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PURPOSE. To determine whether substance P (SP) in herpes
simplex virus-1 (HSV-1) infected cornea regulates the severity
of herpetic stromal keratitis (HSK) lesions in a mouse model.

METHODS. C57BL/6 mice were infected ocularly with HSV-1
(RE). The corneas with HSK lesions, on Day 15 postinfection,
were grouped on the basis of the corneal opacity as mild (�2)
or severe (�2). The amount of SP was determined in the
corneas with mild or severe HSK lesions by enzyme immu-
nosorbent assay (EIA) and confocal microscopy. Subconjuncti-
val inoculation of spantide I, SP receptor antagonist, was car-
ried out during the clinical phase of HSK. ELISA and flow
cytometry were used to determine the level of cytokines,
chemokines, and influx of immune cell types in the corneal
lesions.

RESULTS. The authors determined a significantly higher level of
SP in the corneas with severe HSK lesions in comparison with
mild lesions. The corneas with a higher level of SP also exhib-
ited higher amounts of proinflammatory cytokines (IL-6, IFN-�)
and chemokines (CCL3, CXCL2) when compared with the
corneas with a lower level of SP. SP receptor NK1R expression
was determined in CD45� and CD45� cells in infected cor-
nea. SP present in the corneal stroma of the eyes with severe
HSK lesions colocalized with �-III tubulin� and IAb� cell types.
Subconjunctival inoculation of spantide I during the clinical
phase of HSK resulted in significant reduction in the corneal
opacity and angiogenesis.

CONCLUSIONS. Collectively, these results demonstrate the rela-
tive contribution of substance P in regulating the clinical se-
verity of HSK lesions in a mouse model. (Invest Ophthalmol
Vis Sci. 2011;52:8604–8613) DOI:10.1167/iovs.11-8089

The corneal infection with herpes simplex virus (HSV)-1
results in inflammation that can persist long after the clear-

ance of the infectious virus. Studies carried out in BALB/c and
C57BL/6 mice models have played an important role in deter-
mining the pathogenesis of herpetic stromal keratitis (HSK).1,2

HSK in mice models can be categorized into preclinical (Day 0
to 7 postinfection) and clinical phase (Day 7 to 18 postinfec-
tion).3 During the preclinical phase, replicating virus is deter-
mined in the infected cornea but the damage to the corneal
tissue is not evident. On the other hand, the corneal opacity
and severe angiogenesis are noted during the clinical phase of
disease but intriguingly no replicating virus is determined dur-

ing this time period. It is reported that dendritic cells, neutro-
phils, and CD4 T cells are key immune cell types present in the
inflamed cornea during the clinical phase of disease and play an
important role in the development of severe HSK lesions.2,4,5

However, the molecular mechanisms that regulate chronic
inflammation during the clinical phase of HSK are not well
understood.

Neuropeptides are well reported to either promote or re-
solve the inflammation.6,7 Substance P (SP), an eleven amino
acid long proinflammatory neuropeptide, is derived from pre-
protachykinin A (PPTA) protein and is secreted by both neu-
ronal and nonneuronal cell types.8–10 SP can bind to neuro-
kinin (NK1, NK2, and NK3) receptor with highest affinity
toward NK1R.11,12 Moreover, SP promotes inflammation by
exerting its action on both immune and nonimmune cell
types.13,14 Previous studies demonstrated the presence of SP�

nerve termini in the naive cornea by immunohistochemistry
and radioimmunoassay.15,16 However, the role of SP in the
pathogenesis of HSK is not known.

In the present study, we investigated whether SP in HSV-
1–infected cornea defines the severity of HSK lesions in a
mouse model. After ocular HSV-1 infection, the eyes of
C57BL/6 mice develop mild and severe HSK lesions as deter-
mined by the extent of neovascularization and the opacity of
the inflamed cornea. While comparing the levels of SP in the
infected corneas by enzyme immunosorbent assay (EIA), our
results showed approximately a 15-fold higher amount of SP in
the corneas with severe HSK lesions in comparison with those
with mild HSK lesions. In addition, the corneas with a higher
amount of substance P also had significantly higher levels of
proinflammatory cytokines (IL-6 and IFN-�) and chemokines
(CCL3 and CXCL2) in comparison with the corneas with mild
HSK. SP was present in the corneal stroma during the clinical
phase of HSK and colocalized with �-III tubulin� and IAb� cell
types. Subconjunctival inoculation of spantide I, SP receptor
antagonist, during the clinical phase of disease significantly
reduced the development of corneal opacity and angiogenesis.
Spantide I treatment resulted in lesser influx of neutrophils and
CD4 T cells as well as a decreased amount of IL-6 and CCL3
proteins in the cornea. Taken together, our results show the
relative contribution of corneal SP in the development of HSK
lesion severity.

METHODS

Mice

Female, 8- to 10-week-old C57BL/6 (B6) mice were purchased from the
Jackson Laboratory (Bar Barbor, ME) and were housed in the animal
facility at Oakland University. Special instruction was given to Jackson
Laboratory to ensure that mice had no corneal opacity on arrival.
Animals were sex- and age-matched for all experiments. All manipula-
tions were performed in a biosafety cabinet. All experimental proce-
dures were in complete agreement with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. In addition, all
procedures were carried out in accordance with the rules and regula-
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tions of The Institutional Animal Care and Use Committee (IACUC) of
the Oakland University.

Virus

HSV-1 (RE) used in the present study was obtained from Robert
Hendricks’ laboratory at University of Pittsburgh School of Medicine,
Pittsburgh, PA. The virus was propagated on a monolayer of Vero cells
(CCL81; American Type Culture Collection, Manassas, VA) as described
previously.17 Pellets of infected Vero cells were suspended in 2 mL of
PBS followed by three cycles of rapid freeze thaw with liquid nitrogen.
Virus purified from the supernatant was titrated on Vero cells and
stored in aliquots at �80°C until used.

Corneal HSV-1 Infection

To carry out ocular HSV-1 infection, mice were first anesthetized by
intraperitoneal injection of avertin (Sigma-Aldrich Co., St. Louis, MO) at
a dose of 250 mg/kg in 0.25 mL PBS. The cornea was scarified with
trephine (Fine Science Tools, Foster city, CA) while twisting three to
four times over the corneal surface. The 1 � 106 or 5 � 106 plaques
forming unit (p.f.u.) of HSV-1 virus was then applied to the eye in 3 �L
of phosphate buffered solution (PBS) followed by gentle massage of
the eyelids.

Clinical Scoring of HSK

The eyes were examined from Day 6 to 15 postinfection, while using
a hand-held slit lamp biomicroscope (Kowa, Nagoya, Japan), to deter-
mine the extent of the corneal opacity and angiogenesis. A standard
scale for opacity, ranging from zero to five, was used and is as follows:
0, normal cornea; 1, mild corneal haze; 2, moderate opacity with iris
visible; 3, severe opacity with iris not visible; 4, severe opacity with
corneal ulcer; and 5, corneal rupture. The neovascularization (NV) of
the cornea was determined by measuring the centripetal growth of
newly formed blood vessels in each quadrant of the cornea as de-
scribed earlier.18 Briefly, the length of blood vessels in each quadrant
is graded between zero (no NV) and four (NV reached the central
region of the cornea) in increments of approximately 1⁄4 of the corneal
radius. The final score from four quadrants is summed to derive the NV
index (total range, 0–16) for each eye at a given time point. Corneas
with an opacity score �2 and angiogenesis score �4 were considered
as severe HSK lesions, whereas the corneas with an opacity score �2
and angiogenesis score �4 were categorized as mild HSK lesions.

EIA Assay to Determine the Amount
of Substance P

To ascertain the amount of SP in the corneas with mild or severe HSK
lesions, four infected corneas per sample were pooled on the basis of
the corneal lesion severity on Day 15 postinfection in 400 �L of PBS
containing protease inhibitor cocktail (Sigma-Aldrich Co.). Each sam-
ple was sonicated on ice with a 15-second pulse and an interval of 1
minute between each pulse to allow the sample to cool. The lysates
were then clarified by centrifugation at 10,000 rpm for 5 minutes at
4°C. The supernatant was collected and assayed for substance P pro-
tein level using a competitive enzyme immunoassay (EIA) kit (R&D
Systems, Minneapolis, MN) as per the manufacturer’s instructions.
While determining the kinetics of SP protein level in the corneas of
HSV-1–infected eyes, four corneas were pooled at different time points
postinfection irrespective of their clinical score. The samples were
processed as described above to determine the amount of SP protein in
the corneal lysates obtained at each time point postinfection.

Cytokines and Chemokine ELISA of the
Corneal Lysates

On Day 15 post ocular HSV-1 infection, the corneas were excised from
HSV-1–infected mice. The corneas were pooled on the basis of mild
and severe HSK lesions. Four corneas were pooled to obtain one test
sample in 300 �L of PBS containing protease inhibitor cocktail. Sam-

ples were sonicated on ice as described above. The lysates were then
clarified by centrifugation at 10,000 rpm for 5 minutes at 4°C. The
supernatant was collected and assayed for IL-6, IFN-�, CCL3, and
CXCL2 protein levels using ELISA kits (R&D Systems) as per the
manufacturer’s instructions.

Flow Cytometery

To determine the influx of neutrophils and CD4 T cells, the corneas
with mild or severe HSK lesions were excised and pooled respectively
on Day 15 postinfection whereas to determine the kinetics of NK1R
expression, the corneas were dissected at regular intervals of time post
ocular HSV-1 infection. Three corneas were always pooled to obtain
one test sample and digested in 2 mg/mL of collagenase type IV
(Sigma-Aldrich Co.) and 0.05 mg/mL of DNase I in RPMI only for 90
minutes at 37°C followed by trituration to form a single cell suspen-
sion. The suspension was then passed through a 40-�m cell strainer
and washed in RPMI medium. Cell suspensions were incubated with
anti-mouse CD16/CD32 antibody to block the Fc receptors. The fol-
lowing antibodies were used for cell-surface staining: FITC-conjugated
anti-Gr1, anti-CD4 antibodies, and APC-conjugated anti-CD45 antibody
(BD Pharmingen, San Diego, CA) in FACS buffer (PBS � 2% FBS � 0.1%
sodium azide). Intracellular staining for NK1R is carried out while
using a kit (BD Cytofix/Cytoperm; BD Biosciences, San Diego, CA). At
the end of the staining, cells were fixed in 1% paraformaldehyde and
samples were acquired on a FACS canto II flow cytometer. Data were
analyzed using software (Flowjo v8.7.1; TreeStar, Ashland, OR).

Immunofluorescence

Naïve or infected eyes were enucleated and snap frozen in OCT
compound. Six- or fifteen-micrometer sections were cut at �20°C and
then fixed in ice-cold acetone/methanol solution (1:1 ratio) for 10
minutes at �20°C. Sections were washed in PBS followed by blocking
with blocking buffer (PBS � 10% donkey serum � 3% BSA) for 2 hours
at room temperature. After 2 hours, sections were washed three times
in PBS followed by incubation with either fluorochrome-conjugated or
unconjugated primary antibody in the dilution buffer (PBS � 1% BSA �
0.3% Triton-X-100 � 2% donkey serum) overnight at 4°C. The next day,
slides were washed three times in PBS and then incubated at 37°C for
90 minutes in the PBS �1% BSA � 0.3% Triton-X-100 solution contain-
ing AlexaFluor 546 conjugated secondary antibody. After 90 minutes,
sections were washed in PBS and mounted with DAPI containing
mounting medium (Vector Laboratories, Burlingame, CA; Nikon Inc.,
Melville, NY) and visualized under a confocal microscope (Nikon C1;
Nikon Inc., Melville, NY). All antibodies were diluted 1:250 in the
dilution buffer (PBS � 1% BSA � 0.3% Tween-20). The following
antibodies were used for immunofluorescence studies: FITC-conju-
gated anti-Gr1 and anti-CD4 monoclonal antibody (BD Biosciences),
primary goat anti-mouse substance P or an isotype control antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) and AlexaFluor 546-labeled
anti-goat secondary antibody (Invitrogen, Carlsbad, CA).

Subconjunctival Inoculation of Spantide I

C57BL/6 mice were treated subconjuntivally with 36 �g per eye of
spantide I (Sigma-Aldrich Co.) on Days 6, 8, 10, 12, and 14 post ocular
infection. Subconjunctival spantide I injections were performed using
a 36-gauge stainless steel needle attached to a syringe (Nanofil; World
Precision Instruments, Sarasota, FL). The needle was inserted into the
subconjunctival space and 3 �L of PBS containing 36 �g spantide I was
injected. Control mice were similarly injected with PBS vehicle on the
same days post ocular infection. Eyes were monitored daily for disease
pathology using a hand held slit lamp microscope. Spantide I-treated
and control corneas were then collected on Day 16 post ocular infec-
tion and processed for flow cytometery. In separate experiments,
corneas from both groups were collected in protease inhibitor cocktail
to detect CCL3 and IL-6 using ELISA kits for the respective cytokines
(R&D Systems).
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Statistical Analysis

Statistical analysis was carried out using software (GraphPad Prism;
GraphPad Software, Inc., San Diego, CA). All P values were calculated
using an unpaired, two-tailed Student’s t-test. P � 0.05 was considered
statistically significant. Results are displayed as the mean � SEM.

RESULTS

Not All HSV-1–Infected Corneas of C57BL/6 Mice
Develop Severe HSK Lesions

Even though HSV-1-induced herpetic stromal keratitis is a
blinding disease of the cornea, not all humans who shed virus
at the corneal surface develop severe HSK lesions suggesting a
possible regulatory mechanism in the cornea that prevents
chronic inflammation in the corneal stroma. In this study, the
corneas of C57BL/6 mice were mildly scratched with trephine
followed by infection with 1 � 106 plaque forming unit (p.f.u.)
of HSV-1 (RE). Opacity and neovascularization of the cornea
was scored as stated in Methods, while using a hand-held slit
lamp microscope. As is evident in Figures 1a and 1b, on Day 15
postinfection five out of twelve corneas in that particular
experiment develop the corneal opacity score �2 and angio-
genesis score �4. We categorized them as the corneas with
mild HSK lesions. On the other hand, the corneas that had
opacity score �2 and angiogenesis score �4 were categorized
as those with severe HSK lesions. The data pooled from two
independent experiments (total 24 eyes) determined that ap-
proximately 70% of the infected corneas developed severe HSK
lesions (corneal opacity �2 and angiogenesis �4) whereas
30% developed mild HSK lesions (corneal opacity �2 and
angiogenesis �4) (Fig. 1c). Taken together, our results deter-
mined the development of differential corneal lesion severity,
on the basis of the corneal opacity and angiogenesis, after
ocular HSV-1 infection of C57BL/6 mice.

Viral Load in the Infected Corneas Do Not Affect
the Development of Differential Corneal
Lesion Severity

To ascertain if lack of the development of severe HSK
lesions in certain corneas was due to a rapid viral clearance,

we quantified the viral titers in all infected corneas (n � 12)
at four different time points post infection and the viral
plaque assay was used to determine the titer of the infec-
tious virus. As is shown in Figure 2, no significant differ-
ences in the viral load were seen at the indicated time points
postinfection in the corneas that developed either mild or
severe HSK lesions suggesting that clinical severity of HSK
lesions is independent of the rate of the clearance of infec-
tious virus from the cornea.

Corneas with Severe Lesions Contain a
Significantly Higher Amount of Substance P in
Comparison with Ones with Mild HSK Lesions

The cornea is highly innervated with sensory nerve endings
originating from the neuronal cell bodies present in the
trigeminal ganglia (TG).19 Corneal nerve endings are re-
ported to contain neuropeptides like substance P (SP) that
can promote inflammation.15,16 Therefore, we next ascer-

FIGURE 1. Not all HSV-1–infected
corneas develop severe HSK lesions.
(a, b) The corneal opacity and angio-
genesis was determined at different
time points post ocular HSV-1 infec-
tion using a hand-held slit lamp mi-
croscope. (c) Frequency of corneas
with severe and mild HSK lesions on
Day 15 postinfection. (d) Represen-
tative image of the eye with no dis-
ease, mild, and severe HSK lesions.
Images were taken 15 days post in-
fection. Data shown is the mean of
two independent experiments with
similar results. In each experiment
12 eyes were infected with HSV-1.

FIGURE 2. Viral load between the corneas that develop mild or severe
HSK lesions were equivalent at the indicated time points postinfection.
Eyes were swabbed at the indicated time points postinfection and viral
titer was determined by a standard plaque assay. Data shown are
indicative of two independent experiments with 12 samples per
group. Viral titers from mild and severe lesions at each time point were
analyzed using Student’s t-test (P � 0.05). Results are reported as the
mean titer � SEM.
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tained if there is a differential amount of neuropeptide SP in
the corneas with mild and severe HSK lesions. On Day 15
postinfection, the corneal lysate of mild and severe HSK
lesions were tested for SP levels while using SP EIA kit from
R&D Systems. As is shown in Figure 3a, the corneas with
severe HSK lesions have about 15-fold more SP in compari-

son with those with mild lesions. In another set of experi-
ments, we carried out kinetics to determine the amount of
SP in the infected corneas at regular intervals of time post
ocular HSV-1 infection. Our data show a heightened amount
of SP in HSV-1–infected corneas during the clinical phase of
HSK (Fig. 3b).

FIGURE 3. Eyes with severe HSK lesions exhibit a higher level of SP in the cornea during the clinical
phase of HSK. The corneas were grouped on the basis of the opacity and angiogenesis into mild and severe
HSK on Day 15 postinfection. (a) SP levels in the corneal lysates grouped as mild or severe HSK were
detected via ELISA. For mild HSK two corneas were pooled to obtain one sample whereas three corneas
with severe HSK lesions were pooled to obtain one sample. A total of four to eight samples were obtained
from two independent experiments. Results are reported as mean � SEM. (b) Kinetics of SP amount in
naïve and HSV-1–infected corneas were determined at different days postinfection. Six corneas were
collected and pooled after infection with HSV-1 at the indicated time points. Graph represents the mean
of two independent experiments.

FIGURE 4. SP receptor NK1R is ex-
pressed in both CD45� and CD45�
cell types in the cornea during the
clinical phase of HSK. The corneas
were collagenase-digested and the
single-cell suspension obtained was
stained for cell surface and intracel-
lular NK1R. Cells were analyzed by
flow cytometery. (a, b) Representa-
tive FACS plots demonstrating cell
surface and intracellular expression
of NK1R on gated CD45�ve and
CD45� cells in uninfected and in-
fected corneas. Graphs represent the
mean fluorescence intensity at the
indicated time points.
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Kinetics of SP Receptor, NK1R Expression on
CD45� and CD45� Cell Types in the Cornea after
Ocular HSV-1 Infection

Substance P binds with highest affinity to substance P receptor,
NK1R.11 Therefore, we next determined the expression of
NK1R on CD45�ve resident cells and CD45� infiltrating cell
types in the corneal tissue during the clinical phase of HSK.
Our results showed that both CD45� and CD45� cells ex-
pressed NK1R during the clinical phase of HSK as is evident in
Figure 4. Interestingly, the proportion and the level of expres-
sion of cell surface NK1R decreases but intracellular NK1R
increases in CD45�ve corneal resident cells during the clinical
phase of HSK when compared with uninfected control corneas
(Fig. 4a). Similarly, the proportion and the level of expression
of intracellular NK1R on CD45� cell types was higher when
compared with membrane-bound NK1R in the cornea during
the clinical phase of HSK (Fig. 4b).

Corneas with Higher Levels of SP Also Have an
Increased Amount of Proinflammatory Cytokines
and Chemokines

It is well reported that several proinflammatory cytokines like
IL-6 and IFN-�, as well as the chemokines such as CCL3 and
CXCL2 play an important role in the development of severe
HSK lesions.20,21 Moreover, SP is also documented to regulate

the expression of these molecules.22,23 Therefore, we next
ascertained the amount of these cytokines and chemokines in
the corneas with severe and mild HSK lesions on Day 15
postinfection by ELISA. As is evident in Figure 5, the corneas
with severe HSK lesions had significantly higher amounts of
IL-6, IFN-�, CCL3, and CXCL2 proteins when compared with
the corneas with mild HSK lesions on Day 15 postinfection.
Taken together, our results suggest that the amount of SP in
HSV-1–infected cornea directly correlate with the level of the
expression of the above-mentioned cytokines and chemokines.

Corneas with Severe HSK Lesions Have a Higher
Number of Neutrophils and CD4 T Cells

Neutrophils and CD4 T cells are two key immune cell types
involved in orchestrating tissue damage to HSV-1–infected cor-
nea.2,5 As is shown in Figure 3a, we determined a significantly
higher amount of SP neuropeptide in the cornea with severe
HSK lesions when compared with the corneas with mild HSK
lesions. Therefore, we next wanted to ascertain if the amount
of SP in HSV-1–infected cornea also correlates with the number
of infiltrating neutrophils and CD4 T cells. Eyes with mild and
severe HSK lesions were either frozen in OCT compound to
make 6 �m sections for immunofluorescence or the corneas
with mild and severe HSK lesions were excised and collage-
nase-digested for flow cytometery as described in Methods on
Day 15 post ocular HSV-1 infection. As is shown in Figure 6,

FIGURE 5. Amounts of IL-6, IFN�,
CCL3, and CXCL2 proteins are
greater in the corneas with severe
disease when compared with the
corneas with mild HSK. Corneas
were removed 15 days post ocular
infection with HSV-1. Four corneas
with mild or severe lesions were
pooled per sample and a total of four
to five samples were obtained from
three experiments. Samples were
sonicated in the protease inhibitor
cocktail and assayed for the respec-
tive cytokines via ELISA. Results are
reported as mean � SEM (n � 4 per
group per cytokine). P values were
calculated using Student’s t-test
(**P � 0.01; ***P � 0.001).
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both confocal microscopy and flow cytometry determined that
the corneas with severe HSK lesions had significantly higher
numbers of neutrophils and CD4 T cells in comparison with
the corneas with mild HSK lesions.

Substance P in the Corneas with Severe HSK
Lesions Is Present in the Corneal Stroma and
Colocalizes with �-III Tubulin and IAb� Cell Types

HSK causes tissue damage to the corneal stroma. Therefore, we
next ascertained the location of SP in the corneas with severe
and mild HSK lesions. As is shown in Figure 7a, the corneas
with mild HSK lesions have staining for SP in the corneal
epithelium but not in the corneal stroma. On the other hand,
SP is largely determined in the posterior part of the corneal
stroma but not in the corneal epithelium of the eyes with
severe HSK lesions (Fig. 7a). Because SP can be produced by
neuronal as well as the nonneuronal cell types,10 we next
studied the source of SP in the corneal stroma of the eyes
with severe HSK lesions. Our results showed that SP staining
in the corneal stroma colocalizes with �-III tubulin, a marker
for sensory nerve endings (Fig. 7b). We also determined the

colocalization of SP with IAb� cells in the corneal stroma
but not in the corneal epithelium (Fig. 7b). Taken together,
our result suggests that SP is produced in the corneal stroma
of the eyes by nerve fibers and antigen-presenting cell ty-
pes.

Subconjunctival Inoculation of Spantide I
Significantly Reduced the Development of
Corneal Opacity and Angiogenesis

We next ascertained whether presence of SP in the corneal
stroma regulates the development of severe HSK lesions. Mice
were infected with 5 � 106 (p.f.u.) of HSV-1 (RE). One group
of mice received subconjunctival inoculation of spantide I (36
�g per eye) whereas the control group of infected mice re-
ceived PBS on Days 6, 8, 10, 12, and 14 postinfection. Spantide
I is a NK1R antagonist and is well reported to block SP-
mediated effects under inflammatory conditions.24 As is shown
in Figure 8, spantide I treatment during the clinical phase of
HSK resulted in a moderate but significant reduction in the
corneal opacity and angiogenesis as determined on Days 12
and 14 postinfection by hand-held slit lamp microscope.

FIGURE 6. The corneas with se-
vere HSK demonstrate a signifi-
cantly higher number of neutro-
phils and CD4 T cells when
compared with those with mild dis-
ease. Six-micrometer frozen sec-
tions were obtained from the eyes
that developed mild or severe HSK
lesions as determined on Day 15
postinfection. Sections were stained
for neutrophils and CD4 T cells (green)
followed by acquisition on a confocal
microscope (C1 Nikon; magnification
�20). Arrows denote Gr1� neutrophils
and CD4 T cells in the corneas with mild
or severe HSK lesions. The corneas with
mild or severe HSK lesions were collage-
nase-digested on Day 15 postinfection
followed by staining for CD4 T cells and
neutrophils. The samples were acquired
by flow cytometry and absolute num-
bers were calculated from the proportion of cell types. Three corneas with mild HSK lesions were pooled together to obtain one sample whereas four corneas
with severe HSK were pooled to obtain one sample. A total of three to four samples were obtained from two experiments. Graphs indicate the
absolute number of cells within the cornea as determined by flow cytometry. Data represents the mean � SEM of two independent experiments.
P values were calculated using Student’s t-test (**P � 0.01; ***P � 0.001).

FIGURE 7. Eyes with severe HSK le-
sions exhibit SP in the corneal
stroma and colocalize with �-III tubu-
lin and IA-b� cell types. (a) Fifteen-
micrometer frozen sections obtained
from uninfected or the eyes with
mild or severe HSK lesions were
stained for SP (red) followed by ac-
quisition on a confocal microscope
(acquired at magnification �10). (b,
c) Fifteen-micrometer sections ob-
tained from eyes with severe HSK
lesions (corneal opacity score 4) on
day 15 postinfection were stained
with SP (red) and �-III tubulin
(green) or IAb (green) obtained on
Day 15 postinfection. Images were
acquired on a confocal microscope
(C1 Nikon; acquired at magnification
�20). Yellow: overlap between SP
and �-III tubulin or SP and IAb

staining.
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Spantide I Treatment Reduces the Proportion of
Neutrophils and CD4 T Cells in Inflamed Cornea

Neutrophils and CD4 T cells are well known to regulate the severity
of HSK lesions. Therefore, we next ascertained the influx of CD4 T
cells and neutrophils (CD11b�Ly6G�) in the corneas of spantide I
and PBS-treated C57BL/6 mice on Day 16 postinfection. Two corneas
were pooled to obtain one sample followed by liberase digestion to
obtain single-cell suspension for flow cytometery as stated in Meth-
ods. Our results demonstrate a significantly reduced proportion of
neutrophils and CD4 T cells in spantide I–treated corneas when
compared with PBS-injected HSV-1–infected corneas on Day 16
postinfection (Fig. 9).

Spantide I Treatment Reduces the Amount of IL-6
and CCL3 Proteins in HSV-1–Infected Corneas

Because IL-6 and CCL3 proteins in HSV-1–infected cornea
are involved in the development of severe HSK lesions,25,26

we next compared the levels of these two proteins in the
corneas of PBS- and spantide I-treated C57BL/6 mice. The
corneas were excised on Day 16 postinfection. Three cor-
neas from each group were pooled in PBS containing pro-
tease inhibitor cocktail to obtain one sample. The samples
were homogenized and ELISA was used to determine the
amounts of IL-6 and CCL3 proteins. Our results determined
that subconjunctival inoculation of spantide I resulted in a

FIGURE 8. Subconjunctival inocula-
tion of spantide I during the clinical
phase of HSK significantly reduced
the corneal opacity and angiogene-
sis. The corneal opacity and angio-
genesis was determined with a hand-
held slit lamp microscope. (A)
Significant differences in the corneal
opacity between PBS- and spantide-
treated groups were evident only at
Day 12 and Day 16 postinfection
whereas significant differences in the
angiogenesis were noted on Days 10,
12, and 16 postinfection. Data shown
were pooled from two independent
experiments. (B) Representative im-
age of the eyes with PBS and spant-
ide treatment. Images were taken 16
days postinfection. P values are cal-
culated using Student’s t-test (**P �
0.01; ***P � 0.001).

FIGURE 9. Subconjunctival inocula-
tion of spantide I significantly re-
duced the proportion of CD4 T cells
and neutrophils in inflamed corneas.
The corneas were obtained from
spantide- and PBS-treated groups of
mice on Day 16 postinfection. Two
corneas were pooled to obtain one
sample and liberase-digested. The ob-
tained single-cell suspension was
stained for neutrophils and CD4 T
cells. Samples were analyzed by flow
cytometery. (A, B) Representative
FACS plots show cell surface staining
for CD4, CD11b, and Ly6G mole-
cules on gated CD45� cells derived
from PBS- and spantide-treated cor-
neas. Graphs represent the mean �
SD of five samples. P values are cal-
culated with two-tailed Student’s t-
test (*P � 0.05; **P � 0.01).
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significant reduction in the amounts of IL-6 and CCL3 pro-
teins in HSV-1–infected corneas when measured on Day 16
postinfection (Fig. 10).

DISCUSSION

Not all humans who shed virus at the corneal surface get
severe HSK lesions suggesting an intricate mechanism in-
volved in the development of HSK. In this report, while
using the C57BL/6 mouse model, we demonstrate that not
all HSV-1–infected eyes develop severe HSK lesions as de-
termined by the extent of neovascularization and opacity of
the infected cornea. The corneas with severe HSK lesions
exhibit a significantly higher amount of proinflammatory
neuropeptide, substance P, in comparison with the corneas
with mild HSK lesions. In addition, the corneas with higher
levels of SP also have higher amounts of proinflammatory
cytokines (IFN-� and IL-6) and chemokines (CCL3 and
CXCL2), the molecules that are regulated by SP. The SP in
the corneal stroma of eyes with severe HSK lesions could
come from nerve fibers and/or immune cell types as deter-
mined by our results. Most importantly, treatment with SP
antagonist, spantide I, during the clinical phase of HSK
significantly reduced the severity of the corneal opacity and
angiogenesis. To our knowledge this is the first study to
demonstrate the relative contribution of corneal SP in reg-
ulating the severity of HSK lesions in a mouse model.

Differential rates of viral clearance from infected eyes may
cause the development of mild and severe HSK lesions. How-
ever, eye swabs taken from infected eyes at different time
points postinfection showed no statistically significant differ-
ence in viral load in the corneas that developed mild or severe
HSK lesions. Our results are in agreement with a recent report
where no significant difference in the viral load was deter-
mined in the corneal tear film of the eyes that did or did not
develop HSK in a BALB/c mouse model.27 It has also been
shown that even though replicating virus in the cornea is
required to induce immunoinflammatory reactions in the cor-
neal stroma of infected eyes, the virus is not needed to sustain
the inflammation that causes stromal tissue damage.28 There-
fore, the development of severe HSK lesions might depend on
proinflammatory molecules that promote an ongoing inflam-
mation.

Neuropeptides are well reported to either promote or
suppress an ongoing inflammation by acting on either im-
mune or nonimmune cell types. SP is a proinflammatory
neuropeptide that belongs to a family of bioactive peptides,

the tachykinins. It has been shown that elevated levels of SP
in the cornea after Pseudomonas aeruginosa infection pro-
motes corneal inflammation and participate in the develop-
ment of bacterial keratitis.29 Even though earlier studies
have shown the level of SP in the cornea after ocular HSV-1
infection,30,31 the relative contribution of SP in regulating
the severity of HSK lesions is not known. We determined
that the corneas with severe HSK lesions display higher
amounts of SP when compared with the corneas with mild
HSK lesions. Moreover, the corneas with higher amounts of
SP also exhibit higher levels of IL-6, IFN-�, CCL3, and CXCL2
proinflammatory molecules that are known to orchestrate
the corneal stromal tissue damage resulting into the devel-
opment of severe HSK lesions. Because SP is known to
induce the expression of IL-6, IFN-�, CCL3, and CXCL2,23 it
is possible that SP in the inflamed cornea regulates the
development of severe HSK lesions by promoting the ex-
pression of these proinflammatory molecules in the cornea.

SP exerts its action on both immune and nonimmune cell
types by binding to the SP receptors NK1R, NK2R, and
NK3R, with highest affinity toward NK1R.12 We determined
NK1R expression on both CD45�ve and CD45� cell types
in the inflamed cornea when measured during the clinical
phase of HSK suggesting that SP might exert its action on
both corneal resident and infiltrating immune cell types.
Binding of SP to NK1R results in the internalization of
SP-NK1R complex, thereby decreasing the level of expres-
sion of membrane-bound NK1R molecules.32 Our studies
show higher intracellular level of NK1R expression in both
CD45� and CD45� cells during the clinical phase, a time
period when SP is present in abundance in the inflamed
cornea. It is possible that an active interaction between SP
and NK1R resulted in the internalization of NK1R and
thereby increased the intracellular level of NK1R.

Studies carried out in mice models clearly demonstrate
that the development of the corneal opacity, and the severe
HSK lesions begin during the clinical phase of disease. One
can speculate that the molecules that are differentially ex-
pressed during preclinical and clinical phases of disease may
regulate the extent of the corneal opacity in HSV-1–infected
eyes. Our results show a dramatic increase in the amount of
SP in the cornea during the clinical phase of HSK demon-
strating the possible involvement of SP in the development
of severe HSK lesions. SP receptor antagonists have been
used in multiple studies to demonstrate the effect of SP in
chronic inflammatory conditions.12,24 Our results deter-
mined that blocking of SP interaction with its receptor in the
cornea during the clinical phase of HSK reduce the corneal
opacity and angiogenesis. Antagonist injection resulted in
reduced frequency of neutrophils and CD4 T cells in the
cornea as well as reduced amounts of IL-6 and CCL3 pro-
teins, thereby demonstrating an active participation of cor-
neal SP in the regulation of cellular and molecular events
involved in the development of severe HSK lesions.

HSK is a disease of the corneal stroma where resident
stromal keratocytes and/or fibroblasts and infiltrating im-
mune cell types after ocular HSV-1 infection participate in
corneal tissue damage by secreting free radicals and matrix-
metalloproteinases.33–35 Therefore, studies are carried out
to determine whether SP is present in the corneal stroma of
eyes with severe or mild HSK lesions. Our results clearly
demonstrate that SP is largely localized in the corneal stroma
of eyes with severe but not mild HSK lesions and may exert
its action on cell types present in the corneal stroma. Pre-
vious studies have shown that both neuronal and nonneu-
ronal cell types can produce SP.8,10 The naïve cornea is
largely innervated with nerve fibers that originate from the
sensory neurons present in the ophthalmic branch of the

FIGURE 10. Significantly reduced amounts of IL-6 and CCL3 in spant-
ide-treated HSV-1–infected corneas. On Day 16 postinfection, the cor-
neas obtained from PBS- and spantide-treated groups of mice were
homogenized and centrifuged. Three corneas from each group were
pooled to obtain one sample. The amounts of IL-6 and CCL3 proteins
were tested in each sample by ELISA. Graphs represent the mean � SD
of five samples. P values are calculated with two-tailed Student’s t-test
(*P � 0.05).
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trigeminal ganglia.19 Moreover, it has been shown that nerve
fibers in the naïve cornea exhibit SP.16 In addition to neu-
ronal source, SP is also expressed in immune cell types like
macrophages and dendritic cells.36 –38 Our data clearly show
colocalization of SP with �-III tubulin and IAb� cells sug-
gesting both nerve fibers as well as antigen-presenting cells
as a source of SP in the corneal stroma during the clinical
phase of HSK. The presence of SP-exhibiting nerve fibers in
the corneal stroma of the eyes with severe HSK lesions is
somewhat surprising as a recent study has shown significant
but not complete loss of nerve fibers in the cornea during
infectious keratitis in humans.39,40 Because nerve fibers can
get regenerated after peripheral nerve injury, it is possible
that SP-expressing nerve fibers in the posterior stroma is the
outcome of the regeneration of damaged nerve fibers. In
fact, vascular endothelial growth factor (VEGF), an angio-
genic factor that is present in abundance in the corneas with
severe HSK, has been shown to participate in the regener-
ation of the corneal nerve fibers.41 On the basis of the
results shown in this study, we propose that SP present in
the corneal stroma of the eyes with severe HSK lesions are
actively involved in orchestrating stromal tissue damage by
exerting its action on both stromal keratocytes and infiltrat-
ing immune cell types.
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