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ABSTRACT The features of herpes simplex virus 1 (HSV-1) strain 129 (H129), includ-
ing natural neurotropism and anterograde transneuronal trafficking, make it a poten-
tial tool for anterograde neural circuitry tracing. Recently anterograde polysynaptic
and monosynaptic tracers were developed from H129 and have been applied for the
identification of novel connections and functions of different neural circuitries. How-
ever, how H129 viral particles are transported in neurons, especially those of the
central nervous system, remains unclear. In this study, we constructed recombinant
H129 variants with mCherry-labeled capsids and/or green fluorescent protein (GFP)-
labeled envelopes and infected the cortical neurons to study axonal transport of
H129 viral particles. We found that different types of viral particles were unevenly
distributed in the nucleus, cytoplasm of the cell body, and axon. Most H129 progeny
particles were unenveloped capsids and were transported as capsids rather than viri-
ons in the axon. Notably, capsids acquired envelopes at axonal varicosities and ter-

minals where the sites forming synapses are connected with other neurons. More- Citation Dong X, Zhou J, Qin H-8, Xin 8, Huang
. . . s . Z-L, Li Y-Y, Xu X-M, Zhao F, Zhao C-J, Liu J-,

over, viral capsids moved more frequently in the anterograde direction in axons, with an Luo M-H, Zeng W-8. 2020, Anterograde viral

average velocity of 0.62 + 0.18 um/s and maximal velocity of 1.80 = 0.15 um/s. We also tracer herpes simplex virus 1 strain H129

provided evidence that axonal transport of capsids requires the kinesin-1 molecular mo- s el o eappeih i et

tor. These findings support that H129-derived tracers map the neural circuit antero- Tiﬁgiﬁ;m_ https://doi.org/10.1128/

gradely and possibly transsynaptically. These data will guide future modifications and JV1.01957-19.

improvements of H129-based anterograde viral tracers. Editor Rozanne M. Sandri-Goldin, University of

California, Irvine

IMPORTANCE Anterograde transneuronal tracers derived from herpes simplex virus Copyright © 2020 American Society for

1 (HSV-1) strain 129 (H129) are important tools for mapping neural circuit anatomic Microbiology. All Rights Reserved.

and functional connections. It is, therefore, critical to elucidate the transport pattern Address correspondence to JiazJia Liu,

of H129 within neurons and between neurons. We constructed recombinant H129 ggigiigjﬁ{gii:'_OrwenfBo 4

variants with genetically encoded fluorescence-labeled capsid protein and/or glyco- Received 20 November 2019

protein to visualize viral particle movement in neurons. Both electron microscopy Accepted 13 January 2020

and light microscopy data show that H129 capsids and envelopes move sepa- ?‘Cepte;);;a“”“”"t posted online 22

rately, and notably, capsids are enveloped at axonal varicosity and terminals, Pa|j;|?;|y1ed31 March 2020

which are the sites forming synapses to connect with other neurons. Superreso-
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Dong et al.

lution microscopy-based colocalization analysis and inhibition of H129 particle
movement by inhibitors of molecular motors support that kinesin-1 contributes
to the anterograde transport of capsids. These results shed light into the mecha-
nisms for anterograde transport of H129-derived tracer in axons and transmis-
sion between neurons via synapses, explaining the anterograde labeling of neu-
ral circuits by H129-derived tracers.

KEYWORDS HSV-1 strain H129, anterograde transneuronal tracer, cortical neuron,
axonal transport, capsids, virions, anterograde movement, retrograde movement,
kinesin-1, dynein

erpes simplex virus 1 (HSV-1) is a human neurotropic and neuroinvasive pathogen

which belongs to the alphaherpesvirus subfamily. HSV-1 traffics as a fully envel-
oped capsid (i.e., virions, the “married model”) or capsid alone (the “separate model”)
in the axon, and the dominant model varies with different HSV-1 strain infections of
different neuron types or cell lines (1-6). HSV-1 strains vary in their virulence (7),
which is probably due to base substitutions leading to amino acid or cis-regulatory
changes (8-12). Most strains of HSV-1 spread primarily in the retrograde direction,
i.e., from the neuronal soma to dendrites, while HSV-1 strain H129 (H129) moves
primarily anterogradely from the soma to the distal axons (13). Subsequent studies
have confirmed the preferential anterograde transport of strain H129 (14-18).
H129-derived anterograde transneuronal tracers (19) are mostly applied to studies
of the connectivity of central nervous system (16-18). Therefore, further study of
H129 axonal transport in cortical neurons is crucial for accurate interpretation of
neural circuit mapping results.

HSV-1 capsids exposing the inner tequment but not a naked capsid could associate
simultaneously with multiple motor types in vitro (20). It has not been documented yet
which motor protein(s) drives anterograde transport of H129 particles in axons. Kinesins
and dynein are microtubule-based molecular motors responsible for the plus end-
directed and minus end-directed movement of various intracellular cargoes, respec-
tively (21, 22). In neurons, organelles are usually observed to move outward from the
cell body in a “fast” transport manner with speeds of up to ~1 um/s, while cytoskeletal
proteins and some soluble proteins are delivered via a “slow” transport manner at
speeds of <0.1 um/s (20). Motors of the kinesin-1, kinesin-2, and kinesin-3 subfamilies
contribute to long-range axonal transport (20, 21).

Studies on the motility of pseudorabies virus (PRV), an alphaherpesvirus member,
indicate that the majority of viral particles within axons are enveloped and resident in
the lumen of vesicles during the egress phase of infection (23, 24). PRV moves with an
average velocity of 1.97 = 0.06 um/s for all anterograde runs and a top speed
of =5 um/s and an average velocity of 1.28 = 0.12 um/s for retrograde runs in chick
embryo dorsal root ganglia (DRG) (25). In contrast, progeny HSV-1 particles are less
engaged in active transport in vertebrate neurons than those of PRV (3). The velocities
of HSV-1 retrograde runs range from 0.5 to 5.0 wm/s, with averages of 2.1 to 2.6 um/s
in vertebrate neurons (3), and at 2.2 = 0.26 um/s in squid giant axon (26). These viral
particles move in the axon by fast axonal transport at a rate comparable to that of
organellar transport in cultured neurons.

In this study, we created single or dual fluorescence-labeled HSV-1 strain H129
recombinant viruses to investigate its axonal transport in mouse cortical neurons
cultured in a microfluidic device described previously (19). Both electron microscopy
(EM) and live-cell imaging were used to analyze virion components and their move-
ment in cortical neuronal axons. We found that H129 particles were mainly transported
as capsids in accordance with a separate model in the anterograde direction in the
axon. We also showed that viral capsids were associated with the kinesin-1 family
members KIF5A and KIF5B, and their transport required kinesin-1 activity.

April 2020 Volume 94 Issue 8 €01957-19

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Axonal Transport of Anterograde HSV-1 Strain H129

A

FIG 1 Subcellular distributions of H129 viral particles in cultured cortical neurons. (A) Primary mouse embryonic cortical
neurons were cultured in a microfluidic chamber for 14 days and then infected with H129-G/R at the soma side at an MOI
of 1. Confocal images were captured at the indicated time points postinfection. (B) Primary mouse embryonic cortical
neurons were cultured in 35-mm dish for 14 days and then were infected with H129-G4 at an MOI of 1. At 24 hours
postinfection (hpi), neurons were fixed with 2.5% glutaraldehyde and collected for transmission electron microscopy (EM)
analysis. Total viral particles, including capsids, enveloped virions, or other forms of viral particles were observed and
analyzed. Capsids in the nuclei: empty A capsid; scaffold-containing B capsid; viral DNA-containing C capsid. (C) Viral
particles in the cytoplasm: cytosolic A capsid (C1); cytosolic C capsid (C2); wrapping intermediate: capsids closely associated
with cytoplasmic membrane (enveloping viral particles) (C3); complete virion after secondary envelopment (C4); complete
virion with an extra membrane (C5); a complete virion along with other cargos wrapped within an extra vesicular structure
(virions in MVB-like structure) (C6). (D) Viral particles in the neurites: neurite empty A capsid (d1); a neurite C capsid (d2);
virions (d3); noninfectious particles (d4).

RESULTS

H129 viral particles distribute unevenly in the subcellular compartments of
cortical neurons. We investigated the infection and life cycle of HSV-1 strain H129
(H129) in cultured cortical neurons. Infection of the neurons was performed with the
following genetically modified H129 viruses: H129-G4, which encodes 4 copies of the
enhanced green fluorescent protein (EGFP) gene (19); a dually labeled recombinant
H129 virus, H129-VP26-mCherry-gD-GFP (H129-G/R), in which VP26, a small capsid
protein located on top of the hexon proteins (27), fused with mCherry, and gD, an
envelope glycoprotein (28, 29) required for viral entry (30), were fused with GFP; and
wild-type H129 virus. The infection progress and life cycle of all three viruses in cortical
neurons appear identical. Fig. TA shows images of live cells from the same viewfield and
amplified images that were obtained from the same infected cell at the indicated times
postinfection with H129-G/R. Most of capsids and capsid proteins were found in the
nucleus, but a few egressed from the nucleus and appeared in the cytoplasm at 8 hours
postinfection (hpi); capsids filled up the entire nucleus, and more capsids were ob-
served in the cytoplasm and some at the edge of the cell membrane at 12 and 16 hpi.
Thus, the life cycle of H129-G/R is about 12 h, which is consistent with previous reports
with wild-type HSV-1 infection (31).
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TABLE 1 Distribution of different types of viral particles in cellular compartments of H129-
G/R infected mouse cortical neurons at 24 hpi®

No. of viral particles (% of all viral particles)

Region A capsid® B capsid® C capsid® Enveloping Enveloped  NIPsc
Nuclei 55 (34.8) 66 (41.8) 37 (23.4)

Soma cytoplasm 9 (4.6) 0 (0) 130 (66) 17 (8.6) 41 (20.8)

Neurites 12 (27.9) 0 (0) 20 (46.5) 8 (18.6) 3 (7.0

9EM images from 10 ultrathin sections of H129-G4 infected mouse cortical neurons were analyzed by
counting and characterizing the viral particles.

bindicates capsids in the nuclei, cytoplasm, and neurites.

°NIP, noninfectious particles.

To determine the subcellular distribution of different types of viral particles in the
nucleus, somatic cytoplasm and neurites (including axons) of cortical neurons cultured
in a 35-mm dish for 14 days were infected with H129-G4 or H129-G/R. At 24 hpi when
virions are released or ready for release, infected cortical neurons were fixed for further
analysis by transmission electron microscopy (EM). Similar results were observed for
H129-G4 and H129-G/R infection. Images showed that there were three types of viral
capsids in the nuclei, namely, empty A capsids (n = 55, 34.8%), scaffold-containing B
capsids (n = 66, 41.8%), and viral genome-containing C capsids (n = 37, 23.4%) (Fig. 1B;
Table 1). In the cytoplasm of the soma, in addition to A (Fig. 1C, panel C1) and C capsids
(Fig. 1C, panel C2), there were C capsids being wrapped by a secondary envelope (Fig.
1C, panel C3), enveloped virions (Fig. 1C, panel C4), and enveloped virions within
vesicles (Fig. 1C, panel C5) and wrapped within multivesicle body (MVB)-like membrane
structures (Fig. 1C, panel C6). Approximately 66% (n = 130) of the viral particles in the
somatic cytoplasm are cytosolic C capsid (Table 1). In neurites, we observed A capsid
(Fig. 1D, panel d1), C capsids (Fig. 1D, panel d2), virions (Fig. 1D, panel d3), and
noninfectious particles (NIPs) (Fig. 1D, panel d4). The occurrence probability of viral
particles in neurites was 27.9% (n = 12) for A capsids, 46.5% (n = 20) for C capsids,
18.6% (n = 8) for complete virions, and 7% (n = 3) for NIPs (Table 1). These results
indicate that there are more C capsids than fully assembled virions in both the somatic
cytoplasm and neurites and that the C capsids are the most dominant progeny H129
viral particles in cortical neurons.

Transport of H129 viral particles favor a separate model in cortical neuron axons.
To visualize and trace the movements of viral particles, we used H129G/R, VP26 fused
with mCherry, and gD fused with GFP (Fig. 2A, panel al). An association of VP26-
mCherry and gD-GFP with the virion was confirmed by immunoEM with colloidal gold
particles of different sizes (Fig. 2A, panel a2). Moreover, at 24 hpi when virions are
released or ready for release, most VP26-mCherry* gD-GFP* puncta colocalized with
gB in the cultured cortical neuron neurites (Fig. 2A, panel a3), indicating that VP26-
mCherry and gD-GFP expressed by recombinant H129-G/R could actually label virions.

Next, the axonal transport of H129-G/R progeny viral particles was visualized by
live-cell imaging. In order to clearly distinguish axons from the soma and dendritic area
of cortical neurons, cortical neurons were plated in the soma compartment of a
microfluidic device so that axons would grow and extend through the micrometer-
sized grooves to the contralateral side and be separated from the soma by hydrostatic
pressure (Fig. 2B, panel b1) (19, 32). Based on the infection progress and life cycle of
H129-G/R in cortical neurons described above, visualizing and tracing the axonal
movement of viral particles was performed from 12 hpi to 24 hpi, the egress phase
of infection (Fig. 2B, panels b2 and b3). Unenveloped capsids (Fig. 2B, panel b3,
white arrow) and enveloped capsids (Fig. 2B, panel b3, purple arrow) were both
detected by live imaging. The occurrence probability of unenveloped capsid run
was 88.6% = 3.289% in all run puncta (Fig. 2B, panel b4), which is consistent with
EM analysis data that unenveloped capsids were predominate.

H129 capsids are enveloped in varicosities and terminals of cortical neuron
axons. Most of the released progeny viral particles of HSV-1 are infectious virions. While
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FIG 2 H129 viral particles are transported mainly in the form of a capsid in cortical neuron axon by live-imaging analysis.
(A) (@1) Schematic of recombinant H129 genome and viral particles; VP26 fused with mCherry and gD fused with green
fluorescent protein (GFP), H129-G/R. (a2) EM images for H129-G/R, dually labeled H129 virions. Cell-free viruses in the
supernatant were collected at 24 hpi and then processed for immunoEM analysis. Ultrathin sections were probed with
antibodies against mCherry or GFP, followed by colloidal gold-conjugated secondary antibodies. Shown are representative
images for VP26-mCherry (10 nm gold, left) or gD-GFP (5 nm gold, right) stained on complete virions. Scale bar: 100 nm.
(a3) Colocalization of VP26-mCherry, gD-GFP, and gB. Neurons cultured for 14 days were infected with H129-G/R for 24 h
and then fixed with 4% paraformaldehyde and immunostained with mouse-anti-gB. Shown are progeny viral particles in
neurites. Arrows indicate VP26-mCherry (red) colocalized with both gD-GFP (green) and gB (blue). (B) (b1) The schematic
of the microfluidic chamber and culture and infection of cortical neurons in the microfluidic chamber. (b2) Neurons were
cultured for 14 days and then infected by adding H129-G/R into the soma (blue) side at an MOI of 1. Movement of viral
particles in infected neuron axons was observed by live-cell imaging from 12 hpi to 24 hpi. (b3) Frames of capsid (white
arrow) and enveloped capsid (purple arrow) were captured by continuous 1.5-s sequential exposures. Example time-lapse
series of a single progeny capsid moving toward axon terminal are shown. Scale bar: 5 um. (b4) Analysis of the moving
viral particles in axons. The numbers of moving unenveloped and enveloped capsids were counted. The proportions of
unenveloped and enveloped capsids of the total number of running capsids are shown as mean = SEM; statistical
significance was analyzed by Student’s t test. A total of 591 unenveloped capsids and 38 enveloped capsids were collected
from 3 independent experiments. ***, P < 0.001.
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2 200nm

FIG 3 H129 capsids acquire envelopes in the axon terminal and varicosity. (A) Primary mouse embryonic
cortical neurons were cultured in the microfluidic chamber for 7 days. When axons grew into the down-
stream chamber and growth cones were formed, neurons were infected with H129-G/R at an MOI of 1.
VP26-mCherry*gD-GFP* puncta (white arrow) were found in axonal terminal (left panels) and axonal
varicosity (right panels) at 24 hpi. (B) Primary mouse embryonic cortical neurons were cultured in a dish for
14 days, then infected with H129-G4 at an MOI of 1, and collected for EM at 24 hpi. (Left) A C capsid being
enveloped in axon terminal. (Right) C capsids (black arrows) being closely associated with envelope
membrane (white arrows) were found in axon varicosities.

the H129 capsids and envelopes are transported separately in axons, capsids may
become enveloped somewhere in the axon. We observed that the majority of viral
particles in growth cones/terminals, VP26-mCherry, and gD-GFP were colocalized with
or close to each other, indicating the separately transported capsids become enveloped
and form virions (Fig. 3A, left). A similar result was observed in varicosities (Fig. 3A,
right). Consistently, enveloping capsids and complete virions were detected by EM
analysis of viral particles in growth cones/terminals (Fig. 3B, left) and varicosities
(Fig. 3B, right), respectively. Since axonal terminal and varicosity are the sites where
synapses are forming and connecting with other neurons, as well as where envel-
opment of capsids occurs, these data collectively suggest that H129 may transmit
to connected neurons via synapses.

Capsid particles are more motile than enveloped particles in axons. To assay the
motility of viral particles and analyze the movement dynamics of viral particles in the
axon, space-time maps (kymographs) were generated by stacking images of either
VP26-mCherry-labeled capsids or gD-GFP+ puncta obtained from live-cell imaging of
the axons in a 30-um (width) by 100-um (length) channel field. Kymographs at time
points of 12, 16, 20, and 24 hpi showed that VP26-mCherry-labeled capsids moved
more frequently than gD-GFP+ puncta. VP26-mCherry-labeled capsids were more
active at 16 hpi and 20 hpi than at other time points (Fig. 4A). The motility of capsids
was significantly decreased at 24 hpi compared with 20 hpi. Most of the gD-GFP*
puncta were either stationary or jagged within a limited distance (Fig. 4A). The different
dynamics of particle movements further confirmed that the capsid moves separately
from the envelope. As the enveloped capsid (virion) is the major form of HSV-1 released
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FIG 4 Capsid particles are more motile than enveloped particles in cortical neuron axons. Neurons were
cultured for 10 to 14 days and then infected by adding H129-G/R into the soma side at an MOI of 1. The
movements of capsids (represented by VP26-mCherry particle) and the envelope particles (represented
by gD-GFP particle) were captured by live-cell imaging, and moving characteristics were analyzed. (A)
Kymographs for movement of VP26-mCherry puncta (capsids) and gD-GFP puncta (envelopes) in axons.
Axon bundle length, 80 um (horizontal line). Duration of imaging, 5 min (vertical line). Shown are
representative kymographs of imaging data obtained at different time points postinfection (12, 16, 20,
and 24 hpi). Color-coded traces of anterograde (red), retrograde (blue), and reverse (black) movements
were used to quantify puncta transport. (B) Quantification of movement dynamics of VP26-mCherry
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from an infected cell, these data suggest that gD-GFP* puncta are caught up by capsids
at either the axon terminal (growth cone) or varicosity, as shown in Fig. 3.

The movement of capsids in the axons was further characterized. The movement of
capsids was classified into the following four categories: anterograde movement,
retrograde movement, reverse motion, and stationary state (Fig. 4B, left). A total of
17.6% = 1.9% of capsids were moving in the anterograde direction, and 12.1% * 2% of
capsids were moving in the retrograde direction. The anterograde movement was
statistically significantly more frequent than the retrograde movement (Fig. 4B, middle).
The reverse motion occurred at a lower frequency of <5%, while >50% of the capsids
in the axons were in the stationary state (Fig. 4B, left and middle graph). Notably, the
motility of capsids reached a peak by 20 hpi and dropped at 24 hpi (Fig. 4B, right
graph).

The anterograde mobility of capsids fluctuates with infection stages. The velocity
and run length of anterograde-moving VP26-mCherry+ capsids in axons were ana-
lyzed. The instantaneous velocity distribution patterns of anterograde and retrograde
capsids were similar during a 12-h period from 12 hpi to 24 hpi, with the largest fraction
of puncta moving at a speed below 0.5 um/s (Fig. 5A, left graph). Most of the
anterograde-moving capsids ran a distance between 10 um and 60 um during the
5-min imaging period, and the distribution of run length approximated to a gamma
distribution was described as f(x) = A*xA (alpha—1)*eA (—x/beta) (33), which is
consistent with processivity-determined runs (Fig. 5A, right graph).

Next, anterogradely moving capsids which had moved either further than 50 um or
longer than 100 s were analyzed (Fig. 5B). The traces were classified into four groups
based on velocity, namely, fast speed (>1 uwm/s), medium fast speed (0.35 to 1 um/s),
medium speed (0.15 to 0.35 um/s), and slow speed (<0.15 um/s) based on their
distribution profile (Fig. 5A). Capsids which have general velocity above 0.15 um/s
occupied a larger proportion at 16 to 18 hpi and 19 to 21 hpi than those at 12 to 15
hpi and 22 to 24 hpi (Fig. 5C). The average velocity (v-average) and maximal velocity
(v-max) of anterograde-moving capsids both peaked at 16 hpi, which were
0.62 = 0.18 um/s and 1.80 = 0.15 um/s, respectively (Fig. 5D). We also plotted modeled
velocity distribution for each period using a gamma distribution to calculate the
probability of the occurrence of a specific velocity (33). Consistently, there was a higher
probability of fast speed during the period of 16 to 21 hpi than earlier (before 16 hpi)
and later periods postinfection (after 21 hpi) (Fig. 6A). The velocity distribution also fit
a gamma distribution. The shape parameter « ranged from 1.0479 to 1.0699. Thus, a
fixed « of 1.05 was used. The values of B were 0.14162 = 0.0055 from 12 to 15 hpi,
0.16444 = 0.00553 from 16 to 18 hpi, 0.18309 = 0.00593 from 19 to 21 hpi, and
0.086236 + 0.00192 from 22 to 24 hpi, respectively; while the value of B was
0.13191 = 0.00401 from 12 to 24 hpi. The larger the scale parameter, B, the more
spread out the distribution is. The fitting data were normalized and are shown in Fig.
6B. These data indicate that the velocity of anterograde transport capsids varies during
the different periods of infection, which is also consistent with the observation shown
in Fig. 2B.

Anterograde axonal capsid transport requires kinesin-1 motor activity. In the
axons, microtubules are uniformly oriented with their plus ends pointing toward
the distal end. Most motor proteins of the kinesin family move toward the plus ends

FIG 4 Legend (Continued)

puncta. The different characteristics of capsid movement were observed, including anterograde move-
ment (antero), retrograde movement (retro), reverse, and stationary state. (Left) Proportions of capsids in
the four states at 12, 16, 20, and 24 hpi. (Center) The sum of capsids in the four states at 12, 16, 20, and
24 hpi. (Right) Capsid motility (including movement in anterograde, retrograde, and reverse state) at 12,
16, 20, and 24 hpi. Data were acquired from 3 view fields of each experiment; 3 independent experiments
were performed; and 116, 209, 222, and 201 puncta were counted for 12, 16, 20, and 24 hpi, respectively.
P value indicates the significant difference between anterograde and retrograde movement, analyzed by
Student’s t test. *, P < 0.05; mobility data at 12, 16, 20, and 24 hpi were analyzed by one-way ANOVA
followed by Tukey's test. The results are shown as mean = SEM.
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FIG 5 Capsid motility fluctuates with the time of infection. Neurons were cultured for 10 to 14 days and
then infected by adding H129-G/R into the soma side at an MOI of 1. The movements of capsids were
captured by live-cell imaging, and moving characteristics were analyzed. (A) (Left) Instantaneous velocity
distributions of anterogradely (orange histogram) and retrogradely (green histogram) moving capsids.
(Right) The histogram of run lengths of anterograde movements and fit using gamma distribution; alpha
is 2.2779 = 0.18, and beta is 14.037 = 1.52. (B) The time-distance traces of every anterogradely moving
capsid during different time periods (12 to 15 hpi, 16 to 18 hpi, 19 to 21 hpi, and 22-24 hpi) were
collected. The traces were classified into the following four velocity groups: group 1, fast (>1 um/s);
group 2, medium fast (0.35 to 1 um/s); group 3, medium (0.15 to 0.35 um/s); and group 4, slow
(<0.15 um/s). (C) The proportion of the four velocity groups during the indicated periods. (D) Average
velocity and maximum velocity of anterograde moving capsids during different periods of 12 to 24 hpi.
Data were acquired from 233 anterograde moving capsids from 120 fields of 3 independent experiments.
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FIG 6 Instantaneous velocity distributions of anterograde transporting capsids. Neurons were cultured for
10 to 14 days and then infected by adding H129-G/R into the soma side at an MOI of 1. The movements
of capsids were captured by live-cell imaging, and moving characteristics were analyzed. (A) Instantaneous
velocity distributions of anterogradely moving capsids in different time periods, namely, 12 to 15 hpi, 16
to 18 hpi, 19 to 21 hpi, and 22 to 24 hpi and the total during 12 to 24 hpi. Data were described using a
gamma distribution, shape parameter a ranged from 1.0466 to 1.0699, and a fixed « of 1.05 was used. The
values of the scale parameter 8 were 0.14162 =+ 0.0055 during 12 to 15 hpi, 0.16444 =+ 0.00553 during 16
to 18 hpi, 0.18309 * 0.00593 during 19 to 21 hpi, and 0.086236 * 0.00192 during 22 to 24 hpi, while it was
0.13191 % 0.00401 during 12 to 24 hpi. The larger the scale parameter of B, the more spread out the
distribution is. (B) Modeled probability of velocity distribution was plotted to summarize velocity distribu-
tions for each period using normalized gamma distribution. Data were acquired from 347 anterogradely
moving capsids from 120 fields of 3 independent experiments.

of the microtubule and are, therefore, capable of driving anterograde cargo trans-
port from the cell body to the axon terminal. Kinesin-1 and kinesin-3 are antero-
grade motors expressed in the axon. To identify which anterograde motor(s) drives
capsid movement in the axon, we infected cortical neurons with H129-VP26-
mCherry, and then we analyzed colocalization between VP26-mCherry-labeled
capsids and KIF5A and KIF5B of the kinesin-1 family and KIF1B and KIF1C of the
kinesin-3 family in the proximal axon bundles (100 um from the soma chamber) in
microchannels by immunostaining and super-resolution microscopy. Quantitative
analysis showed that 21.43% * 5.44% of capsids colocalized with KIF1B, 37.39% =
5.91% colocalized with KIF1C, 48.34% = 4.42% colocalized with KIF5A, and
46.00% = 4.50% colocalized with KIF5B (Fig. 7A). Furthermore, to determine whether
axonal transport of H129 capsids requires kinesin activity, we treated neurons with
kinesore, a small-molecule inhibitor of kinesin-1 (34), at 17 hpi. Within 10 min, the
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FIG 7 Kinesin-1 is required for anterograde transport of HSV-1 capsids in axons. (A) Primary mouse embryonic cortical neurons were cultured in
the microfluidic chamber for 14 days and then infected with H129-VP26-mCherry at the soma side at an MOI of 1. At 24 hpi, neurons were fixed
and stained with indicated kinesin antibodies, followed by superresolution imaging analysis. Shown are representative superresolution images
of axon bundle; colocalization of capsids with kinesins is defined as Pearson’s correlation coefficients (PCCs) above 0.5, which is indicated by
arrows. Scale bar: 20 um. Data were collected from at least 18 fields/group of 3 independent experiments and analyzed by one-way ANOVA
followed by Tukey'’s test. Results are shown as mean * SEM. *, P < 0.05. (B) Primary mouse embryonic cortical neurons cultured in the microfluidic
chamber for 14 days were infected with H129-VP26-mCherry at an MOI of 1. At 17 hpi, neurons were treated with dimethyl sulfoxide (DMSO) for
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motility of capsid puncta was inhibited significantly by kinesore, especially anterograde
runs; by 30 min, there were barely any moving puncta (Fig. 7B). The effect of ciliobrevin
D, an inhibitor of dynein motor activity (35), was also determined. Treatment with
ciliobrevin D for 30 min caused significant inhibition of both anterograde and retro-
grade movement of capsids to a similar extent (Fig. 7C). Taken together, these data
indicate that both kinesin-1 and dynein are involved in H129 capsid transport in axons
and the kinesin-1 family members are primarily responsible for anterograde transport
of capsids toward the axon terminal.

DISCUSSION

Our present results are relevant to understanding the features and mechanisms of
axonal transport of H129 viral particles. We analyzed the infection progress of the
H129-G/R variant, a virus with fluorescence-labeled VP26 and gD. We found that the
infection progress was similar to that of H129-G4, which we developed as an antero-
grade polysynaptic viral tracer from HSV-1 strain H129 (19). Most H129 viral particles are
transported as capsids instead of virions in cultured cortical neuron axons. Capsids
acquire envelopes in the axon growth cone and varicosity, which may provide the sites
for virion egress and transneuronal transmission. More capsids are transported antero-
gradely than retrogradely, which supports the anterograde transneuronal transmission
of H129-derived tracers. These findings are important for the interpretation of H129
tracer-based circuitry mapping, as they provide clarification of the underlying trans-
portation processes.

Our EM analysis revealed that the different types of viral particles were unevenly
distributed in different cellular compartments. Notably, capsids were much more
frequently observed than virions in axons. These results are consistent with studies on
HSV-1 strain F and strain KOS in mouse hippocampal neurons (4). Progeny cytosolic A,
B, and C capsids were found in neurons infected with HSV-1 strain F, while only C
capsids were found with HSV-1 strain KOS (4). In our study, B capsids were absent in
both the somatic cytoplasm and neurites of HSV-1 strain H129-infected cortical neu-
rons. These data indicate that the population distribution of particles may be different
with the infections of different strains of HSV-1 in different neuronal cells.

We also investigated axonal transport of H129-G/R in cortical neuron by live-cell
imaging. The size of VP26-mCherry puncta is homogeneous, suggesting that capsids
regularly assemble as an icosahedron. The size of gD-GFP puncta varies, implying that
gD-GFP is embedded in vesicles with different sizes, which is consistent with a previous
report (36). Axonal transport analysis found that H129 virus particles were transported
separately as unenveloped capsids and envelope-like puncta, in support of the separate
model. Later, the capsids acquired an envelope in the axonal growth cone/terminal and
varicosity, which might be the eventual exit sites for virions as reported previously (37).
Consistent with previous reports that varicosities might be the sites where virions
egress (38, 39), we also found that the gD protein accumulated in varicosities. These
results indicate that capsids mostly envelop at the axonal terminal or varicosity, and
axonal varicosities and terminals are the sites forming synapses connected with other
neurons (40, 41). Therefore, H129 might transmit via the synapse, and the H129-derived
tracers label neural circuits in a transsynaptic way. In addition, it was reported that
during envelopment, the capsid encounters viral glycoproteins on vesicles derived from

FIG 7 Legend (Continued)
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30 min or kinesore (100 wM) for 10 min or 30 min. Movement of capsids (VP26-mCherry puncta) in axons was observed by live-cell imaging. (Top)
Kymographs for movement of capsids without treatment, with DMSO treatment, or with kinesore treatment for 10 min or 30 min in the same field.
(Middle) Quantification of the motility of capsids with the treatment of DMSO or kinesore. (Bottom) Quantification of motility changes normalized
to the DMSO vehicle control. Data were acquired from 4 view fields containing 20 to 41 VP26 puncta for each group. *, P < 0.05; ***, P < 0.001.
(C) Movement of capsids upon ciliobrevin D treatment. (Top) Kymographs for movement of capsids exposed to DMSO or ciliobrevin D (200 uM)
at 17 hpi for 30 min; movements of capsids in the same field were captured as described in B. (Middle) Quantification of capsid motility. (Bottom)
Quantification of motility changes normalized to the DMSO vehicle control. Data were acquired from 4 view fields containing 23 to 53 capsids.
Statistically significant change in probability compared with control was analyzed by Student’s t test. Results are shown as mean * SEM. *,

P < 0.05; **, P<0.01; ***, P < 0.001.
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the trans-Golgi network (42, 43). These findings may explain why the motility of capsids
is more frequent than enveloped particles.

Capsids move in an anterograde, retrograde, or reverse direction or stay stationary
in axons. Neurons use opposite polarity molecular motors of kinesins and dynein to
move cargos along microtubules, either anterograde or retrograde. In the “tug-of-war”
model, both anterograde and retrograde motors are simultaneously engaged. Thus, the
cargo moves in the direction of whichever set of motors exerts a stronger force. In the
“exclusionary presence” model, only one set of motors associates with the cargo at any
given time. In the “competition-coordination” model, both sets of motors are tethered
to the cargo simultaneously; the cargo moves in the direction of whichever set of
motors is activated (22, 44). Kinesin-1, kinesin-2, and dynein/dynactin are reported to
bind with tegument proteins on cytosolic C capsids in vitro (45). HSV-1 strain H129 is
reported to selectively spread in the anterograde direction in neural circuits in vivo (19,
46). The bidirectional movement of H129 capsids in axons of cultured neurons fits well
with the “competition-coordination” model for bidirectional movement driven by
molecular motors and was confirmed by the inhibitory effects of kinesin-1 and dynein
inhibitors on capsid motility. H129 capsid motility, especially the anterograde motility,
was severely inhibited by kinesore, a small molecule that targets the cargo-binding
interface of the kinesin-1 light chain (34). Interestingly, consistent with previous reports
that ciliobrevin D, an inhibitor of dynein ATPase activity (63), inhibits the bidirectional
transport of multiple axonal organelles in the sensory neuron (64), it also stopped H129
capsid movement in both directions in cortical axons. These results indicate that both
kinesin-1 and dynein are involved in axonal transport of H129 capsids.

We found that 17.6% = 1.9% of capsids moved anterogradely, which is higher than
those observed moving retrogradely (12.1% = 2%). The preference of capsids for
anterograde axonal transport in cultured cortical neurons in vitro is consistent with
neural circuitry tracing results in vivo. This evidence further supports the results from
anterograde neural circuit labeling by H129-derived tracers. Nevertheless, bidirectional
transport of H129 viral particles in axons might reduce the labeling efficiency and
direction specificity of H129-derived tracers. Increasing anterograde run and reducing
retrograde run might be a strategy to improve the anterograde labeling efficiency and
direction specificity of H129 tracers.

An analysis of the dynamics of anterograde capsid transport showed that the
motility of anterograde-moving capsids gradually increased from 12 hpi and reached a
peak at about 16 hpi, and then most of the capsids appear to reach a quiescent state
after 24 hpi. Several details may explain these motility dynamics. First, as the infection
progresses, more and more viral particles and proteins are produced and transported
in the axon, which leads to steric hindrance and affects motor movement along
microtubules (47, 48). Second, HSV-1 induces mitochondrial damage (49, 50) and affects
power supply and cell energy. Studies show that alphaherpesviruses, including PRV and
HSV-1, hijack the mitochondria transport machinery, as well as elevate neuron activity
by increasing intracellular levels of calcium (51). PRV or HSV-1 infection causes disrup-
tion of mitochondria axonal transport after 12 hpi, especially from 16 to 18 hpi, raising
the possibility that kinesin is hijacked and repurposed for viral particle transport (51).
Our results are in line with these findings.

Kinesin-1 family molecular motors of KIF5A, 5B, and 5C have been identified to drive
anterograde transport of enveloped HSV virions in axons (52). KIF5A is neuron specific,
whereas KIF5B, KIF1B, and KIF1C are ubiquitously expressed in cells (53). We found that
more capsids are colocalized with KIF5A and KIF5B than KIF1B and KIF1C, suggesting an
interaction between the H129 capsid and these motor proteins. Tegument proteins are
involved in capsid trafficking along the microtubule. For example, tegument protein
US11 interacts with the ubiquitous kinesin heavy chain (54), and UL36 is required for
HSV transport along microtubules (55). However, the viral proteins that interact with
kinesin-1 and dynein to mediate axonal transport remain to be identified.

In summary, more capsids are transported anterogradely than retrogradely, which
facilitates the anterograde transneuronal tracing for H129-derived tracers. Considering
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that both kinesin-1 and dynein are required for axonal transport of H129 capsids, viral
protein-molecular motor interactions need to be investigated to identify the targets for
viral genome manipulation and to improve the anterograde labeling efficiency and
direction specificity of H129-derived tracers in the future.

MATERIALS AND METHODS

Ethics statement. All experiments followed the procedures of the Ethics Committee on Animal
Welfares at Wuhan Institute of Virology (WIVA10201502) according to the guidelines of the Care and Use
of Laboratory Animals. All efforts have been made to minimize the suffering and the number of animals
used.

Construction of recombinant H129 variants. The bacterial artificial chromosome (BAC) of HSV-1
strain H129 (H129-BAC) was created as described previously (19). A new recombinant H129 with VP26
fused with mCherry and gD fused with GFP was generated by homologous recombination in Escherichia
coli SW302 using H129-BAC. The newly resulted H129 variant was designated H129-VP26-mCherry-gD-
GFP (H129-G/R). The expression of fluorescent proteins enables visualization of dynamic process of
de novo synthesis of viral proteins and transport of H129-G/R viral particles in real time in living cells.
Homologous arms were generated by PCR amplification of the upstream and downstream se-
quences of the VP26 open reading frame and cloning into H129-BAC (H129-VP26-mCherry). The
VP26 primers were GCACCTATTCACCGTTTGTCGTTCGAGAACCTTCGACGCCCGGGACCCCGATGGTGAG
CAAGGGCGAGGAGGATAAC and GTTGGTGTGGTCTTTTATTGATTAAAACACCCCAGAAGGAACTCCCCGG
GCCTGATCGGCACGTAAGAGGTTCCAAC. Similarly gD-GFP was cloned onto H129-VP26-mCherry BAC
using the primer pair of CCCACATCCGGGAAGACGACCAGCCGTCC TCGCACCAGCCCTTGTTTTACGGA
GGAGGAGTGAGCAAGGGCGAGG and CCATCCCAACCCCGCAGACCTGACCCCCCCGCACCCATTAAGGGG
GGGTATGCGGAACCCCTATTTGTTTATTTTTC.

H129-G4 was generated as previously described (19). Recombinant H129 variants of H129-G4,
H129-G/R, and H129-VP26-mCherry were used in this study.

Preparation of cell-free virus stock. Vero-E6 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM; Life Technologies, USA) supplemented with 10% of fetal bovine serum (Life Technol-
ogies) and 1% of penicillin/streptomycin (Life Technologies) and infected with H129-G4, H129-G/R or
H129-VP26-mCherry at a multiplicity of infection (MOI) of 0.5. The culture media were harvested when
100% of the cells displayed severe cytopathic effects (CPEs), the cell debris was discarded, and the
supernatant was subjected to high-speed centrifugation (Beckman rotor SW32; 25,000 rpm, 2.5 h, 4°C).
Pellets were resuspended in DMEM, aliquots were stored at —80°C. Titers of virus stocks were determined
by plaque-forming assay (19).

Primary mouse cortical neuron isolation and culture in a microfluidic device. Primary mouse
forebrain cortical neurons were prepared from embryonic day 16.5 (E16.5) C57BL/6 mouse embryos
according to a protocol described previously (56, 57). Briefly, forebrain tissues were dissected from E16.5
C57BL/6 mouse embryos, dissociated with 0.125% trypsin in Hanks’ balanced salt solution without Ca2*
and Mg2* at 37°C for 15 min, and triturated in serum-free neurobasal (NB) medium supplemented with
2% B27 supplement and GlutaMAX (Life Technologies, USA). The microfluidic chambers were fabricated
as described previously (19), with a microgroove length of 500 um and width of 10 um. The isolated
cortical neurons were plated in microfluidic device at a density of 1 X 10° cells/side. Medium was
changed every day.

Transmission electron microscopy. Primary forebrain cortical neurons cultured on a 35-mm dish for
14 days in vitro (DIV) were infected with H129-G4 at an MOI of 1. At 24 hours postinfection (hpi), neurons
were fixed with 2.5% glutaraldehyde, followed by postfixation with 1% osmium tetroxide, dehydration
in ethanol of ascending purity (30%, 50%, 70%, 90%, and 100%,), and embedding with an Embed 812 kit
(Electron Microscopy Sciences, Fort Washington, PA). Ultrathin sections (90 nm) were sequentially stained
with 3.5% aqueous uranyl acetate and 0.2% lead citrate. Images were acquired on FEI Tecnai G2 20 TWIN
transmission electron microscope (Hillsboro, OR, USA) (58).

Live-cell imaging. Cortical neurons (1 X 10°) were plated in the soma side of the microfluidic
chamber placed on 35-mm glass-bottom dishes (Nest Biotechnology, China) coated with poly-p-lysine
(1 mg/ml; Millipore) diluted in ddH,O, and cultured for 14 days to allow axons to extend into the
microchannels driven by hydrostatic pressure. Neurons in the somal chamber were infected with
H129-G/R at an MOI of 1, with the liquid level in the somal chamber lower than that of the contralateral
side to prevent virus leakage through the microchannel, and the virus inoculum was removed and rinsed
after incubation for 3 h. Live-cell imaging of axons in microchannels was performed in the 100-um-wide
field in the proximal axon bundle with a 60X oil objective on double disc fluorescence confocal
microscope (PerkinElmer, USA) at 37°C with 5% CO, in an enclosed chamber (EMBL workshop; no.
530010; Cell Biology Trading). Images were acquired for 5 min at 1.5-sec intervals for both channels, and
a punctum run was defined as a period of displacement above 1 um. The images were deconvoluted
using the Volocity Demo software package (PerkinElmer, USA). The movement trace of every punctum
was manually tracked for 100 frames in 5-min time-lapse imaging for velocity or distance analysis.

Immunofluorescence staining and superresolution imaging. Cortical neurons were cultured in a
microfluidic chamber placed on 35-mm glass-bottom dishes (Nest Biotechnology) for 14 days to allow
axon outgrowth and infected with H129-VP26-mCherry at an MOI of 1. Samples were collected at 24 hpi,
followed by fixation with 4% paraformaldehyde and permeabilization with 0.4% Triton X-100 (Sigma-
Aldrich). After sequential immunofluorescence staining with primary antibodies and secondary antibod-
ies (59), samples were soaked with standard stochastic optical reconstruction microscopy (STORM) buffer
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(60) and imaged with a 640-nm laser at an intensity of ~5kW/cm2. Superresolution images were
acquired on an Olympus IX73 inverted optical microscope equipped with a high numerical aperture
(NA) oil-immersion objective (60X, NA1.4; Olympus), a high-power 640-nm laser (LWRL640-3W;
LaserWave), and a 405-nm laser. The lasers were coupled into a 4 by 1 multimode fiber combiner,
and the output lasers were collimated and focused on the sample using the objective with a
100- by 100-pum? field of view (61). The microscope is also equipped with a sSCMOS camera (Flash 4.0
V3; Hamamatsu Photonics) at a frame rate of 100 Hz (exposure time, 10 ms). The samples were
soaked with a standard STORM buffer (60) and imaged with the 640-nm laser at an intensity of
~5 kW/cm?2. The primary antibodies used were polyclonal rabbit anti-KIF1B (catalog number A6638;
ABclonal), rabbit anti-KIF1C (catalog number A15786; ABclonal), rabbit anti-KIF5A (catalog number
A3303; AbClonal), and rabbit anti-KIF5B (catalog number ab167429; Abcam). The secondary antibody
was Alexa Fluor 647-conjugated goat-anti-rabbit IgG (H+L) (catalog number A-31573; Invitrogen).

Statistical analysis. Each experiment was performed in triplicate, and the results were presented as

means = SEM from three independent experiments. Student’s t test and ANOVA were performed to
analyze the statistical significance between data groups. Differences were considered to be significant
when the P value was <0.05. The fluorescent puncta were manually tracked by using the Volocity Demo
software package (PerkinElmer, USA). Kymographs were generated by FlJI (NIH Image) (62). The instan-
taneous velocity was analyzed by Igor Pro (Wavemetrics, Lake Oswego, OR, USA).
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