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Abstract
Herpes simplex virus type-1 (HSV-1) primarily infects mucoepithelial tissues of the eye and the
orofacial region. Subsequently, the virus is retrogradely transported through the axons of the
trigeminal sensory neurons to their nuclei, where the virus establishes a lifelong latent infection.
During this latency period, the viral genome is transcriptionally silent except for a single region
encoding the latency associated transcript (LAT). To understand how HSV-1 latency might affect
the expression of substance P in sensory neurons, we transfected primary cultures of trigeminal
neurons obtained from rat embryos, with LAT expressing plasmids. The expression of LAT increased
the percentage of substance P-immunoreactive neurons by two thirds. To examine the effect of bone
morphogenetic protein-7 (BMP7) on the LAT-induced increase in substance P expression in
trigeminal neurons, cultures transfected with LAT were treated with BMP7. Treatment with BMP7
reversed the effects of LAT on substance P expression in trigeminal neurons. Our data show for the
first time that LAT increases substance P expression in trigeminal neurons and BMP7 can reverse
these effects of LAT.

Herpes simplex virus type-1 (HSV-1) is a member of the alphaherpesvirus subfamily. After
primary infection of the orofacial region, HSV-1 is retrogradely transported to the nuclei of
the trigeminal sensory neurons through their axons that innervate the infected area (19). HSV-1
establishes and maintains a life-long latency in the nuclei of the sensory neurons of the
trigeminal ganglia. During latent neural infection with HSV-1, significant gene expression of
the viral genome is limited to an area encoding the latency-associated transcript (LAT) (4).
LAT is an intron which is processed rapidly from a primary transcript of 8.3 kb to yield shorter
transcripts, the most prominent of which is a stable 2kb intron (5).

The role of LAT in latency and reactivation of HSV-1 have been extensively studied (18), and
its antiapoptotic effect has been reported from several laboratories (15,17). Previous studies
have shown that latent HSV-1 infection of trigeminal ganglia can alter the expression of many
neuronal genes including those involved in the immune response, axonal remodeling, signal
transduction and gene expression (11,10). However, there is little evidence that HSV-1 LAT
can affect the expression of neuropeptides in trigeminal sensory neurons.
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Substance P is an 11 amino acid residue neuropeptide which was the first inflammatory
neuropeptide discovered. It is detected in both the central and the peripheral nervous systems,
especially in peripheral sensory neurons (1). Substance P is a member of the tachykinin family
and has a role in neurogenic inflammation, modulation of immune response and pain sensation
(14). Previous studies have shown that substance P levels are increased in various inflammatory
and infectious diseases (13).

TGF-β family members, including bone morphogenetic protein-7 (BMP7), are among the
factors affecting neuropeptide expression in sensory neurons (8). There is recent evidence that
LAT can antagonize the effects of TGF-β family members (7). In addition, we recently found
that LAT inhibits BMP7-induced dendritic growth in sympathetic neurons (9). These data
suggest that an interaction may exist between BMP7 and LAT. In this study, we examined the
effect of HSV-1 LAT on substance P expression via immunoreactivity in cultured trigeminal
neurons from rat embryos. We also asked if BMP7 can alter the effects of LAT on substance
P expression.

Human recombinant BMP7 was generously provided by Curis (Cambridge, MA). Cytosine-
β-D-arabinofuranoside (ara-c) was purchased from Sigma Chemical Corp. (St Louis, MO). A
plasmid coding enhanced green fluorescence protein (pEGFP-C1) was purchased from
Clontech (Clontech, Palo Alto, CA). A plasmid expressing the full length 2.0 kb LAT intron
as a lariat was a generous gift from Dr. Lawrence Feldman (UCLA, LA, CA).

Trigeminal ganglia and dorsal root ganglia were dissected from embryos (E19 and E14,
respectively) of Holtzman rats (Harlan Sprague Dawley, Rockford, IL). The cells were
dissociated after treatment with trypsin (2.5 mg/ml) and collagenase (1mg/ml) for 35 minutes.
Cells were plated on poly-D-lysine-coated (200 μg/ml) coverslips and maintained on serum-
free medium containing β-nerve growth factor (NGF: 100 ng/ml). One day later, the cultures
were treated with medium containing 1μM of the antimitotic drug cytosine- β-D-
arabinofuranoside (ara-c) (Sigma Chemical Corp, St Louis, MO) for 2 days to eliminate non-
neuronal cells, and then the culture were allowed to recover for two days before transfection.

Cells were cotransfected with a plasmid encoding the enhanced green fluorescence protein
(pEGFP-C1, Clontech, Palo Alto, CA) and the expression vector LTF900 containing the LAT
2.0 kb insert. In control experiments, cells were cotransfected with pEGFP-C1 and the
pCDNA3.1 vector (Invitrogen, CA). Transfections were performed using Lipofectamine 2000
(Invitrogen, CA). Briefly, cells were treated with 150 μl of DMEM containing 1.6 μg of plasmid
DNA and 6 μg of lipofectamine for six hours. Subsequently, cells were washed and allowed
to recover for 2 days.

Antisense and sense riboprobes for LAT were prepared as follows: a fragment of LAT (814
basepairs) was amplified by PCR, and then subcloned into the PCR II-TOPO vector
(invitrogen, CA). Digoxigenin-labeled riboprobes were generated by in vitro transcription
according to the manufacturer’s instructions (Roche, Indianapolis, ID). Cultures were fixed
with 4% formaldehyde for 1 hour and washed twice with 2X SSC. Cultures were treated with
proteinase K (5 μg/ml) for 10 minutes then washed twice with 2X SSC. Cells were incubated
at 50° C for 3 hours with a pre-hybridization solution which contained 50 % formamide, 4X
SSC, 1 mM EDTA, 1X Denhardt’s solution, 10% dextran sulfate, yeast tRNA (250 μg/ml) and
denatured salmon sperm DNA (250 μg/ml). Cells were hybridized by incubation at 50° C for
16 hours with 2μg/ml of probe in hybridization solution. The LAT signal was detected using
anti-digoxigenin Fab fragment conjugated to rhodamine (Roche, Indianapolis, ID) and
visualized by fluorescence microscopy.

Expression of substance P in cultured neurons was detected by immunostaining. Cells were
fixed with 4% paraformaldehyde for 20 minutes, and permeabilized with 0.1% Triton X-100
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for 4 minutes. This was followed by incubation with 5% bovine serum albumin for 2 hours at
room temperature. Cells were reacted with rabbit polyclonal antibodies to substance P
(ImmunoStar Inc., Hudson, WI) overnight, and then with anti-rabbit rhodamine conjugated
secondary antibodies (Boehringer Mannheim, West Grove, PA), and visualized by
fluorescence microscopy.

For the assessment of neuronal survival, dead neuronal cells were detected through the
recognition of nuclear morphology by incubating the cells with Hoechst stain (Bisbenzimide,
Sigma, St. Louis, MO) for 20 minutes.

Data in the text are presented as mean ± SEM. Statistical significance was determined by a
one-way ANOVA test followed by Tukey’s post hoc test, or a two-tailed unpaired t-test.

LAT was detected in the nuclei of 88.6 % of cultured trigeminal neurons co-transfected with
plasmids containing EGFP and LAT (31 out of total of 35 neurons) (9). To study the effect of
LAT on substance P expression in cultured trigeminal neurons co-transfected with plasmids
containing EGFP and LAT or EGFP and the pCDNA3.1 vector, the neurons were
immunostained for substance P (Fig. 1C–H). We found that substance P is expressed by
trigeminal neurons of different sizes. A significant increase in the percentage of substance P-
immunoreactive neurons was detected in the LAT-transfected neurons (31.8%) when
compared with the pCDNA3.1-transfected neurons (18.2%) (Fig. 1I). We next examined if the
LAT-induced increase of substance P immunoreactivity in trigeminal neurons extends to DRG
neurons. We found that LAT did not increase the percentage of substance P-immunoreactive
DRG neurons (17.4± 8 % in LAT transfected neurons in comparison with 17.1± 3.1 in control
neurons), which indicates that the effect of LAT is specific to trigeminal neurons.

Recent findings provided evidence that LAT encodes a microRNA that interferes with the
signaling pathway of TGF-β (6). Based on this, we studied the effect of BMP7 on the LAT-
induced substance P immunoreactivity in trigeminal neurons. Treatment with BMP7 (30 ng/
ml) for 6 days reversed the effect of LAT significantly decreasing the percentage of substance
P-immunoreactive neurons from 31.8% to 11.4% (Fig. 2A) and the effect of BMP7 was dose-
dependent (Fig. 2B). In order to exclude the possibility that BMP7 may decrease substance P
immunoreactivity by decreasing the viability of trigeminal neurons, cultured trigeminal
neurons were stained with Hoechst dye to detect dead neurons. No significant difference in
neuronal survival between cultures treated with medium or cultures treated with medium
supplemented with BMP7 (30 ng/ml) was observed (Fig. 2C).

This data presented indicates that the expression of HSV-1 LAT in trigeminal neurons
increased substance P expression. This finding is novel and interesting. There is currently no
information in the literature indicating that latent HSV-1 infection of neurons or the expression
of HSV-1 LAT can upregulate the expression of substance P. Previous studies have shown that
induction of latent HSV-1 infection in the trigeminal ganglia of mice through ocular inoculation
with HSV-1 can alter the expression of many neuronal genes, including those genes involved
in the immune response, axonal remodeling, signal transduction and gene expression (11,10).
Our findings indicate that expression of LAT in trigeminal neurons can upregulate the
expression of substance P. In contrast to the effect on trigeminal neurons, LAT did not increase
substance P immunoreactivity in DRG neurons, which indicates that the effect of LAT on
substance P expression is specific for trigeminal neurons. The specificity of LAT action on
trigeminal neurons may help in understanding the reason that the primary location for latent
HSV1 infection is the trigeminal neurons. Our findings are in agreement with the previous
report that LAT was found to confer site-specificity of reactivation, and substitution of HSV-1
LAT with HSV-2 LAT sequences resulted in reduction of activation from infected rabbit
trigeminal neurons (20).
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Substance P is an important mediator of neurogenic inflammation and
neuroimmunomodulation (2,13). It has been found to induce edema by increasing
microvascular permeability, as well as mediating pain sensation in peripheral sensory neurons
(1). The HSV-1 LAT-induced increase of substance P expression in trigeminal neurons may
explain the sensory changes associated with HSV-1 infection. Previous studies have shown
that mice latently infected with HSV-1 were found to have post herpetic pain (16). Allodynia
was also observed following inoculation of HSV-1 in the footpad in rats (3). In addition, there
is evidence from clinical studies that post herpetic neuralgia has been reported in patients with
recurrent HSV-1 infection after the disappearance of facial manifestations (12,6). Substance
P upregulation during the latency of HSV-1 in trigeminal neurons is a possible mechanism for
these neuralgias. We recently found that LAT and HSV-1 latency inhibit bone morphogenetic
protein-7 (BMP7)–induced dendritic growth in cultured sympathetic neurons (9). The
mechanism(s) through which LAT produces its effects is not completely understood. There
are recent findings that LAT encodes a microRNA, and this microRNA interferes with the
TGF-β signaling pathway (7). These findings suggest that LAT may regulate the expression
of neuronal genes through a microRNA mechanism. Although the LAT-containing plasmid
used in our study did not contain the sequence encoding the microRNA, we observed an effect
of LAT on substance P expression. This finding is supported by the observation that deletion
of the sequence encoding the microRNA did not completely abolish the effects of LAT (7).
These findings indicate that other sequences in LAT downstream to the sequence encoding the
microRNA also have effects on sensory neurons.

The ability of BMP7 to reverse the HSV-1 LAT-induced increase in substance P
immunoreactivity in trigeminal neurons is also novel and interesting. Previous work showed
that members of the TGF-β family can regulate the expression of neuropeptides in sensory
neurons (8). On the other hand, recent studies showed evidence that there is an interaction
between HSV-1 LAT and TGF-β family members, which includes BMP7 (7). BMP7 produces
its effects through a signaling pathway that is very similar to TGF-β, and this suggests that
LAT also interferes with BMP7 signaling. This suggestion was further supported by the
findings from our laboratory that LAT inhibited BMP7-induced dendritic growth in
sympathetic neurons (9).

Our results indicate that substance P may have a role in latency of HSV-1 in trigeminal neurons,
and this role may include the establishment and maintenance of latency (via
immunomodulation), or the pathogenesis of the manifestations associated with latent HSV-1
infection of trigeminal neurons. Targeting substance P synthesis or its signaling pathway may
interfere with HSV-1 latency or improve associated symptoms. The BMP7 reversal of HSV-1
LAT-induced increase in substance P expression in trigeminal neurons opens the possibility
of a role for BMP7 (and probably other TGF-β family members) in the management of
reactivation of latent HSV-1 infection by mitigating post-herpetic pain.
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Figure 1. Expression of HSV-1 LAT increases the percentage of substance P-immunoreactive
trigeminal neurons
In order to Express LAT in trigeminal neurons, cultured trigeminal neurons were cotransfected
with plasmids expressing LAT and EGFP as a marker. The upper panel shows a trigeminal
neuron transfected with LAT containing plasmid (A), and LAT was detected in the nucleus of
the neuron (indicated by arrows) by in situ hybridization (B). Two days after transfection, the
cells were fixed and immunostained for substance P. The middle panel shows a trigeminal
neuron (indicated by arrows) cotransfected with LAT and EGFP (D) and this neuron was
substance P-immunoreactive (E). The lower panel shows a trigeminal neuron (indicated by
arrowheads) cotransfected with pCDNA3.1 and EGFP (G) and that neuron showed only

Hamza et al. Page 6

Neurosci Lett. Author manuscript; available in PMC 2008 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



background staining (not immunoreactive to substance P) (H). LAT expression resulted in a
two-thirds increase in the percentage of substance P immunoreactive trigeminal neurons (I).
Bars are means ± S.E.M. (∗) indicates p < 0.05. Scale bar = 40μM.
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Figure 2. BMP7 reverses the LAT-induced increase in the percentage of substance P-
immunoreactive trigeminal neurons
Cultured trigeminal neurons were cotransfected with plasmids expressing EGFP and LAT or
the empty vector pCDNA3.1. Two days later, cells transfected with LAT were treated with
medium containing BMP7(30 ng/ml) for 6 days or with medium only. Cells were fixed and
immunostained for substance P. BMP7 reversed the LAT-induced increase in the percentage
of substance P-immnuoreactive trigeminal neurons (A). The effect of BMP7 on LAT-induced
increase in substance P immunoreactivity was dose dependent and reduced the percentage of
substance P-immunoreactive trigeminal neurons by more than 2-fold as compared to LAT
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expressing neurons (B) (*p< 0.01). BMP7 treatment did not affect the survival of trigeminal
neurons (C).
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