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Abstract

Following productive, lytic infection in epithelia, herpes simplex virus type 1 (HSV-1) establishes a lifelong latent infection in
sensory neurons that is interrupted by episodes of reactivation. In order to better understand what triggers this lytic/latent
decision in neurons, we set up an organotypic model based on chicken embryonic trigeminal ganglia explants (TGEs) in a
double chamber system. Adding HSV-1 to the ganglion compartment (GC) resulted in a productive infection in the explants.
By contrast, selective application of the virus to distal axons led to a largely nonproductive infection that was characterized
by the poor expression of lytic genes and the presence of high levels of the 2.0-kb major latency-associated transcript (LAT)
RNA. Treatment of the explants with the immediate-early (IE) gene transcriptional inducer hexamethylene bisacetamide,
and simultaneous co-infection of the GC with HSV-1, herpes simplex virus type 2 (HSV-2) or pseudorabies virus (PrV) helper
virus significantly enhanced the ability of HSV-1 to productively infect sensory neurons upon axonal entry. Helper-virus-
induced transactivation of HSV-1 IE gene expression in axonally-infected TGEs in the absence of de novo protein synthesis
was dependent on the presence of functional tegument protein VP16 in HSV-1 helper virus particles. After the
establishment of a LAT-positive silent infection in TGEs, HSV-1 was refractory to transactivation by superinfection of the GC
with HSV-1 but not with HSV-2 and PrV helper virus. In conclusion, the site of entry appears to be a critical determinant in
the lytic/latent decision in sensory neurons. HSV-1 entry into distal axons results in an insufficient transactivation of IE gene
expression and favors the establishment of a nonproductive, silent infection in trigeminal neurons.
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Introduction

Herpes simplex virus type 1 (HSV-1) and 2 (HSV-2) are

prototypic members of the genus Simplexvirus within the herpes-

virus subfamily Alphaherpesvirinae. In vitro, HSVs are pantropic,

causing lytic infections in various tissues and cell types of a broad

range of host species [1]. In vivo, humans are the only natural hosts

of HSVs, and infection is almost exclusively limited to the

epithelial cells and neurons of the peripheral nervous system

(PNS). The portal of entry in HSV-1 infections is the oronasal

mucosa, where the virus spreads rapidly with productive, lytic

infection of epithelial cells [2]. HSV-1 reaches the PNS by entry

into free nerve endings that are in contact with the infected

epithelium, and by retrograde axonal transport [3]. Beyond the

neonatal period, replication of HSV-1 within the PNS is tightly

controlled, and further ascending spread into the central nervous

system is prevented in the immunocompetent host. As a result,

HSV-1 establishes latency in surviving neurons, converting them

into a lifelong reservoir of recurrent infection, which occurs in

response to diverse stimuli causing neuronal stress [4]. The ability

to switch from rapidly progressing, lytic spread in epithelia to a

nonproductive, latent infection in sensory neurons is fundamental

to the life cycle of HSVs and other related alphaherpesviruses.

Although crucial for our understanding of the pathogenesis of

alphaherpesvirus infection, the events that ultimately trigger the

establishment of latent infection in sensory neurons are not fully

understood. The latency-associated transcript (LAT) is abundantly

expressed in infected neurons, and has been shown to promote the

establishment and maintenance of latency, in part because of the

anti-apoptosis functions of LAT and the ability of micro-RNAs

and other small non-coding RNAs encoded by LAT to interfere

with productive infection [4].
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The viral proteins ICP0 and VP16 have both been implicated in

the lytic/latent decision in the infected neuron [5]. The HSV-1

immediate-early (IE) regulatory protein ICP0 is a RING finger E3

ubiquitin ligase that acts as a promiscuous activator of gene

expression and is critical for the efficient initiation of productive

infection, the prevention of cellular silencing of viral transcription,

and reactivation from latency [6]. Central to the function of HSV-

1 ICP0 and functional homologues in other alphaherpesviruses is

the ability of ICP0 to degrade PML nuclear bodies (also known as

nuclear domain 10, ND10) and to disrupt the ND10-dependent

antiviral interferon response and other cellular functions linked to

ND10 [7,8]. HSV-1 ICP0 has been found to functionally interact

with class II histone deacetylases (HDAC), to dissociate HDAC

from the lysine-specific demethylase 1/REST/CoREST repressor

complex, and to promote histone removal and acetylation, thus

preventing the formation of inactive chromatin on the HSV-1

genome [9–11]. Posttranslational histone modifications have been

implied in HSV gene expression during lytic and latent infection,

and the establishment, maintenance, and reactivation from latency

[12–16].

HSV-1 VP16 (also designated pUL48 or alpha-transinducing

factor, aTIF) is a structural component of the tegument layer.

Upon fusion with the cytoplasmic membrane of monolayer cells,

HSV-1 particles deliver 500–1,000 molecules of VP16 into the

cytoplasm, which are transported to the nucleus independently of

capsids [17].

Although purified in vitro de-enveloped HSV-1 particles

containing a VP16-EGFP fusion protein were reported to move

in a retrograde direction along microtubules when injected into

squid giant axons [18], several studies of HSV-1 and other

alphaherpesviruses have demonstrated that VP16 dissociates from

viral particles upon entry into the host cell and that capsids are

transported to the nucleus independently of VP16 [19–21]. Live-

cell imaging experiments examining the retrograde axonal

transport of pseudorabies virus (PrV) and HSV-1 in neurons of

human, mouse and avian origin have shown that VP16 and other

proteins of the outer tegument layer are predominantly lost from

the nucleocapsid prior to the onset of retrograde axonal transport,

and do not move with the capsid to the nucleus [22].

However, it was also noted that to some extent VP16 appears to

be axonally transported in retrograde direction independent of

capsids.

In lytic infection, VP16 forms a tripartite complex with the

cellular proteins HCF-1 and Oct-1, which binds to the

TAATGARAT elements present in HSV IE promoters and acts

as a potent transcriptional activator of IE gene expression [23–26].

The transcriptional activation domain of HSV-1 VP16 (VP16AD)

interacts with a large number of cellular factors that are involved

in gene activation [27]. Although not essential for IE gene

expression, coactivators recruited by the HSV-1 VP16AD

contribute to relatively low levels of histones on the viral genome

during lytic infection [28–31]. VP16 is essential for stress-induced

HSV-1 reactivation in vitro [32]. Exit from latency following heat

shock in the mouse ocular model has been reported to depend on

the de novo activation of the VP16 promoter and synthesis of VP16

in infected neurons [33]. In stressed neurons, HCF-1 has been

shown to relocalize from the cytoplasm to the nucleus and to be

recruited to HSV-1 IE promoters [34]. The regulated relocaliza-

tion of de novo synthesized VP16 and HCF-1 from the cytoplasm to

the nucleus of stressed neurons appears to be a critical step in the

initiation of lytic gene expression during reactivation from latency

[35]. In addition to its regulatory function in IE gene expression,

VP16 and homologous alphaherpesvirus proteins of the outer

tegument layer mediate essential functions related to viral egress

[36].

At present, animal models allow only a pinpoint, snapshot-like

observation of the critical early phase of viral arrival in the PNS

and onset of replication. Furthermore, there is enormous variation

in the outcome of HSV-1 infection of the nervous system in

laboratory animals. In mice, the course of infection depends on

various factors, including the viral strain, infectious dose, route of

infection, mouse strain and age, and prior immunization history of

the animal [37]. As an alternative to animal models, classical or

modified Campenot chambers and microfluidic devices have been

used to study the directional spread of alphaherpesviruses between

epithelial cells and neurons in compartmentalized organotypic

culture systems [38–42]. The directional spread of HSV-1

between epithelia and the PNS has been analyzed in our

laboratory by establishing compartment cultures based on chick

embryonic corneal epithelial cells and trigeminal ganglion (TG)

explants (TGEs) [43].

The aim of the present study was to identify factors triggering

either productive or silent infection of sensory neurons by

mimicking the critical early phase of primary PNS infection in

organotypic cultures ex vivo. Interestingly, remarkable differences

in the ability of HSV-1 to initiate productive infection in sensory

neurons were observed depending on the site used to infect the

explants. In accordance with earlier reports [22,43,44], productive

infection was easily induced in embryonic chicken neurons by

directly adding the viral inoculum to the explant cultures. In

contrast, upon entry into distal axons, incoming HSV-1 genomes

were largely destined to a quiescent, latency-like infection,

characterized by the expression of high levels of the latency-

associated transcript (LAT). HSV-1 remained responsive to the IE

gene transcriptional inducer hexamethylene bisacetamide

(HMBA), and to transcriptional transactivation by simultaneous

co-infection of the ganglion compartment (GC) with helper virus.

Efficient transactivation was dependent on the presence of

functional VP16 in HSV-1 helper virus particles. To our

Author Summary

Upon primary infection of the oronasal mucosa, herpes
simplex virus type 1 (HSV-1) rapidly reaches the ganglia of
the peripheral nervous system via axonal transport and
establishes lifelong latency in surviving neurons. Central to
the establishment of latency is the ability of HSV-1 to
reliably switch from productive, lytic spread in epithelia to
nonproductive, latent infection in sensory neurons. It is not
fully understood what specifically disposes incoming
particles of a highly cytopathogenic, fast-replicating
alphaherpesvirus to nonproductive, latent infection in
sensory neurons. The present study shows that selective
entry of HSV-1 into the distal axons of trigeminal neurons
strongly favors the establishment of a nonproductive,
latent infection, whereas nonselective infection of neurons
still enables HSV-1 to induce lytic gene expression. Our
data support a model of latency establishment in which
the site of entry is an important determinant of the lytic/
latent decision in the infected neuron. Productive infection
of the neuron ensues if particles enter the soma of the
neuron directly. In contrast, previous retrograde axonal
transport of incoming viral particles creates a distinct
scenario that abrogates VP16-dependent transactivation of
immediate-early gene expression and precludes the
expression of lytic genes to an extent sufficient to prevent
the initiation of massive productive infection of trigeminal
neurons.

Silent HSV Infection of Neurons upon Axonal Entry
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knowledge, this is the first report to provide experimental evidence

that axonal infection and preceding retrograde axonal transport of

subviral particles strongly diminishes the ability of HSV-1 to

initiate a productive infection of neurons, most likely via a failure

of VP16-induced expression of lytic genes.

Results

Experimental setup of the organ model explant cultures
In the present study we analyzed the course of a synchronous

HSV-1 infection of TGE cultures resulting from the application of

a defined viral inoculum to either free nerve endings or directly to

the explants. TGEs were derived from day-15 chicken embryos, as

described previously [43]. Selective HSV-1 infection of distal

axons was achieved with the aid of a Campenot-like compartment

chamber [38], in which the inner compartment containing the

TGE (i.e., the GC) was separated by a leak-proof diffusion barrier

from the outer compartment containing the distal axons [the

axonal compartment (AC)] (Figure 1A). Infection of the respective

compartment was performed after 5–6 days of in vitro cultivation.

Staining of the AC with the retrograde neuronal tracer DiI showed

that at this time point approximately 200 neurites/TGE had

crossed the diffusion barrier and reached the AC. Neurites within

the AC were essentially free of accompanying glial cells. By 48 h

after applying DiI to the AC, approximately 100 neurons/TGE

could be visualized in intact cultures. DiI-positive neurons

exhibited a characteristic morphology with a large, rounded

soma, and were mostly localized at the margin of the explant.

Many neurons contained prominently stained neurites (Figure 1B–

D).

Direct infection of the GC with HSV-1 17 CMV-IEproEGFP

expressing EGFP under control of the CMV IE-promoter, and

monitoring of the reporter protein expression in intact cultures by

fluorescence microscopy demonstrated that embryonic chicken

TGEs are susceptible to productive HSV-1 infection under the

culture conditions used. By 24 h after infection [hours post

infection (hpi)] of the GC with 16106 plaque-forming units (pfu) of

HSV-1 17 CMV-IEproEGFP, the vast majority of cells directly

accessible to the virus inoculum strongly expressed EGFP.

Costaining of the AC with DiI allowed the identification of

EGFP-positive neurons with neurites reaching the AC (Figure 2A).

Approximately 30% of DiI-positive neurons (53 out of 163

neurons) were found to be EGFP-positive at 24 hpi (Figure 2C).

According to their morphology, most of the remaining DiI-

negative, EGFP-positive cells appeared to be macroglial cells, most

likely Schwann cells.

Selective infection of the AC
We next studied the retrograde spread of HSV-1 in intact TGEs

by the addition of HSV-1 17 CMV-IEproEGFP to the AC and

daily monitoring of cultures by fluorescence microscopy.

In preliminary experiments, various infectious doses and

protocols for infection of the AC were evaluated. Except where

indicated otherwise, an inoculum of 56106 pfu of HSV-1 added

for 1 h to the AC was used in all subsequent experiments. This

infectious dose corresponded to a multiplicity of infection (MOI) of

approximately 5 in a monolayer culture in a 35-mm-diameter

dish, and did not exhibit unwanted stimulatory effects on the

TGEs due to serum components present in the virus stocks.

Replacement of the TG medium in the AC by serum-containing

media stimulated the outgrowth of glial cells or fibroblasts into the

AC and occasionally led to the contraction and partial detachment

of the explants (data not shown).

As shown in Figure 2B, the diffusion barrier proved to be tight,

effectively inhibiting the nonspecific infection of cells that

surrounded the explant, and were in direct contact with the inner

rim of the glass cylinder. However, EGFP expression in the TGEs

was unexpectedly poor. At 24 hpi, less than half of the axonally-

infected cultures contained single EGFP-positive cells. Staining of

the AC with DiI immediately after infection showed that EGFP

expression was restricted to just a few isolated neurons (Figure 2B).

Less than 2% of DiI-positive neurons (2 out of 127 neurons) were

found to be EGFP-positive (Figure 2C).

The low number of reporter protein expressing neurons in

cultures axonally-infected with HSV-1 17 CMV-IEproEGFP at 24

hpi prompted us to monitor the kinetics of EGFP expression in

intact TGEs over a longer time period (Figure 2D–F). During the

first 10 days after infection [days post infection (dpi)], the

percentage of cultures containing EGFP-positive cells slowly

increased from approximately 40% on 1 dpi to approximately

70% between 4 and 6 dpi, and decreased thereafter. Between 2

Figure 1. Trigeminal ganglion explant cultures. (A) Scheme of the double chamber system. (B–D) Trigeminal ganglion explant (TGE) cultures
stained with DiI in the axonal compartment (AC) 48 h before imaging: (B) overview and (C, D) typical DiI-positive neurons (solid arrowheads) and
neurites (arrowheads) in the ganglion compartment (GC) and AC shown at higher magnification. DB, diffusion barrier.
doi:10.1371/journal.ppat.1002679.g001
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and 8 dpi, small plaque-like clusters of EGFP-positive cells

appeared in approximately 15% of cultures, persisted for a few

days, and disappeared thereafter, indicating a self-limiting

secondary spread of HSV-1 within the TGEs (Figure 2D, F). In

axonally infected TGEs, cell free virus could not be isolated from

the supernatants of the GC (data not shown).

The long-term monitoring of these cultures at weekly intervals

showed that in 10–20% of cultures, low and fluctuating levels of

EGFP-expressing neurons persisted up to 10 weeks postinfection

(wpi); in one culture a plaque-like cluster of infected cells

developed at 9 wpi (Figure 2D). The onset of EGFP expression

in individual axonally-infected neurons was followed up with the

aid of serial photographic documentation. This demonstrated that

the number of EGFP-expressing neurons peaked at 4 dpi, and

then decreased to low and fairly stable levels thereafter (Figure 2E).

Determination of the cumulative number of EGFP-positive

neurons revealed differences in the kinetics of the onset of EGFP

expression, with an approximately fivefold increase in the

cumulative number of positive neurons between 1 and 7 dpi,

and a long-lasting but minimal (i.e., less than 1.1-fold) increase

between 3 and 10 wpi (Figure 2E).

As demonstrated in Figure 2G and H, the spread of the parental

wild-type (wt) strain HSV-1 17syn+ closely resembled the pattern

of fluorescence observed in HSV-1 17 CMV-IEproEGFP-infected

TGEs. Two days after infection of the AC, single cells or small

plaque-like clusters of HSV-1-infected cells located in the interior

of explants could be detected in a few TGEs (Figure 2G). In

contrast, after direct infection of the GC with 104 pfu of HSV-1

17syn+, spread of HSV-1 into the interior parts of TGEs was

observed, and large areas of HSV-1-positive cells containing

infected glial cells and neurons could be visualized (Figure 2H).

Viral genome and transcript levels in infected TGEs
To further characterize the replication of HSV-1 in TGEs, we

determined viral genome and transcript levels in infected TGEs by

quantitative real-time PCR (qPCR). Infection of the GC with

HSV-1 17syn+ resulted in the onset of a productive infection of the

TGEs. As compared to 1 hpi (input genomes), the number of

replicated genomes increased exponentially between 12 and 48 hpi

(Figure 3A).

The viral genome and transcript levels in axonally infected

TGEs were analyzed in groups of ten cultures, containing two

explants each. At 6, 24, and 168 hpi with 56106 pfu of HSV-1

17syn+ added to the AC, the median HSV-1 DNA levels in the

explants were approximately 14,000, 17,000, and 21,000 ge-

nomes/TGE, respectively (Figure 3B). Although the HSV-1 DNA

load in individual TGEs varied markedly and the variations

increased with time post infection, there were no significant

differences in viral genome levels in the GC between 6 hpi and 168

hpi (i.e. 7 dpi).

The mode of entry into distal axons and the specificity of this

qPCR-based experimental approach were tested by inhibition of

the microtubule-mediated axonal transport with nocodazole and

application of fusion-deficient virus particles to the AC. The

addition of 10 mM nocodazole to both compartments simulta-

neously with viral infection of the AC led to a highly significant

reduction in viral DNA levels in the explants at 2 hpi (Figure 3C).

Negative effects of the nocodazol treatment on neurites within the

AC were not visible by light microscopy (data not shown).

Infection of the AC with 16108 particles of the gH-negative

mutant HSV-1 KOSgH87 purified from the supernatants of

transcomplementing gH-expressing Vero cells (Vero F6gH),

corresponding to 56106 pfu on VeroF6gH cells, resulted in

similar genome levels in the GC at 6 hpi to those observed in

TGEs infected with HSV-1 17 syn+. In contrast, genomes could

not be detected in TGEs after the addition of an identical number

of particles of HSV-1 KOSgH87 purified from the supernatants of

nontranscomplementing Vero cells (corresponding to 5 pfu on

VeroF6gH cells) to the AC (Figure 3D).

Genome levels and the number of primary infected cells in

TGEs were quantified in preparations of dispersed TGEs infected

in the GC and the AC, respectively, in the presence of 50 mg/ml

aciclovir (ACV) and harvested at 2 dpi. After infection of the AC

with 16106 pfu of HSV-1 17syn+, approximately 2,000 HSV-1

genomes/TGE were present in the dispersed cultures. HSV-1

antigen-positive neurons or nonneuronal cells could not be

detected by immunofluorescence. In contrast, infection of the

GC led to the dose-dependent expression of viral antigens in

neurons and nonneuronal cells (Table 1).

Absolute and relative levels of HSV-1 IE (ICP27/UL54), early/

late (E/L; gB/UL27), and late (L; gC/UL44) transcripts ranged

from 500 to 125,000 copies/TGE and 1.861026 to 661024 (viral

transcripts/ß-actin transcripts), respectively, at 6, 24 and 168 hpi

(Figure 3E). IE, E/L, and L transcript levels close to the detection

limit of reverse transcription (RT)-PCR were detectable in few

cultures at 6 hpi, while thereafter there were moderate but

significant increases in lytic transcript levels. Lytic transcripts were

present in most cultures at 24 hpi and in approximately half of the

cultures at 168 hpi. However, the onset of lytic gene expression in

axonally-infected TGEs was remarkably low relative to the high

genome levels present in the GC.

In contrast to lytic transcripts, high levels of the 2.0-kb major

LAT transcript were present in all TGEs selectively infected via

distal axons at 24 and 168 hpi. Between 24 and 168 hpi, LAT

Figure 2. Protein expression and spread of HSV-1 in infected TGEs. (A) Infection of the GC with HSV-1 17 CMV-IEproEGFP. TGEs were
infected with 16106 pfu, and stained in the AC with DiI at 1 hpi. At 24 hpi, DiI-specific (A, top right) and EGFP-specific (A, middle right) fluorescence
was monitored in intact cultures. The arrowhead indicates a typical EGFP-expressing, DiI-positive neuron depicted at higher magnification at the right
margin. A merged image of DiI- and EGFP-specific fluorescence is also shown (A, bottom right). (B) Infection of the AC with HSV-1 17 CMV-IEproEGFP.
EGFP expression in single neurons at 48 hpi with HSV-1 17 CMV-IEproEGFP. TGEs were infected in the AC with 56106 pfu and stained with DiI at 1
hpi. A typical EGFP- and DiI-positive neuron is indicated by an arrowhead and depicted at higher magnification in the right-hand image. (C)
Percentages of DiI/EGFP-double positive neurons. TGEs were either infected in the GC or in the AC with HSV-1 17 CMV-IEproEGFP and co-stained with
DiI as given in (A,B). At 24 hpi, the numbers of EGFP and DiI-positive neurons in intact TGEs were determined microscopically. (D) Percentages of TGEs
containing EGFP-positive (pos.) cells (white bars) and plaque-like clusters of EGFP-positive cells (EGFP-pos. plaques) (black bars). TGEs (n = 23) were
axonally-infected with 56106 pfu of HSV-1 17 CMV-IEproEGFP and monitored daily from 1 to 10 dpi, and from 3 to 10 wpi. (E) Time kinetics of EGFP
expression in neurons. Reporter gene expression in the TGEs shown in (D) was documented photographically at the time points indicated. Individual
EGFP-positive neurons were identified, and the total (black bars) and cumulative (white bars) numbers of EGFP-positive neurons were determined. (F)
Plaque-like cluster of EGFP-positive cells in an axonally-infected TGE at 5 dpi. EGFP-positive cells (triangle) and typical, EGFP-positive neurites (arrow
heads) are indicated. (G) Detection of HSV-1-positive cells in cryosections of infected TGEs. TGEs were infected in the AC with 56106 pfu of HSV-1
17syn+. HSV-1-positive cells were detected at 2 dpi by immunofluorescence using a polyclonal antibody against HSV-1 (green), nuclei were stained
with 49,6-diamidino-2-phenylindole (blue). (H) TGEs were infected in the GC with 104 pfu of HSV-1 17syn+, and cultures were fixed and stained at 2
dpi, as given above. A typical HSV-1-positive neuron is shown at higher magnification in the inset image; the neurite is indicated by the arrowhead.
doi:10.1371/journal.ppat.1002679.g002
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levels increased by approximately 40-fold. The median level of

LAT at 168 hpi was approximately 1,000-fold higher than that in

ICP27 transcripts (Figure 3E). LAT was also expressed in cultures

infected in the GC with 56106 to 86103 pfu of HSV-1 17syn+. As

compared to TGEs infected in the AC, the specific transcriptional

activity of the LAT gene (transcripts/genome) was 350 to 8,000 -

fold lower in TGEs infected in the GC (Figure 3F).

To exclude strain- and type-specific effects on HSV growth in

TGEs after axonal infection, we repeated the experiments with

clinical isolates of HSV-1 and HSV-2. Again, a synchronous

productive infection with exponentially rising genome levels

between 1 and 3 dpi was not induced in TGEs infected in the

AC (data not shown).

Stimulation of IE gene expression in axonally-infected
neurons with HMBA

Since entry of HSV-1 into the distal axons of sensory neurons

led to a predominantly nonproductive infection, we tested whether

productive infection could be induced by treatment with HMBA, a

known stimulator of HSV-1 IE gene expression [45]. The addition

of 2.5 mM HMBA to the culture medium of axonally-infected

TGEs significantly increased the number of neurons expressing

EGFP under control of the CMV IE promoter and the HSV-1 gD

promoter at 24 hpi (Figure 4A). Quantification of HSV-1 genome

and transcript levels indicated that HMBA treatment induced viral

genome replication in axonally-infected TGEs and significantly

increased the expression of lytic genes at 24 hpi but did not affect

Figure 3. Genome and transcript levels in HSV-1-infected TGEs. (A) Replication of HSV-1 17syn+ in TGEs infected in the GC. Groups of three
TGEs were infected in the GC with 16104 pfu of HSV-1 17syn+. TGEs were harvested at the time points indicated. DNA extracts were pooled, genome
levels per TGE were quantified by qPCR, and the increase in genome levels relative to that at 1 hpi was determined (replicated genomes). (B) Genome
levels in TGEs infected in the AC with HSV-1 17syn+. Groups of ten cultures, each containing two TGEs, were infected with 56106 pfu of HSV-1 17syn+,
TGEs of individual cultures were pooled and genome levels/TGE were determined by qPCR at the time points indicated, n.d., No viral genomes
detected by qPCR. The statistical significances of results are indicated as follows: ns (not significant), P.0.05; *P = 0.005–0.05; **P = 0.0005–0.005;
***P,0.0005. The median genome levels did not differ significantly between 6 hpi and 24 hpi, 24 hpi and 7 dpi, and 6 hpi and 7 dpi (P = 0.393, 0.4813,
and 0.2176, respectively; Mann-Whitney test). (C) Effect of nocodazole on the axonal transport of viral particles. Cultures were infected in the AC with
56106 pfu of HSV-1 17syn+ in the presence of 10 mM nocodazole (NOC); mock-treated cultures served as controls. TGEs were harvested at 2 hpi, and
genome levels were determined by qPCR, n.d., No viral genomes detected by qPCR. Differences in genome levels between NOC-treated and
untreated cultures at 2 hpi were highly significant (P = 0.0002; unpaired t test with Welch correction). (D) Infection of the AC with the fusion-deficient,
gH-negative mutant HSV-1 KOSgH87. Infection of the AC was performed with 16108 particles of HSV-1 KOSgH87. The virus was purified using a
saccharose gradient from the supernatants of transcomplementing VeroF6gH cells (DgH/VeroF6gH) (corresponding to 56106 pfu on VeroF6gH cells)
and of noncomplementing Vero cells (DgH/Vero) (corresponding to 10 pfu on VeroF6gH cells). Genome levels were determined by qPCR at 6 hpi. (E)
Transcript levels in TGEs axonally-infected with HSV-1 17syn+. Groups of ten cultures, each containing two TGEs, were infected in the AC with
56106 pfu. IE (ICP27), E/L (UL27), L (UL44), and LAT transcripts were quantified by RT-PCR and normalized to b-actin transcript levels. Transcript levels
at 6, 24, and 168 hpi (7 dpi) are shown, n.d., No viral transcripts detected. The statistical significances of differences in median transcript levels
between 6 and 24 hpi, 24 and 168 hpi, and 6 and 168 hpi are indicated (ICP27: P = 0.0068, 0.8798, and 0.0011, respectively; UL27: P = 0.0433, 0.1124,
and 0.0001, respectively; UL44: P = 0.1230, 0.0021, and ,0.0001, respectively; LAT: P,0.0001, ,0.0001, and ,0.0001, respectively; Mann-Whitney
test). (F) Specific transcriptional activity of the LAT gene in TGEs infected in the GC and AC, respectively. Groups of four TGEs were infected in the GC
with different infectious doses of HSV-1 17syn+ as indicated. A group of ten TGEs was infected in the AC with 56106 pfu. At 7 dpi, LAT copies and viral
genomes/TGE were quantitated by qPCR, and the mean ratio of LAT copies/HSV-1 genomes was determined. Data are mean and SD values.
doi:10.1371/journal.ppat.1002679.g003
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the expression of LAT (Figure 4B, C). At 7 dpi, the median viral

genome levels in HMBA-treated cultures were approximately

1,000-fold higher than in controls (Figure 4C). Monitoring of

intact cultures demonstrated that HMBA strongly induced

productive HSV-1 infection in non-neuronal cells. At 8 dpi,

approximately 40% of the explants showed signs of massive viral

spread (Figure 4D). When HMBA was added at 7 dpi to TGEs

axonally infected with HSV-1 17 CMV-IEproEGFP, no effect on

the number of EGFP-expressing cells was observed (data not

shown). In order to analyze the effect of HMBA on the release of

cell free infectious virus into the culture supernatants, we infected

TGEs with 16104 pfu HSV-1 17 gDproEGFP in the GC using

culture media without CMC and HSV-1 antiserum. As compared

to nontreated explants, HMBA-treatment led to an approx. 30-

fold increase in the median levels of cell free infectious virus in the

supernatants at 4 dpi. The number of infectious particles released

by repeated freeze-thawing of explants was approximately 10-fold

higher in HMBA-treated cultures (Figure 4E).

Transactivation of HSV-1 in axonally-infected neurons by
co-infection of the GC with HSV-1 helper virus

We also tested whether genome replication and the expression

of lytic genes in axonally-infected neurons could be induced by

simultaneous co-infection of the GC with a helper virus. To this

end we established a method for quantifying HSV-1 helper-

virus-induced transcriptional transactivation and genome repli-

cation after the selective entry of HSV-1 reporter virus via distal

axons. Cultures were infected in the AC with replication-

competent EGFP-expressing HSV-1 mutants, whereas the GC

was incubated with the spread-deficient gH-negative mutant

HSV-1 KOS gH87. The use of a spread-deficient, gH-negative

HSV-1 helper virus limited transactivation to those cells

primarily infected by the helper virus and allowed to us to

specifically follow up the replication and reporter gene expres-

sion of HSV-1 genomes present in sensory neurons after entry

within the AC.

In contrast to infection of the AC with 56106 pfu of HSV-1 17

CMV-IEproEGFP only (see above), EGFP expression in TGEs

was reliably induced by simultaneous co-infection of the GC with

56106 pfu of the helper virus HSV-1 KOS gH87. Staining of the

AC with DiI immediately after infection with HSV-1 demonstrat-

ed that at 24 hpi, most EGFP-expressing cells exhibited a typical

neuronal morphology and were stained by DiI (Figure 5A),

indicating the occurrence of transactivation of silent HSV-1

infection in neurons. The number of EGFP-expressing cells was

approximately 30-fold higher in TGEs co-infected with HSV-1

helper virus (Figure 5B).

EGFP DNA and RNA levels were determined by qPCR to

quantify the transactivation of the reporter viruses by the HSV-1

helper virus. The simultaneous co-infection of the GC with

56106 pfu of HSV-1 KOS gH87 led to an approximately 20-fold

increase in the genome levels of HSV-1 17 CMV-IEproEGFP in

axonally-infected TGEs at 24 hpi (Figure 5C). Serial fivefold

dilution of the helper virus revealed that a significant induction of

reporter virus replication was still achieved by adding 26105 pfu

helper virus to the GC.

To estimate the ratio of helper to reporter virus needed for

transactivation, helper virus genome levels resulting from co-

infection of the GC were quantified. Approximately 40,000 HSV-

1 genomes/TGE were detected by qPCR in cultures immediately

harvested after infection of the GC with 26105 pfu of HSV-1

KOS gH87 helper virus (i.e., the lowest amount of helper virus

able to significantly transactivate reporter virus; see above).

Comparable to what was observed with HSV-1 17syn+, infection

of the AC with 56106 pfu of HSV-1 17 CMV-IEproEGFP

reporter virus resulted in mean levels of approximately 10,000

HSV-1 genomes/TGE at 6 hpi. This corresponds to an overall

ratio of helper to reporter virus genomes in co-infected TGEs of

approximately 4. Considering that the HSV-1 added to the GC

also infects nonneuronal cells (Figure 2A), that only a subfraction

of axonally-infected neurons may be directly accessible to the

spread-deficient helper virus in en-bloc-cultivated TGEs, and that

the genome/pfu ratio of the helper virus preparation used was

approximately 30, the actual ratio of helper to reporter virus

needed to transactivate HSV-1 in axonally-infected neurons is

probably much lower.

Quantification of transcript levels showed that simultaneous co-

infection of the GC with HSV-1 helper virus strongly increased

EGFP transcript levels at 24 hpi with HSV-1 17 CMV-

IEproEGFP and HSV-1 17 gDproEGFP (Figure 5D). As observed

for the induction of genome replication, at least 26105 pfu of

helper virus needed to be applied to the GC to achieve a

significant transactivation of EGFP expression in cultures

axonally-infected with HSV-1 17 CMV-IEproEGFP (data not

shown).

In order to further elucidate the mechanism underlying helper-

virus-induced HSV-1 IE gene transactivation in axonally-infected

TGEs, reporter gene expression in HSV-1-IE4proEGFP-infected

cultures was determined in the absence of de novo protein synthesis

at 6 hpi. As shown in Figure 5E, low levels of EGFP expression

were detected in most of the cycloheximide (CHX)-treated

cultures without helper virus. The simultaneous addition of

56106 pfu of helper virus significantly increased the EGFP

expression, indicating that transactivation of reporter gene

Table 1. Detection of primary infected cells in dispersed TGEs at 2 dpi.

route of infectiona infectious doseb genomes/TGEc
HSV-1-positive cells/total
no. of cellsd

HSV-1-positive neurons/total
no. of neuronse

AC 56106 pfu 1,835 -/41,000 -/445

GC 16106 pfu 20,200 392/46,000 48/500

GC 16105 pfu 6,750 34/35,000 3/549

GC 16104 pfu 3,840 1/41,000 -/589

aTGEs were infected either in the axonal or ganglion compartment (AC, GC).
bCultures were infected with HSV-1 17syn+ in the presence of 50 mg/ml ACV, harvested at 2 dpi and dispersed.
cGenome levels per dispersed TGE were quantified by qPCR (mean of three experiments).
d,eHSV-1-positive cells and neurons per dispersed TGE were detected and quantified by immunofluorescence with a HSV-1-specific rabbit antiserum (d), a monoclonal
antibody against the 200 kD neurofilament marker (e) and DAPI (d,e) (mean of three experiments).
doi:10.1371/journal.ppat.1002679.t001
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Figure 4. Stimulation of productive HSV-1 infection by HMBA. (A) EGFP expression in neurons in the AC at 24 hpi with 56106 pfu of HSV-1 17
CMV-IEproEGFP and HSV-1 17 gDproEGFP in the presence of 2.5 mM HMBA. Mock-treated cultures are shown as controls. n.d., No EGFP-positive
neurons detected. The statistical significances of variations in the median number of EGFP-positive neurons in HMBA-treated cultures relative to
mock-treated cultures are indicated (HSV-1 17 CMV-IEproEGFP, P = 0.0017; HSV-1 17 gDproEGFP, P = 0.0132; Mann-Whitney test). (B) Effect of HMBA
on HSV-1 transcript levels in axonally-infected TGEs at 24 hpi. TGEs were infected in the AC with 56106 pfu of HSV-1 17 gDproEGFP. The statistical
significances of differences in median transcript levels are indicated (ICP27, P = 0.0089; UL27, P = 0.0185; UL44, P = 0.0355; LAT, P = 0.1051; Mann-
Whitney test). (C) Effect of HMBA on HSV-1 genome levels in axonally-infected TGEs. Groups of ten TGEs were infected in the AC with 56106 pfu of
HSV-1 17 gDproEGFP in the presence of 2.5 mM HMBA; mock-treated cultures served as controls. Genome levels were determined by qPCR at 24 hpi
and 7 dpi. The statistical significances of differences in median genome levels are indicated (24 hpi, P = 0.0115; 7 dpi, P = 0.0002; Mann-Whitney test).
Data are mean and SD values. (D) Spread of HSV-1 in axonally-infected TGEs in the presence of HMBA. TGEs were infected in the AC with 56106 pfu of
HSV-1 17 gDproEGFP in the presence of 2.5 mM HMBA and monitored daily for EGFP expression. The pattern of fluorescence in a culture with
massive viral spread is shown at 2, 5, and 8 dpi (d2, d5, and d8, respectively). The bottom-right image depicts a group of HSV-1 infected nonneuronal
cells at 8 dpi. (E) Effect of HMBA on the release of cell free virus. TGEs were infected in the GC with 16104 pfu of HSV-1 17 gDproEGFP in the presence
or absence of 2.5 mM HMBA as indicated in culture medium without CMC and HSV-1 antiserum. At 4 dpi, supernatants (supernatant GC) and TGEs
were harvested and virus was titrated. Infectious virus was liberated from TGEs by repeated freeze-thawing in 100 ml PBS (TGE lysates).
doi:10.1371/journal.ppat.1002679.g004
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Figure 5. Transactivation of HSV-1 in axonally-infected TGEs by infection of the GC with HSV-1 helper virus. (A) Effect of helper virus
on EGFP expression in TGEs infected in the AC with HSV-1 17 CMV-IEproEGFP. TGEs were co-infected with 16106 pfu of the gH-negative, spread-
deficient mutant HSV-1 KOS gH87 in the GC and 56106 pfu of HSV-1 17 CMV-IEproEGFP in the AC. At 1 hpi, cultures were stained with DiI in the AC.
The arrowhead indicates a typical DiI and EGFP double-positive neuron depicted at higher magnification in the right-hand images. (B) Effect of helper
virus on EGFP expression in axonally-infected neurons. The numbers of positive neurons/culture infected in the AC with 56106 pfu of HSV-1 17
CMVpro-IE EGFP and co-infected in the GC with 56106 pfu of HSV-1 KOS gH87 (DgH) or mock-infected are given. Differences were highly significant
(P = 0.0003, unpaired t test with Welch correction). (C) Effect of helper virus on genome replication of HSV-1 after infection of the AC. Groups of ten
cultures were infected in the AC with 56106 pfu of HSV-1 17 CMV-IEproEGFP. The GC was co-infected with varying amounts of HSV-1 KOS gH87, as
indicated. TGEs were harvested at 24 hpi with the helper virus, reporter virus genome levels were quantified by qPCR, and the increase of reporter
virus genome levels relative to controls was calculated. The significances of helper-virus-induced increases in the median genome level of reporter
virus genomes are indicated (56106 pfu helper virus, P,0.0001; 16106 pfu helper virus, P = 0.0021; 26105 pfu helper virus, P = 0.0015; 46104 pfu
helper virus, P = 0.4359; Mann-Whitney test). Data are mean and SD values. (D) Reporter gene expression 24 h after co-infection of the GC with HSV-1
helper virus. Cultures were infected with 56106 pfu of HSV-1 17 CMV-IEproEGFP, and HSV-1 17 gDproEGFP in the AC. Groups of ten cultures were co-
infected with 56106 pfu of HSV-1 KOS gH87 in the GC; cultures not infected with helper virus served as controls. The significances of differences in
the relative transcript levels are indicated (HSV-1 CMV-IEpro EGFP, P,0.0001; HSV-1 gDproEGFP, P,0.0001; unpaired t test with Welch correction). (E)
Helper-virus-induced transcriptional transactivation of IE gene expression in the absence of de novo protein synthesis. Cultures were infected in the
AC with 56106 pfu of HSV-1 17 IE4proEGFP in the presence of 50 mg/ml CHX. Groups of ten cultures were co-infected in the GC with 56106 pfu of
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expression under the control of the HSV-1 ICP4 promoter

occurred directly (i.e., by incoming helper virus particles and in the

absence of de novo protein synthesis).

We also investigated whether the addition of HSV-1 helper

virus to axonally-infected cultures was able to transactivate

reporter virus genomes at 7 dpi (i.e., after the establishment of

an LAT-positive, silent infection). These experiments showed that

the HSV-1 reporter virus was refractory to transactivation by

HSV-1 helper virus at 7 dpi. Infection of the GC with HSV-1

KOSgH87 did not significantly increase reporter virus genomes or

gene expression in explants axonally-infected with HSV-1 17

CMV-IEproEGFP (Figure 5F, G), or directly transactivate IE gene

expression in HSV-1-17-IE4proEGFP-infected cultures in the

presence of CHX (Figure 5H).

Role of VP16 in the induction of IE gene expression by
HSV helper virus

The transactivation of the ICP4 promoter in axonally-infected

and CHX-treated cultures by simultaneous infection of the GC

with HSV-1 helper virus suggested a direct VP16-dependent

transcriptional activation of IE gene expression. To study the role

of VP16, we repeated the experiments using the VP16AD-negative

mutant HSV-1 KOS RP5 as a helper virus to infect the GC. The

corresponding revertant HSV-1 KOS RP5R served as a control

[46]. The number of particles of HSV-1 KOS RP5 used to infect

the GC was adjusted to the number of particles present in

56106 pfu of the HSV-1 KOS RP5R preparation. Following

axonal infection of TGEs with HSV-1 IE4proEGFP in the

presence of CHX, IE gene expression was significantly increased

by infection of the GC with HSV-1 KOS RP5R, whereas the

addition of RP5 did not lead to a significant transcriptional

transactivation of the reporter gene at 6 hpi (Figure 6A). When

added to the GC in the absence of CHX at a concentration of 108

particles, both HSV-1 KOS RP5 and RP5R were able to

significantly transactivate IE gene expression of the reporter virus

at 6 hpi (Figure 6B). In agreement with this finding, a significant

increase of reporter virus genomes was observed at 24 hpi after the

addition of 108 particles of HSV-1 KOS RP5 and RP5R helper

viruses. Serial ten-fold dilution of the helper viruses demonstrated

that the efficiency of transactivation by the rescue mutant HSV-1

KOS RP5R was 10 to 100-fold higher as compared to RP5

(Figure 6C).

The ability of HSV-1 KOS RP5 to infect distal axons was also

analyzed. Similar to what was observed in TGEs at 24 hpi with

HSV-1 17syn+, only basal levels of lytic transcripts were present in

TGEs axonally-infected with HSV-1 KOS RP5, whereas LAT

was expressed at high levels (data not shown). In CHX-treated,

axonally infected TGEs we could not detect significant VP16-

dependent differences in the transcriptional activity of ICP27

between HSV-1 KOS RP5 and RP5R at 6 hpi (Figure 6D). In

contrast, the transcriptional activity of ICP27 in CHX-treated

TGEs infected in the GC was approximately two log-orders higher

in HSV-1 KOS RP5R-infected cultures as compared to HSV-1

KOS RP5 (Figure 6D). Similar differences between HSV-1 KOS

RP5 and RP5R were observed in CHX-treated Vero cell

monolayers at 6 hpi (Figure 6D). As observed with HSV-1

17syn+, HMBA-treatment led to a significant increase in genome

levels in TGEs axonally infected with HSV-1 KOS RP5 at 24 hpi

(Figure 6E).

Transactivation of HSV-1 by co-infection of the GC with
HSV-2 and PrV helper virus

The HSV-1-independent transactivation of HSV-1 IE gene

expression by co-infection of the GC with the alphaherpesviruses

HSV-2 and PrV was investigated using the HSV-2 strain 333 and

the replication-competent PrV mutant PrV-KaDgGgfp. As

observed with HSV-1, direct addition of HSV-2 to the GC

resulted in exponentially rising genome levels indicative of massive

viral replication in the TGEs, whereas addition of HSV-2 to the

AC did not induce productive infection of the TGEs between 12

hpi and 48 hpi (Figure 7A). The simultaneous addition of

56106 pfu of HSV-2 helper virus to the GC of TGEs axonally-

infected with HSV-1 17 CMV-IEproEGFP led to highly

significant increases in HSV-1 genomes and EGFP transcript

levels at 24 hpi (Figure 7 B, C). In contrast to the HSV-1 helper

virus, infection of the GC with the HSV-2 helper virus at 7 dpi of

the AC with HSV-1 17 CMV-IEproEGFP also strongly increased

HSV-1 genomes and EGFP transcripts (Figure 7B, C). In the

absence of de novo protein synthesis, HSV-2 helper virus strongly

transactivated EGFP expression under control of the HSV-1 ICP4

promoter (Figure 7 D).

TGEs were found to be highly susceptible to direct infection of

the GC with PrV. Furthermore, in contrast to HSV-1 and HSV-2,

PrV infection of the AC also led to a rapid, productive spread of

PrV in TGEs (Figure 8A). PrV-KaDgGgfp proved to be a potent

transactivator of HSV-1 IE gene expression in infected neurons.

The simultaneous addition of 56106 pfu of PrV to the GC led to a

highly significant increase in HSV-1 ICP27 gene expression at 6

hpi (Figure 8B). As observed with HSV-2 and in contrast to HSV-

1 helper virus, infection of the GC with PrV helper virus at 7 dpi

of the AC with HSV-1 significantly increased HSV-1 IE gene

expression (Figure 8B). Simultaneous co-infection of the GC with

helper virus in the presence of CHX resulted in a significant

increase in the basal level of HSV-1 IE gene expression

(Figure 8C). Additionally, we studied transactivation by PrV

helper virus in TGEs co-infected in the AC with HSV-1 and PrV.

Axonal co-infection of the TGEs resulted in a strong transactiva-

tion of HSV-1 IE gene expression by PrV helper virus at 6 hpi.

Transactivation was abrogated, however, by CHX-treatment of

TGEs (Figure 8D). Thus, in axonally co-infected cultures

transactivation of HSV-1 appears to be dependent on de novo

protein synthesis of PrV.

Discussion

HSV-1 latency and reactivation in vivo result from a complex

interaction between the virus and its host. It is assumed that

immediately after virus entry into the host cell, the tegument

HSV-1 KOS gH87; cultures without helper-virus co-infection served as controls. TGEs were harvested in the AC at 6 hpi and the relative transcript
levels of EGFP were determined. The statistical significances of differences are indicated (P = 0.0003; unpaired t test with Welch correction). (F–H)
Effect of HSV helper virus added to the GC of the AC at 7 dpi. (F, G) Cultures were infected in the AC with 56106 pfu of HSV-1 17 CMV-IEproEGFP. At 7
dpi, cultures were infected in the GC with 56106 pfu of HSV-1 KOS gH87, cultures without helper-virus infection served as controls. At 24 h after the
addition of helper virus, TGEs were harvested and genome levels of the reporter virus (F) and EGFP transcript levels were determined. There were no
significant differences in reporter virus genome and transcript levels (genomes, P.0.9999, Mann-Whitney test; transcript levels, P = 0.7609, unpaired t
test with Welch correction). (H) Cultures were infected in the AC with 56106 pfu of HSV-1 17 IE4proEGFP. At 7 dpi, cultures in the AC were either
infected in the GC with 56106 pfu of HSV-1 KOS gH87 or mock-infected in the presence of CHX, and EGFP transcript levels were determined 6 h after
addition of the helper virus. There were no significant differences in transcript levels (P = 0.8269, unpaired t test with Welch correction).
doi:10.1371/journal.ppat.1002679.g005
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Figure 6. Infection of TGEs by the VP16AD-deficient mutant HSV-1 KOS RP5. (A) Transactivation of HSV-1 IE gene expression by HSV-1 KOS
RP5 in the absence of de novo protein synthesis. Cultures were infected in the AC with 56106 pfu of HSV-1 17 IE4proEGFP in the presence of 50 mg/
ml CHX. Groups of ten cultures were co-infected in the GC with identical numbers of particles of HSV-1 KOS RP5 or the revertant HSV-1 KOS RP5R
(16108 particles, corresponding to 56106 pfu of HSV-1 KOS RP5R). Cultures without helper-virus co-infection served as controls. Cultures were
harvested at 6 hpi, and the relative transcript levels of EGFP were determined. The statistical significances of differences in the mean relative
transcript levels are indicated (mock vs. HSV-1 KOS RP5, P = 0.8352; mock vs. HSV-1 KOS RP5R, P,0.0001; HSV-1 KOS RP5 vs. HSV-1 KOS RP5R
P,0.0001; unpaired t test with Welch correction), ns (not significant). (B) Transactivation of HSV-1 IE gene expression by HSV-1 KOS RP5 without
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protein VP16 plays an essential role in the combinatorial

regulatory circuit controlling the lytic/latent decision. If the

transactivation of IE genes by the VP16-induced complex is

insufficient, this may diminish lytic gene expression in the infected

neuron and favor the establishment of latency [5,47].

As originally supposed by Roizman and Sears [48], a lack of

retrograde axonal transport of VP16 upon entry into the distal

axons could be responsible for the poor onset of IE gene

expression in neurons in vivo. By contrast, infection of the soma

may enable VP16 to reach the nucleus and to initiate a lytic

infection of the neuron, as observed in neuronal cultures non-

selectively infected in vitro.

In addition, transactivation by residual VP16 reaching the soma

of the axonally infected neuron may be blocked. Modulation of the

function of VP16 by other components of the HSV-1 outer

tegument layer might contribute to the insufficiency of transacti-

vation of IE gene expression in axonally-infected neurons. The

tegument proteins UL46 and UL47, which reportedly increase the

activity of VP16 [49,50], are predominantly lost from capsids

during retrograde axonal transport [22]. In addition, residual

VP16 activity may be blocked by the cytoplasmic sequestration of

HCF-1 in unstimulated neurons [51], and the interaction of HCF-

1 with the basic leucine zipper proteins, Luman and Zhangfei [52–

54].

Various cell culture systems have been used to study the

establishment of and reactivation from latency at the molecular

level in vitro [5]. If a missing or strongly reduced axonal transport

of VP16 is important for the lytic/latent decision in the infected

neuron, the ability of HSV-1 to induce lytic gene expression in

neurons should differ with the site of viral entry. Specifically, the

selective infection of distal axons should predispose neurons to a

nonproductive HSV-1 infection. To our knowledge, and contrary

to this assumption, differences specific to the site of entry in the

ability of HSV to cause productive infection of neurons remain

unknown. The selective entry of HSV-1 into the axons of

dissociated DRGs in vitro has been reported to result in the

productive infection of neurons, and consequently in the

progressive spread of HSV throughout the cultures [42,55].

While a predominantly nonproductive HSV-1 infection can be

spontaneously established in neuronal cultures [56], acute lytic

infection must usually be suppressed for some time to enable the

efficient establishment of latent infection in vitro, especially if

infections are performed at a high MOI [57–61]. As shown by

Bertke et al. [62] neuronal factors may have a significant impact

on the relative permissiveness for productive infection. Thus, adult

murine A5-positive sensory neurons are nonpermissive for

productive infection with HSV-1 in vitro. To our knowledge,

chicken trigeminal neurons have not been tested for the expression

of the A5 (Galb1-4GlcNAc-R) epitope. As additional markers of

adult murine trigeminal neurons preferentially harboring latent

HSV-1, the calcitonin-gene related peptide (CGRP) and the high

affinity NGF receptor (TrkA) have been described [63]. The

majority of neurons in the adult chicken trigeminal ganglion are

reactive for the calcitonin-gene related peptide (CGRP) [64].

Furthermore, basic characteristics of neurotrophins and their

receptors in sensory neurons appear to be well preserved between

mammals and the chick, e.g., the same genes are found and

expressed with shared common features in different neuron

populations during development. TrkA is expressed at high levels

in the embryonic chicken TG [65].

Analysis of the viral transcript and genome levels in HSV-1

infected embryonic chicken TGEs between 6 hpi and 7 dpi

revealed that the infection of free distal axons spontaneously

resulted in a largely nonproductive HSV-1 infection that was

characterized by stationary genome levels with a median of

approximately 10,000 to 20,000 genomes/TGE infected with

56106 pfu HSV-1 17syn+, the expression of low and fluctuating

levels of lytic transcripts, and the prominent expression of LAT at

24 hpi and thereafter. A general lack of susceptibility of the organ

model to HSV-1 is unlikely to account for this observation.

Previous studies showed that neuronal embryonic chicken tissues

are permissive for HSV-1, and are a suitable model system for the

analysis of neurotropic alphaherpesviruses [44,66]. Our data

confirm that HSV-1 can efficiently infect the distal axons of

embryonic chicken TGEs. We estimate that the addition of HSV-1

at saturating infectious doses to the AC results in stable mean

levels of 70–210 HSV-1 genomes per neuron with neurites

reaching the AC. This is highly consistent with levels of

approximately 70 and 180 viral genomes per latently infected

LAT-negative and LAT-positive neuron in the mouse model

reported by Chen et al. [67]. Fusion-incompetent viral particles

added to the AC of embryonic chicken TGEs were not transported

in a retrograde direction to the GC. Thus, in agreement with

earlier studies, HSV-1 enters the distal axons of embryonic

chicken TGEs by direct fusion with the axonal membrane, and not

via endocytotic uptake [22,68–70].

If this is correct, a lack of axonal transport of VP16 should result

in a similar pattern of lytic gene expression in neurons axonally-

infected with wt HSV and a VP16AD-negative mutant. In fact,

ICP27 transcript levels in CHX-treated TGEs axonally infected

inhibition of de novo protein synthesis. Cultures were infected in the absence of CHX with HSV-1 KOS RP5 and RP5R as given above (Figure 6A) and
the relative transcript levels of EGFP were determined at 6 hpi. The statistical significances of differences in the mean relative transcript levels are
indicated (mock vs. HSV-1 KOS RP5, P,0.0001; mock vs. HSV-1 KOS RP5R, P,0.0001; HSV-1 KOS RP5 vs. HSV-1 KOS RP5R P = 0.6874; unpaired t test
with Welch correction), ns (not significant). (C) Transactivation of HSV-1 genome replication by HSV-1 KOS RP5. Groups of ten cultures were infected
in the AC with 56106 pfu of HSV-1 17 gDproEGFP. The GC was co-infected with different infectious doses of HSV-1 KOS RP5 and RP5R as indicated.
TGEs were harvested at 24 hpi with the helper virus, reporter virus genome levels were quantified by qPCR, and the increase of reporter virus genome
levels relative to controls was calculated. The significances of helper-virus-induced increases in the mean genome level of reporter virus genomes are
indicated (HSV-1 KOS RP5: 16108 particles, P = 0.0108; 16107 particles, P = 0.0572; 16106 particles, P = 0.1592; HSV-1 KOS RP5R: 16108 particles,
P,0.0001; 16107 particles, P = 0.0038; 16106 particles, P = 0.0026; unpaired t test with Welch correction). Data are mean and SD values. (D) Specific
transcriptional activity of the ICP27 gene in cultures infected with HSV-1 KOS RP5 and RP5R in the absence of de novo protein synthesis. Vero cells
(three independent experiments) were infected with an identical number of particles of HSV-1 KOS RP5 and RP5R at the MOI indicated, groups of 4
and 10 CHX-treated TGEs were infected in the GC and AC, respectively, with the number of particles indicated, and harvested at 6 hpi. Copy numbers
of the ICP27 transcript and viral genomes/TGE were quantitated by qPCR, and the ratio of ICP27 transcript copies/HSV-1 genomes was determined.
The significance of differences in the specific transcriptional activity of ICP27 are indicated (Vero cells: HSV-1 KOS RP5 vs. RP5R infected at a MOI 10
and 1, P = 0.0001; TGEs infected in the GC: HSV-1 KOS RP5 vs. RP5R infected with 106 and 107 particles, P = 0.0001; TGEs infected in the AC: HSV-1 KOS
RP5 vs. RP5R, P = 0.3242; unpaired t test with Welch correction). Data are mean and SD values, ns (not significant). (E) Effect of HMBA-treatment on
genome levels in TGEs infected in the AC with HSV-1 KOS RP5. Cultures were infected in the AC with 16108 particles of HSV-1 KOS RP5 in the absence
or presence of 2.5 mM HMBA. Genome levels were determined at 24 hpi. The statistical significances of differences in the mean genome level is
indicated (P = 0.0363; unpaired t test with Welch correction). Data are mean and SD values.
doi:10.1371/journal.ppat.1002679.g006

Silent HSV Infection of Neurons upon Axonal Entry

PLoS Pathogens | www.plospathogens.org 12 May 2012 | Volume 8 | Issue 5 | e1002679



with HSV-1 KOS RP5 and RP5R did not differ. Furthermore,

levels of lytic transcripts at 24 hpi were found to be comparable in

cultures infected with HSV-1 17syn+ and various EGFP-express-

ing HSV-1 17 mutants, HSV-1 KOS RP5 and RP5R (data not

shown). Thus, at least in the early phase of infection, conspicuous

VP16-dependent differences in lytic viral transcript levels were not

evident in axonally-infected TGEs. Proenca et al. [71] recently

demonstrated that HSV-1 IE gene expression by a VP16-

independent mechanism can precede the establishment of latency

in sensory neurons. In addition, we also found similar levels of

LAT expressed by HSV-1 wt virus and the VP16AD-negative

mutant in axonally-infected TGEs.

In the absence of functional VP16, HMBA has been described

to enhance IE gene expression and lytic growth of HSV-1,

especially if cells are infected at low MOI [45,72]. The exact mode

of action of the cytodifferentiating agent HMBA on HSV-1 growth

is not fully understood. HMBA induces the differentiation of

murine erythroleukemia cells (MELC) and other transformed cells

to a less transformed phenotype [73]. Comparison of the effects of

various other agents known to promote the differentiation of

MELCs demonstrated that some of these substances complement

the growth of VP16-deficient HSV-1 whereas others antagonize

the effect of HMBA [74]. HMBA-treatment also increases the

replication of VP16-positive HSV-1 and HSV-2 in epidermal and

neuronal cells [75], and the oncolytic activity of a gamma1-34.5-

negative HSV-1 mutant in oral squamous carcinoma cells [76].

Accordingly, HMBA treatment significantly increased the

expression of lytic genes in TGEs axonally-infected with the

VP16AD-negative mutant HSV-1 KOS RP5. HMBA treatment

also restored the ability of VP16-competent HSV-1 strains to

initiate a productive infection of sensory neurons and stimulated

viral spread within nonneuronal cells. In TGEs axonally-infected

with the spread-deficient mutant HSV-1 KOS gH87, HMBA

treatment significantly enhanced the expression of lytic genes (data

Figure 7. Transcriptional transactivation of HSV-1 IE gene expression by HSV-2 helper virus. (A) Replication of HSV-2 in TGEs. Groups of
three TGEs were either infected in the AC with 56106 pfu of HSV-2 333 (grey bars) or in the GC with 104 pfu of HSV-2 333 (black bars), and harvested
at the time points indicated. DNA extracts were pooled, genome levels were determined by qPCR, and the increase in genome levels relative to 1 hpi
was calculated. (B, C) Transactivation of HSV-1 by HSV-2 infection of the GC. TGEs were infected in the AC with 56106 pfu of HSV-1 CMV-IEproEGFP,
and infected either simultaneously or at 7 dpi in the GC with 56106 pfu of HSV-2 333. Cultures were harvested at 24 hpi after the addition of HSV-2 to
the GC, and HSV-1 genome (B) and relative EGFP transcript levels (C) were determined. Cultures not infected with helper virus served as controls. The
statistical significances of differences in the transcript levels are indicated (simultaneous infection, P,0.0001; addition of PrV at 7 dpi, P,0.0001;
Mann-Whitney test). (D) Transcriptional transactivation of HSV-1 by co-infection of the GC with HSV-2 in the presence of CHX. TGEs were infected in
the AC with 56106 pfu of HSV-1 17 IE4proEGFP in the presence of CHX and either co-infected in the GC with 56106 pfu of HSV-2 333 or mock-
treated. Cultures were harvested at 6 hpi and EGFP transcript levels normalized to b-actin transcripts were determined. The statistical significances of
differences in the mean relative transcript levels are indicated (P.0.0001, unpaired t-test with Welch correction).
doi:10.1371/journal.ppat.1002679.g007
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not shown). Together these findings provide evidence of insuffi-

cient transactivation of IE gene expression by VP16 in axonally-

infected neurons.

With respect to the ability of HSV-1 to induce a productive

infection of neurons when added directly to the GC, we reasoned

that silent HSV-1 infection resulting from axonal infection could

be transactivated by the direct co-infection of neurons with HSV-1

helper virus. Our results show that both genome replication of the

reporter virus and reporter gene expression under the control of

HSV-1 IE, E/L, and human CMV (HCMV) IE promoters can be

transactivated by simultaneous infection with a helper virus

introduced into the GC. Quantification of helper and reporter

virus levels in co-infected TGEs indicated that only a few helper

virus particles appear to be sufficient to transactivate the reporter

virus in neurons.

These results further support the hypothesis that the poor

expression of lytic genes after axonal entry is due to low or missing

transactivation by VP16, since helper-virus-induced transactiva-

Figure 8. Transcriptional transactivation of HSV-1 IE gene expression by PrV helper virus. (A) Replication of PrV in TGEs. Groups of three
TGEs were either infected in the AC with 56106 pfu of PrV-KaDgGgfp (grey bars) or in the GC with 104 pfu of PrV-KaDgGgfp (black bars), and
harvested at the time points indicated. DNA extracts were pooled, genome levels were determined by qPCR, and the increase in genome levels
relative to 1 hpi was calculated. (B) Transcriptional transactivation of HSV-1 by PrV infection of the GC. TGEs were infected in the AC with 56106 pfu of
HSV-1 CMV-IEproEGFP, and infected either simultaneously or at 7 dpi in the GC with 56106 pfu of PrV-KaDgGgfp. Replication of PrV was suppressed
by the addition of 50 mg/ml ACV to the media. Cultures were harvested at 6 hpi after the addition of PrV to the GC, and relative ICP27 transcript levels
were determined. Cultures not infected with helper virus served as controls. The statistical significances of differences in the transcript levels are
indicated (simultaneous infection, P,0.0001; addition of PrV at 7 dpi, P,0.0001; unpaired t test with Welch correction). (C) Transcriptional
transactivation of HSV-1 by co-infection of the GC with PrV in the presence of CHX. TGEs were infected in the AC with 56106 pfu of HSV-1 17 CMV-
IEproEGFP in the presence of CHX and either co-infected in the GC with 56106 pfu of PrV-KaDgGgfp or mock-treated. Cultures were harvested at 6
hpi and ICP27 transcript levels normalized to b-actin transcripts were determined. The statistical significances of differences in the mean relative
transcript levels are indicated (P = 0.0186, unpaired t test with Welch correction). (D) Transcriptional transactivation of HSV-1 by co-infection of the AC
with PrV. TGEs were infected in the AC with 2.56106 pfu of HSV-1 17 syn+ in the presence or absence of CHX and co-infected in the AC with
2.56106 pfu of PrV-KaDgGgfp or mock-treated as indicated. Cultures were harvested at 6 hpi and ICP27 transcript levels normalized to b-actin
transcripts were determined. The statistical significances of differences in the mean relative transcript levels are indicated (mock+CHX vs. PrV+CHX,
P.0.999; mock+CHX vs. PrV2CHX, P,0.0001; PrV+CHX vs. PrV2CHX, P,0.0001; Mann-Whitney test), ns (not significant).
doi:10.1371/journal.ppat.1002679.g008
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tion of IE gene expression by simultaneous co-infection of the GC

occurred in the absence of de novo protein synthesis, and efficient

transactivation was dependent on the presence of functional VP16

in the HSV-1 helper virus.

The related alphaherpesviruses HSV-2 and PrV also efficiently

transactivated lytic HSV-1 gene expression in axonally-infected

neurons. However, unlike HSV-1 and HSV-2, the lytic gene

expression after axonal entry of PrV is sufficient to initiate a

synchronous, productive infection of neurons. The rapid spread of

PrV in the explants following axonal infection is highly consistent

with its high in vivo pathogenicity, which is substantially greater

than that of HSV [77].

The simultaneous co-infection of the GC with HSV-2 or PrV

was found to directly transactivate HSV-1 IE gene expression in

neurons in the absence of de novo protein synthesis. Transactivation

of HSV-1 IE gene expression is most likely mediated by HSV-2

VP16 and the PrV VP16/pUL48 homologue [78], although it has

been reported that UV-inactivated PrV particles do not transacti-

vate the expression of reporter genes controlled by IE promoters of

HSV-1 or PrV [79,80]. Interestingly, the HSV-2 and PrV but not

HSV-1 helper viruses were still able to efficiently transactivate

HSV reporter virus gene expression at 7 dpi. It is unclear why

HSV-1 helper virus specifically fails to transactivate HSV-1

genomes in axonally-infected neurons when added after the

establishment of a silent, latency-like infection in the cultures.

However, our finding is in agreement with the results of Su et al.

[81], who reported that HSV-1 genomes in long-term NGF-

differentiated, quiescently-infected PC12 cells become refractory

to superinfection with HSV-1. Mador et al. [82] showed that the

expression of HSV-1 LAT renders neurons resistant to infection

with HSV-1 but not HSV-2, and concluded that protection

against superinfection with HSV-1 may be an important function

of HSV-1 LAT. Since axonally-infected TGEs express high levels

of LAT at 7 dpi, a LAT-dependent mechanism may be responsible

for the HSV-1-specific failure to transactivate silent HSV-1

infection observed in this study. As discussed by Berngruber et

al. [83], protection of the host cell harboring latent virus by

superinfection inhibition is not restricted to bacteriophages but

appears to be a common mechanism in the maintenance of latency

in many viral systems including HSV-1, and may be a driving

force in the evolution of viral latency.

The use of fluorescence microscopy to monitor intact,

axonally-infected TGEs with the replication-competent mutant

HSV-1 17 CMV-IEproEGFP showed that a few isolated neurons

expressed EGFP within the first days after infection. Monitoring

the onset of EGFP expression in individual neurons revealed that

this was associated with an approximately fivefold increase in the

cumulative number of EGFP-positive neurons during the first 10

days after axonal infection. The cumulative number of EGFP-

positive neurons increased at a small but constant rate during

weeks 3–10 after axonal infection. Balliet et al. [84] interpreted

the de novo onset of EGFP expression under the control of the

HCMV IE promoter in latently HSV-1-infected neurons as

spontaneous molecular reactivation, a term coined by Feldman

et al. [85]. Spontaneous molecular reactivation, as observed in

the mouse TG, might reflect asymptomatic viral shedding and

recurrent disease in humans occurring in the absence of known

external stimuli of HSV reactivation [86]. Stochastic spontane-

ous reactivation patterns have also been described in other latent

herpesvirus infections [87]. Since HSV-1 spreads from EGFP-

positive neurons to surrounding nonneuronal cells in a small

proportion of axonally-infected embryonic chicken TGEs, at

least a fraction of the former must have been productively

infected.

Interestingly, after a short period of expansion, the growth of

these plaque-like clusters of infected cells ceased and EGFP-

positive cells finally disappeared again. This is reminiscent of the

results of Barreca and O’Hare [88,89], who reported that HSV-1-

infected MDBK cells develop an interferon-dependent, refractory

state leading to the suppression of viral growth on the one hand

and the persistence of virus in a subpopulation of cells on the

other.

As reported by Camarena et al. [90], continuous NGF-

mediated signaling is required to maintain HSV-1 latency in

primary neuron cultures. The use of serum-free culture media

supplemented with NGF as the only growth factor may thus have

favored the long-term nonproductive infection of neurons

observed in the present study. The presence of fetal calf serum

(FCS) in the culture medium and continuing viral spread from

infected epithelial cells to distal axons instead may enhance the

productive HSV-1 infection of embryonic chicken TGEs [43]. In

the present study we found that treating the cultures with the cell-

differentiation-inducing agent HMBA not only enhanced the

expression of lytic genes in axonally-infected neurons but also

strongly promoted secondary viral spread to the surrounding

neurons and nonneuronal cells. Clearly, differentiation, trophic

state, developmental stage, and age of neurons and nonneuronal

cells significantly impact the outcome of HSV-1 infection in

neuronal organotypic cultures. In particular, even if the vast

majority of neurons become nonproductively infected, conditions

favoring the massive secondary spread of HSV-1 will disrupt the

establishment of a long-lasting latency-like HSV-1 infection as

long as a few productively infected neurons and susceptible cells

are present in the organotypic cultures. Thus, the apparent failure

of HSV-1 to spontaneously establish a latency-like infection upon

axonal infection in earlier studies may also reflect differences in the

endogenous capability of cultures to establish a refractory antiviral

state.

In conclusion, our work provides direct experimental evidence

that HSV-1 entry into the distal axons of sensory neurons is

characterized by a site-of-entry-specific restriction of lytic gene

expression. We consider our observations to be relevant for the

course of natural HSV-1 infection and the underlying mechanism

to be decisive for the establishment of latency. Although the block

to lytic infection is not complete, switching off the transactivation

of IE genes by VP16 is probably an essential first step in the

combinatory circuit that ultimately triggers the establishment of

latency in sensory neurons infected via the physiological route. In

turn, the repression of massive lytic replication in the PNS despite

infection of neurons at a high MOI may enable the host to initiate

an innate immune response and prevent anterograde spread of the

virus until adaptive immune mechanisms have developed [91–93].

In this way, both the efficient establishment of latent infection and

the prevention of excessive viral pathogenicity might be warrant-

ed.

Materials and Methods

Ethics statement
All procedures involving chicken embryos complied with the

relevant national guidelines. Embryonated chicken eggs are not

subject to the restrictions imposed by German laws related to

animal protection. Furthermore, any organ explanted from a

killed animal is not defined as an animal experiment (Tierschutz-

gesetz 17 (1)). For infection experiments, explant cultures were

treated with the virus, and thus no infection of live organisms

occurred. The use of chicken embryos has been approved officially

as an alternative to replace animal experiments, in accordance
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with the replacement, refinement, and reduction strategy for

animal experiments of the EU.

Generation of EGFP-expressing recombinant HSV-1
Cloning of the transfer plasmids. To generate mutant

HSV-1-expressing EGFP under the control of the CMV IE-

promoter, the HSV-1 ICP4 promoter, and the HSV-1 gD

promoter, transfer plasmids with the respective reporter cassettes

inserted between the HSV-1 UL21 and UL22 (gH) genes were

constructed.

The transfer plasmid pUCgHBgl2m_CIE-EGFP, which was

used to generate HSV-1 17 CMV-IEproEGFP expressing EGFP

under the control of the CMV IE promoter, was cloned as follows.

The vector pUCgHBgl2mABS was generated by PCR-mediated,

site-directed mutagenesis of pUCgHBgl2m [94] comprising the

gH coding sequence within the HSV-1 BglIIm fragment (6.4 kb,

from nucleotide positions 41,449–47,855 of the HSV-1 genome;

GenBank accession no. X14112) [95]. pUCgHBgl2mABS con-

tains a unique BclI site immediately downstream of the gH stop

codon (nucleotide position 43,866), a second poly A region derived

from plasmid pEGFP-1 (BD Biosciences Clontech, Heidelberg,

Germany), and a unique SpeI site 59 of the endogenous gH poly A

region. The transfer plasmid pUCgHBgl2m_CIE-EGFP was

obtained by subcloning the 0.79-kb HindIII/XbaI EGFP-coding

fragment of pEGFP-1 into the HindIII/XbaI sites of pVAX1 (BD

Biosciences Clontech) and transferring the 1.45-kb SpeI/XbaI

fragment containing the HCMV major IE promoter region of

pVAX1 and the EGFP coding sequences into pUCgHBgl2mABS.

The transfer plasmid pUCgHBgl2m_IE4-EGFP was construct-

ed to generate HSV-1 17 IE4proEGFP expressing EGFP under

the control of the HSV-1 IE ICP4 promoter. A PCR product

containing a 380-bp fragment of the promoter and the 59-

nontranslated region of ICP4 (positions 131,079–131,458; nucle-

otides 2350 to +30 relative to the transcript start site) [96] was

inserted into pEGFP-1, and the 1.14-kb Spe1/Xba1 ICP4

promoter/EGFP fragment was subcloned into pUCgHBgl2-

mABS.

The transfer plasmid pUCgHBgl2m_gDproEGFP was con-

structed to generate HSV-1 17 gDproEGFP expressing EGFP

under the control of the HSV-1 E/L gD promoter. A PCR

product containing a 461-bp fragment of the promoter and 59-

nontranslated region of gD (positions 137,941–138,402; nucleo-

tides 2392 to +69 relative to the transcript start site) [95] was

inserted into pEGFP-1, and the 1.22-kb Spe1/Xba1 gD promot-

er/EGFP fragment was subcloned into pUCgHBgl2mABS.

Homologous recombination and selection of the

recombinant virus. Recombinant HSV-1 expressing EGFP

was generated by cotransfecting Vero cells with purified DNA of the

HSV-1 strain 17syn+ and plasmids pUCgHBgl2m_CIE-EGFP,

pUCgHBgl2m_IE4pro-EGFP, and pUCgHBgl2m_gDproEGFP.

For each construct, several clones of the recombinant viruses (e.g.,

HSV-1 17 CMV-IEpro-EGFP, HSV-1 17 IE4pro-EGFP, and

HSV-1 17 gDpro-EGFP) exhibiting bright autofluorescence were

selected and plaque-purified to homogeneity. The correctness of the

insertion of the reporter protein cassette into the viral genome was

verified by restriction enzyme analysis and DNA sequencing (data

not shown).

Cells, viruses, and chemicals
TGEs and standard cell lines were cultivated at 37uC in an

atmosphere of 5% CO2 and 100% humidity. Vero and RK13 cells

were grown in minimal essential medium (MEM; Biochrom,

Berlin, Germany) supplemented with 10% v/v FCS and

antibiotic/antimycotic additives (100 mg/ml streptomycin,

100 U/ml penicillin G, and 0.25 mg/ml amphotericin B; Invitro-

gen, Karlsruhe, Germany). TGEs were grown in TG medium

consisting of D-valine-modified MEM (Biochrom) with 5 g/l

glucose, 200 mM L-glutamine (Sigma-Aldrich, Munich, Ger-

many), 50 ng/ml rat NGF 7S (Invitrogen), and antibiotic/

antimycotic additives. The carboxymethylcellulose (CMC)-con-

taining TG medium comprised MEM with 0.5% CMC (Sigma-

Aldrich), 5 g/l glucose (Sigma-Aldrich), 50 ng/ml NGF 7S, 1%

human serum (Harlan Sera-Lab, Loughborough, UK), and

antibiotic/antimycotic additives.

The HSV-1 strain 17syn+, EGFP-expressing HSV-1 recombi-

nants and HSV-2 333 were propagated on Vero cells, and

infection titers were quantified using a plaque assay.

The gH-negative mutant HSV-1 KOS gH87 in which the

1,790-bp NcoI-XbaI-fragment of the gH gene has been replaced

by the lacZ gene under control of the CMV IE promoter was

kindly provided by P.G. Spear (Chicago, IL, USA). Fusion-

competent stocks of HSV-1 KOS gH87 were propagated and

titrated on gH-expressing VeroF6gH cells kindly provided by A.C.

Minson (Cambridge, UK) [97]. Fusion-deficient virus particles

were collected from the supernatants of nontranscomplementing

Vero cells.

Enrichment and purification of HSV-1 particles from cell-

culture supernatants by ultracentrifugation on a 20% saccharose

cushion was performed as described previously [94].

The VP16AD-negative strain HSV-1 KOS RP5 and the

corresponding revertant RP5R were generated and propagated

as described by Tal-Singer et al. [46], and kindly provided by S.J.

Triezenberg, Van Andel Research Institute, Grand Rapids, MI,

USA. For infection of TGEs, HSV-1 KOS RP5 and RP5R were

grown and titrated on Vero cells.

Using 204-nm latex polystyrene beads (Plano, Wetzlar,

Germany) as a calibration standard, the particle/pfu ratios of

virus stocks of HSV-1 KOS RP5, HSV-1 KOS RP5R, and HSV-1

17syn+ propagated on Vero cells were determined to be 10,000,

31.5, and 18, respectively. The particle/pfu ratios of purified

particles of HSV-1 KOS gH87 propagated on VeroF6gH and

Vero cells were 15.5 and 26107, respectively.

Generation of the EGFP-expressing mutant PrV-KaDgGgfp is

described elsewhere [98], and the virus was propagated on RK13

(rabbit kidney) cells. CHX, nocodazole, acyclovir, HMBA, and

other chemicals used for cell culture were purchased from Sigma-

Aldrich.

Clinical isolates of HSV-1 and HSV-2 were obtained from the

routine diagnostic laboratory of the University Hospital of

Münster. Isolates were propagated on Vero cells as described

above.

TG explantation and culture
Day-15 chick embryos were used for the preparation of TGs.

The skull was opened dorsally, the brain removed, and the TG

dissected out and maintained in MEM at 4uC until being used

further. Tissue culture dishes (35 mm in diameter) were coated

with 10 mg/ml gelatin (Biochrom) followed by 20 mg/cm2 mouse

laminin (Roche, Mannheim, Germany). They were then washed

and dried. The bottom of the coated tissue-culture dishes was

scratched with a pin rake (Tyler Research, Edmonton, Canada) to

form equally placed grooves. A cloning cylinder (Omnilab,

Bremen, Germany) that was 8 mm high, and with an internal

diameter of 8 mm and a wall thickness of 1 mm, was attached to

the center of the culture dish with sterile silicone grease (Bayer,

Leverkusen, Germany), forming inner and outer compartments.

TGEs were fixed to the inner chamber by 1–2 min of air-drying,

and then both compartments were supplied with TG medium and
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incubated under standard conditions for 5 days. During TGE

fixation, care was taken to ensure that the pole of explants

containing axons projecting to the periphery in vivo faced the inner

rim of the diffusion barrier. Axon penetration from the inner to the

outer compartment was monitored visually prior to infection.

For selective staining of neurons innervating the external

compartment, 5 ml of the retrograde axonal tracer DiI (Vybrant

DiI cell-labeling solution, Invitrogen) was added per milliliter of

culture medium and incubated for 20 min.

Infection of TGEs
Before the selective infection of sensory nerve endings in the

AC, the medium in the GC was replaced by 0.3 ml of CMC-

containing TG medium (as described above). After 30 min, the

virus suspended in 2 ml of TG medium was added to the AC,

where it was incubated for 1 h at 37uC. The virus inoculum was

then removed, the AC washed once with phosphate-buffered

saline (PBS), and CMC-containing TG medium was added. Cross-

contamination by leakage from the AC was avoided by keeping

the fluid level slightly higher in the GC than in the AC.

For nonselective infection of TGEs, the medium in the GC was

carefully aspirated and virus suspension (0.3 ml) was added. At 1

hpi, the virus inoculum was replaced by 0.3 ml of CMC-

containing TG medium.

For infection of the GC with helper virus, the medium of the

inner chamber was carefully aspirated, and 0.3 ml of helper virus

suspension was added. After 45 min, the helper virus inoculum

was replaced by 0.3 ml of CMC-containing TG medium, in which

cultures were incubated at 37uC. To avoid cross-contamination,

co-infection of the AC with reporter virus was performed 20 min

after completing infection of the GC with helper virus and the

addition of CMC-containing TG medium to the GC. At 1 h after

incubation of the AC with 2 ml of reporter virus inoculum at

37uC, the virus inoculum was aspirated from the AC, cultures

were washed once with PBS, and CMC-containing TG medium

was added. The chambers were incubated at 37uC for the

duration of the experiments.

qPCR
Nucleic acid extraction and complementary DNA

synthesis. Chicken TGEs were removed en bloc from culture

dishes using sterile, nucleic-acid contamination-free forceps,

placed immediately in RNAlater stabilization reagent (Qiagen,

Hilden, Germany) and stored according to the manufacturer’s

instructions until being used further. To isolate nucleic acids from

en bloc tissue, cultivated TGEs were dissected and homogenized

in RLT lysis buffer containing b-mercaptoethanol (AllPrep Micro

Kit, Qiagen) using the TissueRuptor system (Qiagen). Genomic

DNA and total RNA were subsequently purified on AllPrep DNA

spin columns and RNeasy MinElute spin columns according to the

manufacturer’s instructions.

Complementary DNA (cDNA) was prepared from total RNA

extracts with the aid of the Superscript III First-Strand Synthesis

System for RT-PCR (Invitrogen), applying 50 ng per reaction of

the random hexamer primers included in the kit. Samples were

treated with RNase H (Invitrogen) to increase the sensitivity of

subsequent PCR steps. Control reactions included samples with

reverse transcriptase omitted.

Real-time PCR analysis. Real-time PCR amplification and

detection were performed on a LightCycler 2.0 instrument

(Roche) in 20-ml volumes containing 2 ml of cDNA reactions or

5 ml of DNA eluates, PCR reagents, target-specific primers, and

(for HSV-1 transcripts and EGFP) dual-labeled fluorescent

probes (Biomers, Ulm, Germany). Chicken b-actin PCR was

carried out using the primers at 0.2 mM as reported by Philbin et

al. [99], and the LightCycler FastStart DNA MasterPlus SYBR

Green I Kit (Roche) according to the manufacturer’s instructions.

The specificity of the amplified products was assessed by

performing melting-curve analyses. DNA sequences and tran-

scripts of the HSV-1 genes ICP27/UL54 and UL44/gC, and the

2.0-kb intron of LAT were quantified using the primers at

0.4 mM and the dual-labeled probes at 0.2 mM, as described by

Cohrs et al. [100]. UL27/gB sequences were amplified using the

primers at 0.5 mM and the dual-labeled probe at 0.2 mM, as

reported by Mador et al. [101]. A 75-bp region of the EGFP

transgene was amplified using the primers at 0.5 mM and the

dual-labeled probe at 0.1 mM, as described previously by Pan et

al. [102]. Probes were labeled with the fluorescent dye 6-

carboxyfluorescein at the 59 end and with the quencher dye 6-

carboxytetramethylrhodamine at the 39 end. PCRs using

hydrolysis probes were set up with the LightCycler TaqMan

Master Kit (Roche) following the manufacturer’s protocol. All

PCR runs comprised a hot-start preincubation cycle and 45

quantification cycles.

Variations in the efficiency of nucleic acid extraction were taken

into account by coamplification of the housekeeping gene b-actin, as

reported by Bode et al. [103]. Samples containing conspicuously low

levels of b-actin genomic DNA and/or cDNA levels (e.g., more than

3 crossing point (Cp) values difference compared to average samples)

were treated as outliers and excluded from further experiments. For

the determination of relative levels of viral transcripts, Cp values of

viral target sequences were normalized to threshold cycles of chicken

b-actin 2{ Cptarget{Cpb-actinð Þ
h i

, according to Bode et al. [103].

Standard curves for the quantification of HSV-1 genes and EGFP

were generated from tenfold serial dilutions of purified gDNA of

HSV-1 17 syn+ and pEGFP-1 vector, respectively.

Data were analyzed statistically using InStat software (version

3.0b, Graph Pad, La Jolla, CA, USA). HSV-1 DNA-negative

samples were excluded from statistical analyses of HSV-1 genome

and transcript levels. The significance of differences in genome

levels was determined by comparing the number of genomes per

TGE. The significance of differences between relative levels of

viral transcripts was calculated by comparing differences in Cp

values (Cp b-actin2Cp transcript). Cp values of 40.01 and 41 were

applied to samples containing transcript levels below the linear

range of qPCR (Cp.40) or with no detectable levels of viral

transcripts, respectively.

In order to determine the detection limit of RT-PCR assays

performed on samples from infected cells, Vero cells were infected

with HSV-1 17 CMV-IEproEGFP at an MOI of 1 and serial

tenfold dilutions for 1 h at 37uC. At 3 hpi, cells were trypsinized and

washed with PBS. Genomic DNA and RNA were extracted from

56105 cells using the Allprep DNA/RNA Mini Kit (Qiagen), and

cDNA was synthesized as described above. Both ICP27 and EGFP

were amplified by qPCR using triplicate samples of gDNA and

cDNA, respectively. The lower limit of the linear range of

quantification was found to lie between 50 and 100 copies of

gDNA per 20 ml of PCR reaction mixture, while transcripts could

still be measured in samples from cells infected at an MOI of 1025.

HSV-2 genomes in infected TGEs were quantitated using the

Light Cycler HSV-1/2 Qual Kit (Roche) and internal quantitative

standards consisting of serially tenfold diluted, purified HSV-2 333

DNA.

Immunofluorescence
TGEs were fixed at different times post infection for 3 h in 4%

phosphate-buffered paraformaldehyde (pH 7.4) at 4uC. Fixed
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TGEs were embedded in Tissue-Tek (Sakura Finetek, Zoeter-

woude, The Netherlands) and frozen in isopentane cooled in

liquid nitrogen. Cryosections were cut at a thickness of 7 mm on

a cryotome (CM3050, Leica, Bensheim, Germany) and mounted

on coated slides (Superfrost Plus, Langenbrinck, Emmendingen,

Germany). Fluorescence immunohistochemistry was performed

on frozen sections using previously described standard protocols

[104]. The polyclonal anti-HSV-1 antibody (Dako, Glostrup,

Denmark) was diluted to 1:200 and incubated with the sections

overnight at 4uC. A biotinylated a-rabbit secondary antibody

(Vector Laboratories, Burlingame, CA, USA) was used, followed

by fluorescence-signal detection with A488-streptavidin (Molec-

ular Probes, Leiden, Netherlands). Nuclei were stained using a

mounting medium containing DAPI (Vector Laboratories).

Sections were examined with a fluorescence microscope (DM,

Leica), and images were digitized and transferred to a computer

using a Diagnostic Instruments SPOT II camera system

(Visitron, Munich, Germany). The monochrome fluorescence

signals were merged into a single multicolor image using SPOT

II software.

Preparations of dispersed TGEs were obtained, processed for

immunofluorescence and stained with HSV-1-specific rabbit

antiserum, a monoclonal antibody against the 200 kD neurofil-

ament marker (Roche) and DAPI as described by Hafezi et al.

[43].

Fluorescence imaging of intact TGEs
Daily monitoring of EGFP expression was performed with a

fluorescence microscope (Axiovert 200, Zeiss, Jena, Germany)

using a bandpass filter for EGFP (AHF Analysentechnik,

Tübingen, Germany). Images were obtained using an AxioCam

MRm camera (Zeiss) and AxioVision 4.6 software (Zeiss).

Acknowledgments

The excellent technical assistance of Marie-Luise Romberg and Maria

Hovens is gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: WH EUL BRE NJCK JEK.

Performed the experiments: WH EUL BRE MM NJCK BK TCM JEK.

Analyzed the data: WH EUL BRE MM NJCK BK TCM JEK.

Contributed reagents/materials/analysis tools: MM NJCK BK TCM.

Wrote the paper: WH EUL BRE MM NJCK BK TCM JEK.

References

1. Pellet PE, Roizman B (2007) The familiy herpesviridae: A brief introduction.

In: Fields BN, Knipe DM, Howley PM, eds. Fields Virology. 5 ed. New York,

NY: Lippincott, Williams & Wilkins. pp 2479–2500.

2. Roizman B, Knipe DM, Whitley RJ (2007) Herpes simplex viruses. In:

Fields BN, Knipe DM, Howley PM, eds. Fields Virology. 5 ed. New York, NY:

Lippincott, Williams & Wilkins. pp 2501–2601.

3. Diefenbach RJ, Miranda-Saksena M, Douglas MW, Cunningham AL (2008)

Transport and egress of herpes simplex virus in neurons. Rev Med Virol 18:

35–51.

4. Perng GC, Jones C (2010) Towards an understanding of the herpes simplex

virus type 1 latency-reactivation cycle. Interdiscip Perspect Infect Dis 2010:

262415.

5. Preston CM, Efstathiou S (2007) Molecular basis of HSV latency and

reactivation In: Arvin A, Campadelli-Fiume G, Mocarski E, Moore PS,

Roizman B, et al., editor. Human Herpesviruses : Biology, Therapy, and

Immunoprophylaxis. Cambridge: Cambridge University Press, PMID:

21348106.

6. Hagglund R, Roizman B (2004) Role of ICP0 in the strategy of conquest of the

host cell by herpes simplex virus 1. J Virol 78: 2169–2178.

7. Everett RD, Parsy ML, Orr A (2009) Analysis of the functions of herpes

simplex virus type 1 regulatory protein ICP0 that are critical for lytic infection

and derepression of quiescent viral genomes. J Virol 83: 4963–4977.

8. Everett RD, Boutell C, McNair C, Grant L, Orr A (2010) Comparison of the

biological and biochemical activities of several members of the alphaherpes-

virus ICP0 family of proteins. J Virol 84: 3476–3487.

9. Cliffe AR, Knipe DM (2008) Herpes simplex virus ICP0 promotes both histone

removal and acetylation on viral DNA during lytic infection. J Virol 82:

12030–12038.

10. Gu H, Roizman B (2009) Engagement of the lysine-specific demethylase/

HDAC1/CoREST/REST complex by herpes simplex virus 1. J Virol 83:

4376–4385.

11. Lomonte P, Thomas J, Texier P, Caron C, Khochbin S, et al. (2004)

Functional interaction between class II histone deacetylases and ICP0 of herpes

simplex virus type 1. J Virol 78: 6744–6757.

12. Bloom DC, Giordani NV, Kwiatkowski DL (2010) Epigenetic regulation of

latent HSV-1 gene expression. Biochim Biophys Acta 1799: 246–256.

13. Kutluay SB, Triezenberg SJ (2009) Role of chromatin during herpesvirus

infections. Biochim Biophys Acta 1790: 456–466.

14. Lu X, Triezenberg SJ (2010) Chromatin assembly on herpes simplex virus

genomes during lytic infection. Biochim Biophys Acta 1799: 217–222.

15. Liang Y, Vogel JL, Narayanan A, Peng H, Kristie TM (2009) Inhibition of the

histone demethylase LSD1 blocks alpha-herpesvirus lytic replication and

reactivation from latency. Nat Med 15: 1312–1317.

16. Roizman B (2011) The Checkpoints of Viral Gene Expression in Productive

and Latent Infection: the Role of the HDAC/CoREST/LSD1/REST

Repressor Complex. J Virol 85: 7474–7482.

17. Wysocka J, Herr W (2003) The herpes simplex virus VP16-induced complex:

the makings of a regulatory switch. Trends Biochem Sci 28: 294–304.

18. Bearer EL, Breakefield XO, Schuback D, Reese TS, LaVail JH (2000)

Retrograde axonal transport of herpes simplex virus: evidence for a single

mechanism and a role for tegument. Proc Natl Acad Sci U S A 97: 8146–8150.

19. Granzow H, Klupp BG, Mettenleiter TC (2005) Entry of pseudorabies virus:

an immunogold-labeling study. J Virol 79: 3200–3205.

20. Morrison EE, Stevenson AJ, Wang YF, Meredith DM (1998) Differences in the

intracellular localization and fate of herpes simplex virus tegument proteins
early in the infection of Vero cells. J Gen Virol 79: 2517–2528.

21. Radtke K, Kieneke D, Wolfstein A, Michael K, Steffen W, et al. (2010) Plus-

and minus-end directed microtubule motors bind simultaneously to herpes
simplex virus capsids using different inner tegument structures. PLoS Pathog 6:

e1000991.

22. Antinone SE, Smith GA (2010) Retrograde axon transport of herpes simplex

virus and pseudorabies virus: a live-cell comparative analysis. J Virol 84:
1504–1512.

23. Katan M, Haigh A, Verrijzer CP, van der Vliet PC, O’Hare P (1990)
Characterization of a cellular factor which interacts functionally with Oct-1 in

the assembly of a multicomponent transcription complex. Nucleic Acids Res
18: 6871–6880.

24. Kristie TM, LeBowitz JH, Sharp PA (1989) The octamer-binding proteins
form multi-protein–DNA complexes with the HSV alpha TIF regulatory

protein. EMBO J 8: 4229–4238.

25. Mackem S, Roizman B (1982) Structural features of the herpes simplex virus
alpha gene 4, 0, and 27 promoter-regulatory sequences which confer alpha

regulation on chimeric thymidine kinase genes. J Virol 44: 939–949.

26. Preston CM, Frame MC, Campbell ME (1988) A complex formed between cell

components and an HSV structural polypeptide binds to a viral immediate
early gene regulatory DNA sequence. Cell 52: 425–434.

27. Hirai H, Tani T, Kikyo N (2010) Structure and functions of powerful
transactivators: VP16, MyoD and FoxA. Int J Dev Biol 54: 1589–1596.

28. Hancock MH, Cliffe AR, Knipe DM, Smiley JR (2010) Herpes simplex virus

VP16, but not ICP0, is required to reduce histone occupancy and enhance
histone acetylation on viral genomes in U2OS osteosarcoma cells. J Virol 84:

1366–1375.

29. Herrera FJ, Triezenberg SJ (2004) VP16-dependent association of chromatin-

modifying coactivators and underrepresentation of histones at immediate-
early gene promoters during herpes simplex virus infection. J Virol 78:

9689–9696.

30. Kutluay SB, Triezenberg SJ (2009) Regulation of histone deposition on the

herpes simplex virus type 1 genome during lytic infection. J Virol 83:
5835–5845.

31. Kutluay SB, DeVos SL, Klomp JE, Triezenberg SJ (2009) Transcriptional
coactivators are not required for herpes simplex virus type 1 immediate-early

gene expression in vitro. J Virol 83: 3436–3449.

32. Miller CS, Danaher RJ, Jacob RJ (2006) ICP0 is not required for efficient
stress-induced reactivation of herpes simplex virus type 1 from cultured

quiescently infected neuronal cells. J Virol 80: 3360–3368.

33. Thompson RL, Preston CM, Sawtell NM (2009) De novo synthesis of VP16

coordinates the exit from HSV latency in vivo. PLoS Pathog 5: e1000352.

34. Whitlow Z, Kristie TM (2009) Recruitment of the transcriptional coactivator

HCF-1 to viral immediate-early promoters during initiation of reactivation
from latency of herpes simplex virus type 1. J Virol 83: 9591–9595.

35. Kim JY, Mandarino A, Chao MV, Mohr I, Wilson AC (2012) Transient

Reversal of Episome Silencing Precedes VP16-Dependent Transcription
during Reactivation of Latent HSV-1 in Neurons. PLoS Pathog 8: e1002540.

Silent HSV Infection of Neurons upon Axonal Entry

PLoS Pathogens | www.plospathogens.org 18 May 2012 | Volume 8 | Issue 5 | e1002679



36. Mettenleiter TC, Klupp BG, Granzow H (2009) Herpesvirus assembly: an

update. Virus Res 143: 222–234.

37. Sancho-Shimizu V, Zhang SY, Abel L, Tardieu M, Rozenberg F, et al. (2007)

Genetic susceptibility to herpes simplex virus 1 encephalitis in mice and

humans. Curr Opin Allergy Clin Immunol 7: 495–505.

38. Campenot RB (1977) Local control of neurite development by nerve growth

factor. Proc Natl Acad Sci U S A 74: 4516–4519.

39. Ch’ng TH, Spear PG, Struyf F, Enquist LW (2007) Glycoprotein D-

independent spread of pseudorabies virus infection in cultured peripheral

nervous system neurons in a compartmented system. J Virol 81: 10742–10757.

40. Liu WW, Goodhouse J, Jeon NL, Enquist LW (2008) A microfluidic chamber

for analysis of neuron-to-cell spread and axonal transport of an alpha-

herpesvirus. PLoS ONE 3: e2382.

41. Penfold ME, Armati P, Cunningham AL (1994) Axonal transport of herpes

simplex virions to epidermal cells: evidence for a specialized mode of virus

transport and assembly. Proc Natl Acad Sci U S A 91: 6529–6533.

42. Ziegler RJ, Herman RE (1980) Peripheral infection in culture of rat sensory

neurons by herpes simplex virus. Infect Immun 28: 620–623.

43. Hafezi W, Eing BR, Lorentzen EU, Thanos S, Kuhn JE (2002) Reciprocal

transmission of herpes simplex virus type 1 (HSV-1) between corneal

epithelium and trigeminal neurites in an embryonic chick organ culture.

FASEB J 16: 878–80.

44. Immergluck LC, Domowicz MS, Schwartz NB, Herold BC (1998) Viral and

cellular requirements for entry of herpes simplex virus type 1 into primary

neuronal cells. J Gen Virol 79: 549–559.

45. McFarlane M, Daksis JI, Preston CM (1992) Hexamethylene bisacetamide

stimulates herpes simplex virus immediate early gene expression in the absence

of trans-induction by Vmw65. J Gen Virol 73: 285–292.

46. Tal-Singer R, Pichyangkura R, Chung E, Lasner TM, Randazzo BP, et al.

(1999) The transcriptional activation domain of VP16 is required for efficient

infection and establishment of latency by HSV-1 in the murine peripheral and

central nervous systems. Virology 259: 20–33.

47. Penkert RR, Kalejta RF (2011) Tegument protein control of latent herpesvirus

establishment and animation. Herpesviridae 2: 3.

48. Roizman B, Sears AE (1987) An inquiry into the mechanisms of herpes simplex

virus latency. Annu Rev Microbiol 41: 543–571.

49. McKnight JL, Pellett PE, Jenkins FJ, Roizman B (1987) Characterization and

nucleotide sequence of two herpes simplex virus 1 genes whose products

modulate alpha-trans-inducing factor-dependent activation of alpha genes.

J Virol 61: 992–1001.

50. Zhang Y, Sirko DA, McKnight JL (1991) Role of herpes simplex virus type 1

UL46 and UL47 in alpha TIF-mediated transcriptional induction: character-

ization of three viral deletion mutants. J Virol 65: 829–841.

51. Kolb G, Kristie TM (2008) Association of the cellular coactivator HCF-1 with

the Golgi apparatus in sensory neurons. J Virol 82: 9555–9563.

52. Akhova O, Bainbridge M, Misra V (2005) The neuronal host cell factor-

binding protein Zhangfei inhibits herpes simplex virus replication. J Virol 79:

14708–14718.

53. Lu R, Misra V (2000) Potential role for luman, the cellular homologue of

herpes simplex virus VP16 (alpha gene trans-inducing factor), in herpesvirus

latency. J Virol 74: 934–943.

54. Valderrama X, Rapin N, Misra V (2008) Zhangfei, a novel regulator of the

human nerve growth factor receptor, trkA. J Neurovirol 14: 425–436.

55. Svennerholm B, Ziegler R, Lycke E (1984) Neuritic uptake and transport of

antiviral drugs modifying herpes simplex virus infection of rat sensory neurons.

Arch Virol 81: 213–222.

56. Block T, Barney S, Masonis J, Maggioncalda J, Valyi-Nagy T, et al. (1994)

Long term herpes simplex virus type 1 infection of nerve growth factor-treated

PC12 cells. J Gen Virol 75: 2481–2487.

57. Danaher RJ, Jacob RJ, Miller CS (1999) Establishment of a quiescent herpes

simplex virus type 1 infection in neurally-differentiated PC12 cells. J Neurovirol

5: 258–267.

58. De Regge N, Van Opdenbosch N, Nauwynck HJ, Efstathiou S, Favoreel HW

(2010) Interferon alpha induces establishment of alphaherpesvirus latency in

sensory neurons in vitro. PLoS ONE 5: e0013076.

59. Tsukamoto LF, Price RW (1982) Interferon protects neurons in culture

infected with vesicular stomatitis and herpes simplex viruses. J Neurol Sci 56:

115–128.

60. Wigdahl B, Smith CA, Traglia HM, Rapp F (1984) Herpes simplex virus

latency in isolated human neurons. Proc Natl Acad Sci U S A 81: 6217–6221.

61. Wilcox CL, Johnson EM, Jr. (1988) Characterization of nerve growth factor-

dependent herpes simplex virus latency in neurons in vitro. J Virol 62:

393–399.

62. Bertke AS, Swanson SM, Chen J, Imai Y, Kinchington PR, et al. (2011) A5-

positive primary sensory neurons are nonpermissive for productive infection

with herpes simplex virus 1 in vitro. J Virol 85: 6669–6677.

63. Yang L, Voytek CC, Margolis TP (2000) Immunohistochemical analysis of

primary sensory neurons latently infected with herpes simplex virus type 1.

J Virol 74: 209–217.

64. Stubinger K, Brehmer A, Neuhuber WL, Reitsamer H, Nickla D, et al. (2010)

Intrinsic choroidal neurons in the chicken eye: chemical coding and synaptic

input. Histochem Cell Biol 134: 145–157.

65. Hallbook F, Backstrom A, Kullander K, Kylberg A, Williams R, et al. (1995)

Neurotrophins and their receptors in chicken neuronal development. Int J Dev

Biol 39: 855–868.

66. Hill TJ, Field HJ (1973) The interaction of herpes simplex virus with cultures of

peripheral nervous tissue: an electron microscopic study. J Gen Virol 21:

123–133.

67. Chen XP, Mata M, Kelley M, Glorioso JC, Fink DJ (2002) The relationship of

herpes simplex virus latency associated transcript expression to genome copy

number: a quantitative study using laser capture microdissection. J Neurovirol

8: 204–210.

68. Lycke E, Kristensson K, Svennerholm B, Vahlne A, Ziegler R (1984) Uptake

and transport of herpes simplex virus in neurites of rat dorsal root ganglia cells

in culture. J Gen Virol 65: 55–64.

69. Nicola AV, Hou J, Major EO, Straus SE (2005) Herpes simplex virus type 1

enters human epidermal keratinocytes, but not neurons, via a pH-dependent

endocytic pathway. J Virol 79: 7609–7616.

70. Smith GA, Pomeranz L, Gross SP, Enquist LW (2004) Local modulation of

plus-end transport targets herpesvirus entry and egress in sensory axons. Proc

Natl Acad Sci U S A 101: 16034–16039.

71. Proenca JT, Coleman HM, Nicoll MP, Connor V, Preston CM, et al. (2011)

An investigation of HSV promoter activity compatible with latency

establishment reveals VP16 independent activation of HSV immediate early

promoters in sensory neurones. J Gen Virol 92: 2575–2585.

72. Smiley JR, Duncan J (1997) Truncation of the C-terminal acidic transcrip-

tional activation domain of herpes simplex virus VP16 produces a phenotype

similar to that of the in1814 linker insertion mutation. J Virol 71: 6191–6193.

73. Reuben RC, Wife RL, Breslow R, Rifkind RA, Marks PA (1976) A new group

of potent inducers of differentiation in murine erythroleukemia cells. Proc Natl

Acad Sci U S A 73: 862–866.

74. Preston CM, McFarlane M (1998) Cytodifferentiating agents affect the

replication of herpes simplex virus type 1 in the absence of functional VP16.

Virology 249: 418–426.

75. Yura Y, Kondo Y, Iga H, Harada K, Tujimoto H, et al. (1991) Enhanced

replication of herpes simplex virus by hexamethylene bisacetamide. J Natl

Cancer Inst 83: 186–189.

76. Naito S, Obayashi S, Sumi T, Iwai S, Nakazawa M, et al. (2006) Enhancement

of antitumor activity of herpes simplex virus gamma(1)34.5-deficient mutant

for oral squamous cell carcinoma cells by hexamethylene bisacetamide. Cancer

Gene Ther 13: 780–791.

77. Pomeranz LE, Reynolds AE, Hengartner CJ (2005) Molecular biology of

pseudorabies virus: impact on neurovirology and veterinary medicine.

Microbiol Mol Biol Rev 69: 462–500.

78. Fuchs W, Granzow H, Klupp BG, Kopp M, Mettenleiter TC (2002) The

UL48 tegument protein of pseudorabies virus is critical for intracytoplasmic

assembly of infectious virions. J Virol 76: 6729–6742.

79. Batterson W, Roizman B (1983) Characterization of the herpes simplex virion-

associated factor responsible for the induction of alpha genes. J Virol 46:

371–377.

80. Campbell ME, Preston CM (1987) DNA sequences which regulate the

expression of the pseudorabies virus major immediate early gene. Virology

157: 307–316.

81. Su YH, Moxley M, Kejariwal R, Mehta A, Fraser NW, et al. (2000) The HSV

1 genome in quiescently infected NGF differentiated PC12 cells can not be

stimulated by HSV superinfection. J Neurovirol 6: 341–349.

82. Mador N, Panet A, Steiner I (2002) The latency-associated gene of herpes

simplex virus type 1 (HSV-1) interferes with superinfection by HSV-1.

J Neurovirol 8 Suppl 2: 97–102.

83. Berngruber TW, Weissing FJ, Gandon S (2010) Inhibition of superinfection

and the evolution of viral latency. J Virol 84: 10200–10208.

84. Balliet JW, Kushnir AS, Schaffer PA (2007) Construction and characterization

of a herpes simplex virus type I recombinant expressing green fluorescent

protein: acute phase replication and reactivation in mice. Virology 361:

372–383.

85. Feldman LT, Ellison AR, Voytek CC, Yang L, Krause P, et al. (2002)

Spontaneous molecular reactivation of herpes simplex virus type 1 latency in

mice. Proc Natl Acad Sci U S A 99: 978–983.

86. Margolis TP, Elfman FL, Leib D, Pakpour N, Apakupakul K, et al. (2007)

Spontaneous reactivation of herpes simplex virus type 1 in latently infected

murine sensory ganglia. J Virol 81: 11069–11074.

87. Grzimek NK, Dreis D, Schmalz S, Reddehase MJ (2001) Random,

asynchronous, and asymmetric transcriptional activity of enhancer-flanking

major immediate-early genes ie1/3 and ie2 during murine cytomegalovirus

latency in the lungs. J Virol 75: 2692–2705.

88. Barreca C, O’Hare P (2004) Suppression of herpes simplex virus 1 in MDBK

cells via the interferon pathway. J Virol 78: 8641–8653.

89. Barreca C, O’Hare P (2006) Characterization of a potent refractory state and

persistence of herpes simplex virus 1 in cell culture. J Virol 80: 9171–9180.

90. Camarena V, Kobayashi M, Kim JY, Roehm P, Perez R, et al. (2010) Nature

and duration of growth factor signaling through receptor tyrosine kinases

regulates HSV-1 latency in neurons. Cell Host Microbe 8: 320–330.

91. Ellermann-Eriksen S (2005) Macrophages and cytokines in the early defence

against herpes simplex virus. Virol J 2: 59.

Silent HSV Infection of Neurons upon Axonal Entry

PLoS Pathogens | www.plospathogens.org 19 May 2012 | Volume 8 | Issue 5 | e1002679



92. Leib DA, Harrison TE, Laslo KM, Machalek MA, Moorman NJ, et al. (1999)

Interferons regulate the phenotype of wild-type and mutant herpes simplex
viruses in vivo. J Exp Med 189: 663–672.

93. van Lint A, Ayers M, Brooks AG, Coles RM, Heath WR, et al. (2004) Herpes

simplex virus-specific CD8+ T cells can clear established lytic infections from
skin and nerves and can partially limit the early spread of virus after cutaneous

inoculation. J Immunol 172: 392–397.
94. Lorentzen EU, Eing BR, Hafezi W, Manservigi R, Kuhn JE (2001)

Replication-competent herpes simplex virus type 1 mutant expressing an

autofluorescent glycoprotein H fusion protein. Intervirology 44: 232–242.
95. McGeoch DJ, Dalrymple MA, Davison AJ, Dolan A, Frame MC, et al. (1988)

The complete DNA sequence of the long unique region in the genome of
herpes simplex virus type 1. J Gen Virol 69: 1531–1574.

96. apRhys CM, Ciufo DM, O’Neill EA, Kelly TJ, Hayward GS (1989)
Overlapping octamer and TAATGARAT motifs in the VF65-response

elements in herpes simplex virus immediate-early promoters represent

independent binding sites for cellular nuclear factor III. J Virol 63: 2798–2812.
97. Forrester A, Farrell H, Wilkinson G, Kaye J, Davis-Poynter N, et al. (1992)

Construction and properties of a mutant of herpes simplex virus type 1 with
glycoprotein H coding sequences deleted. J Virol 66: 341–348.

98. Rothermel M, Schobel N, Damann N, Klupp BG, Mettenleiter TC, et al.

(2007) Anterograde transsynaptic tracing in the murine somatosensory system
using Pseudorabies virus (PrV): a ‘‘live-cell’’-tracing tool for analysis of

identified neurons in vitro. J Neurovirol 13: 579–585.

99. Philbin VJ, Iqbal M, Boyd Y, Goodchild MJ, Beal RK, et al. (2005)

Identification and characterization of a functional, alternatively spliced Toll-

like receptor 7 (TLR7) and genomic disruption of TLR8 in chickens.

Immunology 114: 507–521.

100. Cohrs RJ, Randall J, Smith J, Gilden DH, Dabrowski C, et al. (2000) Analysis

of individual human trigeminal ganglia for latent herpes simplex virus type 1

and varicella-zoster virus nucleic acids using real-time PCR. J Virol 74:

11464–11471.

101. Mador N, Braun E, Haim H, Ariel I, Panet A, et al. (2003) Transgenic mouse

with the herpes simplex virus type 1 latency-associated gene: expression and

function of the transgene. J Virol 77: 12421–12429.

102. Pan D, Gunther R, Duan W, Wendell S, Kaemmerer W, et al. (2002)

Biodistribution and toxicity studies of VSVG-pseudotyped lentiviral vector

after intravenous administration in mice with the observation of in vivo

transduction of bone marrow. Mol Ther 6: 19–29.

103. Bode KA, Schroder K, Hume DA, Ravasi T, Heeg K, et al. (2007) Histone

deacetylase inhibitors decrease Toll-like receptor-mediated activation of

proinflammatory gene expression by impairing transcription factor recruit-

ment. Immunology 122: 596–606.

104. Mueller M, Wacker K, Hickey WF, Ringelstein EB, Kiefer R (2000) Co-

localization of multiple antigens and specific DNA. A novel method using

methyl methacrylate-embedded semithin serial sections and catalyzed reporter

deposition. Am J Pathol 157: 1829–1838.

Silent HSV Infection of Neurons upon Axonal Entry

PLoS Pathogens | www.plospathogens.org 20 May 2012 | Volume 8 | Issue 5 | e1002679


