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Abstract

The morphology of alphaherpesviruses during anterograde axonal transport from the neuron cell
body towards the axon terminus is controversial. Reports suggest that transport of herpes simplex
virus type 1 (HSV-1) nucleocapsids and envelope proteins occurs in separate compartments and
that complete virions form at varicosities or axon termini (subassembly transport model), while
transport of a related alphaherpesvirus, pseudorabies virus (PRV) occurs as enveloped capsids in
vesicles (assembled transport model). Transmission electron microscopy of proximal and mid-
axons of primary superior cervical ganglion (SCG) neurons was used to compare anterograde
axonal transport of HSV-1, HSV-2 and PRV. SCG cell bodies were infected with HSV-1 NS and
17, HSV-2 2.12 and PRV Becker. Fully assembled virus particles were detected intracellularly
within vesicles in proximal and mid-axons adjacent to microtubules after infection with each virus,
indicating that assembled virions are transported anterograde within axons for all three
alphaherpesviruses.
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Introduction

Herpes simplex virus type 1 (HSV-1), herpes simplex virus type 2 (HSV-2) and
pseudorabies virus (PRV) are neuroinvasive alphaherpesviruses. The lifecycle for each virus
involves transport along axons in two directions, retrograde (from the axon terminus towards
the neuron cell body) and anterograde (from the neuron cell body towards the axon
terminus). Transport in both directions is microtubule-dependent. Retrograde axonal
transport is mediated by dynein, while anterograde axonal transport is kinesin-dependent
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(Ch'ng and Enquist, 2005b; Holland et al., 1999; Miranda-Saksena et al., 2000; Miranda-
Saksena et al., 2009; Radtke et al., 2010; Wolfstein et al., 2006). HSV-1 and HSV-2 infect
neurons innervating the skin and mucosal sites and virion components travel by retrograde
axonal transport to nuclei in sensory ganglia where latency is established. Upon reactivation,
virion components travel by anterograde axonal transport to infect cells innervated by the
neurons.

The morphology of alphaherpesviruses during anterograde axonal transport is controversial.
Two models have been proposed based on studies with HSV-1 and PRV. The “separate” or
subassembly model is based on transmission electron microscopy (TEM), transmission
immune electron microscopy (TIEM), and immunofluorescent observations of HSV-1
anterograde axonal transport. This model suggests that tegument-coated nucleocapsids are
transported separately from envelope proteins and that virions are assembled at exit sites
from the axon, such as varicosities and growth cones (Holland et al., 1999; LaVail et al.,
2003; LaVail et al., 2005; LaVail et al., 2007; Miranda-Saksena et al., 2000; Penfold,
Armati, and Cunningham, 1994; Snyder et al., 2007). The “married” or assembled model
derives from TEM, TIEM and immunofluorescent observations of PRV and proposes that
virus-like particles are assembled prior to entry into the axon and are transported as
enveloped capsids within vesicles (Antinone and Smith, 2006; Ch'ng and Enquist, 2005b;
del Rio et al., 2005; Feierbach et al., 2007; Lyman et al., 2007; Maresch et al., 2010).

The central question in the controversy is whether anterograde axonal transport of HSV
differs from PRV, with HSV tegument-coated nucleocapsids and envelope proteins forming
virions at exit sites from axons while PRV nucleocapsids and envelope proteins form virions
prior to entering the axon. Studies that address anterograde axonal transport of
alphaherpesviruses have been performed in different laboratories using HSV-1 or PRV,
different sources of neurons, including chick embryo dorsal root ganglion (DRG) neurons,
rat DRG neurons, rat superior cervical ganglion (SCG) neurons, human DRG neurons, or
human neuroblastoma cells, and different detection methods, such as TEM, TIEM, and
immunofluorescence (Ch'ng and Enquist, 2005b; Holland et al., 1999; LaVail et al., 2003;
LaVail et al., 2005; LaVail et al., 2007; Maresch et al., 2010; Miranda-Saksena et al., 2000;
Miranda-Saksena et al., 2009; Penfold, Armati, and Cunningham, 1994; Smith, Gross, and
Enquist, 2001; Snyder et al., 2007; Tomishima and Enquist, 2002). Here, we compare
anterograde axonal transport of three alphaherpesviruses in a single laboratory using similar
culture conditions and approach. HSV-1 NS and 17, HSV-2 2.12 and PRV Becker were
evaluated in rat and mouse SCG neuron cultures by TEM to observe virion morphology
within axons.

Campenot chamber cultures

Campenot chambers were used to assess anterograde axonal transport (Figure 1).
Dissociated cells from one-half of a rat or mouse SCG were plated into the soma (S)
compartment. Upon differentiation, axons from these sympathetic neurons penetrate into the
middle (M) chamber and reach the neurite (N) compartment by 2-3 weeks. After infection of
S chamber neurons, virion components can only reach the M chamber by transport within
axons, since the chambers are sealed from one another by silicone grease. Methylcellulose
placed in the M chamber forms an additional barrier to leakage of cell-free virus between
chambers (McGraw and Friedman, 2009). Detecting enveloped virions within axons in the
M chamber at sites other than in growth cones indicates anterograde axonal transport of
fully assembled virus particles, since virus particles that exit axons in the M chamber and
subsequently re-infect neurons lose their envelope after fusing with the plasma membrane
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upon virus entry (Lycke et al., 1984;Nicola et al., 2005;Saksena et al., 2006;Smith et al.,
2004).

Ultrastructure of PRV, HSV-1 and HSV-2 in infected neurons

Rat SCG cell bodies in the S chamber were infected with PRV Becker. S and M chamber
neurons were processed by TEM at 24 hours post infection (hpi). Numerous nucleocapsids
were detected in the S chamber nuclei (Figure 2A). An enveloped capsid within a vesicle is
shown in the proximal axon (S chamber) (Figure 2B) and in the mid-axon (M chamber)
(Figure 2C). The virus-like particles were detected intracellularly within axons in close
proximity to microtubules. These results support reports by others that complete virions are
detected during anterograde transport of PRV (Ch'ng and Enquist, 2005b; del Rio et al.,
2005; Feierbach et al., 2007; Lyman et al., 2007; Maresch et al., 2010).

SCG neurons in the S chamber were infected with HSV-1 NS and at 48 hpi, S and M
chambers were processed for TEM. Nucleocapsids were detected in SCG nuclei (Figure
3A). Enveloped capsids were detected within a vesicle in the proximal axon (S chamber) of
a rat SCG neuron (Figure 3B), and in the mid-axon (M chamber) of a mouse SCG neuron
(Figure 3C). HSV-1 17 was used to infect rat SCG neurons. Virions in vesicles in the mid-
axon (M chamber) were detected intracellularly in close proximity to microtubules (Figures
3D, E). Rat SCG neurons were infected with HSV-2 2.12 and samples processed for TEM at
48 hpi. An enveloped capsid within a vesicle was apparent in the mid-axon adjacent to
microtubules (Figure 3F). No differences in morphology of virus-like particles in proximal
and mid-axons were detected comparing HSV-1, HSV-2 and PRV.

As a control, TEM was performed on M chamber axons 48 h after mock infection of S
chamber neurons. No fully assembled virions were noted; however, multiple dense core
vesicles were detected in axons and growth cones that were generally 100 to 120 nm in
diameter (range 80 to 170 nm) (Figures 3G, H). Based on size and morphology, some of
these structures were difficult to distinguish from nucleocapsids, but none resembled fully
assembled virions that ranged in size from 213-255 nm and were enclosed within vesicles.
Therefore, we conclude that fully assembled virus particles are present within regions of the
axon clearly distinguishable from the axon growth cone.

The number of virions detected in proximal and mid-axons was determined by examining
every field (several hundred) of duplicate EM grids. Enveloped capsids were detected in rat
SCG proximal and mid-axons after infection with HSV-1 NS (78 virions), HSV-1 17 (65
virions), or HSV-2 2.12 (68 virions), while 108 virions were detected after infection with
PRV Becker and none was noted after mock infection. Virus-like particles were more
numerous in proximal axons in S chambers; however, 10 to 20% of virions were detected in
mid-axons in M chambers, indicating anterograde transport of assembled virions.

Discussion

Previous studies of anterograde axonal transport have not directly compared PRV, HSV-1
and HSV-2 using similar neuron cultures and detection techniques (Ch'ng and Enquist,
2005b; Feierbach et al., 2007; Holland et al., 1999; LaVail et al., 2005; Lyman et al., 2007;
Maresch et al., 2010; Miranda-Saksena et al., 2009; Snyder et al., 2007). In fact, this report
is the first to assess the morphology of HSV-2 during anterograde axonal transport. We
chose to evaluate SCG neurons in Campenot chambers for the following reasons: i) rat SCG
neurons are permissive to HSV-1, HSV-2 and PRV; ii) the purity of SCG neuron cultures
approaches 100%, which minimizes contamination by non-neuronal cells; iii) the culture
system includes physical barriers of silicon grease and methylcellulose that provide a leak-
proof seal, thereby assuring that virion spread from one chamber to another is occurring by
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axonal transport; and iv) when virus is added to the S chamber, detecting virions in M
chamber axons at sites other than growth cones permits a conclusion that anterograde axonal
transport of assembled virions occurred (Ch'ng and Enquist, 2005b; Curanovic et al., 2009;
McGraw et al., 2009; McGraw and Friedman, 2009).

We evaluated whether virion morphology during anterograde axonal transport is similar for
HSV-1, HSV-2 and PRV using TEM as the detection assay. Our results with PRV are
consistent with findings reported by others that detected virions within vesicles in axons
during anterograde transport (Ch'ng and Enquist, 2005b; Feierbach et al., 2007; Lyman et
al., 2007; Maresch et al., 2010). Our findings with HSV-1 are also consistent with a recent
report that used live-cell imaging to assess HSV-1 and PRV anterograde axonal transport in
chick embryo and rat dorsal root ganglia neurons (Antinone, Zaichick, and Smith, 2010).
The live-cell imaging study concluded that capsids were mostly enveloped during
anterograde transport of both PRV and HSV-1. We chose not to address the relative
proportion of enveloped to non-enveloped capsids using TEM since static images cannot
determine the direction of transport. In addition, dense core vesicles are morphologically
difficult to distinguish from nucleocapsids (Bauer et al., 2004; Goldman, Kim, and
Schwartz, 1976; Harvey, 1975; Maresch et al., 2010; Saksena et al., 2006). We detected
assembled virions within vesicles adjacent to microtubules in M chamber axons after
infection of S chamber neurons, which led us to conclude that anterograde transport of
complete virions occurs for all three alphaherpesviruses examined to date.

Materials and methods

Cells and viruses

HSV-1 strains NS and 17, and HSV-2 strain 2.12 were grown in Vero (African green
monkey kidney epithelial) cells, while PRV strain Becker was propagated on PK15 (porcine
kidney epithelial) cells (Friedman et al., 1981; Hook et al., 2006; Keeler, Whealy, and
Enquist, 1986). Dissociated embryonic superior cervical ganglion (SCG) neurons were
derived from Sprague-Dawley rats (Charles River) on gestation day E17 or from BALB/c
mice (Charles River) on gestation day E15 and approximately 5,000 neurons from one half
of a SCG ganglion was cultured in each Campenot chamber (Ch'ng and Enquist, 2005a;
Ch'ng and Enquist, 2005b; del Rio et al., 2005; McGraw et al., 2009; McGraw and
Friedman, 2009; Wang et al., 2005). A Teflon ring separated the culture into three
compartments; S is the soma, M the middle, and N the neurite (axon) chamber. The Teflon
ring was held to the culture dish by silicon grease which formed a barrier to prevent free
flow of virus between chambers. Methylcellulose was added to the M chamber prior to
infection as another barrier to free flow. Movement of virus from one chamber to another
requires axonal transport of virion components. Prior to infection, the neurons were grown
for 2 to 3 weeks in neuron culture medium supplemented with 4.6 mg/ml glucose, 2 mM L-
glutamine, 16 pg/ml putrescine (Sigma), 100 pug/ml holo-transferrin (Sigma), 10 pg/ml
insulin (Sigma), 50 U/ml penicillin-streptomycin, 100 ng/ml nerve growth factor (Promega),
30 nM selenium (Sigma), and 20 nM progesterone (Sigma). Cultures were maintained in a
humidified incubator at 37°C with 6% CO, and the culture medium was replaced every 3 to
4 days.

Infection of SCG neurons

To evaluate anterograde axonal transport, neurons in the S chamber were infected with
1x10° PFU of virus in 50 pl of neuronal culture medium (MOI of 20) (Ch'ng and Enquist,
2005a; Ch'ng and Enquist, 2005b; McGraw et al., 2009; McGraw and Friedman, 2009). At
24 hpi with PRV or 48 hpi with HSV-1 or HSV-2, the cells were fixed in 2.5%
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glutaraldehyde buffer (pH 7.2). For mock infection, 50 ul of neuronal culture medium was
added without virus.

Transmission electron microscopy

After several buffer washes the fixed samples were post-fixed in 2% osmium tetroxide
containing 1.5% potassium ferricyanide for 1 h at room temperature. Samples were en bloc
stained with 2% uranyl acetate for 30 min and subsequently dehydrated through a graded
ethanol series prior to infiltrating and embedding with EMbed-812 (Electron Microscopy
Sciences). Ultrathin (60 nm), longitudinal sections were cut and stained with uranyl acetate
and bismuth subnitrite, and examined in a JEOL 1010 electron microscope fitted with a
Hamamatsu digital camera and AMT Advantage image capture software. S and M chambers
were processed separately. Many sections prepared from each chamber were screened to
determine the best preparations. Axon segments in the S chamber were considered proximal
axons, while those in the M chamber were considered mid-axons, based on distance
(approximately 5 mm) from the neuronal cell body. Experiments were performed in
duplicate and particle quantities in proximal and mid-axons were determined by counting
virus-like particles in all fields of the TEM grid.
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Teflon ring

Figure 1.

Model of SCG neuron cultures in Campenot chambers. A Teflon ring separates the cultures
into three compartments; S is the soma, M the middle, and N the neurite (axon) chamber.
Neurons are seeded into the S chamber and over 2-3 weeks neurites (axons) extend into the
M and N chambers. Large arrow indicates virions added to the S chamber.
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Figure 2.
Rat SCG neurons in the S chamber infected with 1x10° PFU of PRV Becker and examined

by TEM at 24 hpi. (A) Nucleocapsids 115 -120 nm in diameter were detected in nuclei
(arrows). Boxed area is enlarged in inset. Bar in inset is 100 nm. (B) Anterograde axonal
transport of PRV virions. A virion measuring 240 nm within a vesicle (thin arrows) was
detected adjacent to microtubules (arrowheads) within a proximal axon (S chamber). (C) A
virion measuring 235 nm was detected in close proximity to microtubules (arrowheads)
within a mid-axon (M chamber).
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Figure 3.

Virology. Author manuscript; available in PMC 2012 January 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang et al.

Page 11

Rat or mouse SCG neurons that were mock infected, or infected with 1x10° PFU of HSV-1
or HSV-2 and examined by TEM at 48 hpi. (A) Nucleocapsids ~ 110 nm were detected in
rat SCG nuclei after infection with HSV-1 NS. (B) Multiple virions (arrows) measuring 220
to 225 nm possibly within a large vesicle were detected adjacent to microtubules
(arrowheads) in a proximal axon (S chamber) of a rat SCG neuron after infection with
HSV-1 NS. (C) A virion measuring 235 nm was detected in the mid-axon of a mouse SCG
neuron adjacent to microtubules after infection with HSV-1 NS. (D, E) Virions measuring
213 nm and 220 nm within vesicles (arrows) were detected adjacent to microtubules
(arrowheads) in rat SCG mid-axons (M chamber) after infection with HSV-1 17. (F) A
virion measuring 255 nm in a vesicle (arrows) in close proximity to microtubules after
infection with HSV-2 2.12. (G) A dense core vesicle measuring 102 nm was detected in a
mid-axon (M chamber) of a mock infected rat SCG culture. (H) Three dense core vesicles
110 nm in diameter were noted in a mid-axon (M chamber, boxed particle) and growth cone
(arrows). Boxed areas are enlarged in insets. Bars in insets are 100 nm.
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