� virus was transported in an anterograde manner to
the VK302 reporter cells on the microfluidic chambers (Fig. 7A).
Similar virus axonal transport experiments were performed, but
this time the cells within the soma and reporter sides of the micro-
fluidic chambers were fixed and immune stained with antibodies
specific for viral gC and neurofilament (neuron-specific stain),

FIG 2 Representative plaque morphologies of the HSV-1 (McKrae) strain and mutants on Vero and VK302 cells. Confluent Vero or gK-complementing VK302
cells monolayers were infected with the R/GFP�, �gK/GFP� (Vero), �gK/GFP� (VK302), R/GFP�, �gK/GFP� (Vero), or �gK/GFP� (VK302) virus at an
MOI of approximately 0.001. Viral plaques were visualized by immunohistochemistry at 72 hpi using rabbit anti-HSV-1 developed with Nova Red (Vector Labs)
with contrast microscopy. Fluorescent plaques from viruses with GFP were observed using a fluorescence microscope at 72 hpi. Plaques shown are representative
of average plaque sizes observed. All images were taken at a magnification of �100.
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and viruses not expressing GFP were utilized (to allow multicolor
immunofluorescence). Cells in both the soma and reporter sides
of the chambers expressed relatively high levels of gC only when
infected with the R/GFP� virus, while both �gK/GFP� (Vero)
and �gK/GFP� (VK302) viruses expressed gC in cells in the soma
side of the chambers, while no gC expression was detected on the
reporter side of the chambers (Fig. 7B).

Anterograde transport of virions was also monitored by deter-
mining the number of infectious viruses produced on the reporter
side of the microfluidic chamber after infection of the neuronal
soma sides, as well as determining the number of viral genomes
transmitted axonally to the reporter sides using quantitative PCR
(QPCR). Infectious virions were retrieved only in infections with
the R/GFP� virus from the reporter cell side, while both R/GFP�
and �gK/GFP� viruses were recovered from somata. In agree-
ment with these results, viral DNA was recovered for all viruses in
somata but only for R/GFP� in the reporter cell side (Fig. 8).

DISCUSSION

HSV-1 gK functions as a protein complex with the membrane
protein UL20 in membrane fusion phenomena during virus entry
and virus-induced cell fusion, enabling virions to enter into cells

and spread into adjacent uninfected cells, respectively (13, 15, 16,
19–21). Previously, we showed that the lack of gK prevented cor-
neal spread in mice, transmission of the gK-null virions to the
central nervous system, and establishment of latency. Here we
have shown that gK is essential for infection of neuronal axons in
rat dorsal root ganglionic neurons in culture, in agreement with
the previous in vivo studies (17). Moreover, consistent with the
role of gK in cytoplasmic envelopment and egress, gK-null virions
were unable to be transported in an anterograde manner.

Herein, we have chosen to work with the HSV-1 McKrae strain
because this virus was isolated from a human ocular herpes infec-
tion (22) and shown to be highly virulent in mice and rabbits
(23–25). In these studies, we utilized a set of recombinant viruses
lacking gK gene expression in the presence or absence of GFP
expression for comparative purposes, because constitutive expres-
sion of the GFP gene may alter viral replication characteristics
(26). Wild-type-like viruses replicated to similar levels in the pres-
ence or absence of GFP expression in ganglionic neurons. In con-
trast, gK-null virions reached maximum viral titers that were 1 to
2 logs lower than those of their corresponding wild-type-like vi-
ruses, while GFP expression did not adversely affect viral growth.
These experiments indicated that GFP expression did not alter
replication characteristics of these viruses. The relative size of viral
plaques is an indication of the ability of the virus to spread from
infected to uninfected cells. Consistent with previous findings, the
lack of gK caused the production of substantially smaller viral
plaques, indicating a severe defect in virus spread. GFP expression
did not have any effect on the gK-null defect in virus spread.

Microfluidic devices separating axonal termini from neuronal
somata have been extensively used in herpesvirus experiments to
investigate the contribution of individual genes in retrograde and
anterograde axonal transport (27–30). We utilized a commercially
available microfluidic device (Xona Microfluidics, LLC) originally
developed from a collaboration between Lynn Enquist’s labora-
tory (Princeton University) and No Li Jeon’s laboratory (Univer-
sity of California—Irvine) (29). It is particularly important in all

FIG 3 Growth curves of McKrae strain virus and mutants on DRG neurons.
Approximately 175,000 ganglionic cells plated in 24-well plates were infected
with the parental McKrae strain or R/GFP�, �gK/GFP� (Vero), �gK/GFP�
(VK302), R/GFP�, �gK/GFP� (Vero), or �gK/GFP� (VK302) virus at an
MOI of approximately 0.1. Viral titers were obtained at indicated time points
postinfection by standard titration plaque assay on Vero or VK302 cells. (A)
GFP-containing viruses ([astc]/GFP�) and the McKrae parental strain for
comparison. (B) Viruses that do not have GFP ([astc]/GFP�) and the McKrae
parental strain for a baseline comparison. Plaque-forming unit totals represent
the means of data from triplicate experiments, and error bars represent the
standard errors.

FIG 4 Microfluidic neuron device system. (A) Photograph of the neuron
device (Xona Microfluidics) that maintains a fluid pressure (left panel). The
virus-impermeable barrier containing axons (middle panel) is shown. A side-
view schematic shows wells, main central channel, and a microgroove barrier
showing the maintenance of a fluid pressure gradient (right panel). (B) Con-
trol experiment to test for system integrity. Phase contrast and GFP fluores-
cence of infected Vero cells at 3 days postinfection and uninfected Vero cells at
5 days postinfection are shown. During all 5 days, the uninfected side wells
were maintained at a higher fluid level than the infected side wells.
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studies using these devices that control experiments are per-
formed carefully to ensure that there is no leakage of fluids be-
tween the device and the coverslip on which the device is placed.
Therefore, methods utilized in these studies were validated for
obtaining appropriate sealed chambers prior to the onset of each
experiment. Furthermore, chambers were inspected to ensure that
axons were exclusively appearing within the device microgrooves.

Infections of chambers containing axonal termini showed that
the wild-type-like virus (R/GFP�) was readily transported to the
soma-containing chamber, while the gK-null �gK/GFP� virus
failed to infect neurons via their axons whether stocks were grown
in Vero cells or the gK-complementing VK302 cells line. Addi-
tionally, when the �gK/GFP� virus was used to infect VK302 cells
cocultured with axonal endings, there was a low level of neuronal
infection and transport to the somata (as demonstrated by GFP
fluorescence). However, this was strikingly lower than the soma
infection observed with the rescued virus, especially when consid-

ered in light of the similar and profound extent of infection of the
coplated VK302 cells with either the rescued or gK-null viruses. In
these experiments, GFP expression was driven by the constitutive
HCMV-IE promoter, requiring entry of the viral genome into
neuronal nuclei and transcription/translation of the GFP gene.
Therefore, these experiments cannot differentiate whether virions
entered neurons but were subsequently unable to be either trans-
ported or replicated within somata. In an attempt to address this
issue, the total viral genomes and infectious virions remaining
within the axonal terminus-containing chambers were deter-

FIG 5 Infection of neuron cell bodies (Soma) via retrograde transport. Ret-
rograde infection via direct infection of axons (A to F) was analyzed. Phase
contrast (A to C) and GFP fluorescence (D to F) of neurons are shown. Axonal
sides of chambers (not shown) were infected with �gK/GFP� (VK302), �gK/
GFP� (Vero), and R/GFP� (Vero) virus. Neurons potentially infected with
�gK/GFP� (VK302 or Vero) were photographed, using phase and fluores-
cence microscopy, at 5 days postinfection (dpi) to allow ample time for retro-
grade transport. Neurons infected with R/GFP� were photographed, using
phase and fluorescence microscopy, at 2 dpi due to the presence of ample
infected neurons. Retrograde infection via infection of VK302 cells coplated on
axons using phase and fluorescence microscopy (G to N) is shown. Axonal
sides of chambers were infected with �gK/GFP� (Vero) or R/GFP� virus.
R/GFP� infection of neurons (G and H) and axons with VK302 cells (I and J)
was photographed at 3 dpi. For �gK/GFP� virus, grown in Vero cells, infec-
tion of few neurons (K and L) and infection of axons with VK302 cells (M and
N) were photographed at 3 dpi. All images were taken at a magnification of
�100.

FIG 6 Determination of PFU and viral genomes recovered in retrograde virus
transport experiments. Viral DNA copy number, determined by QPCR, and
PFU, determined by serial titration plaque assay, are shown for samples recov-
ered from the axon and soma sides of devices infected in a retrograde manner.
Bars represent the means for 6 (DNA) or 4 (PFU) samples taken from devices
at 2, 48, and 72 hpi, as well as corresponding volume samples of inocula taken
at the time of infection (input). (A and B) R/GFP� infected. (C and D) �gK/
GFP� (Vero) infected. (E and F) �gK/GFP� (VK302) infected. Input bars are
black. Bars representing the axon side (white) and soma side (gray) are shaded
to correspond to the sides in the schematic. The minimum level of QPCR
detection was approximately 40 genomes. A baseline threshold of 0 was set at
approximately 100 genomes, since samples containing less than 100 genomes
exhibited high variability among the triplicate samples.
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mined. Viral genome numbers did not decrease in the gK-null
virus, unlike the wild-type-like (rescued) infections of neurites,
suggesting that the gK-null virions were unable to enter axons.
This result was not corroborated by the PFU counts, most likely
because of the natural decay of infectious virions with prolonged
incubation at 37°C. Despite the consistent detection of few cells
expressing GFP in the retrograde infections with the �gK/GFP�
virus within somata, there were no infectious virions recovered
from these chambers even at 72 hpi. Collectively, these results
indicate that the observed low levels of GFP expression may be due
to transport of viral DNA fragments containing the GFP gene

cassette. These gene fragments may exist in the original virus
stocks used for infections or produced after degradation of endo-
cytosed virions into neurons.

Surprisingly, �gK/GFP� virus grown on the complementing
cell line VK302 was also largely unable to infect neurons via their
axons. This result suggests that expression of the HSV-1 (KOS) gK
gene in VK302 cells may complement for infectious virus produc-
tion in Vero cells; however, virions produced in VK302 cells may
not be able to efficiently infect neuronal axons. We have shown
that the amino terminus of gK interacts with the amino terminus
of gB, most likely affecting the ability of gB to mediate fusion of the

FIG 7 Anterograde infection and transmission. (A) Anterograde infection and transmission demonstrated by phase and fluorescence microscopy of the infected
neuronal side and the uninfected reporter cell/axon side. Only the rescued virus was observed spreading in the anterograde direction to reporter cells. (B)
Anterograde infection and transmission demonstrated by fluorescent antibodies. Images are stained with antineurofilament antibody with Alexa Fluor 488
secondary (green), anti-HSV-1 gC with Alexa Fluor 594 secondary (red), and DAPI (blue). The neuron sides of the microfluidic devices were infected with
R/GFP�, �gK/GFP� (Vero), and �gK/GFP� (VK302) virus.
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viral envelope with cellular membranes during virus entry (13, 15,
16). Furthermore, lack of gK prevented entry via fusion of the viral
envelope with cellular membranes (31). Comparison of the pre-
dicted amino acid sequences of KOS and McKrae gB and gK reveal
a number of amino acid differences, including amino acid changes
within the amino termini of gB and gK. Thus, it is conceivable that
KOS gK cannot efficiently complement the McKrae gK-null virus
for entry into axons, because of altered interactions between KOS
gK and McKrae gB. Moreover, KOS gK provided by the VK302
cells may not be efficiently incorporated into virions, causing re-
duction in neuronal infectivity.

UL20 and gK are required for cytoplasmic virion envelopment
and egress in epithelial cells (14, 19, 20). Furthermore, direct com-

parison of the role of gK and UL20 in cytoplasmic envelopment,
virion egress, and infectious virus production with similar func-
tions provided by the carboxyl terminus of gD, gE, UL11, or gM
has revealed that gK and UL20 are more important than each of
these proteins alone or in combination (32). Lack of gK drastically
inhibited transmission of virus in an anterograde manner. Neu-
rons, unlike epithelial cells or fibroblasts, have an intricate distri-
bution of cytoplasmic organelles within somata and axons. Spe-
cifically, TGN-derived membrane vesicles migrate to synapses and
play important roles in synapse formation among neurons (33).
Therefore, it is conceivable that cytoplasmic envelopment of viri-
ons occurs both within somata and via budding into TGN-derived
vesicles proximal to synaptic membranes.

�gK virions grown on Vero or VK302 cells appeared to infect
somata with approximately similar efficiencies, indicating that a
lack of gK does not substantially alter entry of the gK-null virions
via infection of neuronal cell bodies. Neurons are known to ex-
press nectin-1, which binds gD and functions in virus entry (34,
35). In agreement with these published results, we readily detected
nectin-1 expression in neuronal termini, axons, and somata (not
shown). Thus, altered distribution of nectin-1 between axons and
somata is probably not responsible for the lack of gK-null virus
infection of neuronal termini. Nectin-1 is known to primarily
mediate endocytosis of virions rather than fusion of the viral en-
velope with cellular membranes (7). Thus, it is possible that viri-
ons enter axons primarily via membrane fusion, suggesting that
gK functions in virus-cell membrane fusion utilizing cellular re-
ceptors other than nectin-1.

Herpes simplex virus virions have evolved a highly complex
system for optimum infection of neurons, the ultimate destina-
tion of the virus in the human host. It is conceivable that virus
entry into neuronal synapses requires the presence of gK. We hy-
pothesize that gK, known to interact with the amino terminus of
gB, may modulate fusogenic activity of gB via specific gB cellular
receptors. A lack of gK may result in a loss of critical regulatory
functions provided by gK on gB to mediate fusion of the viral
envelope with synaptic membranes, resulting in inability to enter
axons. Alternatively, virions may enter but rapidly degrade within
lysosomal compartments. Direct visualization of fluorescent viri-
ons may resolve these issues, which will be addressed in future
experiments.

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney (Vero) cells were ob-
tained from the American Type Culture Collection (Rockville, MD) and
grown and propagated in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 7% fetal bovine serum (FBS) and antibiotics. The
gK-complementing VK302 cell line (generously provided by David John-
son, Oregon Health Sciences University, Portland, OR) was maintained in
DMEM supplemented with 10% FBS and antibiotics. The clinical ocular
isolate and neuroinvasive strain of HSV-1 (the parental wild type), McK-
rae strain, was obtained from J. M. Hill (Louisiana State University Health
Sciences Center, New Orleans, LA) (Fig. 1A).

Construction of recombinant viruses. The construction methodol-
ogy for mutant viruses for this experiment is essentially similar to the
techniques that were previously described for creating KOS strain mu-
tants (17, 19, 36, 37). McKrae virus with a deleted UL53 (gK) gene (�gK)
(Fig. 1B) was constructed using the ICP27-null (d27-1) virus and plasmid
pSJ1724, as described previously for the HSV-1 (KOS) �gK virus (19).
The ICP27-null virus has 1,627 bp of UL54 gene deleted but contains a
complete UL53 gene. Plasmid pSJ1724 has a 1,068-bp deletion in UL53
but has an intact UL54. Recombination between homologous regions of

FIG 8 Determination of PFU and viral genomes recovered in anterograde
virus transport experiments. Viral genome and PFU numbers from the axon/
reporter cell and soma sides of devices infected in the anterograde manner.
Bars represent the means for 6 (DNA) or 4 (PFU) samples taken from devices
at 72 hpi, as well as corresponding volume samples of inocula taken at the time
of infection (input). (A and B) R/GFP� infected. (C and D) �gK/GFP�
(Vero) infected. (E and F) �gK/GFP� (VK302) infected. Input bars are black.
Bars representing the soma side (white) and reporter cell side (gray) are shaded
to correspond to the sides in the schematic. The minimum level of QPCR
detection was approximately 40 genomes. A baseline threshold of 0 was set at
approximately 100 genomes, since samples containing less than 100 genomes
exhibited high variability among the triplicate samples.
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d27-1 virus and plasmid pSJ1724 resulted in the �gK virus. This virus does
not contain a GFP cassette and is here designated �gK/GFP�. This �gK
virus was rescued (R/GFP�) (Fig. 1C) by transfecting Vero cells with
PCR-amplified fragments of the UL53 gene from the wild-type HSV-1
(KOS) strain, followed by infection with the �gK virus (19). The unique
long (UL) UL53 (gK) gene of HSV-1 McKrae was replaced with an en-
hanced GFP gene cassette under the control of the human cytomegalovi-
rus immediate-early gene promoter (HCMV-GFP) (36). Briefly, The
HCMV-GFP cassette was cloned into the plasmid pSJ1723 to create the
plasmid pTF9201, as described previously (17, 36). Plasmid PTF9201 con-
tains a GFP gene cassette under the human cytomegalovirus immediate-
early promoter control (HCMV-IE) within a DNA fragment spanning the
UL52–UL54 genomic region that lacks the UL53 gene. Plasmid PTF9201
was used in transfection, followed by infection with HSV-1 (McKrae), to
isolate the McKrae �gK/GFP virus (Fig. 1D), designated �gK/GFP�, ap-
pearing as small fluorescent viral plaques under the fluorescence micro-
scope (17, 36). The McKrae �gK/GFP virus was rescued using plasmid
pTF9105, which contains a complete UL53 gene from the HSV-1 (KOS)
strain, creating the virus designated R/GFP� (Fig. 1E) (37).

Animals. Adult female Sprague-Dawley rats, 15 to 18 days pregnant,
were used (Charles River, Wilmington, MA). All procedures were ap-
proved by the Louisiana State University School of Veterinary Medicine
Institutional Animal Care and Use Committee.

Dorsal root ganglion primary neuron culture. Dorsal root ganglion
(DRG) neurons were cultured under conditions that were adapted from
those described previously for culturing sympathetic superior cervical
ganglion-derived neurons (29). Additional modifications were adapted
from previously described culture conditions for dorsal root ganglia (38,
39). Specifically, ganglia were dissected from fetal Sprague-Dawley rats at
embryonic days 15 to 18. DRG were incubated at 37°C for 30 min in
250 �g/ml of trypsin (Worthington Biochemical Corp., Lakewood, NJ).
Trypsin was neutralized by incubating ganglia in neuron culture medium
with 10% FBS and 1 mg/ml trypsin inhibitor (Sigma-Aldrich, St. Louis,
MO) for 2 min. Ganglia were rinsed with fresh neuron culture medium,
and ganglionic neurons were gently triturated into a single-cell suspen-
sion using a pulled-glass Pasteur pipette. Then, cells were plated into one
side of the microfluidic neuron devices (catalog no. SND450; Xona Mi-
crofluidics, LLC, Temecula, CA) adhered to glass coverslips or the surface
of 35-mm plastic petri dishes. Neuron devices were assembled by placing
a standard neuron microfluidic device firmly on the coverslip or petri dish
to ensure a sealed barrier. Maintenance neuron culture medium consisted
of neural basal medium with B-27 supplement, at the manufacturer’s
recommended concentration (Invitrogen, Grand Island, NY). Medium
was supplemented with 50 ng/ml neural growth factor 2.5s (Invitrogen),
2% normal rat serum (Invitrogen), 1� GlutaMAX (Invitrogen), and 0.2%
Primocin (InvivoGen, San Diego, CA). To eliminate nonneuronal cells, 1
and 3 days postplating, neuronal cultures were treated with 4 �M cytosine
�-d-arabinofuranoside (CAB) (Sigma-Aldrich) in neuronal medium for
24 h.

Infection of neuron devices. Neurons were allowed to grow for 10 to
14 days postplating until robust axonal processes with abundant branch-
ing were observed on the axon side of neuron devices. Once these were
present, the neuron devices were prepared for infection. For retrograde
infections, medium was completely depleted from the wells of the axon
side of microfluidic devices. Then, on the neuron soma side of the devices,
wells were filled to maximum fluid capacity. After establishment of the
fluid pressure gradient, axon-side wells were inoculated with the virus and
concentration indicated in Results. Then, approximately 100 �l of neuron
culture medium was placed in the infected wells to ensure mixing of the
virus into the central chamber containing the axons. Once the fluid pres-
sure gradient had been established, medium was added to the soma side
only if necessary to combat dehydration and maintain an obvious fluid
level difference. In the case of anterograde neuronal infection studies and
a retrograde experiment (specified in Results), the axonal side was co-
plated with a monolayer of VK302 or Vero cells.

Viral replication kinetics on neurons. To determine the kinetics of
viral replication on ganglionic neurons, 24-well plastic plates were plated
with 175,000 ganglionic cells using the above-described harvesting proto-
col. Ganglionic neurons were infected at approximately a multiplicity of
infection (MOI) of 0.1 with each of the viruses. Plates were prepared in
triplicate, and infections were halted by freezing at 0, 12, 24, 48, and
72 hpi. Plates were frozen and thawed, and viral titers were determined for
each time point by standard plaque assay on VK302 cells (for the �gK
viruses) or Vero cells (for the parental and rescue strains). Plaques were
stained with crystal violet and visualized with a dissecting microscope.
Growth curves show the result of the average for the triplicate plates.

Plaque morphology. For fluorescent plaque morphology, confluent
monolayers of Vero and VK302 cells were infected at an MOI of 0.001
with the indicated viruses. GFP fluorescence of representative plaques was
visualized and photographed at 72 h postinfection (hpi) with a fluores-
cence microscope (Olympus, Tokyo, Japan). For immunohistochemical
plaque morphology, cells were fixed with 10% formalin at 72 hpi (17, 40).
Immunohistochemistry was performed with primary rabbit anti-HSV an-
tibodies (1:1,000) (Dako, Carpinteria, CA) and goat anti-rabbit horserad-
ish peroxidase-labeled antibody (1:1,000) (Dako, Carpinteria, CA), and
the reactions were developed using the NovaRed substrate (VectorLabs;
Burlingame, CA). Images were taken with an inverted light microscope
(Olympus) using relief contrast.

Visualization of retrograde and anterograde infections. For direct
observation by phase-contrast of the viral infection, neuronal soma sides
and axon/reporter cell sides of devices were observed and imaged using an
inverted microscope (Olympus) using relief contrast. GFP fluorescence
was observed using the same inverted microscope set for fluorescence. For
immunofluorescent antibody analysis of anterograde infections, micro-
fluidic devices were fixed with cold 10% formalin. Then, the devices were
incubated with blocking buffer (PBS containing 4% bovine serum albu-
min [BSA] and 2% goat serum) for 1 h at room temperature. Next, the
primary antibodies were added, and devices were incubated overnight at
4°C. Primary antibodies used were mouse monoclonal anti-HSV-1 glyco-
protein C IgG2a (Virusys Corp., Taneytown, MD), diluted 1:3,000, and
mouse monoclonal antineurofilament IgG1 (Invitrogen), diluted 1:1,000.
Next, secondary antibodies, goat anti-mouse IgG1 conjugated to Alexa
Fluor 488, and goat anti-mouse IgG2a conjugated to Alexa Fluor 594
(Invitrogen), both diluted to 1:1,000, were applied. All antibodies were
diluted in PBS containing 2% BSA and 1% goat serum. After 30 min,
devices were washed 5 times with PBS. The microfluidic neuron devices
were placed on ice and removed from the glass coverslips (per the manu-
facturer’s instructions). ProLong Gold antifade reagent with 4=,6-
diamidino-2-phenylindole (DAPI) (Invitrogen) was added to the cover-
slips, and cells were imaged with an inverted fluorescence microscope.

Sample collection for PFU and quantitative PCR (QPCR) studies.
For studies of viral DNA transmission and virus/viral DNA production,
neuron devices were sampled in the following manner. The low side (axon
side in retrograde studies and soma side in anterograde studies) was al-
ways aspirated first. At the appropriate time points, the medium present
in the low-side wells was aspirated and collected. Then, the sampled side
was flushed with a small amount of medium. Following that, medium
from the higher side was collected, and that side was flushed with a small
amount of medium. Subsequently, the high-side wells were filled with
medium, and the devices were frozen overnight. Devices were then
thawed, the low side was flushed with a small amount of medium, and this
medium was collected. Finally, the high side was flushed and collected.
This procedure allowed for maintenance of the fluid pressure gradient by
always keeping the gradient and allowed for collection of cell-associated
virus as well as any free virus in the medium. At this point, all samples were
frozen. Later these samples were thawed and used for analysis of PFU or
viral DNA.

Detection of PFU from anterograde and retrograde infections. Sam-
ples of medium collected from the neuron devices were thawed and plated
in serial dilutions. The number of infectious virions in the medium was

David et al.

8 ® mbio.asm.org July/August 2012 Volume 3 Issue 4 e00144-12

mbio.asm.org


determined by plaque assay on appropriate (Vero or VK302) monolayers
visualized using the immunohistochemical technique described for
plaque morphology.

QPCR. For quantitative PCR, once thawed, samples were processed
using the Qiagen DNeasy blood and tissue kit (Qiagen, Valencia, CA) per
the manufacturer’s instructions to isolate DNA. QPCR was performed as
described previously for Kaposi’s sarcoma herpesvirus (KSHV) (41, 42).
Specifically, the primers and probe (6-carboxytetramethylrhodamine
[TAMRA]) for the real-time PCR were designed to detect HSV-1 US6
(gD). Equal volumes of viral DNA were used for TaqMan PCR 196 anal-
ysis. Purified plasmid containing the gD gene was initially used to generate
the standard curve. Samples were also tested and genome numbers were
determined using validated standards provided by the Path-HSV-1-
genesig real-time PCR detection kit for human herpesvirus 1 (herpes sim-
plex type 1) (PrimerDesign, Ltd., South Hampton, United Kingdom).
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