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Abstract
Herpes simplex virus type-1 (HSV-1) is a neurotropic virus with significant potential as a viral vector
for CNS gene therapy. This study provides visual evidence that recombinant green fluorescent protein
(GFP) expressing HSV-1 travel down dendrites in differentiated P19 neuronal-like cells to efficiently
reach the soma. The virus also promotes cytoskeletal rearrangements which facilitate viral spread in
vitro, including often dramatic increases in dendritic filopodia. Viral movements, cell infection and
filopodia induction were each reduced with the actin polymerization inhibitor cytochalasin D,
suggesting the involvement of the actin cortex in these processes. The observation of neural
cytoskeletal reorganization in response to HSV-1 may shed light on the mechanisms by which acute
viral infection associated with herpes encephalitis produces cognitive deficits in patients.
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INTRODUCTION
Recent reports have indicated some retroviruses have the ability to exploit long actin-rich
structures like filopodia and their associated retrograde F-actin flow to travel or “surf” towards
a target cell [19] and [28]. For a neurotropic virus like HSV-1, it appeared likely that viral
particles might utilize the extensive network of long, actin rich processes found in neural cells
[20]. Neural cells were represented by the P19 embryonal carcinoma line differentiated via
treatment with retinoic acid as previously described [15]. These cells divide into three distinct
populations: neurons, astroglia and microglia [22]. The neuronal cells have characteristic
morphologies, test positive for neuron-specific markers like neurofilaments, and form
functional synapses and normal central nervous system (CNS) neuronal polarity in vitro [14].
The glial cells similarly stain for glial fibrillar acidic protein, a major component of
intermediate filaments in glial astrocytes [15]. Neuronal and glial populations can be
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distinguished from one another easily by cell morphology, providing a convenient in vitro
model containing both cell types.

Through live cell imaging and confocal microscopy, we confirmed that HSV-1 does surf along
the outer membrane of dendrites through retrograde F-actin flow to efficiently reach the soma.
We also observed that administration of the virus caused extensive dendritic and glial filopodia
formation and motility. Viral particles were able to bind to and surf along newly formed
filopodia, thereby increasing the efficiency of viral spread.

Normal central nervous system function is critically dependent on both the number of synapses
between neurons and their relative synaptic strengths. Given that dendritic filopodia play an
early role in synaptogenesis [34], [13], [24] and [8] the observation of new filopodia formation
and cytoskeletal rearrangement in response to acute HSV-1 infection could be linked with the
cognitive deficits found in herpes-mediated encephalitis patients [16] and [27]. Glial
cytoskeletal reorganization may similarly have some bearing on normal CNS function [2].
While it remains unclear whether these preliminary in vitro results can be extended to a
physiological paradigm, our findings raise the intriguing possibility that acute HSV-1 infection
may prompt some degree of synaptic dysfunction in the brain.

MATERIALS AND METHODS
Cell lines and reagents

Differentiated P19 cells were plated onto 35-mm glass-bottom dishes and allowed to recover
for 2 days before live cell imaging. Cells were grown in alpha medium supplemented with
2.5% fetal calf serum and 7.5% calf serum (Sigma) and maintained at 37°C in a 5% CO2
environment. Nectin-1a antibody was obtained from Immunotech, while cytochalasin D and
heparinase were both purchased from Sigma-Aldrich.

Viruses
The capsid-tagged GFP expressing recombinant HSV-1 (K26GFP-HSV-1) was used for all
imaging work in this study. B-galactosidase expressing HSV-1 recombinant vectors were used
during ONPG viral entry assays. Both viruses were grown in Vero cell flasks and purified by
sucrose gradient as previously described [11].

Live cell imaging
Cells were seeded onto 35-mm glass bottom dishes (MatTek) for live cell imaging. After
imaging the cells alone for several minutes, GFP-expressing HSV-1 was added to the dish.
Signals were recorded on brightfield and FITC channels every 8 seconds on the 60X objective
of a Nikon Eclipse TE2000-E microscope. All images and videos were processed using
Metamorph (Molecular Devices) and Leica confocal software.

Immunocytochemistry
Differentiated P19 cells were plated at 50% confluency for 24 hours. GFP-tagged virus at 50
plaque forming units (PFU) per cell was added. Cells were fixed after 1 hour of infection. Actin
staining was done using rhodamine conjugated phalloidin (Invitrogen). Images were collected
using a Leica SP-2 confocal microscope at the 40X objective.

O-nitrophenyl-β-D-galactopyranoside (ONPG) viral entry assay
Cell flasks were grown to 100% confluency and then split via EDTA and trypsin as described
above into 96 well plates. Cytochalasin D was added to the well plates by serial dilution and
then incubated for 2 hours. Well plates were then rinsed with fresh media and infected with B-
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galactosidase expressing HSV-1 recombinant virus for 6 additional hours as described
previously [9].

F-actin fluorescence expression
F-actin expression was measured in chamber slides with constant (~50,000) cell populations
and serial dilutions of a 100 PFU viral dose. After allowing incubation with the virus for 6
hours, cells were permeabilized, fixed and then treated with rhodamine-conjugated phalloidin
(Invitrogen) at 2 nM for 45 minutes at room temperature. After washing, cells were mounted
using Vectashield (Vector Laboratories, Inc.) and assessed for F-actin expression using a
Teccan GENios Pro plate-reader.

RESULTS
Initial immunocytochemistry revealed that green fluorescent protein (GFP)-expressing HSV-1
virions were often attached to long, actin-rich dendritic networks and the localization could be
observed almost immediately after addition of virus particles to cells (Fig 1). The fact that
virions were localized on filopodia implied that viral surfing (itself an early event) may precede
entry through the cell membrane. Live cell imaging of P19 neurons confirmed that HSV-1
virions tagged with GFP could surf along previously established dendrites to effectively reach
the cell body (Fig 2, Supplemental video #1). Surfing usually began immediately after viral
binding, although occasionally bound particles remained immobile for the duration of the live
recording (~3 hours). Although viral movements were generally saltatory, average speeds were
around 1.5 µm/min. The occasional inability of virus particles to surf may be related to their
physiological condition, as UV-inactivated virus particles predominantly failed to surf (data
not shown). The variable expression of viral receptors on dendritic filopodia could also be
responsible for increased binding versus surfing activity, although this possibility was not
examined in this study.

Whereas viral surfing on dendrites was observed within five minutes of exogenous HSV-1
application, filopodia induction was slower and usually occurred within 15 to 30 minutes post-
infection. This was often dramatic, increasing the length of filopodia by up to 250%
(Supplemental video 2). New filopodia were observed on established dendritic shafts, the axon
hillock and the cell body itself. A peculiar writhing motion of stable processes in the region of
interest tended to immediately precede the “bursting” of new filopodia (Fig 2, Supplemental
video 1). In the case of previously established filopodia, a similar motion occurred before the
subsequent increase in filopodia length. Presumably this represents a visual demonstration of
live cell actin polymerization.

Glial cells in the P19 culture also responded strongly to HSV-1 application, exhibiting marked
cytoskeletal movement and filopodia induction (Fig 3, Supplemental video 3). Similar to
neuronal P19 cells, virus surfing along established filopodia eventually led to cell infection,
inducing new filopodia that could in turn be exploited by other HSV-1 virions surfing towards
the cell.

Increasing the viral dose caused an increase in the cell’s F-actin fluorescence, again implying
filopodia formation and cytoskeletal reorganization of the cellular cortex in response to HSV-1
viral infection (Fig 4A). The central role of actin dynamics in viral spread was corroborated
by treating cells with the actin polymerization inhibitor cytochalasin D, which completely
inhibited filopodia induction and viral surfing at doses beyond 0.37 µM/mL (Supplemental
video 4). This is in line with numerous previous studies delineating the relationship between
the cytochalasins and actin structural motility and integrity (see review by Cooper, 1987).
Cytochalasin D application also greatly reduced viral entry into cells (Fig 4B). Presumably
virions moved on filopodia via retrograde F-actin flow, although closer examination sometimes
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revealed that viral particles could rapidly change direction (up to twice every minute) after
binding to these long processes (Supplemental video 5). This was much more likely to occur
in processes further from the cell body, where retrograde actin flow may be weaker than near
the soma.

DISCUSSION
HSV-1 is a neurotropic virus that establishes life-long latency in the human nervous system.
Given HSV-1’s potential as a viral vector for gene therapy in the CNS [4] it is important that
the mechanisms involved in viral spread are clearly delineated before attempting large-scale
therapeutic interventions. Efforts to use HSV-1 to trace multisynaptic pathways in vivo also
rely heavily on our implicit understanding of viral movement strategies. Previous studies with
the herpes virus family have focused on pathway tracing and internal axonal transport of viruses
in the nervous system [32], [7], [5], [17], and [26]. Our live cell imaging of GFP-tagged HSV-1,
however, has captured, for the first time, viral “surfing” behavior along the outer membrane
of dendrites and dendritic filopodia. Viral infection also caused extensive cytoskeletal changes
which may have some bearing on normal synaptogenesis in vivo. In addition, actin cytoskeletal
hijacking may be a common viral invasion strategy [18].

Real-time viral surfing in dendritic networks was captured using GFP-expressing recombinant
HSV-1. This behavior is apparently many times more efficient than simple diffusion while
viruses are spreading in vivo. It seems that long dendritic connections between cells may act
as “roadways” to guide viral movement efficiently towards other cell bodies. These results
mirror recent findings that retroviruses can surf along filopodia from some cell types using
retrograde F-actin flow [19] and [28]. In the context of a neurotropic virus like HSV-1, it
appears that a similar mechanism has evolved to utilize actin-rich neuronal processes.

Filopodia in neurons and other cell types have been extensively associated with retrograde F-
actin flow [21] and [20]. HSV-1 seemingly exploits this retrograde flow in existing actin-rich
dendrites. Extensive filopodia formation was observed in neuronal and glial-like cells beyond
15 minutes post-infection. These were often dramatic cytoskeletal rearrangements creating
numerous new dendritic filopodia and inducing some neurite motility. New filopodia extended
from the axon hillock, dendritic shafts and the soma itself. Just prior to the emergence of new
filopodial extensions, previously formed processes in the same region exhibited a marked
writhing-like motion. These characteristic movements appeared to be related to the subsequent
bursting of new filopodia from these locations, and may speak to the actin polymerization
mechanism occurring, presumably, at the leading edge of filopodia and along dendritic shafts
[1]. Alternatively, it may represent a reorganization of the dendritic network itself in order to
facilitate new filopodia emergence [30].

The consequences of filopodia formation and elongation in glial P19 cells were not
immediately clear. However, glial responses to HSV-1 infection may affect normal axonal
myelination in vivo [2], and hence negatively influence action potential propagation in
chronically infected neural systems. This could help explain previous reports of demyelination
of CNS axons after herpes infection [31].

Dendritic filopodia are extensively associated with synaptogenesis
Dendritic filopodia on stable dendritic shafts dynamically extend and retract before finding an
appropriate contact site and transforming into dendritic spines [10] and [13]. Likewise, the
formation of new synapses, especially in young cultures, is absolutely dependent on F-actin-
enriched neuronal processes like dendritic filopodia [33]. These and other reports highlight the
central importance of dendritic filopodia in sensing and forming new synaptic connections
[24] and [8]. It seems possible that extensive filopodia induction by HSV-1 infection may
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disrupt the normal function of some of these processes, especially in brain structures that
undergo high rates of synaptogenesis. Given the critical parts played by dendritic filopodia in
finding and establishing synaptic contacts, HSV-1’s effects on the neuronal cytoskeleton may
lead to functional deficits in chronically and/or acutely infected patients.

Acute HSV-1 infection can cause altered EEG patterns and long-term cognitive deficits
It is unclear why HSV-1 mediated encephalitis results in such severe cognitive deficits relative
to other viral vectors. A previous study has found serologic evidence of infection with HSV-1
to be an independent predictor of cognitive dysfunction in schizophrenics [12]. Ex vivo
investigations of mouse brain slices reveal infection limited primarily to leptomeningeal,
periventricular and cortical brain regions and the hippocampus. Increasing viral inoculum
tended to increase intensity in those regions while maintaining the same distinctive pattern of
infection, one which differed from patterns typical of adenovirus and Vaccinia virus [6].
Magnetic resonance imaging studies of in vivo infection also showed hippocampal,
parahippocampal, amygdala, insula and temporal lobe gyri damage [16]. These brain structures
overlap heavily with those associated with memory and cognition and may be linked to long
term symptoms like memory impairment, personality and behavioral abnormalities, epilepsy,
anosmia and dysphasia reported in herpes encephalitis patients [23] and [27].

Previous clinical reports have documented altered electroencephalograms in acute stage
encephalitis patients. These EEGs exhibited stereotyped, bilateral sharp-and-slow-wave
complexes with transient episodes of electrographic seizure activity that temporarily
suppressed periodic activity in that hemisphere [29]. The EEG changes were not considered
pathognomic but could be used to distinguish herpes simplex-mediated encephalitis from
inflammation induced by other viral vectors. It is currently unclear what the neural basis for
these changes are in vivo.

Conclusion
This study provides evidence for actin-mediated “surfing” of the neurotropic HSV-1 virus.
Viral surfing was observed on both glial filopodia and neuronal dendritic filopodia in
differentiated P19 cell cultures. Our work is likely to extend the herpesvirus field by adding
new information on how the filopodia can be induced and exploited during the initial stages
of infection.

HSV-1 exposure increased filopodia expression in cultured neurons. Given that dendritic
filopodia have been implicated as the dynamic precursors to stable dendritic spines and
functional synapses, HSV-1 mediated cytoskeletal rearrangements raise the fascinating
possibility that cognitive deficits observed in patients are linked to synaptic dysfunction in the
brain. These preliminary observations provide the first in vitro morphological context for
cognitive deficits in herpes-mediated encephalitis patients. Further study should determine
whether these results occur in various other cell types.

Ultimately, there is a need to determine whether cellular responses to acute HSV-1 infection
are also seen in living brains. Whether there is any effect on normal synaptogenesis and stable
synaptic connections in the central nervous system also remains to be established. If the cause
of altered filopodia dynamics in HSV-1 infected neural cells lies in cellular responses to viral
envelope glycoproteins rather than viral DNA, this study could have implications for the use
of the HSV-1 virion as a gene therapy vector.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Confocal microscope images of neurons infected with the neurotropic herpes simplex type 1
virus. Actin networks in P19 cell cultures are visualized in red through cell staining with
rhodamine-conjugated phalloidin. Individual viral particles express green fluorescent protein.
The virus preferentially associates with long, actin-rich dendritic processes. A, An infected
P19 neuron and A1, A higher magnification of a dendrite revealing two green virions attached.
A2, A higher magnification of the neuron pictured in A again showing virus attached to red
actin-rich dendrites. B, Virus attached to an actin-rich process. C, Multiple HSV-1 virions
adjacent to dendritic networks in P19 culture. D, The virus continues to appear bound to actin-
rich processes even within complex dendritic networks.
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Figure 2.
Surfing of HSV-1 and the induction of dendritic filopodia formation. Still frames taken from
a live-cell recording of multiple HSV-1 virions surfing on dendrites towards the soma of a P19
neuron (Supplementary video 1). A, At 5 minutes post-infection, the virus particles have begun
to attach to the neuron and its dendrites. B, At 16 minutes post-infection, multiple virions begin
surfing along dendrites towards the neuron’s cell body. C, At 25 minutes post-infection, viral
particles continue to surf towards the cell body, while significant new dendritic filopodial
growth emerges from a previously stable dendrite highlighted in C1, a FITC and brightfield
composite image, and C2, a brightfield image alone. D, At 32 minutes post-infection, many
viral particles originally found on the neuron’s dendrites have now reached the soma. Another
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burst of new filopodia appears near the axon hillock and the region highlighted in D1, a FITC
and brightfield composite image, and D2, a brightfield image alone.
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Figure 3.
Virus intake via surfing. A P19 cell exposed to HSV-1 begins to express filopodia, which are
then used by HSV-1 virions (green) to surf into the cell. The first column shows a brightfield,
low magnification cell image, while the second and third column represent closeups of the
highlighted region in brightfield and FITC-brightfield composite, respectively. A, At 17
minutes post-infection, no filopodia are observed in the region of interest. B, At 20 minutes
post-infection, a new filopodia emerges from the cell. C, At 22 minutes post-infection, a viral
particle binds to the new filopodia. D, At 34 minutes, the virus is using the filopodia to surf
towards the cell body. E, At 42 minutes post-infection, the virus appears to have reached the
cell by surfing along the newly emerged filopodia.
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Figure 4.
Actin dynamics and HSV-1 viral spread. A, The F-actin fluorescence increases dramatically
as a function of viral dose relative to uninfected controls. Viral dose was estimated in plaque-
forming units (PFU) per P19 cell. A higher expression of F-actin implies filopodia formation
and actin cortex reorganization in response to increasing HSV-1 concentrations. B, The actin
polymerization inhibitor cytochalasin D greatly reduces viral entry, implicating actin dynamics
in viral infection strategies in P19 neural cell cultures. Cytochalasin D prevented both surfing
behavior and filopodia formation after HSV-1 application.
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