JOURNAL OF VIROLOGY, July 2007, p. 6846-6857
0022-538X/07/$08.00+0 doi:10.1128/JV1.00069-07

Vol. 81, No. 13

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

In Vitro Analysis of Transneuronal Spread of an Alphaherpesvirus
Infection in Peripheral Nervous System Neurons'f

B. Feierbach,"** M. Bisher," J. Goodhouse,' and L. W. Enquist'

Department of Molecular Biology, Princeton, New Jersey 08544," and Lewis-Sigler Institute for
Integrative Genomics, Princeton, New Jersey 08544>

Received 10 January 2007/Accepted 11 April 2007

The neurotropic alphaherpesviruses invade and spread in the nervous system in a directional manner
between synaptically connected neurons. Until now, this property has been studied only in living animals and
has not been accessible to in vitro analysis. In this study, we describe an in vitro system in which cultured
peripheral nervous system neurons are separated from their neuron targets by an isolator chamber ring. Using
pseudorabies virus (PRV), an alphaherpesvirus capable of transneuronal spread in neural circuits of many
animals, we have recapitulated in vitro all known genetic requirements for retrograde and anterograde
transneuronal spread as determined previously in vivo. We show that in vitro transneuronal spread requires
intact axons and the presence of the viral proteins gE, gI, and Us9. We also show that transneuronal spread
is dependent on the viral glycoprotein gB, which is required for membrane fusion, but not on gD, which is
required for extracellular spread. We demonstrate ultrastructural differences between anterograde- and ret-
rograde-traveling virions. Finally, we show live imaging of dynamic fluorescent virion components in axons and

postsynaptic target neurons.

A striking property of neurotropic alphaherpesviruses is the
controlled spread of infection into and out of the peripheral
nervous system. Under certain circumstances, these viruses
also exhibit the property of transneuronal spread: the capacity
to infect chains of synaptically connected neurons. As a result,
some alphaherpesviruses, such as pseudorabies virus (PRV)
and herpes simplex virus, have been used by neuroanatomists
to label neural circuitry in the peripheral and central nervous
systems. In the past decade, the literature describing alphaher-
pesviruses to define the synaptic architecture of the brain has
increased dramatically (10, 11). However, the mechanisms by
which these viruses invade and spread in the nervous system
are poorly understood. One major reason for this lack of un-
derstanding is that the primary system available for mechanis-
tic analysis is the intact nervous system of a living animal,
which is not easily amenable to manipulation. In this report, we
describe a novel isolator chamber system that recapitulates all
known properties of transneuronal spread. This facile in vitro
system offers many advantages, including the opportunity to
use a variety of imaging systems. Unlike the previously de-
scribed tripartite ring system (6) or other Campenot chamber
systems, the new system utilizes a single, nonseptated Teflon
ring. Ganglion explants are plated, axons are extended, and
then the Teflon ring is placed on top of the axons, capturing a
subpopulation of axon shafts and growth cones. Dissociated
neurons then are plated inside the chamber ring and allowed to
form connections with the explant axon termini. In the previ-
ously described tripartite chamber system, axon guidance
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grooves were etched in the culturing surface to encourage a
subpopulation of growing axons to grow into the other com-
partments. Unfortunately, guidance grooves cannot be etched
on glass surfaces, thereby hampering live imaging techniques.
However in this new application, axon guidance grooves are
not required as the chamber is placed on top of already formed
axons. Any surface suitable for growing axons can be used. In
addition, since the axons do not have to penetrate under the
barrier wall and are instead “captured” by the ring, the number
of axons that contact the target neurons inside the chamber is
greater and more easily controlled.

We made several key observations on transneuronal spread
using the isolator chamber system. First, we have established
that the system is leakproof and that in vitro transneuronal
spread depends entirely on axonal integrity. Second, the atten-
uated vaccine strain PRV Bartha, known to spread only from
post- to presynaptic neurons in a neural circuit but not in the
opposite direction (27), likewise cannot spread from an in-
fected explant to neurons in the isolator chamber. However,
PRV Bartha spreads easily from neurons within the chamber
to explant neurons outside the chamber. Third, transneuronal
spread of PRV from the explant to neurons within the chamber
does not require gD, a viral glycoprotein required for infection
by extracellular particles, but does require gB, a viral protein
required for membrane fusion. Fourth, the kinetics of trans-
neuronal spread from the explant to neurons within the cham-
ber is rapid and requires less than 16 h. Fifth, by transmission
electron microscopy (TEM), we have shown that explant-me-
diated infection resulted in capsids enclosed within vesicles in
both proximal (outside the chamber) as well as distal (within
the chamber) regions of the explant axons. In contrast, infec-
tion of neurons inside the chamber results in distal capsids
(outside the chamber) lacking an envelope. Finally, we show
that this system is amenable to live imaging of virion compo-
nents in axons undergoing transneuronal spread and have be-
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gun to dissect the visible events in spread. Both live imaging
and TEM data confirm that virions have different structures
(presence or absence of an envelope), depending on their
direction of spread.

MATERIALS AND METHODS

Cells and virus strains. The swine kidney epithelial cell line PK15 was pur-
chased from the American Type Culture Collection (CCL-22). PK15 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and 1% penicillin—streptomycin. All PRV stocks were produced in
the PK15 cell line. PRV stocks used in this report include PRV Becker, a virulent
isolate; PRV Bartha, an attenuated vaccine strain (16); PRV151, which is PRV
Becker with gG replaced by green fluorescent protein (GFP) (7); PRV152, which
is PRV Bartha with gG replaced by GFP (14); and GS1236, which encodes
gD-GFP and monomeric red fluorescent protein (mRFP)-YP26 fusion proteins
(provided by G. Smith, Northwestern University) (1). The following PRV mu-
tants in the PRV Becker background were used. PRV GS442 (a gD null mutant
in which the GFP gene replaces the gD open reading frame) was provided by G.
Smith (Northwestern University) and was grown in a gD-complementing cell line
(22). PRV HHF2A (a gB null mutant) was grown in a gB-complementing cell
line (LP64e3).

Antibodies and fluorescent dyes. The antibodies used in this report include
mouse monoclonal antibody against PRV major capsid protein (made by Alex
Flood at the Princeton Monoclonal Antibody Facility [used at 1:100]), rabbit
antibodies against phosphorylated neurofilament H (SMI-31; Abcam [used at
1:400]), and nonphosphorylated neurofilament H (SMI-32; Abcam [used at
1:400]). All secondary Alexa fluorophores (used at 1:500), Alexa Fluor 568-
phalloidin (used at 1:40), and the Hoechst 33342 nuclear dye (used at 1:20,000)
were purchased from Molecular Probes.

Neuronal cultures. Detailed protocols for dissecting and culturing neurons are
found in the article by Ch’ng et al. (5). Briefly, sympathetic neurons from the
superior cervical ganglia (SCG) were dissected from E15.5-to-E16.5 pregnant
Sprague-Dawley rats (Hilltop Lab Animals, Inc., Scottdale, PA) cut in half with
dissection knives. Ganglia were plated either on top of a square of Aclar (Elec-
tron Microscopy Sciences, PA) within a 35-mm plastic tissue culture dish or
directly into Mat-Tek glass-bottom dishes (http://www.glass-bottom-dishes
.com/). Dishes (or Aclar) were serially coated with 500 g/ml of poly-pL-ornithine
(Sigma Aldrich) diluted in borate buffer and 10 g/ml of natural mouse laminin
(Invitrogen). The neuron culture medium consists of Dulbecco’s modified
Eagle’s medium (Invitrogen) and Ham’s F-12 (Invitrogen) in a 1:1 ratio. The
serum-free medium was supplemented with 10 mg/ml of bovine serum albumin
(BSA [Sigma Aldrich]), 4.6 mg/ml glucose (J. T. Baker), 100 pg/ml of holotrans-
ferrin (Sigma Aldrich), 16 pg/ml of putrescine (Sigma Aldrich), 10 pg/ml of
insulin (Sigma Aldrich), 2 mM of L-glutamine (Invitrogen), 50 pwg/ml or units of
penicillin and streptomycin (Invitrogen), 30 nM of selenium (Sigma Aldrich); 20
nM of progesterone (Sigma Aldrich), and 100 ng/ml of nerve growth factor 2.5S
(Invitrogen). Two days postplating, the neuronal cultures are treated with 1 pM
of the antimitotic drug cytosine-p-arabinofuranoside (Sigma-Aldrich) to elimi-
nate any nonneuronal cells. The neuron culture medium was replaced every 3
days, and cultures were kept in a humidified, CO,-regulated, 37°C incubator. Six
days postplating of SCG explants, a Teflon chamber (see below for details) was
placed adjacent to the explant to capture axons and their growth cones. Seven
days postplating of SCG explants, dissociated SCG were placed inside the Teflon
chamber. Dissociated SCG were incubated in 250 pg/ml of trypsin (Worthington
Biochemicals) for 10 min. Trypsin inhibitor (1 mg/ml [Sigma Aldrich]) was added
to neutralize the trypsin for 3 min and then removed and replaced with neuron
culture medium. Prior to plating, the ganglia were triturated into dissociated
neurons using a fire-polished Pasteur pipette and then plated in the Teflon ring
placed within a 35-mm plastic tissue culture dish. Two days postplating, the
neuronal cultures were treated with 1 wM of cytosine-p-arabinofuranoside. All
experimental protocols related to animal use have been approved by The Insti-
tutional Animal Care and Use Committee of the Princeton University Research
Board under protocol no. 1453-AR2, in accordance with the regulations of the
American Association for Accreditation of Laboratory Animal Care and those in
the Animal Welfare Act (Public Law 99-198).

Chamber culture system. Teflon rings were purchased from Tyler Research
(Alberta, Canada), and protocols were modified from previously published re-
ports for Campenot chambers (4, 6). Briefly, all of the tools and reagents
including the Teflon rings and silicone grease-loaded syringe (Dow Corning)
were sterilized via autoclaving prior to assembly. A 10-ml disposable syringe
attached to a truncated P200 pipette tip was filled with silicone grease. Using the
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silicone grease-loaded syringe, a thin, continuous strip of silicone grease was
applied over the entire bottom surface of a Teflon ring. The silicone grease-
coated ring was placed into the medium and gently dropped over the 1-week old
explant axons, adjacent to the explant cell bodies. The ring was allowed to settle
by gravity over the axons and make contact with the surface of the Aclar for 24 h.
The following day, dissociated superior cervical ganglia neurons (approximately
one-fourth of a single ganglion, which results in about 5,000 cell bodies) were
placed inside the ring. Neuron cultures were maintained according to established
protocols stated in the previous section.

Assaying transneuronal spread of infection. Neuronal explants were cultured
for 2.5 weeks in the trichamber system with frequent medium changes. Dissoci-
ated neurons inside the ring were cultured for 1.5 weeks. Neuron medium
containing 1% hydroxypropyl methylcellulose (Methocel) was placed inside the
chamber. The viral inoculum was diluted in neuron medium and added to the
dish outside of the chamber. We routinely use a high multiplicity of infection
(MOI) to infect all neurons and to overcome nonspecific adsorption of inoculum
to the coated tissue culture dish. After 1 h, the unadsorbed viral inoculum was
removed and replaced with neuron medium containing 1% hydroxypropyl meth-
ylcellulose. The chambers were incubated in a humidified 37°C incubator until
the appropriate time, when the neurons were processed for immunofluorescence,
titer determination, or live imaging. To determine the titer, the neurons inside
the chamber were gently scraped from the dish with a pipette tip. The medium
from inside the chamber was removed and frozen. The thawed aliquot was
serially diluted, and the titer was determined on PK15 cells.

Indirect immunofluorescence. The explants were grown on the surface of a
flexible thermoplastic fluoropolymer film known as Aclar (EM Sciences). Aclar
is biochemically inert and exhibits no detectable autofluorescence. The Aclar was
cut into squares that fit inside a 35-mm plastic tissue culture dish and UV
sterilized for 20 min. After sterilization, the Aclar squares were coated with
poly-pL-ornithine and laminin, and SCG explants were plated directly upon the
Aclar surface. All subsequent neuron culture and viral infection protocols are
similar to those described in previous sections. To fix the neurons both inside and
outside the chamber, the medium was carefully removed, washed with phos-
phate-buffered saline (PBS), and replaced with 4% paraformaldehyde in PBS.
Neurons were fixed for 10 min in the dark. After fixation, the chamber was
carefully lifted from the Aclar and the remaining silicone grease was gently
cleared without disrupting the fixed cells. The Aclar surface was then washed
with PBS, followed by PBS containing 3% bovine serum albumin (BSA), and
permeabilized by PBS with BSA and 0.5% Triton X-100 for 3 to 5 min. After
permeabilization, primary antibodies were added for 1 h. After primary antibod-
ies were removed, the sample was washed three times with PBS with BSA and
0.5% saponin. Next, secondary antibodies were added to the sample and incu-
bated for 1 h. After 1 h, the secondary antibodies were removed and the sample
was washed three times with PBS with BSA and 0.5% saponin. Following sec-
ondary antibody application, the samples were stained with Hoechst 33342 dye
(1:20,000) for 10 min followed by three washes with PBS with BSA and 0.5%
saponin. Samples on Aclar were mounted on a glass slide using Aqua Poly/
Mount (Polysciences), and a coverslip was placed on top of the sample. The slide
was air dried for 24 h prior to imaging.

Wide-field confocal microscopy and live imaging. Wide-field epifluorescence
microscopy was performed with a Nikon Eclipse TE 2000-U microscope
equipped with a Cooke SensiCam high-performance camera. Images were ac-
quired using IP Lab software (Scanalytics, Inc.). The 2X and 4X fluorescence
and bright-field images were acquired on a Leica MZFLIII stereomicroscope
using a Jenoptik ProgRes C14 camera. Samples were imaged with a Perkin-
Elmer RS3 spinning disk confocal microscope side-mounted on a TE200-S Ni-
kon Eclipse microscope with an argon/krypton laser producing excitation lines of
488, 568, and 647 nm. Optical sections were acquired in 0.5-pm steps. Two-
dimensional projections of confocal stacks and channel merges were created by
ImageJ 1.37j software (National Institutes of Health). Live imaging was per-
formed on the Leica SP5 with an HCX Plan Apochromat 63X 1.3 NA glycerin
37° UV objective at zoom factor 3. Prior to imaging, 25 mM HEPES was added
to the medium. For live imaging experiments, neurons were cultured on MatTek
Corp. glass-bottom dishes (http://www.glass-bottom-dishes.com/). The dish was
warmed to 35°C employing a DH40i Micro-incubation system (Warner Instru-
ment Corp.) run at constant voltage. Laser lines at 488 and 561 nm were used for
simultaneous GFP and RFP excitation, with emissions from 495 to 553 nm and
587 to 702 nm collected for GFP and RFP, respectively. Images were acquired
employing a 2.5-Airy-unit detector pinhole and scanning at a speed of 1,000 Hz
in a bidirectional mode. For three-dimensional (3D) imaging over time (see Fig.
9), four 512-by-512 optical slices at 0.6-pm z-axis intervals were collected at each
time point, providing a 1.28-s time interval per frame. Postacquisition, a 3-by-3
kernel median filter was applied to the data and a single 3D maximum projection
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was performed at each time point. All figures were assembled in Adobe Photo-
shop 7.0.1. Alterations to image brightness and contrast were conducted in a
linear manner and were applied equally to controls, except where otherwise
noted.

Electron microscopy. The chamber was assembled on Aclar (EM Sciences) as
described above. Cell bodies were infected at a high MOI, as described above,
and after 16 h, the chambers were washed twice with PBS, fixed with 2%
glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.2) for 4 h, and postfixed
with 1% osmium tetroxide in sodium veronal buffer for 1 h on ice. Samples were
then rinsed with sodium veronal buffer four times and incubated with 0.25%
toluidine blue in 0.2 M cacodylate buffer (pH 7.2) for 1 h; the staining solution
was then removed with four rinses of sodium veronal buffer (pH 7.2), followed
by four rinses with 0.05 M sodium maleate buffer (pH 5.1). Overnight incubation
with 2% uranyl acetate in 0.05 M sodium maleate buffer was done in the dark
followed by four rinses with 0.05 M sodium maleate buffer (pH 5.1). The fixed
samples were then dehydrated with ethyl alcohol, embedded in Epon resin (EM
Sciences), and cut into 70-nm sections using a Reichert Ultracut E ultramicro-
tome. Sections were obtained from both inside and outside the chamber and
examined using a Leo 912AB transmission electron microscope operated at 80
kV. Removal of the chamber from the Aclar leaves behind a visible layer of
grease that serves as a chamber “footprint.” This mark aids in determining areas
inside and outside the chamber wall.

RESULTS

Basics of the transneuronal culture system. The key com-
ponents of the transneuronal system are shown in Fig. 1A. As
described in Materials and Methods, one half of an SCG ex-
plant was plated in a 35-mm dish and a radial array of neurites
grew from the explant. SCG are sympathetic peripheral ner-
vous system ganglia that yield homogeneous neuronal popula-
tions in culture (3). In culture, SCG neurons maintain their
electrophysiological properties and form synapses upon one
another (3). After 1 week in culture, a Teflon ring was placed
on top of the neurites, capturing a subpopulation of the neu-
rites. The ring was lined with a thin ribbon of silicone grease
and placed into the medium (grease-side down) and allowed to
settle onto the dish by gravity. The ring did not harm the
neurites as they continued to grow at the same pace (0.5
mm/day) after placement of the ring (data not shown). After
24 h, dissociated SCG neurons were plated inside the rings.
The number of dissociated neurons was equivalent to ~25% of
a ganglion. After 1.5 weeks in culture, the neurons inside the
chamber ring were mature as shown by the cell-body-specific
staining of nonphosphorylated neurofilament H and the exclu-
sively axonal staining of phosphorylated neurofilament H (Fig.
1B). Both the axons emanating from the explant outside the
chamber and the axons of dissociated neurons inside the cham-
ber grew in parallel arrays, as shown by actin staining (Fig. 1C).
This parallel axonal growth, rather than overlapping, crossing
axons, allows one to follow (i.e., trace) individual axons and
greatly facilitates tracking virus during live imaging. The neu-
rons within the ring produce functional axons, as demonstrated
by labeling with FM4-64, a fluorescent marker for firing neu-
rons and intact axon termini (data not shown).

Spread of infection occurs from cell bodies outside the
chamber to target neurons within the chamber. To determine
if this chamber system could be used to study viral transneu-
ronal spread, we infected the explant outside the chamber with
PRV. Six chambers were assembled as described in Materials
and Methods, and the explants were infected with PRV151, a
PRV recombinant expressing a freely diffusible GFP at the gG
locus. After 24 h after infection, the neurons both inside and
outside the chamber were fixed and scored for the presence of
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FIG. 1. Isolator chamber culture system. (A) The system consists of
a 12-mm Teflon chamber ring placed on top of the axons emanating
from half of an SCG explant. Dissociated SCG neurons are plated
inside the culture ring, contacting the axons from the explant. (B) Dis-
sociated SCG neurons cultured inside the ring are mature after 1.5
weeks. Shown are confocal microscopy images of dissociated SCG
neurons inside the ring fixed and stained for phosphorylated (P) neu-
rofilament H (left panel) and nonphosphorylated (NonP) neurofila-
ment H (right panel). In mature neurons, phosphorylated neurofila-
ment H is restricted to the cell body and nonphosphorylated
neurofilament H is restricted to axons. Scale bar, 50 pm. (C) Confocal
images of dissociated SCG neurons inside the ring (left) and the edge
of the ring (right) stained for F-actin with AlexaFluor 568-phalloidin.
“Out” and “In” denote the outside and inside of the ring, respectively,
and an arrow points out the ring border. Scale bar, 50 pm.

GFP fluorescence. Both the explant outside the chamber
(Fig. 2, large green fluorescent dot to left of chamber) and the
individual neurons inside the chamber exhibited GFP fluores-
cence (Fig. 2 [each small green fluorescent dot inside chamber
is a cell body]), demonstrating that PRV replicated in the cell
bodies of the explant and the infection spread to the neurons
inside the chamber. These green fluorescent dots inside the
chamber were verified to be cell bodies under higher magnifi-
cation. Inside the chamber, the number of cells containing
GFP fluorescence decreased with increased distance from the
explant, revealing a linear gradient of infection inside the
chamber (data not shown). Had random leakage occurred, a
radial gradient of infection should result, with fewer neurons
infected at the center of the chamber. However, the infection
gradient was linear, as predicted for transneuronal spread
rather than diffusion of virus under the chamber barrier.
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FIG. 2. Anterograde transneuronal spread of PRV in the isolator
chamber system. The explants were infected with PRV151, a recom-
binant expressing GFP, and fixed at 24 h postinfection. Scale bar, 1
mm. The top panels are 1X wide-field images of the isolator chamber
system, showing the relative size of the SCG explant (small dot on left
side of ring) and the Teflon ring. The bottom panels are 2.5X wide-
field images showing the explant as a large GFP-positive dot to the left
side of the ring and dissociated neurons inside the ring as small GFP-
positive dots. Scale bar, 0.5 mm.

Transneuronal spread of infection requires intact axons.
We confirmed that axons were required for spread from ex-
plant neurons to second-order neurons within the chamber,
rather than leakage under the chamber barrier, as follows. We
infected explant neurons and then severed the axons to block
transport to neurons within the chamber. We infected six
chambers with PRV151 and added the inoculum to the outside
of the chamber. For half of the chambers, we physically sev-
ered the axons between the explant and the chamber ring with
a scalpel upon removal of the virus inoculum after 1 h of
incubation. The remaining chambers were left untreated. After
24 h after infection, we monitored the GFP fluorescence inside
the chamber. The spread of infection is completely blocked by
physically severing axons from their cell bodies (Fig. 3). In
addition, we harvested the neurons from the inside of the
chamber and determined the titers of the contents on PK15
cells. We detected no plaques from the samples with severed

Explant (outside chamber)
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axons (data not shown). From these results, we conclude tran-
sneuronal infection requires intact axons.

PRV Bartha is defective in anterograde transneuronal
spread of infection. PRV Bartha is an attenuated virus defec-
tive in anterograde spread from presynaptic neurons to
postsynaptic neurons in a variety of animal models (reviewed
in reference 12). However, infection can spread readily from
postsynaptic to presynaptic neurons (retrograde). For this rea-
son, PRV Bartha is widely used to trace neuronal circuits (11).
This remarkable directional spread phenotype primarily re-
flects the consequences of a small deletion that removes all or
some of the coding sequences for gE, gl, and Us9 (15, 16, 18,
26, 33). We tested if PRV Bartha exhibited the same trans-
neuronal directional spread phenotype observed in infection of
neural circuits in animal models as well as the defect seen in
neuron-to-cell spread in the in vitro trichamber system (6). We
infected the SCG explant outside the chamber with PRV
Bartha and PRV Becker, in parallel. After 24 h, neurons both
inside and outside the chamber were fixed and stained with
anti-VP5 (capsid) antibody and Hoechst stain to detect neu-
ronal nuclei. As expected, PRV Becker infected the explant as
well as the target neurons inside the chamber (Fig. 4A [explant
not shown]). In contrast, PRV Bartha infected the explant but
failed to spread to the neurons inside the chamber (Fig. 4A
[explant not shown]). When we measured the degree of spread
by scoring the number of VP5-positive cells (n = 3 chambers,
100 cells scored/chamber), we failed to find a single cell in the
chambers infected with PRV Bartha that exhibited VP5 fluo-
rescence (Fig. 4B). In contrast, PRV Becker spread to an
average of 85% of the cells counted inside the chamber (n = 3
chambers, 100 cells scored/chamber; Fig. 4B).

A sensitive measure of the degree of infection is the yield of
infectious particles. Accordingly, we harvested the neurons
from inside the chamber at 24 h and determined the number of
infectious particles on PK15 cells. We detected plaques only in
the PRV Becker-infected neurons (Fig. 4C) and not in PRV
Bartha-infected neurons. Even with the sensitive plaque assay
method, we were unable to detect any spread of PRV Bartha
from presynaptic to postsynaptic neurons.

Transneuronal spread requires gB but not gD. Next, we
tested whether transneuronal spread occurs via direct neuron-

Dissociated SCGs (inside chamber)

Bri‘htfield GFP Bri‘htfield

Axons '
Cut

FIG. 3. Transneuronal spread of PRV in the isolator chamber system requires intact axons. The explants were infected at a high MOI with
PRV151, a recombinant expressing GFP, and fixed at 24 h postinfection. When the axons are intact (top row), infection of the explant outside the
chamber results in GFP-positive dissociated cells inside the chamber. When the axons are severed with a scalpel between the explant and the
chamber (see cut marks in the dish in the bright-field image, bottom row), the dissociated cells inside the chamber are not infected (not GFP

positive). All images are wide-field. Scale bar, 100 pm.
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FIG. 4. Viral genetic requirements of in vitro transneuronal spread. Explants were infected with PRV Becker, PRV Bartha, GS442 (a
complemented gD null virus that expresses GFP), or HF22A (a complemented gB null virus). (A) Wide-field images of neurons that are fixed and
stained with anti-VP5 antibody and Hoechst 33342 at 24 h postinfection. Only dissociated cells inside the chamber are shown. The same field of
neurons is shown in the anti-VP5 panel as in the Hoechst panel. Three chambers were used for each PRV strain. (B) Quantitation of neurons
infected inside chambers. Neurons positive for anti-VP5 (a-VP5) staining were scored as infected. (C) Quantitation of spread via titer determi-
nation. The medium in the chamber was harvested at 24 h postinfection, and the titer was determined for PRV plaques on PK15 cells. Three

chambers were used for each PRV strain. Scale bar, 20 pm.

neuron interaction or by infectious free virions. For PRV, the
viral envelope protein gD is absolutely required for infection
mediated by extracellular virions; however, PRV gD is not
required for direct cell-to-cell spread of infection in vitro and
in vivo (2, 6, 21, 24, 28). We infected the explant outside the
chamber ring with PRV GS442, a gD null mutant that ex-
presses GFP. We produced infectious PRV GS442 by growing
virus stocks on a gD-expressing cell line. Complemented vi-
ruses can infect once, but the resulting progeny do not contain
gD, and hence these gD null extracellular particles are nonin-

fectious. We then infected the explants outside the chambers
with the complemented PRV gD null mutant. Neurons both
inside and outside the chamber were fixed and stained with
anti-VP5 antibody and Hoechst 33342, a DNA stain. By direct
fluorescence of GFP or by immunofluorescence, we could
easily detect infected neurons inside the chamber (Fig. 4A). In
fact, when we counted the number of VP5-positive cells inside
the chamber of the gD mutant infection and compared it to
that of PRV Becker, the numbers of plaques were similar (Fig.
4B; n = 3 chambers). However, when we harvested the neu-
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rons from inside the chamber and determined their titers on
PK15 cells, we could not detect any plaques on PK15 cells (Fig.
4C). Any progeny of virus that replicated in the explant and the
chamber would not contain gD, and as a result, these extra-
cellular particles are noninfectious. In addition, the absence of
any plaques indicates there were no gD-positive revertants in
the gD mutant stocks. We conclude that gD-mediated events
are not required for transneuronal spread.

The viral gB protein is an essential glycoprotein required for
transmission of infection either by extracellular particles or by
cell-to-cell spread. In all in vivo and in vitro models tested so
far, loss of gB renders particles completely noninfectious and
no spread of infection occurs to adjacent cells (23, 28). This
highly conserved viral protein is essential for the replication of
all alphaherpesviruses tested (23, 28). We confirmed that gB is
absolutely required for transneuronal spread of infection in the
isolator chamber system. gB null mutant virus (PRV HF22A)
stocks were grown in a cell line expressing full-length gB. Like
a complemented gD mutant, a complemented gB mutant can
infect only once and all of its subsequent progeny are nonin-
fectious since they do not express gB. We infected the explants
outside the chambers with the complemented PRV gB null
virus. Neurons both inside and outside the chamber were fixed
and stained with anti-VP5 antibody and Hoechst 33342. In
contrast to the PRV gD null mutant, the gB null mutant in-
fected only primary cells and failed to spread from the explant
to the neurons inside the chamber. We could not detect any
neurons inside the chamber that stained for VP5 (Fig. 4A and
B). As expected, we detected no plaques on PK15 cells from
neurons harvested inside the chamber (Fig. 4C). The absence
of infectious virus and anti-VP5 signal inside the chambers
confirms the failure of the gB null mutant to spread transneu-
ronally.

Infection from primary neurons in the explant to the
second-order neurons within the chamber is rapid. We char-
acterized the kinetics of viral spread in the transneuronal
chamber system by determining the length of time for virus to
replicate in the explant, undergo axonal transport, and infect
second-order neurons. We infected the explant with PRV
Becker, monitoring viral spread every 4 h over a 24-h period.
At each time point, neurons were fixed and stained with anti-
VPS5 antibody and Hoechst 33342. At 4 and 8 h after infection,
infection was observed in the explant but had not spread to the
neurons inside the chamber, as indicated by the lack of anti-
VPS5 fluorescence (Fig. SA and B; n = 3 chambers/time point,
100 cells counted/chamber). By 12 h after infection, the infec-
tion had spread to a few cells inside the chamber, which ex-
hibited anti-VP5 staining (Fig. SA and B). However, by 16 h
after infection, a significant number of infected cells were
easily detected inside the chamber, with over 70% of the cells
in the chamber exhibiting anti-VP5 staining (Fig. 5A and B; n =
3 chambers/time point, 100 cells counted/chamber). By 20 and
24 h after infection, the number of cells inside the chamber
appeared to peak at approximately 85%, approximating the
previous data set (Fig. SA and B, compared with Fig. 4A,
Becker). We most likely do not achieve 100% infection of cells
inside the chamber because not all cells inside the chamber are
synaptically connected to the explant outside the chamber wall.
In parallel, we harvested the neurons from inside the chamber
and determined the titers of infectious particles on PK15 cells.
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No plaques were detected from the 0-, 4-, and 8-h time points
(Fig. 5C). Plaques were first detected at 12 h after infection,
and the number increased thereafter (Fig. 5C). Thus, antero-
grade spread of PRV from primary neurons outside the cham-
ber to secondary neurons inside the chamber occurs rapidly
and in a fairly synchronous manner.

Transneuronal spread can occur in the retrograde direc-
tion. In our previous experiments, we demonstrated that the
isolator chamber can be used to recapitulate anterograde trans-
neuronal spread. We next determined if the system could be
used to study retrograde transneuronal spread (spread from
neurons inside the chamber to neurons outside). We infected
three chambers in parallel with either PRV Becker (PRV151)
or PRV Bartha (PRV152), each a recombinant strain express-
ing a freely diffusible GFP. At 24 h, both PRV Becker and
PRV Bartha spread from the neurons inside the chamber to
neurons in the explant outside of the chamber (Fig. 6). Impor-
tantly, PRV Bartha, which was unable to spread from explant
neurons to secondary neurons in the chamber (Fig. 4), was
fully capable of spreading to the explant neurons; thus, the
directional spread defect of PRV Bartha can be completely
recapitulated using the isolator chamber and SCG neurons.

Analysis of capsid structures in axons by TEM. Due to its
defined geometry, the isolator chamber system provides useful
opportunities for TEM. To demonstrate the method, we first
infected neurons outside the chamber and analyzed capsid
structures in axons inside the chamber wall. We found that
capsids in axons are enclosed within vesicles (see enlarged
images in Fig. 7, top row). These particles, located mid-axon,
were generally single capsids enclosed within an intact mem-
brane. These virions measured an average diameter of 215 *
16 nm (n = 40 virions). Although we cannot determine if these
axons emanate from the explant or from the dissociated neu-
rons inside the chamber, given the time after infection (20 h),
it is likely that the capsid structures were produced in explant
neurons and have moved into the chamber by anterograde
transport mechanisms. We also examined axons outside the
chamber wall proximal to the explant and found that all capsids
were within membranes as well. In addition, we observed cap-
sids with similar structures in chambers without target neurons
(B. Feierbach, M. Bisher, and L. Enquist, unpublished data).
We conclude that during viral egress via axons, PRV capsids
are transported in cellular membranes. The nature of these
viral particles, as well as the origin of the cellular membrane,
remains to be determined.

We also determined the structure of capsids after primary
infection of axons. We infected dissociated neurons inside
the chambers with PRV Becker for 20 h and fixed and
prepared the samples for TEM. We looked for capsids in
axons outside the chamber wall, proximal to the explant. In
contrast to the progeny capsids in axons traveling in the
anterograde direction, infecting capsids in axons prior to
replication were not found in vesicles (Fig. 7, bottom row).
Instead, we observed only “naked” capsids surrounded by a
halo of electron-dense material, possibly tegument proteins.
The dark center of these virions measured an average of
93 = 7 nm across (n = 45 virions), the same size as previ-
ously reported for capsids (32). We also examined PRV
Bartha capsids early after axonal infection. Although fewer
capsids were observed, they were “naked” and not trans-
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FIG. 5. Time course for in vitro transneuronal spread. Explants were infected with PRV Becker. (A) Wide-field images of neurons were fixed
and stained with anti-VP5 (a-VP-5) antibody and Hoechst 33342 at 24 h postinfection. Only dissociated cells inside the chamber are shown. The
same field of neurons is shown in the anti-VP5 panel as in the Hoechst panel. Three chambers were used for each time point. Scale bar, 20 pm.
(B) Quantitation of neurons infected inside chambers. Neurons positive for anti-VP5 staining were scored as infected. (C) Quantitation of spread
via titer determination. The medium in the chamber was harvested at 24 h postinfection, and the titer was determined for PRV plaques on PK15

cells. Three chambers were harvested for each time point.

ported inside vesicles (Feierbach, Bisher, and Enquist, un-
published). Taken together, our TEM data using the isolator
chamber system indicate that infecting capsids in axons are
not in vesicles, while newly produced capsids likely enter
axons in membrane vesicles.

Live imaging of viral movements within the chamber. To
study the dynamics of virion components inside the chamber,
we used a previously described dually fluorescent virus encod-

ing a gD-GFP fusion and an mRFP fusion to VP26, a capsid
protein (1). For these live imaging experiments, we cultured
the chambers on glass-bottom dishes (see Materials and Meth-
ods). We infected outside the chamber with the dual-fluores-
cent virus and began imaging virions within axons inside the
chamber at approximately 15 h postinfection. We chose 15 h
postinfection based on the kinetics of infection in the chamber
system as determined above. At this time point, the puncta
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FIG. 6. Retrograde transneuronal spread of PRV in the isolator chamber system. The dissociated SCG neurons inside the ring were infected
with PRV151 (a Becker recombinant expressing GFP) or PRV152 (a Bartha recombinant expressing GFP) and fixed at 24 h postinfection.
Wide-field images of neurons inside the chamber and explants outside the chamber and bright-field and corresponding GFP images are shown.

Scale bar, 150 pm.

were largely of two classes: green and yellow (Fig. 8A and see
Movie S1 in the supplemental material). The green particles
are presumably gD-GFP-positive vesicles, but without capsids.
The yellow puncta were overlapping red and green fluores-
cence, indicating the presence of both gD-GFP and mRFP-
VP26. We also imaged red fluorescent puncta without green,

suggesting that these may be capsids without an envelope,
although small quantities of green fluorescence may be below
our detection limit. In the axons within the chamber, the green
and yellow particles largely traveled in the direction opposite
from that of the red particles, sometimes crossing paths within
the same axon (Fig. 8B).

FIG. 7. TEM of virus particles during anterograde or retrograde spread. Electron micrographs of axons inside the chamber (top row) show that
viral capsids are enclosed in vesicles during anterograde spread. Electron micrographs of axons located between the explant and the chamber ring
(bottom row) show that viral capsids are not enclosed in vesicles during retrograde spread. Scale bar, 500 nm.
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FIG. 8. Live imaging of virion component dynamics within the isolator chamber using the Leica SP5 confocal microscope. The explant outside
the ring was infected with PRV expressing a mRFP-capsid fusion and a gD-GFP fusion. The axons inside the ring run along the longitudinal axis
of the frame and were imaged approximately 15.5 h postinfection. The ring edge and explant are located just beyond the top of the frame. The
time scale shown at the bottom of each panel is synchronous with Movie S1 in the supplemental material. Figure insets are zoom images of the
white outlined areas and refer to the time points indicated. (A). A gD-positive punctum (white arrowhead) crosses paths with a stationary punctum
(blue arrowhead). The stationary particle “combines” with the yellow punctum (white arrow), and they proceed together. (B) A red fluorescent
punctum (orange arrowhead) moves in the opposite direction from a gD-positive punctum and a yellow punctum and eventually crosses their path

in the same axon.

We also imaged virion component dynamics adjacent to and
within neuronal cell bodies within the chamber (see Movie S2
in the supplemental material). These cell bodies inside the
chamber become infected only after the infection has spread
via anterograde transport in axons from cell bodies in the
explant outside the chamber. Thus, we are imaging second-
order-infected neurons. We see robust infection in these
postsynaptic neurons between 16 and 18 h postinfection. Each
neuronal cell body possessed at least one axon, with many
having three or more. At this point, we do not know unequi-
vocally which axons belong to the cell bodies versus those
coming from the explant. However, morphological indications
such as axon hillocks (the widened area at the top of an axon
at the cell body) serve as good indicators of axons that belong
to an individual cell body. For example, the cell body in Fig. 9
likely has three axons (two axons projecting from the top and
one at the bottom [Fig. 9A, white arrows]). We imaged virion
components within all three of these axons. Within the axon at
the bottom, we imaged the retrograde movements of red

puncta towards the cell body and could track their movements
as they entered the cell (Fig. 9A). The axon at the bottom faces
the center of the ring, suggesting that these capsids are under-
going retrograde spread from another neuron within the ring.
We also tracked the movement of a yellow particle entering
into the same cell 3 min later (Fig. 9B). However, this yellow
particle did not appear to be traveling in one of the three axons
of the cell body. Instead, this particle may be entering in an
anterograde manner from an axon emanating from the explant
or from another dissociated neuron.

DISCUSSION

In this report, we describe the neuron-to-neuron spread of
alphaherpesvirus infection using SCG neuron explants cul-
tured outside a Teflon ring containing SCG-dissociated neu-
rons. We demonstrated spread of infection from explant neu-
rons outside the chamber to dissociated neurons inside the
isolator chamber (anterograde spread, Fig. 1 to 5 and 7) and
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FIG. 9. Live imaging of virion component dynamics entering postsynaptic cells inside the isolator chamber using the Leica SP5 confocal
microscope. The explant outside the ring was infected with PRV expressing a mRFP-capsid fusion and a gD-GFP fusion. White arrows in first
frame indicate putative axons emanating from the cell body shown. The area inside the cell body that is RFP positive is the nucleus. The majority
of the axons are running along the diagonal from the top right to the bottom left and were imaged approximately 17.5 h postinfection. The explant
and the ring edge are located beyond the top right of the frame. The time scale shown is the time in which the experiment was conducted and is
synchronous with Movie S2 in the supplemental material. The time in seconds from the first frame is also shown. Insets are zoom images of the
particles indicated by arrows. (A) Entry of a red punctum (yellow arrowhead) into the cell body. (B) Entry of a yellow punctum (yellow arrowhead)

into the same cell body approximately 2 min later.

vice versa (retrograde spread, Fig. 6 and 7). PRV transneuro-
nal spread requires intact axons (Fig. 3) and the presence of
gE, ¢gl, and Us9 proteins (Fig. 4) and is not mediated by gD
(Fig. 4). In addition, such spread requires the essential mem-
brane protein gB (Fig. 4). In this system, transneuronal spread
is rapid and relatively synchronous (Fig. 5). We exploited the
physical isolation of primary and secondary neurons by the
chamber to demonstrate ultrastructural differences in capsids
during axonal infection and egress (Fig. 7). Similarly, we used
live imaging technology to visualize virion components as they
trafficked from explants to neurons within the chamber (Fig. 8
and 9). The ability to image axons physically isolated from the
site of infection removes ambiguity from identifying input viri-
ons from newly made particles. By all these criteria, transneu-
ronal spread in vitro faithfully recapitulates previous in vivo
studies. This isolator chamber system not only provides a facile
surrogate for animal infection studies but also enables several
modalities of analysis, including classical virology and imaging
technology. While we used pure neuronal cultures, it is possi-
ble to use mixed cultures to approximate complex tissues such
as central nervous system neurons, epithelial cells, and im-
mune cells (unpublished observations).

Previous chamber systems were developed to study viral
spread from neurons to epithelial cells (6, 8, 13, 17, 19, 20, 25,
29). The isolator chamber system offers particular advantages
over these classic Campenot chambers. First, the isolator
chamber is placed on top of preexisting axons emanating from
the explant. This step is in contrast to the other chamber
systems that require axon penetration under the chamber, a

step requiring etching of guidance grooves on the culturing
surface. These grooves can lead to leaks that compromise the
integrity of the isolating chambers. Because in our system, the
chamber is gently sealed upon preexisting axons, the ineffi-
ciency of axonal penetration under the barrier is removed.
Second, since axon guidance grooves are not required, glass
surfaces can be used, facilitating live imaging. Third, a second
population of neurons can be cultured and contained inside
the chamber, which offers a particular advantage. The axons
from these neurons will grow to the chamber wall, but in the
absence of guidance grooves, do not penetrate under the bar-
rier and stay completely within the ring. Therefore, neurons
inside the chamber cannot form contacts with neurons outside
the chamber, allowing for the unambiguous study of direc-
tional transneuronal spread.

We used the system to confirm the transneuronal properties
determined in other systems. In every case, our results are
consistent with those from animal models. For example, using
a PRV gD null mutant, we verified that gD is not required in
transneuronal spread of PRV infection. PRV gD is an essential
viral ligand required for entry and fusion of extracellular viri-
ons to cells by binding various receptors, including herpesvirus
entry mediator, nectin-1, and nectin-2 (31). We also verified
that PRV gB is required absolutely for transneuronal spread of
infection. PRV gB is an essential glycoprotein that is part of
the core membrane fusion complex of gB/gH/gL and is re-
quired for transmission of infection either by extracellular par-
ticles or by cell-to-cell spread.

The finding that gD is required for the entry of extracellular
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particles into cells, but not for transneuronal spread, suggests
two possible models: (i) mature extracellular virions are not
involved in transneuronal spread, or (ii) extracellular virions
use gD-independent receptors to gain entry into postsynaptic
cells. Viral infection may lead to fusion of membranes between
pre- and postsynaptic neurons, possibly at the synapse due to
closely opposed membranes. Membrane fusion would create a
continuous cytoplasm, which would allow an infection to pass
from neuron-to-neuron without involving an extracellular par-
ticle. Our preliminary live imaging experiments revealed the
apparent entry of a yellow particle into a postsynaptic cell (Fig.
9B). More work is needed to understand how such entry is
achieved.

The isolator chamber system is readily amenable to studies
of directional transneuronal spread, as demonstrated by the
studies with PRV Bartha infections. We verified that PRV
Bartha fails to spread in the anterograde direction (from ex-
plant neurons to neurons within the chamber) but spreads
readily in the retrograde direction (from neurons within the
chamber to explant neurons) (compare Fig. 4 with Fig. 6).

The isolation chamber offers the possibility of examining
axons physically separated from the site of infection by live
optical imaging techniques as well as TEM. This property
circumvents potentially confounding issues such as endocytosis
of input virions and release of progeny virions followed by
reinfection. We observed by TEM that progeny capsids that
assembled in the cell body and sorted into axons were in
membrane vesicles. These structures were observed in mid-
axon and were not adjacent to varicosities. We conclude that
during viral egress, PRV capsids enter axons and are trans-
ported in cellular membranes. In contrast, when we infected
inside the chamber and examined the explant axons outside the
chamber, capsids were not contained within a membrane.
These capsids were surrounded by a halo of electron-dense
material, most likely tegument proteins. Consistent with these
two lines of study, Antinone et al. found using time-lapse
fluorescence imaging of living primary neurons that capsids
colocalize with the membrane protein gD during anterograde
transport, indicating capsid association with a membrane (1).
In contrast, when the capsids were traveling in the retrograde
direction shortly following entry, capsids were rarely found
associated with gD (1).

We conducted live imaging of fluorescently labeled viral
particles inside the chamber, which separates the site of infec-
tion from the site being imaged. Similar to previous live imag-
ing studies, we found that viral particles moved in both antero-
grade and retrograde directions (1, 30). Our study confirms
that of Antinone et al., observing that capsids (red fluores-
cence) and gD (green fluorescence) travel together (shown by
yellow fluorescence). Because the Leica SP5 confocal laser
lines excite GFP and RFP simultaneously, we were able to
capture the green and red channels at the same time, giving
rise to yellow puncta when the images were merged. At early
imaging time points prior to replication inside the ring, the
yellow particles only moved in one direction—away from the
explant. Thus, these particles are likely moving in the antero-
grade direction. This is consistent with our finding that capsids
traveling in the anterograde direction are surrounded by an
envelope (Fig. 7) and that of Antinone et al. demonstrating
that red puncta (capsids) traveling in the anterograde direction
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contain gD (1). We also imaged red puncta (capsids) traveling
in the opposite, presumably retrograde, direction—sometimes
in the same axons as yellow particles. We do not yet know the
nature of these red puncta in that they could be capsids that
separated from gD and reversed direction or capsids that are
traveling retrograde postreplication (as observed by Antinone
et al.). It is likely that this population of capsids is a result of
both events.

Virion components tagged with fluorescent proteins are dy-
namic in infected neurons inside the ring. In contrast to cap-
turing movements of virion components in axons where a sin-
gle confocal optical slice is imaged, when imaging cell bodies,
we acquired 3D stacks over time to gain more spatial informa-
tion. Using this method, we were able to see the entry of both
red and yellow fluorescent puncta into cell bodies. Interest-
ingly, the yellow puncta shown in Fig. 9 did not appear to enter
the cell body within one of its own axons—raising the possi-
bility that we have captured transneuronal spread. If this is
indeed the case, then it may be that the particle has entered
into the postsynaptic neuron accompanied by its envelope.
Without a live synaptic marker, it is impossible to know if this
particle entered the neuron via a synapse.

The development of the in vitro isolator chamber system is
a key step in elucidating the molecular mechanisms of viral
spread between neurons, as we now can begin to dissect the
host cell requirements for viral spread. Neural circuit-tracing
experiments in vivo have shown that alphaherpesviruses spread
only between synaptically connected neurons in a circuit (re-
viewed in references 10 and 11). One mechanism for spread
involves the virus engaging host presynaptic (or postsynaptic)
complexes to facilitate spread via synapses. Another mecha-
nism would be that close apposition of membranes such as
tight junctions would facilitate spread. A study of PRV spread
between neurons and epithelial cells in the trichamber system
has shown that the infection spreads from axons to clusters of
epithelial cells at discrete sites along the axon. At these sites,
both virus and the lipophilic dye Dil spread from the axons to
the epithelial cells, indicating that these are sites of contact and
perhaps even membrane fusion (6). A recent paper from De
Regge et al. has demonstrated that PRV infection triggers the
formation of presynaptic terminals along axons via gD binding
to host nectin (9). These authors have also shown that such
terminals serve as virus exit sites (9). Thus, alphaherpesviruses
may be able to induce the formation of additional sites of
egress to more efficiently facilitate spread from axons.

This chamber system enables us to determine the physical
nature of the entity that actually spreads between neurons. Is
it a mature virion or some other form of an assembling virion?
The live imaging of a variety of viral fluorescent fusion proteins
that assemble into virion structural components will be key to
determining which viral proteins spread to the next cell during
directional spread (anterograde versus retrograde). Impor-
tantly, the chambers can be easily modified for electrophysio-
logical studies of viral neuron-to-neuron spread as well as for
pharmacological studies involving screening for inhibitors of
axonally mediated infection, egress, and transneuronal spread.
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