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Abstract Retrograde axonal transport of the neurotropic
alphaherpesvirus Varicella zoster virus (VZV) from vesicles at
the skin results in sensory neuron infection and establishment
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of latency. Reactivation from latency leads to painful herpes
zoster. The lack of a suitable animal model of these processes
for the highly human-restricted VZV has resulted in a dearth of
knowledge regarding the axonal transport of VZV. We recently
demonstrated VZV infection of distal axons, leading to subse-
quent capsid transport to the neuronal somata, and replication
and release of infectious virus using a new model based on
neurons derived from human embryonic stem cells (hESC). In
the present study, we perform a kinetic analysis of the retro-
grade transport of green fluorescent protein-tagged ORF23 in
VZV capsids using hESC-derived neurons compartmentalized
microfluidic chambers and time-lapse video microscopy. The
motion of the VZV was discontinuous, showing net retrograde
movement with numerous short pauses and reversals in direc-
tion. Velocities measured were higher 1 h after infection than
6 h after infection, while run lengths were similar at both time
points. The hESC-derived neuron model was also used to show
that reduced neuronal spread by a VZV loss-of-function mutant
for ORF7 is not due to the prevention of axonal infection and
transport of the virus to the neuronal somata. hESC-derived
neurons are, therefore, a powerful model for studying axonal
transport of VZV and molecular characteristics of neuronal
infection.

Keywords Axonal transport - Varicella zoster virus -
Alphaherpesvirus - Human embryonic stem cells

Introduction

Varicella zoster virus (VZV) belongs to the alphaherpesvirus
family and like other members is neurotropic. Initial VZV
infection results in varicella (chicken pox), in which character-
istic virus-filled vesicles in the skin follow a systemic spread.
VZV is then delivered to neuronal nuclei in ganglia by two
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mechanisms, either via infected circulating immune cells
(Ouwendijk et al. 2012) or by retrograde transport in axons
infiltrating skin at sites of replication (reviewed in Zerboni and
Arvin 2008). Neuronal infection becomes persistent through the
establishment of latency, and subsequent reactivation usually
leads to anterograde axonal transport to the periphery and the
formation of lesions typical of herpes zoster (shingles), usually
in older or immunocompromised persons. Unlike the related
alphaherpesviruses pseudorabies virus (PrV) and herpes sim-
plex viruses (HSV) whose wider host range has facilitated study
in animal systems, VZV is highly human-tropic: infection of
most animal neurons does not result to a full productive infec-
tion (Steain et al. 2010). There have been a few studies of VZV
infection of isolated human fetal dorsal root ganglion (DRG)
neurons; however, the limited accessibility to this material has
resulted in the direct demonstration of axonal transport and
retrograde infection of neurons by VZV being performed only
very recently by our groups (Markus et al. 2011).

Elegant and extensive work with HSV-1 and PrV has shown
that these two alphaherpesviruses are stripped of their external
glycoprotein-containing envelope and of many tegument pro-
teins when they infect axons (Luxton et al. 2005; Antinone et al.
2006 reviewed in Diefenbach et al. 2008). The DNA-containing
nucleocapsid with some inner tegument proteins is then trans-
ported retrogradely to the neuronal nucleus, where a latent or
productive infection ensues. Retrograde axoplasmic transport
using the dynein motor protein complex is responsible for
bringing chemical messages, endocytosed material and cellular
components for recycling from the axon terminals back to the
cell body. Anterograde axoplasmic transport utilizes instead
kinesin motor proteins and delivers vesicles, proteins and other
structural cellular materials from the somata towards the periph-
ery (reviewed in, i.e., Goldstein and Yang 2000; Hirokawa and
Takemura 2005). Both HSV and PrV co-opt the extant retro-
grade and anterograde axonal transport processes in order to
travel from the periphery to the soma (in initial infection) or
from the soma to the periphery (in reactivation), respectively
(reviewed in Diefenbach et al. 2008; Lyman and Enquist 2009;
Zaichick et al. 2011). Studies of HSVand PrV transport by video
time-lapse micrography, using avian and rodent DRG neurons
as well as human neuron-like cells derived from a cancer cell
line, show that both retrogradely and anterogradely trans-
ported viruses/capsids move discontinuously and even reverse
direction (Smith et al. 2004; Antinone and Smith 2010). Using
genetically modified viruses expressing fluorescent proteins, a
great deal has been learned about which viral proteins interact
with the cellular machinery, but a final detailed model is yet to
be generated. It is not yet known which, if any, of these
parameters extend to the axonal transport of VZV, largely
because of the lack of an animal model that accurately reca-
pitulates VZV infection and replication in neurons.

Human embryonic stem cells (hRESC) have been shown to
differentiate into neurons that are useful for studying various

aspects of neuronal cell biology, including disease mecha-
nisms (reviewed in Friedrich Ben-Nun and Benvenisty
2006) and axonal regeneration after injury (Ziegler et al.
2010). Our group has recently shown that these hESC-
derived neurons can be efficiently infected by VZV in vitro,
leading to a productive replication and subsequent infection
of neighboring cells (Markus et al. 2011). Furthermore, we
used compartmentalized microfluidic chambers, similar to
those used by others for studying PrV transport (Liu et al.
2008), to demonstrate the peripheral axonal infection of
neurons and that VZV undergoes retrograde axonal trans-
port to initiate infection of human neurons.

In the present study, we extend our analyses of VZV retro-
grade transport in hESC-derived neurons using genetically
modified viruses, microfluidic chambers and time-lapse mi-
croscopy. Using VZV tagged with green fluorescent protein
(GFP) on a capsid protein, we performed a kinetic analysis of
retrogradely moving viral particles inside axons. In addition, we
examined whether a VZV protein recently shown to be impor-
tant in neurotropism, ORF7 (Selariu et al. 2012), is required for
the transport of capsids from axons to the neuronal nuclei.

Methods
Generation of human neurospheres and neurons

Neurons were differentiated from hESC-derived neural
precursor-containing aggregates (neurospheres) generated
by coculturing hESC with the PA6 mouse stromal cell line
in a method similar to that previously described (Pomp et al.
2008; Markus et al. 2011). About 6x 10* hESC were plated
in a 10-cm culture dish containing a monolayer of PA6 cells
in 90 % BHK-21 medium/Glasgow minimal essential me-
dium, 10 % knockout serum replacement, 2 mM glutamine,
I mM sodium pyruvate, 0.1 mM nonessential amino acid
and 0.1 mM [3-mercaptoethanol. The coculture was incu-
bated for 2 weeks and the medium was changed every
2 days. At days 12—14, colonies with a homogeneous mor-
phology were manually cut from the plate (Pomp et al.
2008) and transferred to microfluidic chambers. Terminal
differentiation was obtained in neural induction medium
(NIM; Dulbecco’s modified Eagle’s medium/nutrient mix-
ture F-12, 1 mM glutamine, 50 U/ml penicillin, 50 pg/ml
streptomycin, B27 supplement (1:50), 10 ng/ml nerve
growth factor (NGF), 5 ng/ml brain-derived neurotrophic
factor (BDNF), and 10 ng/ml NT3) which was changed
three times a week. This protocol differs from that we have
used in the past in that the neurospheres were plated on
laminin for terminal differentiation without initial culture in
suspension. The neuronal cultures prepared with this meth-
od contain more than 90 % neurofilament-M immunopos-
itive neurons (Reis et al., manuscript in preparation).
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Culture and axonal infection of hESC-derived neurons
in compartmented microfluidic chambers

Microfluidic chambers with two compartments connected
by microchannels (length, 450 pum; height, 3 pum; width,
10 um) were prepared as previously described (Yang et al.
2009). The chambers were sterilized with 70 % ethanol,
coated with poly-L-lysine/laminin, and hESC-derived neuro-
spheres were plated adjacent to the microchannels in NIM in
one compartment (“cell body compartment”). The axonal
compartment contained the same medium with a 10-fold
higher NGF concentration for attracting axons (Campenot
1977). The media were changed three times a week. Axons
grew from the cell body compartment to the axonal com-
partment through the microchannels within 3—4 days. The
processes were axons, based on their being over 450 mm in
length, and immunopositive for the axonal protein Tau (not
shown). After an extensive plexus of axons had formed in
the axonal chamber (approximately 1 week after the first
axons reached the compartment), 103 VZV-infected MeWo
or ARPE-19 cells were seeded on the axons in NIM. A
volume gradient of medium was established between the
two compartments, blocking the ability of free VZV to
migrate through the microchannels (Taylor et al. 2005;
Markus et al. 2011).

Recombinant VZV expressing GFP

A recombinant VZV derived from the parent Oka strain with
GFP fused to the N-terminal end of the abundant capsid
protein ORF23 (VZV-GFP23) was constructed using the
VZV bacterial artificial chromosome (BAC) (Erazo et al.
2008) and has been detailed previously (Markus et al. 2011).
This virus allows visualization of capsids/virions in neurons
(Markus et al. 2011). Sucrose gradient fractionation and
Western blotting show that type A (empty), B (closed,
non-DNA containing), and C (DNA containing) capsids
are labeled by GFP (Supplementary data 1). A virus con-
taining a full deletion mutant of the ORF7 gene (VZV-7D)
and driving GFP expression under an SV40 promoter was
generated as described in Zhang et al. (2010). VZV was
maintained in MeWo or ARPE19 cells.

Microscopic imaging

Live cultures were viewed and photographed with an
Olympus IX70 inverted microscope using a Jenoptiks
ProgRes CF*°! digital camera (Jena, Germany). Movies,
mostly <30 s, but some up to 2.5 min, were obtained with
a Zeiss Observer.Z1 using an Plan Apochromat x100/1.4
NA oil objective and AxioCam HSm or Hamamatsu digital
cameras. A Lambda DG-4 light source with an integrated
filter changer or a Nikon Intensilight was used for

@ Springer

fluorescence illumination. Fluorescence images were taken
with exposures of 500-800 ms, the fastest image capture
rate our system allows. During acquisition of the movies,
cultures were maintained in 5 % CO,, 37 °C and 95 %
humidity. Zeiss Axiovision and Jenoptiks software were
used for recording movies and images, respectively.
Differential interference contrast (DIC) images were collect-
ed at the end of the movies.

Kinetic analysis

Movies were analyzed using the SpotTracker2D (http:/
bigwww.epfl.ch/sage/soft/spottracker/gasser.html) plug-in
for ImageJ (http://rsbweb.nih.gov/ij/). The SpotEnhancing
Filter2D was applied before the analysis in order to enhance
the contrast and simplify following the capsids. Kinetic
parameters were calculated from the plug-in output using
Microsoft Excel, and curve fitting and statistical analysis
was performed with SPSS. Movements of <2-3 pixels were
considered “pauses” for dividing movies into “runs” (i.e.,
Antinone and Smith 2010).

Results

Retrograde axonal transport of VZV from axons to cell
bodies in compartmentalized microfluidic chambers

Our recent study of the infection of hESC-derived neurons
by VZV demonstrated that retrograde transport of VZV
occurs in these cells (Markus et al. 2011). Using the same
experimental platform (hESC-derived neurons grown in
compartmented microfluidic chambers in combination with
VZV containing GFP fused to the ORF23 capsid protein
(VZV-GFP23)), we now examined this transport with live
fluorescence microscopy. hESC-derived neuronal precur-
sors were seeded in the cell body compartments of micro-
fluidic chambers, and after differentiation to neurons,
extended their axons through microchannels to the axonal
compartments. VZV-GFP23-infected MeWo or ARPE cells
were then added to the axonal compartments. One hour or
6 h after the addition of the VZV-infected input cells, the living
cultures were examined with video microscopy. Many GFP-
fluorescent dots were observed in the human axons adjacent to
microchannels in the axonal compartment (Fig. 1a). These dots
are likely to be single VZV-GFP23 capsids, based on studies of
PrVand HSV-1 transport (Smith et al. 2001) and the uniformity
of the GFP signals. GFP-fluorescent capsids were also ob-
served inside the axons throughout the microchannels
(Fig. 1b) and inside axons close to the cell body compartments
(Fig. 1c and inset) 6 to 10 h after the addition of the MeWo
cells. Recording a series of fluorescence images showed that
the capsids were in motion within the axons inside the
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Fig. 1 Retrograde axonal transport of VZV capsids between compart-
mentalized microfluidic chambers. hESC-derived neurons were seeded
and grown in the “soma” compartments of microfluidic chambers and,
after several days, extended axons into the “axonal” compartments
(lower part of a). MeWo cells infected with VZV-GFP23 were then
added to the axonal compartment. a GFP-fluorescent capsids (i.e., at
arrowheads) inside axons adjacent to a microchannel in the axonal

microchannels. Selected frames from a time series following an
individual capsid shown in Fig. 1d show directed movement
towards the soma side of the chambers.

Kinetics of VZV-GFP23 particle movement in axons

In order to characterize the nature of transport and to obtain
estimates of retrograde transport velocity, live monitoring of
individual GFP-fluorescent particles was used to obtain
time-lapse movies at rates of 1.25-2 frames per second
within the microchannels 1-6 h after infection
(Supplementary data 2 and 3). While most of the GFP-
positive dots in the channels did not show directed motion
during the time period of observation (as observed for PrV

Cell-bodies

39.2s

) .

compartment 6 h after the initial infection. b Capsids within micro-
channels. ¢ Fluorescent capsids inside axons entering the cell body
compartment (top). The inset shows a GFP-fluorescent soma 24 h P1. d
Individual frames from a movie of a single retrogradely moving GFP-
tagged capsid inside a microchannel over a period of 50 s. a—d first
panel, combined fluorescence and DIC (Nomarski) images. Scale bar
for all images, 10 um

and HSV; Smith et al. 2001; Antinone and Smith 2010),
many particles progressed in a retrograde direction. Thirty-
seven particles were followed for periods ranging between
several seconds and 2.5 min (Table 1). Motion of the VZV
capsids was not continuous or always in the retrograde
direction. Many pauses in particle movement and reversals
in direction were observed. The kinetics of the nucleocapsid
movement was then analyzed using a movement-tracking
plug-in for the image processing program, ImageJ (Fig. 2a, c;
see the “Methods” section). Data from movies collected 1 h
after seeding of input cells (postinfection [PI]) were analyzed
separately from those collected 610 h PI. The instantaneous
velocity and direction of movement between frames of the
movie were measured and graphed against time (Fig. 2b, d).

Table 1 Kinetic analysis of retrograde transport of VZV capsids in human axons

Time after infection (h) Capsids analyzed Runs Average retrograde Maximal instantaneous Average run length (pm)
velocity/run (um/s) velocity/run (pm/s)

1 27 93 1.35+0.63 53 3.8

6-10 10 56 1.07+0.54 44 3.5

Movies of VZV capsids were obtained and kinetic analysis was performed as described in the “Methods” section. The table shows the numbers of
capsids and runs analyzed, as well as the values obtained for average and maximal velocity and average run length of capsids observed at 1 and 6—

10 h PI
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Fig. 2 Tracking of VZV capsid transport in human axons. Individual
GFP-fluorescent capsids imaged in microchannels 1 h (a, b) and 6 h (¢,
d) after the addition of VZV-infected MeWo cells to the axonal com-
partment. a, ¢ Frames from movies of individual moving capsids
(arrowheads) that were captured at a frequency of 1.25-2 frames per
second. The red line is the output of the Image] SpotTracker plug-in

The kinetics of PrV and HSV axonal transport has been
performed by collecting data from “runs” in which capsids/
viruses were moving continually about 1 h PI (Antinone and
Smith 2010). In order to obtain values for velocity compa-
rable to those obtained in previous studies, the movies were
divided into runs by pauses (movements of <2—3 pixels) or
reversals in direction. The retrograde velocities for over 90
runs from 27 capsids was found to average about 1.4 um/s,
and the distribution was approximately Gaussian (normal
distribution according to one-sample Kolmogorov—Smirnov
test; Fig. 3a). The maximal instantaneous velocity of retro-
grade motion observed was 5.3 pm/s. We also collected data
for the lengths of the runs and plotted them and found that
they could be described by an exponential decay (*=0.968)
(Fig. 3c¢), as described for PrV and HSV-1.

It has been reported that the number of stalled capsids
increases in frequency with time after infection (Smith et al.
2001). In order to see if the kinetics of those capsids still
being transported was changed at later times PI, we repeated
our experiments at 6 h PI and compared the average veloc-
ities and run lengths of capsids obtained at early and later
times PI. Subjectively, it was clear that many fewer capsids
were in motion in the axons at the later time point. Analysis
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that traces the course of the capsid in the axon. Movements toward the
cell bodies (retrograde) are shown as positive values, and movements
back toward the axonal chamber (anterograde) are negative values (b,
d) Plots of the instantaneous velocities of capsids. Both capsids
showed many short reversals in direction in addition to a few pauses
in motion. Scale bars in a, ¢, 5 um

of 56 runs from 10 capsids obtained at 6 h PI revealed that
transport was significantly slower than at 1 h PI (1.1 vs.
1.4 pm/s, p<0.01; Fig. 3b), and the maximal velocity was
also slower (4.4 vs. 5.3). The distribution of average particle
velocities was again consistent with a normal distribution.
Analysis of run length distributions at 6 h PI showed an
exponential decay (+2=0.980; Fig. 3d), as was observed at
1 h PL. The results of the kinetic analyses are summarized in
Table 1.

Use of hESC-derived neurons in microfluidic chambers
as an aid to understanding viral gene function

A study creating loss-of-function mutations in all of the
VZV ORFs revealed that the deletion of ORF7, a nonessen-
tial VZV gene, negatively affected the spread of infection in
skin organ culture (Zhang et al. 2010). More recently, ORF7
has been determined to be important for neuronal infection
as well (Selariu et al. 2012). We, therefore, used the micro-
fluidic chamber hESC-derived neuron experimental plat-
form to address the question of ORF7’s role in VZV
axonal infection and transport. ARPE19 cells infected with
the ORF7 deletion mutant (VZV-7D) or the parental strain
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Fig. 3 Kinetic analysis of VZV

capsid movement in human
axons. a, b The distribution of
average velocities of runs of
retrograde VZV capsid motion
obtained from live imaging of
axons of hESC-derived neurons
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(VZV-gac), (Zhang et al. 2008) were seeded with axons of
hESC-derived neurons. Both of these viruses express GFP
under the control of a SV40 promoter. Three days after
seeding on the axons, similar amounts of neuronal cell
bodies were GFP-fluorescent in cell body compartments
containing both infecting viruses (Fig. 4a, d). After an addi-
tional 3 days in culture, the cell body compartments of cham-
bers whose axons were infected with VZV-7D contained
additional fluorescent cell bodies (Fig. 4e, f), although the
collections of fluorescent somata were much less dense than
those observed after infection with the WT-VZV-gac virus
(Fig. 4b, c). Similar results were obtained in six pairs of
control WT and VZV-7D infected compartmented chambers
in four independent experiments. Since the initial amount of
retrogradely infected neurons appeared similar for WT and
mutant viruses, these results strongly suggest that deletion of
ORF7 does not affect the entrance of VZV into axons or
transport of VZV capsids to the nucleus and is consistent with
the previously demonstrated reduction of spread between
neurons and skin cells (Zhang et al. 2010; Selariu et al. 2012).

We also obtained evidence consistent with the recently
demonstrated role of ORF7 in neuron to neuron spread in
one of the microfluidic chamber experiments described above.
In this experiment, after observing the first GFP-positive
somata of both VZV-7D- and WT-VZV-, c-infected neurons,
the axons and VZV-infected input cells were removed from
the axonal compartment, thus preventing additional neurons

T T T 1] T T T T
g 10 12 16 0 2 4 6 8 10

Run length (um)

from being infected in the cell body compartment by newly
generated and transported virus. After an additional 3 days of
incubation, almost no new GFP-fluorescent cell bodies had
appeared in the chambers infected with VZV-7D, while a large
increase in the number of cell bodies expressing GFP was
observed in the chamber infected with WT-VZV (not shown),
confirming observations using hESC-derived neurons and
human fetal neurons in conventional tissue culture (Selariu
etal. 2012).

Discussion

We recently demonstrated distal axonal VZV infection and
retrograde transport that leads to productive infection in
hESC-derived neurons (Markus et al. 2011). These obser-
vations are expanded in the current study by obtaining
kinetic data for VZV movement in retrograde transport
and demonstrate that hESC-derived neurons can be used to
study VZV protein function in neurons. Alphaherpesvirus
transport of PrV and HSV have been studied in neuron-like
cells derived from neuroblastoma (Antinone and Smith
2010). However, our study is the first using neurons derived
from genetically normal human stem cells that have been
shown to (1) have bona fide axons expressing TAU (Ziegler
et al. 2010 and not shown), (2) make neurotransmitters, and
(3) have electrophysiological properties of neurons (i.e.,
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Fig. 4 Deletion of VZV ORF7 does not prevent axonal infection or
retrograde transport of capsids. Axons of hESC-derived neurons grown
in microfluidic chambers were infected with WT VZV-gac (a—¢) or a
virus containing a deletion for ORF7 (VZV-7D) (d—f). Both viruses
produce GFP under the control of an independent SV40 promoter (a).
Retrogradely infected neurons were observed in the cell body com-
partment 3 days after infection with the WT virus. The arrowhead
points to a neuron with both soma and axon filled with GFP. b The
same compartment 6 days PI (3 days after the image shown in a). Two
foci of GFP-positive neurons (i.e., at the arrow) are now seen (note the
much lower magnification in b than in a). ¢ Higher magnification of
right-hand cluster of infected neurons seen in b shows the high-density

Pomp et al. 2008). This model permitted live-image VZV
capsid movement for the first time and allowed comparison
of the kinetics of VZV retrograde transport to the many
studies of alphaherpesviruses with a greater host range such
as PrV and HSV-1.

In most studies of PrV and HSV-1, chick or mouse DRG
neurons were infected in conventional dissociated neuron
cultures and motion was observed within the first 1 h or so
after introduction of the virus. The analyses performed in
those studies obtained values of transport rate in continuous
runs of retrograde movement of capsids of approximately
1 pm/s (Smith et al. 2001) and 2 um/s (Antinone and Smith
2010), with the speeds having a Gaussian distribution. In
later studies, transport in human neuron-like cells differen-
tiated from neuroblastoma was found to be similar to that in
mouse and chick neurons under the same conditions,
2 um/s. These studies also reported that most capsids
observed were not in motion and that those that did
move paused and reversed direction of movement. It is
worthwhile to note that both VZV and HSV-1 are human
pathogenic viruses, and there may be an advantage to
study their transport in human neurons to more accurate-
ly understand human disease. It is quite possible that the
human virus behavior/mechanisms of transport differ be-
tween human and animal neurons, as is the case for the
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cluster of GFP-positive neurons and some individual GFP-positive
neurons outside the cluster. d At 3 days PI, individual GFP-positive
neurons were also observed in the cell body compartment after infec-
tion of their axons with mutant VZV-7D (e). Three days later (6 days
PI), groups of GFP-positive somata but no clusters with a high-density
of fluorescent neurons were observed, in contrast to the WT virus (b). f
Higher magnification of a zone containing GFP-positive cells from the
chamber in e, showing that the density of GFP-positive neurons is
much lower than that observed in ¢. a, ¢, d, f are merged phase-contrast
and fluorescence images and b, e only show GFP fluorescence. Scale
bars of a, ¢, d, f, 100 um; b, e, 500 um

replication of VZV, which does not occur in most non-
human cultured cells.

The kinetic analysis we performed of VZV retrograde
movement in human axons early after infection yielded an
average velocity of about 1.4 um/s during runs distributed
in an apparently Gaussian manner. This is more than that
observed for PrV retrograde axonal transport using micro-
fluidic chambers (0.7 um/s; Liu et al. 2008) and in one study
of PrV in chick axons (1 wm/s) (Smith et al. 2001), but less
than that observed more recently (Antinone and Smith
2010), as mentioned above. The differences may be due to
a difference between VZV and the other alphaherpesviruses,
to culture conditions, or to the differences between the
neurons used in the studies, as suggested by others (Liu et
al. 2008; Antinone and Smith 2010). In a preliminary ex-
periment using HSV-mCherryVP26, HSV-1 capsids were
observed to travel retrogradely at an average velocity of
1.3 pwm/s, similar to the value we obtained for VZV. This
suggests that the culture conditions or the types of neurons
infected are responsible for the differences in transport
speeds found in different studies and that different alpha-
herpesviruses are likely to travel at the same speed in neu-
rons of the same type.

We performed observations of capsid transport both early
after axonal infection and after it had proceeded for 6-10 h.
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The average velocity of the capsids during runs was mod-
erately but significantly reduced at later times, and the
maximal velocity and average run lengths were also re-
duced. There are many potential explanations for these
changes in capsid transport kinetics. For example, dynein
can move both anterogradely and retrogradely, and the ratio
between the directionalities can affect the overall velocity
(Ross et al. 2006; Gross et al. 2000). Other possibilities
include that the number of dynein motors available is re-
duced, changing velocity or direction of the movement
(Hendricks et al. 2010; Schroeder et al. 2010), or there is a
drop in the amount of available adenosine triphosphate for
transport (perhaps also explaining the higher proportion of
stationary capsids we and others observe). Future experi-
ments of VZV or PrV/HSV transport using compartmented
chambers at multiple time points with molecular/pharmaco-
logical perturbations may allow distinction between these
different mechanisms and shed additional light on the retro-
grade transport of alphaherpesviruses.

Although there have been many studies of the roles of
individual VZV proteins in infection/interaction of non-
neuronal cells, much less is known for neurons. Since
VZV remains latent in the nervous system and frequently
reactivates to cause painful disease, an understanding of the
molecular basis of VZV—neuron interactions has high sig-
nificance. In a sweeping survey of the effects of mutating all
the VZV ORFs, ORF7 was found to be a nonessential gene
that, nevertheless, had an important role in skin tropism
(Zhang et al. 2010). It has recently been shown that
ORF7-deficient VZV have a reduced ability to spread in
neurally differentiated neuroblastoma, human fetal DRG
neurons, and hESC-derived neurons when added directly
to the neuronal cells (Selariu et al. 2012). Using axonal
infection in the hESC-derived neuron microfluidic chamber
model, we show here that the lack of spread of infection
between neurons is not due to (1) the inability of virus to
infect axons and (2) the inability of capsids to be transported
along axons to the nucleus, since somata of axonally
infected VZV-7D express GFP. This experiment demon-
strates that the hESC-derived neuron microfluidic chamber
system permits the study of the viral genetics of neuronal
infection and transport from axons by VZV. It is worthwhile
to note that, in contrast to the primary neurons usually used
in herpesvirus transport studies, hESC can be relatively
easily modified genetically, allowing manipulation of the
cellular transport machinery for future studies of the molec-
ular basis of VZV transport.

Together, the results presented here establish that easily
generated hESC-derived neurons grown in compartmented
microfluidic chambers and infection by fluorescently tagged
viruses are a powerful experimental system for exploring the
biology of VZV interactions with neurons. We are currently
using this system to examine the roles of individual VZV

tegument proteins in retrograde transport. In light of the
apparent differences between the viral proteins used by
PrV and HSV for interacting with the dynein motor system
(discussed by Antinone and Smith 2010), a study of those
involved in VZV transport will also likely reveal differences
from the other studied alphaherpesviruses. This powerful
model can also be extended to study anterograde transport
of and infection of target cells by VZV for a better under-
standing of processes occurring in zoster.
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