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The molecular mechanisms responsible for long-distance, directional spread of alphaherpesvirus infections
via axons of infected neurons are poorly understood. We describe the use of red and green fluorescent protein
(GFP) fusions to capsid and tegument components, respectively, to visualize purified, single extracellular
virions and axonal assemblies after pseudorabies virus (PRV) infection of cultured neurons. We observed
heterogeneity in GFP fluorescence when GFP was fused to the tegument component VP22 in both single
extracellular virions and discrete puncta in infected axons. This heterogeneity was observed in the presence or
absence of a capsid structure detected by a fusion of monomeric red fluorescent protein to VP26. The similarity
of the heterogeneous distribution of these fluorescent protein fusions in both purified virions and in axons
suggested that tegument-capsid assembly and axonal targeting of viral components are linked. One possibility
was that the assembly of extracellular and axonal particles containing the dually fluorescent fusion proteins
occurred by the same process in the cell body. We tested this hypothesis by treating infected cultured neurons
with brefeldin A, a potent inhibitor of herpesvirus maturation and secretion. Brefeldin A treatment disrupted
the neuronal secretory pathway, affected fluorescent capsid and tegument transport in the cell body, and
blocked subsequent entry into axons of capsid and tegument proteins. Electron microscopy demonstrated that
in the absence of brefeldin A treatment, enveloped capsids entered axons, but in the presence of the inhibitor,
unenveloped capsids accumulated in the cell body. These results support an assembly process in which PRV

capsids acquire a membrane in the cell body prior to axonal entry and subsequent transport.

A remarkable property of the alphaherpesvirus life cycle in
the natural host is invasion and controlled spread within the
peripheral nervous system (PNS) with exceedingly rare incur-
sions into the central nervous system. The basic unit of a
herpesvirus infection is the extracellular virion, a complex par-
ticle comprising several thousand protein molecules (31). Her-
pes virions, in general, are approximately 200 nm in diameter
with a membrane envelope containing more than 12 virus-
borne membrane proteins. This host-derived membrane sur-
rounds a tegument layer of at least 12 soluble proteins, which,
in turn, surrounds an icosahedral capsid containing the 142-kb
genome (36, 59). The assembly and movement of these distinct
virion structures must be understood at the cellular level as
these properties directly influence herpesvirus pathogenesis
and transmission. Pseudorabies virus (PRV), an animal patho-
gen, has served as a model for study of directional spread of
the neurotropic herpesviruses, which include the human
pathogens herpes simplex virus (HSV) and varicella-zoster vi-
rus (VZV). After replication of PRV at exposed mucosal sur-
faces, virion components enter the axon terminals of PNS
neurons, and unenveloped capsids move toward the cell body
to deliver the genome to nuclei within ganglia. In natural hosts,
a latent infection is typically established in these PNS neurons.
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Upon reactivation, capsids are assembled in the nuclei of PNS
neurons, enter axons, and are moved in an anterograde direc-
tion toward axon terminals near the site of the original infec-
tion. Such directional intracellular movement is dependent
upon intact microtubules (41, 53, 64, 70) and involves transport
of virion components many millions of virion diameters to and
from the cell body of a neuron. Directional transport within
axons is likely to be regulated by different interactions of viral
proteins with cellular transport machinery during retrograde
and anterograde movement on microtubules. Indeed, the dif-
ferential modulation of plus- and minus-end motor-based
movement of capsids early and late in infection appears to
affect gross directional movement in neurons (63).

A recent model of herpesvirus assembly proposes that newly
formed capsid proteins enter axons and are transported sepa-
rately from membrane proteins as subassemblies of mature
virions (53, 56, 69). Genetic evidence supporting this subas-
sembly transport model derives from studies on attenuated
PRV strains utilized for tracing neural circuitry. We have re-
ported that certain viral membrane proteins control the direc-
tion of spread between neurons within a neural circuit. For
example, deletion of any one of three genes, encoding glyco-
protein E (gE), gl, or Us9, from the PRV genome blocks
neuronal circuit spread in the anterograde direction, from an
infected presynaptic neuron to the synaptically connected
postsynaptic neuron (reviewed in reference 24). These gene
products are not required for entry of PRV virions at axon
terminals or spread in circuitry in the retrograde direction,
from a postsynaptic to presynaptic neuron. Subsequent analy-
sis has demonstrated that the Us9 protein is necessary for
localization of newly synthesized viral glycoproteins into the
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axonal compartment of cultured neurons but not for that of
capsid or tegument proteins (69). In contrast, expression of the
gE protein is required for efficient viral glycoprotein, capsid,
and tegument localization to the axon but not for a subset of
nonglycosylated viral membrane proteins (T. H. Ch’ng and
L. W. Enquist, unpublished data). While these discoveries have
identified some key viral components of directional spread, the
mechanisms of viral protein-dependent axonal sorting remain
to be elucidated.

How distinct virion components are coupled to motors, di-
rectly or via adaptors, is an important area of focus in the study
of directional spread. Previous work has suggested two distinct
alternatives. One possibility is that the viral tegument layer, the
poorly understood proteinaceous layer surrounding the capsid,
provides the physical connection between the capsid and dif-
ferent classes of motors. In this case, the tegument layer is the
central component of directional movement. Upon entry at
nerve terminals, the tegument-capsid structure is separated
from the envelope. Some tegument proteins may dissociate
from the capsid, which is moved from the plus end to the minus
end of a microtubule, toward the nucleus in the retrograde
direction. Following replication, the newly formed capsid and
tegument layer are released into the cytoplasm and enter axons
where this unique tegument layer, different from that present
during entry, presumably binds kinesin motors for movement
toward the plus end of a microtubule in the anterograde di-
rection. Support for this proposal comes from studies on HSV
type 1 (HSV-1) demonstrating that nonenveloped capsids are
found in the axon following virus replication (33, 34, 55, 56),
tegument structures form in the cell body of infected neurons
(54), and the tegument protein Usl11 interacts with the kinesin
heavy chain (20). However, the Usll gene is not present in
many alphaherpesvirus genomes, including those of PRV and
VZV (36, 52). In the absence of Usl1 protein, other PRV and
VZV tegument proteins must interact with motors for kinesin-
mediated transport in this model. An alternative idea is that
while tegument-capsid complexes are moved to the cell body
following entry at axon terminals, newly replicated tegument-
capsid structures are directed in the cytoplasm to axon-sorting
compartments, where they acquire a cellular membrane. The
absence of this membrane during capsid entry and its presence
during egress provide the preferential interaction with differ-
ent classes of motors. Indeed, enveloped capsids have been
visualized in axons following virus replication (11, 15, 26, 40,
43, 49, 50, 75), and the tegument proteins VP22 and UL11
have been shown to associate with cellular membranes (1, 7,
38).

We used two approaches to discern the subvirion structures
transported in axons following virus replication and distinguish
between the unenveloped versus enveloped capsid models of
axonal egress. In the first approach, we constructed PRV
strains expressing two fluorescent fusion proteins: the mono-
meric red fluorescent protein (mRFP) fused to VP26 and the
green fluorescent protein (GFP) fused to VP22. The mRFP
fusion protein incorporates into capsids, while the GFP fusion
protein assembles in the tegument layer. Infection by the du-
ally fluorescent virus enabled live-cell imaging and localization
of subvirion structures during virus egress. Live-cell imaging of
single fluorescent virion structures, including fusion proteins
similar to the ones described here, have been previously re-
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ported (4, 18, 21, 22, 23, 42, 62, 65, 73). Furthermore, dually
fluorescent virus fusions have also been previously reported for
HSV and have been utilized for the localization of structural
proteins in the compartments of infected cells (25, 35). How-
ever, the high nucleotide sequence similarity of GFP variants
can result in recombination and the exchange of fluorescence
properties following cotransfection of epithelial cells (5). We
avoided this complication during infection by using a mono-
meric red fluorescent protein with limited homology to GFP
(5, 9). A recombinant PRV strain containing the mRFP
marker for tracing studies has been reported previously (2),
and mRFP was more suitable for the detection of virus spread
than other red fluorescent proteins, such as DsRed.

The second approach used the dually fluorescent virus to
investigate the connection between the reenvelopment path-
way for alphaherpesvirus assembly and the entry and transport
of virion subassemblies in axons. Specifically, we focused on
the formation of tegument-capsid structures in the cytoplasm
and their direction to the axonal compartment. Treatment of
alphaherpesvirus-infected cells with brefeldin A (BFA) inhibits
virus maturation and egress by disrupting transport within the
secretory pathway (12, 13, 28, 39, 46, 47, 66, 72). More recently,
release of a synchronous infection revealed that the primary
block to HSV-1 assembly by BFA occurred prior to budding at
the nuclear membrane (16). Long-term BFA application (over
several hours) has been used to study the compartmentaliza-
tion of virion components in infected neurons. Two key studies
suggest that long-term BFA treatment of rat dorsal root gan-
glion neurons infected with HSV-1 blocks axonal entry of viral
glycoproteins and a fraction of tegument proteins but does not
block capsid entry (53, 54). In the present study, we used
long-term BFA treatment to assess the effect of secretory path-
way disruption on axonal entry of fluorescent capsid and teg-
ument fusion proteins during PRV infection. Unexpectedly,
BFA treatment sufficient to block viral glycoprotein axonal
entry also efficiently blocked axonal entry of fluorescent fu-
sions to capsid (mRFP-VP26) and tegument (GFP-VP22) pro-
teins. BFA disruption of the secretory system was reversible,
enabling restoration of virus assembly transport. The data pre-
sented in this study provide a new interpretation of axonal
sorting, entry, and transport of alphaherpesvirus assemblies in
neurons.

MATERIALS AND METHODS

Cells and virus strains. The PK15 (pig kidney) cell line was used for propa-
gation of all PRV strains. Cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, while viral infections were
performed in Dulbecco’s modified Eagle’s medium supplemented with 2% fetal
bovine serum. Primary sympathetic neurons from the superior cervical ganglia
(SCG) of rat embryos (15 to 16 days of gestation) were dissociated according to
the methods of DiCicco-Bloom et al. (19, 69). The rat PC12 (pheochromocy-
toma) cell line was differentiated to sympathetic-type cultures with nerve growth
factor (NGF) (29) in differentiation medium (14). PC12 cells were exposed to
NGF for 10 days prior to freezing and storage in a primed, differentiated state
(14, 30). SCG and primed PC12 cells were cultured on Delta T dishes (Bioptechs,
Inc.) coated with a combination of poly-pL-ornithine and laminin as previously
described (14) for 7 to 10 days and 2 days, respectively, prior to infection and
imaging (see below).

Antisera. Rabbit polyclonal antiserum to VP22 (PAS 236) was raised against
FL-VP22 (described below) expressed in a baculovirus system. Sf9 cells (Invitro-
gen) were infected with FL-VP22 expressing baculovirus at a multiplicity of
infection (MOI) of 3 for 48 h. FL-VP22 was purified from infected cell extract
using anti-FLAG M2-agarose (Sigma), released by boiling in sample buffer and



VoL. 79, 2005

separated from immunoglobulin chains by sodium dodecyl sulfate (SDS)-12.5%
polyacrylamide gel electrophoresis. A gel strip containing FL-VP22 was isolated
and used for antigen injection into rabbits (ProSci, Inc.).

A pool of monoclonal antibody to gE and a rabbit polyclonal antiserum to the
cytoplasmic domain of gE have been previously described (68). Goat polyclonal
antiserum to gC (serum no. 282) has been previously described (60). Mouse
monoclonal antibody to GFP was purchased from Chemicon. Mouse monoclonal
and rabbit polyclonal antibodies to RFP were purchased from BD Biosciences
and Chemicon, respectively. Mouse monoclonal antibodies to mannosidase II
(manlI) and TGN38 were purchased from Covance, Inc., and Signal Transduc-
tion Laboratories, respectively.

Construction of plasmids and recombinant viruses. The plasmids EGFP-C1
(BD Biosciences), mRFP1-N1, and TD12 (17) and Pfu polymerase (Stratagene)
were used for PCR amplification. For construction of the FLAG epitope-tagged
VP22 expression vector, the UL49 open reading frame (ORF) was amplified
using the forward oligonucleotide 5'-GATCTTAAGTCCAGCTCGAGAAAG
AC-3' containing an Msel site and the reverse oligonucleotide 5'-CTGAATTC
AGCAAGACAGCGGACGAC-3' containing an EcoRI site. The PCR product
was digested with Msel and EcoRI and cloned into the Ndel and EcoRI sites of
the FLAG fusion baculovirus transfer vector pSK277 (37) to create pTD22. For
the generation of recombinant baculovirus, Sf9 cells were infected with BacPak6
(BD Biosciences) and viral DNA was isolated, digested with Bsu361, and co-
transfected with pTD22 into Sf9 cells by use of Lipofectamine 2000 (Invitrogen).
After complete cytopathic effect was observed, infected cells were harvested,
freeze-thawed, and plated on Sf9 cells for the generation of individual plaques
under an agarose overlay. Recombinant virus lacking detectable LacZ expression
was plaque picked and confirmed for FL-VP22 expression by Western blotting
(data not shown). For the amino-terminal fusion to UL49, the GFP ORF was
amplified using the forward oligonucleotide 5'-CAGATCGATCCGCACGCGC
CCGACCCCACTCGCTCGCCATGGTGAGCAAGGGCGAG-3' containing a
Clal site and the reverse oligonucleotide 5'-TCACTCGAGCTGGACATTCCG
GACTTGTACAGCTCGTC-3" containing a Xhol site. The PCR product was
digested with Clal and Xhol and cloned into the complementary sites in pTD12,
resulting in pTD27 containing a fusion of GFP to the start codon of VP22. For
the carboxy-terminal fusion to UL49, the UL49 ORF was amplified using the
forward oligonucleotide 5'-TCCTGGCGGTGCTCGTCGTG-3' containing a
Clal site and the reverse oligonucleotide 5'-CATGTCGACGCTTTATACACT
TTTCCCTTCCGC-3' containing a Sall site. The PCR product was digested with
Clal and Sall and cloned into the complementary sites of pTD14 (17), resulting
in pKD1 containing a fusion of the penultimate codon of ULA49 to the start codon
of GFP. The plasmid GS397 contains the GFP ORF inserted between codons
two and three of the UL35 gene (62). The mRFP1 ORF was amplified using the
forward oligonucleotide 5'-GATCCATGGCCTCCTCCGAGGACGTCATC-3'
containing the Ncol site and the reverse oligonucleotide 5'-GTATGTACACG
CCGGTGGAGTGGCGGCCCTC-3' containing a BsrG1 site and cloned into
the complementary sites in pGS397. The resulting pTDS55 contains a fusion of
mRFP1 to the amino terminus of UL35, similar to a previously reported GFP-
UL35 fusion (62).

Linearized plasmid TD27, KD1 or TD55 DNA, and PRV Becker nucleocapsid
DNA were cotransfected as previously described (17) to generate PRV 178, 179,
and 180, respectively. The introduction of the fluorescent fusions into the viral
genome was confirmed by Southern blotting (data not shown). Virus strains
encoding dual fluorescent fusion proteins were constructed by coinfection of
PRV 178 or 179 with PRV 180, subsequently purified by screening dually fluo-
rescent plaques, and confirmed by Western blotting (Fig. 1A) to generate PRV
181 and 182.

Western blot analysis. Monolayers of PK15 cells were infected with the indi-
cated PRV strains at an MOI of 10. At 16 h postinfection, the cells were washed
with phosphate-buffered saline (PBS) and harvested in radioimmunoprecipita-
tion assay buffer (150 mM NaCl, 10 mM Tris [pH 7.4], 1% NP-40, 0.1% SDS,
0.5% sodium deoxycholate, 0.2 mM phenylmethylsulfonyl fluoride), and DNA
was sheared with a needle syringe.

Virus particles were purified from the pooled medium of 12 15-cm-diameter
dishes at 16 h postinfection. The medium was clarified of cell debris by centrif-
ugation at 1,000 X g for 10 min at 4°C and pelleted through 30% sucrose in PBS
at 100,000 X g (SW28 rotor) for 60 min at 4°C. The viral pellet was resuspended
in TNE buffer (150 mM NaCl, 50 mM Tris [pH 7.4], 0.01 M EDTA), layered onto
a 20 to 50% tartrate (dipotassium salt) linear gradient and centrifuged at 75,000
X g (SW41 rotor) for 16 h at 4°C. The heavy viral band was collected with a
needle syringe, diluted in PAE buffer (PBS plus 2 pg of aprotinin/ml plus 1 mM
EDTA, pH 8) and centrifuged at 75,000 X g (SW41 rotor) for 90 min at 4°C. The
resulting pellet was resuspended in PAE buffer and treated by sonication. All
protein samples were combined with sample buffer and separated on an SDS-
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FIG. 1. Expression and virion incorporation of fluorescent fusion
proteins. PK15 cells were either mock infected or infected with the
indicated PRV strains at an MOI of 10 for 16 h prior to preparation of
whole-cell lysates or purified extracellular virions (as indicated). West-
ern blot analysis was performed using monoclonal antibodies to gE,
GFP, and RFP (A) or polyclonal antibodies to gC, VP22, and RFP (B).
The migration positions of molecular mass markers are shown on the
left (in kilodaltons). Be, Becker strain.

12.5% polyacrylamide gel and transferred to nitrocellulose (Amersham-Pharma-
cia). Proteins were visualized by incubation of the nitrocellulose with primary
antibodies followed by incubation with horseradish peroxidase-conjugated sec-
ondary antibodies (Kierkegaard & Perry Laboratories, Inc.) and enhanced
chemiluminescence detection (Supersignal; Pierce).

Fluorescence-activated cell sorter (FACS) analysis. Monolayers of PK15 cells
were either mock infected or infected with the indicated strains at an MOI of 10.
At 6 h postinfection, cells were trypsinized briefly, washed once in PBS plus 3%
bovine serum albumin (BSA), and resuspended in PBS plus 3% BSA. Ten
thousand nonfixed cells were analyzed by flow cytometry (FACScan; Becton
Dickinson).

Infection and BFA treatment of neurons. Dissociated SCG neurons were
infected at a high MOI as previously reported (69), with the 0-h time point
designated as the time of virus inoculum addition and with subsequent removal
of the inoculum 1 h later. For BFA treatment, a final concentration of 1 or 2 pg
of BFA (1 mg/ml stock in ethanol; Sigma)/ml was added to the medium at the
indicated time. Newly prepared BFA was used since the efficacy of fungal toxin
addition was found to be reduced after storage at —20°C for more than 2 weeks.
For BFA recovery, the medium containing BFA was removed and cells were
washed once with medium and refed with medium lacking BFA from 12 until
18 h postinfection.

Confocal microscopy of virions and live infected neurons. For direct visual-
ization of incorporated fluorescent fusion proteins, extracellular virions were
banded on a linear tartrate gradient (see above), and the heavy virion band along
with a portion of the broader, light band was isolated with a needle syringe and
combined with an equal volume of glycerol. A volume of 2.5 pl of virions in 50%
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glycerol was spotted onto a glass slide and covered with a 22-mm? no. 1 coverslip
(Corning), and air pockets were removed by forcibly pressing and sliding curved
forceps across the coverslip to form a thin aqueous layer and then sealed with
nail polish. Preparation of fluorescent virions in this manner resulted in two
predominant planes of focus indicative of virion association with both glass slide
and coverslip surfaces. Prepared slides were stored at —20°C prior to imaging
with a 63X oil objective on a Zeiss LSM 510 microscope. Heavy particles were
identified by the presence of mRFP-VP26 signal and were used to establish
imaging parameters which allowed for capture of the broad range of GFP signal
emitted by light and heavy particles within the linear range of detection (above
background noise and below signal saturation).

Differentiated PC12 cells were infected with PRV 178 at a high MOI for
approximately 12 h. Dissociated SCG neurons were infected with PRV 181 at a
high MOI and treated with BFA when indicated (as described above). For the
duration of live imaging, cells were maintained in RPMI medium supplemented
with 25 mM HEPES (pH 7.4), 50 ng of NGF/ml, 1% horse serum, and 100 p.M
Trolox (Hoffmann-La Roche) (74) at 37°C under 5% CO, using a Delta T4 open
culture system (Bioptechs) on a Zeiss LSM 510 confocal microscope.

Quantitation and analysis of fluorescent virions. The Volocity 2 software
(Improvision, Inc.) was used to calculate the red and green sum emissions of
PRV 181 virions. Heavy and light particles were distinguished by the colocaliza-
tion of fluorescent red (capsid) and/or green (tegument) puncta (using the
“measure objects” and “colocalize” functions of Volocity 2). Each fluorescent
punctum identified by the software was manually confirmed and eliminated in
the rare occurrence of inclusion or overlap with other puncta or debris. Particles
were categorized as red alone, green alone, or green colocalized with red, and
200 extracellular virions per category were subsequently analyzed from three
different virion images. A similar method was employed in the detection of
fluorescent axonal puncta (beyond the initial segment) in a PRV 181-infected
neuron (see Fig. 4B), with 20 puncta per category analyzed. However, the state
of infection resulted in an increased background fluorescence for both red and
green detection. While the green background was significantly higher than the
red, both were measured, calculated as averages per axon area, and subtracted
from the axonal puncta in each category.

For histogram analysis of the GFP fluorescence of PRV 181 virions, the plot
starts at an emission of 5,000 arbitrary units (AU) with events placed into bins
with an increasing value of 35,000 AU (see Fig. 4C). The GFP intensity values of
heavy particles (see Fig. 4C) were divided by 25,954 to give a scaled histogram
(see Fig. 4D). For histogram analysis of the mRFP fluorescence, events were
placed into bins with an increasing value of 4,000 AU. The plotted values for
mRFP fluorescence include red puncta that both do and do not colocalize with
green signals above background. Unlike the fluorescence of red puncta, the
detection of green puncta is partially obscured because the green signal extends
into the range of background fluorescence. Since light particles that do not
exhibit detectable green signals cannot be identified here, the plotted values for
GFP puncta only include values above the green background, regardless of
whether they colocalize with red puncta (heavy particles) or not (light particles).

Indirect immunofluorescence. Dissociated SCG neurons were infected with
PRV 180 at a high MOI and treated with BFA when indicated (as described
above). Infected neurons were rinsed with PBS, fixed with 3.2% paraformalde-
hyde for 10 min at room temperature, rinsed with PBS again, and permeabilized
with PBS plus 3% BSA plus 0.1% saponin at room temperature for 10 min. Cells
were then incubated with primary antisera followed by incubation with Alexa-488
goat secondary antibodies (Molecular Probes) for 30 min in PBS plus 3% BSA
plus 0.1% saponin in the culture dish. Immunostaining was followed by mounting
in Aqua-Poly/Mount (Polysciences, Inc.) using an 18-mm-diameter round glass
coverslip (Fisher).

Ultrastructural analysis. PRV 179 virions were purified on a linear tartrate
gradient (5 to 20%) as described above. The heavy virion band was collected by
side puncture with a needle and used without further manipulation. Negative
staining was performed by applying a 6-pl drop of virus onto Formvar-coated
300-mesh copper grids (EM Sciences) for 5 min, excess liquid was blotted away,
and then a drop of 1% phosphotungstate (pH 6.3) was added for 2 min. Samples
were then examined by transmission electron microscopy (see below). Dissoci-
ated SCG neurons cultured on Aclar embedding film (Electron Microscopy
Sciences) were infected at a high MOI with or without treatment with 2 pg of
BFA/ml at 2 h postinfection as indicated above. At the appropriate time point,
infected neurons were washed twice with PBS, fixed with 2% glutaraldehyde in
0.2 M sodium cacodylate buffer (pH 7.2) for 2 to 3 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
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TABLE 1. Virus strains used in this study

Description

PRYV strain

Becker .. ..Wild type

..GFP-VP22%; green fluorescent tegument
VP22-GFP?; green fluorescent tegument
mRFP-VP26; red fluorescent capsid
GFP-VP22/mRFP-VP26; dual fluorescence

182 et VP22-GFP/mRFP-VP26; dual fluorescence

“ Fusion of GFP to the amino terminus of VP22.
® Fusion of GFP to the carboxy terminus of VP22.
¢ Fusion of mRFP1 to the carboxy terminus of VP26.

rinses with 0.05 M sodium maleate buffer (pH 5.1). Incubation with 2% uranyl
acetate in 0.05 M sodium maleate buffer was subsequently carried out overnight
in the dark followed by four rinses with 0.05 M sodium maleate buffer (pH 5.1).
Fixed monolayers were then dehydrated with ethyl alcohol, embedded in Epon
resin (Electron Microscopy Sciences), and cut into 70-um-diameter sections
using a Reichert Ultracut E ultramicrotome. Sections were examined using a Leo
912AB transmission electron microscope operated at 80 kV.

RESULTS

Transport of GFP-VP22 in the projections of living, NGF-
differentiated PC12 cells. Our initial motivation was to visual-
ize the transport of VP22, a PRV tegument component (17), in
the axons of infected neurons by using fluorescent fusion pro-
teins. In the process of constructing the appropriate viruses, we
discovered some curious features of fluorescent VP22 fusion
proteins that we analyzed in more detail and describe in this
report. It was known that the fusion of GFP to the amino
terminus of the HSV-1 VP22 homologue affected intracellular
localization (23, 35). Accordingly, we constructed viral recom-
binants that expressed either amino- or carboxy-terminal GFP
fusion proteins. PRV 178 carries a GFP fusion to the amino
terminus of VP22 (GFP-VP22), while PRV 179 carries a car-
boxy fusion to VP22 (VP22-GFP) (Table 1). Both are pre-
dicted to carry proteins of approximately 53 kDa; however,
Western blot analysis indicated that the GFP-VP22 fusion mi-
grated as multiple bands from approximately 58 to 62 kDa
(Fig. 1A). The VP22-GFP fusion exhibited an even broader
signal from 62 to 78 kDa (Fig. 1A). Purified virions incorpo-
rated a 58-kDa GFP-VP22 protein and a 62-kDa VP22-GFP
protein (Fig. 1B). The nature of the various forms of the VP22
fusion proteins remains to be determined.

The dissimilarity in migrating sizes of the different VP22
fluorescent fusion proteins prompted an investigation of fluo-
rescence emission intensity of each fusion protein. We infected
PK15 epithelial cells with different strains of PRV at high MOI
and analyzed subsequent GFP fluorescence by FACScan. PRV
Becker-infected cells developed an increase in background flu-
orescence relative to mock-infected cells (Fig. 2), as noted
previously for PRV-infected sensory neurons (62). At 6 h
postinfection, cells expressing the GFP-VP22 fusion (PRV
178) were approximately fourfold more fluorescent than cells
expressing VP22-GFP (PRV 179) (Fig. 2). The distribution of
fluorescence of PRV 178-infected cells was more symmetrical
than that of PRV 179-infected cells. Interestingly, VP22-GFP
expressed during PRV 179 infection was shown by Western
blotting to have a broader migrating size (Fig. 2) and a greater
heterogeneity of fluorescence than the GFP-VP22 fusion
(PRV 178). Because of the more uniform fluorescence, we
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FIG. 2. Flow cytometric analysis (FACS) scatter plot. The GFP-
VP22 fusion protein is brighter than the VP22-GFP fusion during
infection. PK15 cells were mock infected or infected with the indicated
virus strains at an MOI of 10 for 6 h and analyzed for GFP autofluo-
rescence by FACS analysis. Infection with PRV 178 expresses GFP
fused to the amino terminus of VP22 (GFP-VP22), while 179 expresses
GFP fused to the carboxy terminus of VP22 (VP22-GFP).

used PRV 178 in subsequent experiments to visualize GFP-
VP22 in living cells.

In our first imaging experiments, we used differentiated
PC12 cells, previously shown to be susceptible and permissive
for PRV infection (61). The PC12 cell line is derived from a rat
adrenal pheochromocytoma, and in response to NGF, differ-
entiates into neuronlike cells with characteristics of rat sympa-
thetic neurons (29). This inducible cell line provides a good
complement to the technically more demanding culture and
infection of primary neurons. NGF-differentiated PC12 cells
were infected with PRV 178 expressing GFP-VP22 for approx-
imately 12 h. Infected cells were easily identified by the pres-
ence of GFP signals in the cell body. The axonlike projections
from such cell bodies typically contained fluorescent puncta
exhibiting a wide range of fluorescence intensities (Fig. 3A).
When the same cultures were infected with PRV 179, we
observed similar puncta, but they were less intense than those
predicted from the FACS data above (data not shown).

These fluorescent puncta are capable of fast axonal trans-
port as shown in Fig. 3B. This image represents time-lapse
photography of an approximate 60-wm-wide section captured
from a PC12 projection late in infection (Fig. 3A, white box).
We illustrate four fluorescent puncta; one did not move (Fig.
3B, punctum 2), while three other structures, of differing flu-
orescent intensities, moved in the anterograde direction (away
from the cell body) (Fig. 3B, left to right). Each exhibited
different characteristics of movement with two moving steadily
for different distances over a 15-s time period (Fig. 3B, puncta
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1 and 3). These structures moved at rates of approximately 2.6
and 3.8 pm/s (puncta 1 and 3, respectively). Another punctum
appeared stalled at first but then began movement at an aver-
age rate of 2.0 wm/s over 9 s, including the initial pause, before
exiting the field of view (Fig. 3B, punctum 4).

The heterogeneous fluorescence of single PRV 181 particles.
Despite the fluorescence heterogeneity of individual GFP-
VP22 puncta, most were moving in axons at rates characteristic
of fast axonal transport. One hypothesis was that the variable
amounts of GFP-VP22 protein in the puncta arise from com-
positional differences between structures that contain a mature
capsid and those that do not. We therefore tagged capsids and
tegument with red and green fluorescent fusion proteins.
These dual-color experiments also enabled us to determine
whether capsid and tegument always moved as one unit in
axons or whether they could move as separate units. We began
this analysis by fusing mRFP to the amino terminus of the
capsid-associated protein VP26 (mRFP-VP26), as previously
described (62), to produce PRV 180. We next constructed virus
strains carrying both fluorescent tegument and capsid fusion
proteins by recombining PRV 178 or 179 with PRV 180; dou-
ble red and green recombinants were plaque purified to pro-
duce PRV 181 and 182, respectively (Table 1). The fluorescent
capsid fusion protein, mRFP-VP26, with a predicted size of 37
kDa, is observed as a 43-kDa protein in both infected cell
lysates and virions (Fig. 1). Single-step growth analysis re-
vealed that all recombinant virus strains exhibited growth sim-
ilar to the parental Becker strain (data not shown). Extracel-
lular virions purified and isolated by banding on a linear
tartrate gradient (5 to 20%) were predominantly monodis-
persed and intact when analyzed by electron microscopy (Fig.
4A, panel a), enabling single particle analysis. The fluorescence
profiles of single, extracellular PRV 181 virions were analyzed
to establish imaging parameters later used for analysis of du-
ally fluorescent puncta in axons (see Fig. 7). We were able to
distinguish, by the fluorescence emissions of PRV 181 virions,
infectious heavy particles (red, containing a capsid structure)
from noninfectious light particles (green only, viral envelopes
containing tegument, but no capsid structure). The GFP-VP22
and mRFP-VP26 fluorescence emissions of purified PRV 181
particles appeared as discrete puncta that were either exclu-
sively red or green or a combination of the two resulting in
various degrees of yellow (Fig. 4A, panel b). While the red
fluorescence was uniform (approximately 42 pixels in our im-
aging system), the green emission was remarkably more het-
erogeneous. For some puncta, the radii of fluorescence of
individual puncta exceeded 1 pm (Fig. 4A, panel d). Occasion-
ally, the red and green emissions appear to be juxtaposed or
only partially overlapping (Fig. 4A, panel ¢). PRV 182 (mRFP-
VP26 and VP22-GFP) virions also exhibited heterogeneous
fluorescent capsid and tegument emissions (data not shown),
demonstrating that the heterogeneity of single virions is inde-
pendent of the GFP fusion.

The capsid-associated protein VP26 associates with VPS5
hexons in the icosahedral structure, resulting in precisely 900
copies of VP26 per individual capsid (6, 71, 76). While the
precise number of mRFP-VP26 molecules incorporated into
each PRV virion is presently unknown, we did expect that each
capsid would contain a constant number of mRFP-VP26 mol-
ecules. Indeed, the mRFP-VP26 fluorescence profiles of indi-
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FIG. 3. Transport of GFP-VP22 structures in the axonlike projections of differentiated rat PC12 cells. PC12 cells differentiated with NGF were
infected with PRV 178 at an MOI of 10 for approximately 12 h prior to live-cell confocal microscopy in a heat-controlled environment. (A) The
cell bodies and projections were visualized by differential interference contrast microscopy while the GFP autofluorescence, indicative of infection,
was readily detectable by confocal microscopy. (B) A section of the projection (inset in panel A) was imaged by time-lapse microscopy. Several
GFP puncta of varying emission intensity are visible. The transport properties of these structures during the imaging sequence also varied; two were
moving (puncta 1 and 3), one was briefly stationary and then moved (punctum 4), and another remained stationary (punctum 2).

vidual capsids approximated a Gaussian distribution consistent
with this expectation (Fig. 4A, panel c). Conversely, the HSV-1
VP22 protein can be incorporated in variable amounts into
virions when the protein is overexpressed (45). The presence of
variable GFP emissions from GFP-VP22 in single PRV virions
extends these findings and suggests that for PRV, GFP-VP22 is
incorporated in variable amounts into particles even without
overexpression (Fig. 4A, panel d). For a more detailed inter-
pretation of the fluorescence profiles of single PRV 181 viri-
ons, we analyzed 200 individual heavy or light particles. Heavy
particles were identified by the presence of red fluorescent
puncta, while light particles were scored as emitting green
fluorescence but no detectable red fluorescence (see Materials
and Methods).

The quantitation of mRFP-VP26 puncta revealed a rela-
tively symmetrical distribution of red fluorescence intensity,
which was modeled by a Gaussian fit [x,.q = 1.47; df = 17,

red

P(x?) = 0.09] (Fig. 4B). The distribution of green fluorescence
from light particles exhibits a different form and is well mod-
eled by a single decaying exponential distribution [x%.q =
0.966; df = 14; P(x*) = 0.5] (Fig. 4C, top, fit). This functional
form cannot be used to describe the green fluorescence of
heavy particles [fit not shown; x%.q = 5.8; P(x?) < 0.001].
Instead, these particles fall into a peaked, right-skewed distri-
bution (Fig. 4C, bottom). This distribution resembles that ex-
pected for an intermediate in two sequential processes, but
attempts to fit this functional form also failed, with a x? .4
value of ~1.7 and a corresponding low probability. In addition,
the mean of the green fluorescence in the light particle distri-
bution (mean * standard error of the mean, 1.44 X 10° = 0.1
X 10° AU) is approximately twice that of the mean of the
green fluorescence in the heavy particle distribution (0.778 X
10° = 0.047 X 10° AU).

The GFP-VP22 fluorescence of heavy particles appeared to
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FIG. 4. Visualization and quantitation of single fluorescent virion particles. (A) (a) Extracellular virions banded on a linear tartrate gradient
(5 to 20%) are predominantly intact and monodispersed as demonstrated by electron microscopy of purified PRV 179 virions. (b) The fluorescence
emission of PRV 181 particles isolated by a similar method were predominantly punctate and nonoverlapping. A higher-magnification view (b,
inset) illustrates the heterogeneous fluorescence emission of the virus particles: the capsid fusion (c, red) is relatively constant, while the emission
of the fluorescent tegument fusion (d, green) varies considerably from particle to particle. Heavy particles from the gradient (containing capsid)
were identified by red fluorescence, while light particles (lacking capsid) were identified by the presence of green and the absence of red
fluorescence. (e) At times, the red and green emissions of heavy particles appear juxtaposed or only partially overlapping (arrowheads). (B to D)
Histogram plot of the green and red fluorescence emissions from 200 single heavy or light particles were quantitated. (B) The red fluorescence
histogram plot of heavy particles is modeled by a Gaussian curve [x*..q = 1.47; df = 17; P(x*) = 0.09]. (C) The green fluorescence histogram plot
of light particles was best fit by a decaying exponential (exp.) curve [Xgreen = 0.966; df = 14; P(x*) = 0.5] with a mean of 1.44 X 10° = 0.1 X 10°
AU (top, gray bars). However, the green fluorescence of heavy particles was not modeled well by this curve and exhibited a mean fluorescence of
0.778 X 10° = 0.047 X 10° AU, approximately half that of the mean of light particle distribution (bottom, white bars). (D) Rescaling of the green
fluorescence of heavy particles (shown in panel C) by a constant factor allowed for a Poisson curve fit [x* = 5.055; df = 6; P(x*) > 0.4]. See
Materials and Methods for more information on the distribution analysis. The fluorescence emissions of axonal puncta (the fluorescent equivalent
of 20 heavy or light particles in axons) from the infected neuron shown in Fig. 7B are overlaid on the histograms as black arrows (with one arrow
per axonal particle).
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FIG. 5. Time course of BFA treatment during infection. Dissociated rat SCG neurons were infected with PRV 180 at a high MOI for 15 h prior
to fixation and detection of gE localization by indirect immunofluorescence and mRFP-VP26 autofluorescence. Infected neurons were untreated
(A) or subjected to a concentration of 1 pg of BFA/ml from 12 (B), 9 (C), 6 (D), or 3 (E) h postinfection until the time of fixation. Examples of
nuclei of BFA-treated cells are indicated with hollow arrowheads (A to E). Cytoplasmic accumulations of fluorescent capsid are indicated with

arrows (B to E).

be better described by a Poisson distribution (Fig. 4C, bottom).
To test this idea, we rescaled the fluorescence intensities by a
constant factor (and assumed that the magnitude of the scaling
factor reflects the average size of a GFP-VP22 protein aggre-
gation). We investigated rescaling factors such that the mean
of the scaled distribution was between 1 and 5, in increments of
0.5. The best rescaling resulted in a scaled distribution with
approximate equal mean and variance (mean of 2.76 and vari-
ance of 3.06) as required for a Poisson distribution (Fig. 4D,
Poisson fit). Other rescalings led to larger differences between
mean and variance, as well as poorer Poisson fits (as deter-
mined from x?). For the rescaling chosen, the Poisson fit has an
(unreduced) x? value of 5.055, with a value for df of 6, which
corresponds to a value for P(x?) of >0.4. An interpretation of
this Poisson distribution analysis is presented in Discussion.
In summary, the virion fluorescence profiles of GFP-VP22
and mRFP-VP26 were modeled by different distribution
curves, with the former exhibiting broad and heterogeneous
distribution and the latter exhibiting homogeneous distribu-
tion. While light particles exhibited an overall increase in GFP-
VP22 fluorescence compared to heavy particles, a broad vari-
ability or heterogeneity of GFP-VP22 emissions was observed
regardless of the presence or absence of a capsid structure.
Axonal entry of fluorescent capsid and tegument structures
late in infection requires an intact secretory pathway. The
heterogeneous puncta containing GFP-VP22 were actively
moving in the projections of differentiated PC12 cells (Fig.
3B). While heavy and light extracellular particles exhibited
varied GFP-VP22 composition, we still did not know whether
the variable GFP-VP22 puncta observed in axonal projections
were associated with capsids. Initial experiments in differenti-
ated PC12 cells infected with the dually fluorescent PRV 181
demonstrated that GFP-VP22 puncta varied in fluorescence
intensity, whether colocalized with a red mRFP signal (capsid)
or not. These heterogeneous GFP-VP22 puncta also moved in

the anterograde direction late in infection (data not shown).
Furthermore, the distinct red, green, and yellow puncta in
PRV 181-infected PC12 projections were reminiscent of the
heterogeneous fluorescence of purified PRV 181 extracellular
virions (data not shown). This finding raised the possibility that
enveloped structures, similar to mature virions, enter axons
late in infection.

We attempted to determine whether an envelopment step
was necessary for the assembly and targeting of fluorescent
capsid and tegument structures to the axonal compartment.
We utilized BFA, a fungal toxin that blocks movement of
vesicles from the endoplasmic reticulum to the cis Golgi com-
partment and is known to block herpesvirus maturation and
secretion (28, 32, 46, 57, 72). In the first control experiments,
we determined the effects of BFA at various times after infec-
tion in dissociated, cultured SCG neurons. We infected these
primary neurons with PRV 180 (expressing mRFP-VP26) to
ensure that BFA treatment did not inhibit capsid assembly in
the nucleus. To determine the effects of BFA on viral envel-
opment, we also visualized the steady-state localization of the
PRYV envelope protein gE, which is predominantly localized to
membranes of the endoplasmic reticulum and Golgi apparatus
(67, 68). Trafficking of gE through these organelles precedes its
axonal localization. Examination of the gE protein in fixed cells
at 15 h postinfection by immunofluorescence revealed a retic-
ular staining pattern throughout the cell body and abundant
axonal localization in the absence of BFA treatment (Fig. 5A).
A time course of treatment with 1 pg of BFA/ml added at 3, 6,
9, or 12 h postinfection disrupted gE localization in a fashion
directly related to the duration of BFA exposure. While the
addition of BFA at 3 h postinfection essentially prevented
localization of gE to axons (Fig. 5SE), when BFA was added at
6 or 9 h, entry into axons was only partially blocked (Fig. 5C
and D). When BFA was added at 12 h postinfection, it was
difficult to discern any effect on gE axonal localization, but a
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FIG. 6. Prolonged BFA treatment results in cytoplasmic accumulations of the fluorescent capsid fusion protein and disruption of the secretory
pathway. Dissociated rat SCG neurons were infected with PRV 180 at a high MOI followed by incubation for 12 h (A to C) or treatment with 2
pg of BFA/ml from 2 to 12 h postinfection (D to F) prior to fixation. Autofluorescence of the mRFP-VP26 fusion (red) and indirect immuno-
fluorescence of gE (A and D), TGN38 (B and E), or Mannosidase II (green) (C and F) is shown. Axons containing fluorescent signals are indicated
with solid arrowheads (A to C), while examples of nuclei of BFA-treated cells are indicated with hollow arrowheads (D to F). Cytoplasmic
accumulations of fluorescent capsid and tegument are indicated with arrows (D to F). For each sample, a region of clustered neuronal cell bodies

(white box) is shown at higher magnification.

partial disruption of gE in reticular structures in the cell body
was obvious (Fig. 5B). The effects of BFA on the gE steady-
state localization were most evident when the fungal toxin was
added at 9 h postinfection or earlier (Fig. 5C to E). We also
monitored mRFP-VP26 fluorescence in these cells and found
that its nuclear localization was not perturbed following BFA
treatment. However, we also noted a distinctive accumulation
of red fluorescence in the cytoplasm, even when BFA was
added as late as 12 h postinfection (Fig. 5B). These red cyto-
plasmic accumulations were more intense when BFA was
added at 3 h postinfection (Fig. SE), and they varied in inten-
sity and size when BFA was added for shorter durations. Treat-
ment with 2 ug of BFA/ml from 2 to 12 h postinfection pro-
vided the most consistent and reproducible block in axonal
targeting of gE and accumulation of mRFP-VP26 signal in the
cell body (Fig. 6D to F).

The effects of treatment with 2 pg of BFA/ml on the neu-
ronal secretory pathway were monitored by the steady-state
localization of several viral and cellular markers. In non-BFA-
treated neurons infected with PRV 180 (mRFP-VP26), immu-
nostaining of gE at 12 h postinfection reveals perinuclear lo-
calization, clearly surrounding the abundant mRFP-VP26

signal in the nucleus, and a reticular staining pattern through-
out the cell body (Fig. 6A). mRFP-VP26 red fluorescence is
visible in axons as discrete, uniform puncta. gE is also evident
in axons as distinct but more heterogeneous puncta (Fig. 6A).
The ManlI and TGN38 proteins are residents of the cis-medial
Golgi and frans Golgi complexes, respectively (3, 8, 49). Both
manll and TGN38 appear in reticular structures in the cell
body during infection, but these structures do not completely
surround the nucleus as observed for gE (Fig. 6B and C).
Notably, manlI and TGN38 invariably localize to one side of
the nucleus and are not found at any detectable level in axons
even late in infection (Fig. 6B and C).

BFA treatment markedly reduced the number of mRFP-
VP26 fluorescent puncta in PRV 180-infected axons (Fig. 6D
to F and data not shown). The localization of mRFP-VP26 in
the nucleus is at times marginated and different from that
observed in untreated cells (Fig. 6D to F). Accumulations of
mRFP-VP26 signal in the cell body in structures near the
nucleus are readily discernible (Fig. 6D to F; note that accu-
mulations appear larger than those shown in Fig. 5 due to a
larger focal plane). The reticular appearance of gE, TGN38,
and manlI is lost following BFA treatment and is replaced by
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a perinuclear accumulation (10, 58) (Fig. 6E to F). The 6-h
BFA recovery period (Fig. 7E to F) is sufficient to reverse the
perinuclear distribution and partially restore the reticular lo-
calization of manIl and TGN38 (data not shown).

We next assessed neurons infected with PRV 181 (GFP-
VP22 and mRFP-VP26) with and without BFA treatment.
Dissociated rat embryonic SCG neurons were cultured and
infected with PRV 181 as described in Materials and Methods.
At 12 h postinfection, live, infected neurons were imaged by
confocal microscopy as described for the imaging of purified
extracellular virions (Fig. 7A). Two focal planes were captured
per neuron: one through the nucleus of the neuron, which lies
above the plane of the axons, and the other through the axons,
which lie directly on the surface of the support. The nuclei of
infected cell bodies appeared yellow, indicative of colocaliza-
tion of GFP-VP22 (tegument) and mRFP-VP26 (capsid) (Fig.
7A). Distinct green and red as well as yellow fluorescent
patches and puncta could be seen in the cytoplasm. In the
axonal plane, individual red, green, and yellow puncta were
clearly observed in the cell body and initial axon segment as
well as along the extent of individual axons (Fig. 7B, inset),
supporting our findings for PC12 cells (data not shown). Sim-
ilar localization and heterogeneity of fluorescent tegument sig-
nals were observed after PRV 182 infections (GFP-VP22/
mRFP-VP26-expressing virus) (data not shown). In some
instances, the punctate red and green emissions in axons ap-
peared juxtaposed or partially overlapping as observed with
purified extracellular PRV 181 particles (Fig. 7B). As infection
proceeds, background green autofluorescence (not related to
GFP expression [Fig. 2]) increases, which makes it difficult to
discern these partially overlapping puncta.

The similarity in heterogeneity of PRV 181 extracellular
virions and intra-axonal particles led us to evaluate their fluo-
rescence by a quantitative method. We quantitated the total
fluorescence emissions of 20 red puncta, green puncta alone,
or green puncta colocalized with red puncta from the infected
axon shown in Fig. 7B. The values for GFP emission matched
those plotted for purified, extracellular PRV 181 virions (Fig.
4B and C). The axonal mRFP emission values also matched
those observed for extracellular virions, with the exception of a
slight shift to brighter emissions for axonal puncta relative to
the extracellular peak. The shift may reflect the small sampling
size or an inability to discriminate dimmer signals near the
background found in infected cells.

We next determined whether BFA treatment would have a
differential effect on axonal localization of GFP-VP22 and
mRFP-VP26. BFA treatment had no effect on the synthesis
and colocalization of fluorescent tegument and capsid protein
to the nucleus during infection with PRV 181 (Fig. 7C). How-
ever, BFA treatment did induce the accumulation of colocal-
ized fluorescent capsid and tegument protein near the nucleus
(Fig. 7C). Notably, individual red, green, and yellow puncta
could be seen clearly in the axonal compartment following
BFA treatment, but the number of fluorescent puncta was
drastically reduced (Fig. 7D). The BFA effect was reversible
following the subsequent withdrawal of BFA for 6 h (Fig. 7E),
in that the distribution of red and green fluorescence was
similar to that observed in a non-BFA-treated sample (Fig. 7B
and F).

J. VIROL.

Ultrastructural analysis of axons reveals enveloped parti-
cles late in infection. The BFA-induced accumulation of fluo-
rescent GFP-VP22 and mRFP-VP26 signals in the cell body
coincided with a severe reduction of red and green fluores-
cence in axons (Fig. 7B). By fluorescence, the virus structures
excluded from the axonal compartment concentrated to one
side of the nucleus. We investigated the ultrastructure of this
BFA-induced accumulation in an attempt to gain insight into
the mechanisms of virus assembly that precede axonal entry.
Dissociated neurons were infected with PRV 180 as before and
fixed for analysis at approximately 12 h postinfection. Envel-
oped particles could be observed within membrane cisternae,
reminiscent of the Golgi complex, at a plane through the nu-
cleus (Fig. 8A). These particles consist of capsid structures
surrounded by a space that is not electron dense and most
likely represent enveloped herpes particles, after secondary
envelopment, previously reported in infected cells (11, 15, 50,
51, 72). Cytoplasmic capsids with no envelope were rare at this
time postinfection (data not shown). In the electron micro-
scope, the long-term treatment of PRV 180-infected neurons
with BFA (Fig. 5 and 6) abolished membrane stacks in the cell
body and revealed patches of unenveloped capsids (Fig. 7B).
Notably, sections of membrane vesicles or tubes were always
found among the aggregations of unenveloped capsids (Fig.
8B, inset). Nuclear arrays of capsid structures were still readily
evident in the BFA-treated infected neurons (data not shown).
This effect of BFA was reversible following its removal (Fig.
8C).

Numerous capsids in vesicles reminiscent of enveloped par-
ticles seen in the cell body were easily observed in sections
below the nucleus, in the axonal plane. These structures were
readily observed in the axon hillock and initial segment of the
axonal compartment identified by organized microtubules
(Fig. 9A). In contrast, following BFA treatment, vesicles and
structures of this type were never seen in or near axons (Fig. 9B
and data not shown). On rare occasions, unenveloped struc-
tures, possibly capsids, could be observed in BFA-treated ax-
ons (Fig. 9B).

DISCUSSION

Heterogeneity of GFP-VP22, but not mRFP-VP26, in puri-
fied light and heavy particles. Individual purified heavy and
light particles of PRV 181 exhibit remarkable heterogeneity or
variation in the distribution of tegument but not capsid fluo-
rescence (Fig. 4B and C). In general, the distribution of
mRFP-VP26 fluorescence in heavy virions is symmetrical and
Gaussian in form, while the distribution of GFP-VP22 fluores-
cence is asymmetrical. Interestingly, the distribution of GFP-
VP22 in heavy and light particles is not identical. The form of
the different fluorescent distributions provides some insight
into the mechanisms of assembly of these hybrid proteins into
particles.

We assume that the amount of fluorescence emitted from a
given particle reflects the amount of GFP-VP22 incorporated
in that particle. The mean fluorescence of the light particle
distribution (mean = standard error of the mean, 1.44 X 10° =
0.1 X 10° AU) was approximately twice that of the mean of the
heavy particle distribution (0.778 X 10° = 0.047 X 10° AU).
This statistically significant difference indicates that more
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FIG. 7. Prolonged BFA treatment dramatically reduces the axonal
entry of fluorescent capsid and tegument puncta. Dissociated rat SCG
neurons were infected with PRV 181 at a high MOI and then subjected to
incubation for 12 h (A and B), treatment with 2 pg of BFA/ml from 2 to
12 h postinfection (C and D), or treatment with BFA as before with
recovery from 12 to 18 h postinfection (E and F) prior to detection of
autofluorescence by confocal microscopy. Two planes of focus are shown:
through the center of the nucleus, above axons (A, C, and E), or below the
center of the cell body, through axons (B, D, and F). A region of axon
containing fluorescent puncta (white box) is shown at a higher magnifi-
cation (inset, lower left) (B, D, and F), while a cytoplasmic accumulation
of fluorescent capsid and tegument is indicated with an arrow (C).
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GFP-VP22 is incorporated into light particles. Second, the
shapes of the distributions are different. The distribution of
green fluorescence from light particles is well modeled by a
single decaying exponential distribution (Fig. 4C, top). How-
ever, such a functional form cannot be used to describe the
green emission of heavy particles (Fig. 4C, bottom).

Heavy-particle GFP-VP22 fluorescence was better described
by a Poisson distribution, which results when a small number of
independent processes contribute to the observed result. The
shape of the Poisson distribution (i.e., the probability of ob-
serving one versus two versus three events) depends on the
mean number of independent events. In this case, the x axis
represents the measured fluorescence in arbitrary units and
reflects the incorporation of many GFP-VP22 molecules. If
many GFP-VP22 molecules were added independently, a
Gaussian distribution would result. Instead, the observed Pois-
son distribution suggests that assembly of GFP-VP22 into viri-
ons involves collections of GFP-VP22 added in one step, e.g.,
aggregation of a “patch” of GFP-VP22 molecules on the mem-
brane, with the entire patch attached to the capsid as a single
fluorescence unit. The Poisson process reflects the number of
independent patches incorporated.

To test this idea, we rescaled the fluorescence intensities by
a constant factor (the magnitude reflects the average size of
the GFP-VP22 protein aggregation). For the rescaling chosen,
the Poisson fit has an (unreduced) x? value of 5.055, with a df
value of 6, which corresponds to a value for P(x?) of >0.4. This
means that more than 40% of the time random variation alone
would give such a difference, so the Poisson functional form is
a reasonable model for the observed experimental data. Mod-
eling GFP-VP22 assembly into heavy particles as a Poisson
process thus suggests that on average, approximately three
independent aggregates of GFP-VP22 are added to any given
capsid, though as many as six could be expected (Fig. 4D).
While other processes involving the capsid acting as a scaffold
to direct incorporation and control the amount of VP22 added
could in principle result in similar distributions, the strength of
the Poisson model is that it can be tested experimentally. The
model is also consistent with other studies suggesting that
increased VP22 expression leads to increased incorporation of
VP22 into the virion (45), as more expression would lead to
more patches available for incorporation.

As noted above, the distribution of GFP-VP22 in light par-
ticles is best fit by a single decaying exponential distribution
rather than a Poisson distribution. The process of GFP-VP22
assembly into light particles must therefore differ from the
process producing heavy particles. One possibility is that the
distribution of fluorescence reflects the size of a single GFP-
VP22 aggregation. The amount of observed fluorescence re-
flects the size of the aggregate captured by a budding light
particle. PRV 181 light particles are enriched for many small
aggregates of GFP-VP22 (a large number of counts with low
fluorescence [Fig. 4C, top]), a distribution largely absent in
heavy particles. These data are consistent with a model in
which the capsid interacts with several (about three) aggre-
gates of GFP-VP22 and serves as a nidus of assembly, limiting
the number of aggregates that assemble around the capsid. If
an aggregate becomes too large, further addition will be im-
possible. In contrast, light particles have no capsid, so only a
single aggregate can be incorporated, though the incorporated



FIG. 8. Ultrastructure of the BFA-induced accumulation of virus structures in the cytoplasm of infected neurons. Dissociated rat SCG neurons
were infected with PRV 180 at a high MOI followed by incubation for 12 h (A), treatment with 2 pg of BFA/ml from 2 to 12 h postinfection (B) or
treatment with BFA as before with recovery from 12 to 18 h postinfection (C) prior to fixation and processing for transmission electron microscopy.
For each sample, a region of the neuronal cell body (left, white box) is shown at a higher magnification (right). N indicates the nucleus.
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FIG. 9. Enveloped virus particles are restricted from axons following the BFA treatment of infected neurons. Dissociated rat SCG neurons were
infected with PRV 180 at a high MOI followed by incubation for 12 h (A) or treatment with 2 pg of BFA/ml from 2 to 12 h postinfection (B) prior
to fixation and processing for transmission electron microscopy. A proximal region (A) or more distal region (B) of the axonal projection (left,

white box) is shown at a higher magnification (right).

aggregate can be of a larger size than those added to capsids.
Our analyses suggest a dynamic interplay between assemblies
of GFP-VP22 and the capsid in which the capsid influences the
incorporation of GFP-VP22 in functional aggregates of mod-
erate size. The absence of these interactions in light particle
formation may account for the observably different incorpora-
tion of GFP-VP22.

As a control of our experimental protocols, we examined the
mRFP-VP26 fluorescence emitted by PRV 181 virions. Previ-
ously, the fluorescence plot of a GFP-VP26 fusion protein in
purified nucleocapsids resembled a Gaussian distribution (62).

The mRFP-VP26 distribution in purified heavy particles was
also Gaussian [x?,.q = 1.47; df = 17; P(x*) = 0.09] (Fig. 4B).
This finding suggests that either fusion protein (GFP-VP22 or
mRFP-VP26) is incorporated within a narrow range of copy
number per single virion structure and is consistent with its
incorporation into the regular-shaped, icosahedral capsid
structure.

The heterogeneity in virus particles containing both a fluo-
rescent capsid and a tegument fusion protein is noteworthy and
provides some insight into mechanisms of particle assembly.
Occasionally we observed fluorescent tegument puncta juxta-



3916 DEL RIO ET AL.

posed to fluorescent capsid puncta in the axonal compartment,
reminiscent of the asymmetrical tegument described by
Grunewald et al. (Fig. 7B, inset). However, we cannot rule out
the close apposition of two separate red and green fluorescent
structures. While the fluorescence of the capsid fusion (mRFP-
VP26) was fairly homogeneous, that of the tegument fusion
(GFP-VP22) was heterogeneous (Fig. 4). This heterogeneity is
not restricted to the GFP-VP22 PRV recombinants. Prelimi-
nary data showed that the fluorescence of a GFP fusion to the
viral gM incorporated in single virus particles was more het-
erogeneous than that of the capsid fusion (data not shown).
Further work is necessary to extend these studies, but by using
combinations of fluorescently tagged virion proteins, it should
be possible to determine the extent of heterogeneity in single-
particle protein composition.

Axonal entry and transport of fluorescent capsid and tegu-
ment structures following replication. Using time-lapse mi-
croscopy, we demonstrated that the heterogeneous GFP-VP22
structures observed in axons were actively transported in dif-
ferentiated PC12 cells. These differentiated cells are similar to
primary sympathetic neuron cultures (29). GFP-VP22 puncta
of different fluorescent intensities moved in saltatory runs at
rates similar to those previously reported for the fast axonal
anterograde transport of viral structures (34, 62). In the
present experiment, it was not possible to determine whether
these moving puncta were associated with capsid structures.
PRV 181, a recombinant strain that expresses both GFP-VP22
and mRFP-VP26, provided a tool to make this determination.
Both GFP-VP22 and mRFP-VP26 localize to the cytoplasmic
and axonal compartments of cultured primary infected neu-
rons by 12 h postinfection (Fig. 7B). However, the GFP-VP22
puncta in axons often were distinct and not associated with the
mRFP-VP26 signal (Fig. 7B). In addition, mRFP-VP26 puncta
were found in axons with and without the association of de-
tectable amounts of the GFP-VP22 fusion. It is likely that
tegument structures containing undetectable amounts of GFP-
VP22 also enter the axons of infected neurons. At present, we
have not determined the limits of detection of GFP-VP22 by
confocal microscopy. Similar to purified virions, puncta of the
red fluorescent capsid fusion protein (mRFP-VP26) in axons
were uniform in fluorescence (Fig. 4 and 7), while the GFP-
VP22 signal in axons was far more heterogeneous (Fig. 3B and
7). We have preliminary time-lapse data demonstrating that
both mRFP-VP26 and GFP-VP22 structures move in axons
separately and together, seemingly independent of the inten-
sity of GFP-VP22 (data not shown).

Given that the heterogeneity observed in mature virions
must arise during the process of assembly, it may be that
similar structures are also moved into axons for long-distance
transport. Indeed, the fluorescence of individual puncta in
axons exhibits a distribution similar to that of purified extra-
cellular virions (Fig. 4). An important question concerns the
composition of structures destined for axons. They may be
assembly intermediates preceding secondary envelopment or
mature virions. Some evidence supports the hypothesis that
partially assembled virion components, rather than mature or
fully assembled virions, enter and move along the axonal com-
partment. These virion subassemblies comprise collections of
mature viral glycoproteins separated from the capsid structure
(34, 44, 53, 56, 69). Consistent with this hypothesis, the treat-
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ment of infected neurons with the secretory pathway inhibitor,
BFA, did not inhibit entry of HSV-1 capsid antigen into the
axonal compartment during infection (53). An important con-
sideration comes from studies of nonneuronal cells. Here, the
final stages of virion assembly involves a tightly coupled inter-
action of capsids, select tegument proteins, and mature mem-
brane proteins in the process of secondary envelopment (re-
viewed in reference 52). How these highly interactive events
could be uncoupled in neurons prior to targeting to the axonal
compartment remains an open question.

In rat SCG neurons infected with PRV 181, the addition of
BFA at 2 h postinfection, a time prior to viral late gene ex-
pression, had little effect on viral protein synthesis in the cell
body but severely reduced axonal entry of fluorescent capsid
and tegument puncta, regardless of whether they were together
or separate (Fig. 7D). The BFA block was not complete, and a
small fraction of capsid and tegument structures were still
visible in axons. At present, we are unable to say whether these
remaining structures originate from entry or egress events dur-
ing infection. Our observation that BFA treatment blocks ax-
onal entry of PRV capsid structures contrasts with previous
reports for HSV-1 (53, 54). In our hands, a short 3-h treatment
resulted in a detectable accumulation of fluorescent capsid
signal in the cell body (Fig. 5B). Given the high degree of gene
conservation between HSV-1 and PRV (52), it seems likely
that both alphaherpesviruses would utilize similar mechanisms
for axonal entry and transport. Therefore, the difference may
reflect the experimental conditions. One idea is that axonal
entry of glycoproteins and tegument can be blocked by con-
centrations of BFA that are not sufficient to inhibit entry of
capsid structures. Another possibility is that HSV-1 infections
of the human dorsal root ganglion cultures and the PRV in-
fections of rat SCG neuron display differential sensitivity to
BFA (14, 53).

Our BFA analysis implicates the secretory pathway in the
axonal entry of both capsid and tegument structures. BFA
treatment results in the relocalization of TGN38 to immuno-
reactive vesicles throughout the neuronal cytoplasm (48). We
observed a similar disruption of the reticular localization of
TGN38 following BFA treatment (Fig. 6E) as well as an accu-
mulation of vesicles around capsids in the cytoplasm of treated,
infected neurons (Fig. 8B). It may be that interactions between
tegument-capsid structures and Golgi membranes are main-
tained despite the disruption of Golgi membrane stacks by
BFA treatment. It will be important to identify the cellular
components of these BFA-induced vesicles. We were con-
cerned that the use of long-term BFA treatment may affect cell
viability and therefore indirectly disrupt axonal transport of
viral proteins. However, we eliminated the concern of irrevers-
ible effects by demonstrating that the phenotype of BFA-
treated neurons is reversible (Fig. 7E and F). Importantly, data
from electron microscopy revealed an abundance of enveloped
capsids in axons (Fig. 9A) and a lack of enveloped capsids in
axons following BFA treatment (Fig. 9B). Taken together, our
data demonstrate that the majority of capsid, and possibly
tegument, structures enter the axon late in infection within the
lumen of a vesicle. This suggests that the absence of this mem-
brane during capsid entry, and its presence during egress, pro-
vides the preferential interaction with different classes of mo-
tors that regulates directional transport in axons. However,
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since our BFA treatment does not completely prevent the
axonal localization of fluorescent capsid and tegument puncta,
a small population of unenveloped particles may still enter
axons under these conditions (Fig. 7B). Furthermore, our ul-
trastructure analysis does not include all planes and sections of
infected neurons and may not be sensitive enough to resolve
the axonal entry of a small percentage of unenveloped capsids.
We have also noted an absence of colocalization with the
synaptic vesicle markers SV2 and VAMP2 (data not shown).
Therefore, although our data support a model in which many
capsid and tegument structures enter axons in vesicles late in
infection, we cannot exclude the possibility that a population of
unenveloped capsid and tegument structures also enters the
axon compartment.

Indirect immunofluorescence studies and direct fluores-
cence of fusion proteins have demonstrated a marked hetero-
geneity of virus assemblies, including a partial colocalization of
capsid structures with viral membrane proteins and select teg-
ument proteins (62, 69; our unpublished observations). It is
difficult to reconcile such observations with a model in which
mature virions in transport vesicles are moved solely in axons.
We speculate that more viral proteins enter axons than are
found in assembling virions. For example, viral membrane
proteins are found in the axonal plasma membrane (our un-
published observations and Ch’'ng and Enquist, unpublished).
This finding suggests that select viral components can enter
axons independent of virion maturation. Accordingly, it is dif-
ficult with the imaging technology used in this report to dis-
tinguish virion components that enter as assembly intermedi-
ates from those that enter as independent units (not in virus
assemblies). We must still entertain two possibilities: a sub-
population of assembled capsid structures may enter axons
within a Golgi complex-derived vesicle lacking integral viral
proteins, while viral membrane proteins and membrane-asso-
ciated tegument proteins enter axons independently. Alterna-
tively, a subpopulation of capsids and tegument might reside in
mature virions transported in vesicles. PRV VP22 is reported
to interact with the viral glycoproteins E and M (27). It would
be interesting to know whether GFP-VP22 is always associated
with gE and gM in axons. At present, it is unknown whether
tegument structures not associated with capsids enter the ax-
onal compartment within a membrane vesicle. Similarly, it is
not known whether light particles (viral membrane proteins
and tegument but no capsid) enter axons, although we often
observed bright GFP-VP22 puncta with no detectable red
mRFP-VP26 signal in axons. The origin and constituents of the
membrane surrounding capsids shown by ultrastructure anal-
ysis (Fig. 9A) are under investigation.

The heterogeneity of fluorescent virus particles. As we have
discussed, the heterogeneity of GFP-VP22 in virus particles
provides some insight into mechanisms of particle assembly.
Approximately 33 different virus-borne structural proteins
comprise the mature PRV particle, with about 12 previously
demonstrated to reside in the envelope and another 12 in the
tegument layer (36). If our findings with fluorescent fusion
proteins reflect assembly events for wild-type virions, it may be
that no two mature virus particles are identical in composition.
The biological significance of such heterogeneity remains to be
determined. Perhaps this variability provides more opportuni-
ties for escape from innate and immune defenses. In addition,
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one subpopulation of virus particles may have a propensity for
the productive infection of one cell type or organism versus
another. As the heterogeneity of fluorescent tegument fusion
proteins was also observed in axons late in infection, it may
also be that no two virus assemblies in axons are identical. The
effects of this putative heterogeneity on transneuronal spread
of PRV in the nervous system remains to be explained. Finally,
single-virus-particle imaging requires that proteins be altered
with fluorescent tags. A caveat in these analyses, therefore, is
that we are unable to visualize the wild-type proteins. Never-
theless, imaging technology provides new insights into the gen-
eral problem of virion assembly and transmission of infection.
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