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Abstract

Blood vessels and nerves travel together to supply most tissues in the body. However, there is a
knowledge gap in the mechanisms underlying the direct regulation of angiogenesis by nerves. In
the current study, we examined the regulation of angiogenesis by sensory nerves in response to
inflammation using the cornea, a normally avascular and densely innervated ocular tissue, as a
model. We used desiccating stress as an inflammatory stimulus /n7 vivo and found that sub-basal
and epithelial nerve densities in the cornea were reduced in dry eye disease (DED). We established
a co-culture system of trigeminal ganglion sensory neurons and vascular endothelial cells (VEC)
and found that neurons isolated from mice with DED directly promoted VEC proliferation and
tube formation compared with normal controls. In addition, these neurons expressed and secreted
higher levels of substance P (SP), a proinflammatory neuropeptide. SP potently promoted VEC
activation /n vitro and blockade of SP signaling with spantide I, an antagonist of SP receptor
Neurokinin-1, significantly reduced corneal neovascularization /n vivo. Spantide | and siRNA
knockdown of SP abolished the promotion of VEC activation by DED neurons /n vitro. Taken
together, our data suggested that sensory neurons directly promote angiogenesis via SP signaling
in response to inflammation in the cornea.
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INTRODUCTION

Blood vessels and nerves are branched structures that typically travel together to supply
most tissues in the body. There is mounting evidence that vascular and nervous systems
cross-talk and influence each other in development, injury, and repair, with implications in

1Correspondence: Jia Yin, MD PhD MPH, 20 Staniford Street, Boston, MA 02114, Phone: 617-912-4789, Fax: 617-912-0117,
Jia_Yin@meei.harvard.edu.
Author Contributions:

J. Yin designed research; L. Liu and J. Yin performed research; L. Liu and J. Yin analyzed data; L. Liu, R. Dana and J. Yin wrote the

paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 2

neurodegenerative diseases such as Alzheimer disease and diabetic neuropathy, as well as
skin wound healing, and rheumatoid- and osteo-arthritis. (1-6)

The cornea is the outermost and transparent layer of the eye. The normal cornea is avascular
and densely innervated, rendering it a unique model to interrogate neuro-vascular
interaction. Infection and inflammation of the ocular surface can induce corneal
neovascularization (NV) and nerve inflammation/degeneration. (7—10) Corneal epithelium,
stromal keratocytes, limbal stem cells, and infiltrating leukocytes have all been implicated in
corneal angiogenesis. There is, however, limited evidence on whether corneal nerves play a
direct role in corneal NV.

The cornea is innervated by the ophthalmic branch of the trigeminal nerve (cranial nerve
V1). Nerve fibers originate from the trigeminal ganglion, enter the cornea from the limbus,
transverse in stroma, and then form subbasal nerve plexus that supplies the overlying
epithelium. (11-15) In addition to their sensory function, corneal nerves modulate the blink
reflex, tear production, and stem cell niche maintenance. (13, 16) They also play critical
roles in corneal epithelial wound healing and immune privilege. (17, 18) In the aggregate,
these studies support the notion that corneal nerves are not only sensors but major regulators
of ocular surface homeostasis.

Spontaneous corneal NV after trigeminal denervation has been reported in mice. (19) This
phenomenon is also observed clinically in a patient developing corneal NV after trigeminal
nerve block for neuralgia (20). This circumstantial evidence indicates that neuronal support
is needed to maintain corneal avascularity. But the direct interaction between blood vessels
and nerves in the cornea, especially during inflammation, has not been studied. Dry eye
disease (DED) is the most common ocular surface inflammatory disease with an overall
prevalence of 5.28% in US population. (21) Both human and animal studies have shown
structural and functional alterations of corneal nerves in DED. (22—-24) Moreover, response
to DED treatment appears to depend on corneal nerve density. (25) Although there is no
spontaneous corneal NV in DED, vascular response after injury is heightened. (26) Whether
DED-related alterations in corneal innervation play a role in such heightened vascular
response have not been explored.

In the current study, we established a co-culture system of sensory neurons derived from the
trigeminal ganglion and vascular endothelial cells to directly study their interaction. We
induced ocular surface inflammation with desiccating stress using a DED mouse model, and
investigated the role of substance P, a neuropeptide secreted by sensory neurons, in
promoting angiogenesis after inflammation /n vitro and /n vivo.

MATERIALS AND METHODS

Animals

Eight-week old male BALB/c and female C57BL/6 mice were obtained from Charles River
Laboratories, Wilmington, MA, USA. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Schepens Eye Research Institute of
Massachusetts Eye and Ear and were in compliance with the guidelines of the Association
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for Research in Vision and Ophthalmology Statement for the use of Animals in
Ophthalmology and Vision. Mice were anesthetized for surgical procedures using
intraperitoneal injections of 120 mg/kg Ketamine and 20 mg/kg Xylazine. Post-operative
pain management and care were provided.

Dry eye disease (DED) induction in vivo

DED was induced in mice as previously described. (27, 28) In brief, female C57BL/6 mice
were subjected to desiccating stress by placing them in a controlled-environment chamber
with the continuous regulation of relative humidity below 20%, airflow of 15 L/min and a
constant temperature of 21 to 23°C for 7 consecutive days. These mice develop DED
characterized by increased corneal fluorescein staining and reduced tear secretion within 7
days. Untreated age- and sex-matched mice maintained in the standard vivarium were used
as normal controls. Tissues were isolated from mice with and without DED and processed as
described below.

Intrastromal suture-induced corneal neovascularization (NV) in vivo

A circular trephine, 1.5 mm in diameter, was used to mark the central corneas of male
BALB/c mice. Three intrastromal figure-eight suture knots were placed into the central
cornea using 11-0 nylon sutures (AB-0550S, MANI, Tochigi, Japan) as previously
described. (29) After suture placement, topical application of 5 pl of 20 UM Spantide |
(diluted in phosphate-buffered saline, PBS) was given three times daily and continued for 14
days, same volume of PBS served as the control (N=10 per group). Corneal NV was
clinically evaluated and photographed daily. The area covered by blood vessels of the total
cornea was analyzed using ImageJ in a masked analysis. The sutures were removed on Day
14 and the corneas were harvested for immunohistochemistry.

Vascular endothelial cell (VEC) culture

Mouse VEC (MILE SVENL1 cell line) was obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were grown in complete media DMEM (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS,
Atlanta Biologicals, Flower Branch, GA, USA) and 100U/ml penicillin (MilliporeSigma,
Burlington, MA, USA) at 37°C and in 5% CO».

Primary culture of trigeminal ganglion (TG) neurons

TG neurons were isolated and cultured as described previously. (30) In brief, mice with
DED or naive controls were euthanized (N=5 per group), followed by transcardial perfusion
with cold PBS. TG were collected and subjected to enzymatic digestion with papain
(Worthington, Lakewood, NJ, USA) and collagenase type Il /dispase (Thermo Fisher
Scientific). Digested tissues were then subjected to Percoll (VWR, Radnor, PA, USA)
gradient and TG neurons were collected from the bottom layer of the gradient by
centrifugation at 1300 g for 10 min. The neurons were then washed twice with Neurobasal A
medium supplemented with 2% B27 supplement (Thermo Fisher Scientific) and 1%
penicillin-streptomycin. Neurons were counted and plated on poly-d-lysine- and laminin-
coated coverslips in a 24-well plate at a density of 3,000 neurons per coverslip. Neuronal
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cultures were maintained with complete neuronal medium, consisting of Neurobasal A
medium supplemented with 2% B27 supplement, 1% penicillin-streptomycin, I-glutamine
(500 pM), nerve growth factor (NGF; 50 ng/ml), glial-cell-derived neurotrophic factor
(GDNF; 50 ng/ml), and mitotic inhibitor fluorodeoxyuridine (60 uM) for 3 days (growth
factors were from Thermo Fisher Scientific, and other supplements were from Sigma) and
then prepared for co-culture or collection of conditioned media on day 4.

Immunostaining with neuron marker B-tubulin I11 and glial cell marker GFAP was used to
detect the purity of TG neuron culture. TG neurons were fixed in 4% paraformaldehyde
(MilliporeSigma, Burlington, MA, USA) at day 4 after conditioned media collection and
blocked with 2% bovine serum albumin. TG neurons were incubated overnight at 4°C with
Alexa Fluor 488 conjugated anti-beta 11 Tubulin (MilliporeSigma, Burlington, MA, USA)
and Cy3 conjugated anti-GFAP antibody (Abcam, Cambridge, MA, USA) diluted in PBS
with 1% BSA. The tissues were then washed five times in PBS and mounted in Vectashield
(\Vector Laboratories, Burlingame, CA, USA) with DAPI. Images were obtained using
confocal microscopy (TCSSP5; Leica, Wetzlar, Germany). The number of TG neurons was
defined as the number of B-tubulin Il11-positive, relatively large round cells. The number of
TG neurons was directly counted in 3 randomly chosen and separate 40x fields, and
averaged.

siRNA transfection of TG neurons

Tacl (substance P precursor) and negative control (non-targeting) siRNAs were from
Dharmacon (Lafayette, CO, USA). Tacl siRNAs were Accell SMARTpool of the following
4 siRNAs, #1 5"-CGAUGAUCUAAAUUAUUGG-3', #25'-
GCGCUAUGAGGAAUGAUUA-3’, #3 5'-CCAAUAAGCCUUGUAAUUC-3" and #4 5’-
CUUUCAUGCUGAUAAUGUA-3". Negative control siRNA (catalogue number
D-001930-02-05) has been designed and modified by Dharmacon to have minimal targeting
of genes in mouse cells. TG neurons isolated from DED mice were cultured in complete
neuronal growth medium as described above for 3 days. On day 4, neurons were treated with
1 uM Tacl or control siRNAs and cultured for 3 more days. On day 7, the culture media
containing siRNA were removed and fresh DMEM supplemented with 1% FBS and
100U/ml penicillin were placed in neuron culture. After 24 hours of culture, supernatants
were collected and centrifuged at 1300g for 10 minutes to remove cell debris. The neurons
were harvested for PCR analysis.

Co-culture of TG neurons and VEC

TG neurons were cultured on coverslips with complete neuronal medium for 3 days. VECs
were seeded in a 12-well plate, cultured in complete media for 24h, and then starved in
DMEM supplemented with 1% FBS overnight. The coverslips with TG neurons were
washed twice with 1% FBS DMEM and then were placed into Transwell inserts (3.0 mm
pore size; Corning, Corning, NY, USA), and the inserts were then put in the 12-well plate
where the VECs were already cultured in the bottom well. The co-culture system was
incubated in 2ml DMEM supplemented with 1% FBS for 24 hours (Various media were
tested to ensure the vitality of both VEC and TG neurons and DMEM supplemented with
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1% FBS was the most optimal). After 24 hours, the Transwell inserts were removed and
VECs were washed twice with PBS and subjected to the assays described below.

Collection of conditioned media from TG neuron culture

TG neurons isolated from mice with and without DED were cultured in complete neuronal
growth medium as described above for 3 days. On day 4, the neurons were washed twice
with and then cultured in DMEM supplemented with 1% FBS and 100U/ml penicillin. After
24 hours of culture, the conditioned media (supernatant) were collected and centrifuged at
1300g for 10 minutes to remove cell debris.

VEC proliferation assay

VECs (5 x 10% cells / well in a 12-well plate) were co-cultured with TG neurons or cultured
in the TG conditioned media for 24 hours. To determine the role of SP in VEC growth, 2uM
spantide I (Tocris Bioscience, Minneapolis, MN, USA) was added to the conditioned media.
The cell numbers of VEC were counted directly using a hemacytometer under a 20x
objective phase contrast microscope field. Each sample was counted in four separate fields
and the mean cell number was used for analysis. The assay was repeated twice. The effect of
substance P on VEC growth was evaluated with BrdU Cell Proliferation Kit
(MilliporeSigma, Cat. No 2752, Burlington, MA, USA).VEC (5 x 103 cells / well) were
seeded in a 96-well plate. Serum-starved VECs were cultured in the presence or absence of
1uM Substance P (Tocris Bioscience) with DMEM supplemented with 1% FBS for 24
hours. Proliferating cells were labeled with BrdU during the last 22 hours of the culture
period. BrdU incorporation into the cells was quantified by the absorbance value at 450 nm.
The assay was repeated three times.

VEC migration assay

A linear scratch was made using a 10-pl micropipette tip in a confluent monolayer of VECs
on 12-well plate. VECs were co-cultured with TG neurons, or cultured in conditioned media
with and without 2uM spantide I, or cultured in the presence or absence of 1uM Substance P
with DMEM supplemented with 1% FBS for 24 hours. Images were captured at 0 h and 24 h
under 5x objective phase contrast inverted microscope field. The areas between leading
edges of migration were measured using ImageJ software. Cell migration was expressed as
the percentage of healed area. The assay was repeated three times.

VEC tube formation assay

Tube formation assay was performed as previously described. (31) In brief, 65 ul growth
factor-reduced Matrigel (Corning, Cat. No 354230; NY, USA) was placed into a 96-well
plate and allowed to polymerize for 1.5h at 37°C. VEC (3.0x10* cells/well) were re-
suspended in DMEM with 10% FBS and added onto the layer of Matrigel. VEC/Matrigel
were incubated for 4 hours at 37°C and photographed (x100 magnification). The total
number of tube junctions and length of the tube-like structure were calculated by using
Angiogenesis Analyze plug-ins of ImageJ software. The assay was repeated twice.

FASEB J. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 6

Corneal whole mount and immunostaining

The entire cornea with limbus was excised under the operating microscope from both control
and mice with DED (N=10 per group). Excised corneas were fixed in 4% paraformaldehyde
and washed in PBS, incubated in 20 mmol/L pre-warmed EDTA (MilliporeSigma,
Burlington, MA, USA) for 30 minutes at 37°C, and incubated with a 0.05% solution of
hyaluronidase (MilliporeSigma) in EDTA-PBS for 24 hours at 37°C. The corneas were then
washed in PBS and blocked with a 0.3% solution of Triton X-100 in PBS plus 2% BSA for 2
hours at room temperature. After blocking, the corneas were incubated overnight at 4°C with
Alexa Fluor 488 conjugated anti-beta I1l1 Tubulin diluted in PBS with 1% BSA. The corneas
were then washed five times in PBS. Four radial cuts were made to mount the cornea flat on
a slide with the epithelium side up using Vectashield. Corneal whole mounts were examined
using confocal microscopy. Innervation in a region (200x microscope fields) was calculated
as the percentage of area positive for B-tubulin Il staining using ImageJ software. To
quantitate the number of epithelial nerve terminals, images were analyzed by threshold-
based automatic particle counting function of the ImageJ software.

Whole-mount immunostaining was also used to determine the extent of corneal
neovascularization. Corneas were excised 14 days after suture placement and fixed in 4%
paraformaldehyde. They were washed and incubated in EDTA for 30 minutes, then blocked
with 1% BSA for 2 hours at temperature. The corneas were stained with purified rat anti-
mouse CD31 (BD Biosciences, Cat. No 550274) overnight, followed by secondary antibody.
Four radial cuts were made to mount the cornea flat on a slide with the epithelium side up
using Vectashield. Corneal whole mounts were examined using TCSSP5 confocal
microscopy.

Real-time PCR

Whole trigeminal ganglia were isolated from mice. TG tissues or cultured TG neurons were
placed in TRIzol® Reagent (Thermo Fisher Scientific). Total RNA was isolated with an
RNeasy® Micro kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
recommendations and reverse transcribed using a SuperScript™ 111 kit (Thermo Fisher
Scientific). Real-time PCR was performed using TagMan® Universal PCR Master Mix and
predesigned primers for substance P (Mm01166996_m1), CGRP (Mm00801463_m1),
alpha-MSH (Mm00435874_m1) and GAPDH (Mm99999915 g1) (Thermo Fisher
Scientific) in a LightCycler® 480 11 System (Roche Applied Science). The GAPDH gene
was used as an endogenous control for each reaction. The results of quantitative PCR were
analyzed by the comparative CT method in which the target change = 2722CT, The results
were normalized by the CT value of GAPDH, and the mean CT of relative mRNA level in
the naive group was used as the reference.

Enzyme-linked immunosorbent assay (ELISA) analysis

The expression of substance P in TG tissue and cultured neurons, and its secretion in the
conditioned media of neuronal culture were evaluated with the mouse substance P ELISA kit
(Cayman Chemical, Cat. No 583751; Ann Arbor, MI, USA) according to the manufacturer’s
protocol. Protein concentrations were measured using BCA Protein Assay (Thermo Fisher
Scientific). Substance P concentrations were normalized to total protein concentrations.
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Statistical analyses

All quantitative data were presented as means + SEM from at least two independent
experiments. Student’s t-test was used to analyze differences between two samples. Two-
way ANOVA was used to assess differences between groups and Bonferroni posttest was
used to assess differences within groups. Analyses were performed with Prism (GraphPad,
La Jolla, CA, USA). Two-sided of P values less than 0.05 were considered statistically
significant.

RESULTS

Corneal innervation, trigeminal ganglion neuron culture, and co-culture with VEC

To determine mouse corneal innervation, whole mount immunostaining of beta tubulin 111
(nerve marker) was performed. The large thick stromal nerves entered the cornea from the
limbus and bifurcated as they traveled centripetally (Fig 1A). The nerves further divided into
thinner fibers and formed extensive sub-basal nerve plexus just beneath the basal epithelial
cells in a swirling pattern at the corneal apex (Fig 1B) and in a radial pattern peripherally
(Fig. 1C). These fibers then traveled perpendicular to the surface of the cornea and ended as
free nerve terminals in the epithelium (Fig. 1D).

To characterize sensory neurons innervating the cornea /in vitro, we harvested TG neurons
from C57BL/6 mice and neuron viability and purity can be maintained up to seven days.
Figure 1 E shows tubulin I1l-labeled neurons with large round cell body (20-40 pm in
diameter) and extensive network of axons on day 3 of neuron culture. Very few GFAP-
labeled glial cells were present, confirming the purity of neuron culture. To interrogate the
direct interaction between sensory neurons and blood vessels, we established an in vitro co-
culture system of TG neurons and vascular endothelial cells (VEC) using a transwell system.
As shown in the schematic in Figure 1F, TG neurons were cultured on a cover slip and
placed in the top chamber of the transwell and VEC were cultured in the bottom well.
Alternatively, conditioned media of cultured neurons were collected between day 3 and day
4 of culture (24 hours total) and applied to VEC culture. In both systems, VEC activities
including proliferation, migration, and tube formation were then assessed.

Alternation of corneal innervation after ocular surface inflammation

Dry eye disease (DED) is the most common ocular surface inflammatory disease. Figure 2
examined the effect of desiccating stress on corneal innervation. Compared to corneal nerves
in normal age-matched control mice, these in mice with DED demonstrated similar stromal
branches. In the central cornea, there was significant reduction in sub-basal nerve plexus
density in DED group (DED vs naive: 20.1% * 2.0% vs 28.3% + 3.1%, p=0.039 Fig. 2B)
compared with normal controls; while nerve terminals in the epithelium were similar (Fig.
2C). In the peripheral cornea, both sub-basal nerve plexus density (DED vs naive: 12.6% +
0.7% vs 15.3% + 0.8%, p=0.041, Fig. 2D) and epithelial terminals (DED vs naive: 535 + 66
vs 861+ 76, p=0.011, Fig. 2E) were reduced in DED group. There was no difference in the
number of neurons isolated from each trigeminal ganglion between the normal and DED
groups (Data not shown). Cultured TG neuron density and morphology were also
comparable between normal and DED groups (Fig. 2F, density of cultured TG neurons was
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21 + 2 per 400x field in DED and 21 + 3 in control groups, p=0.949), confirming that
observations in the co-culture system were not due to a difference in the number of neurons
cultured.

TG neurons directly promote vascular endothelial cell proliferation and tube formation
after inflammation

To determine whether corneal nerves regulate angiogenesis in response to inflammation, we
compared VEC activities when co-cultured with TG neurons (or their conditioned media)
isolated from normal versus mice with DED. The presence of TG neurons derived from mice
with DED significantly promoted VEC proliferation (27% increase, p=0.02, Fig. 3A) and
had less impact on migration (6% increase, p=0.68, Fig. 3B—C), compared with neurons
derived from control mice. Similarly, the conditioned media of DED TG neuron culture
promoted VEC proliferation (15% increase, p=0.027, Fig. 3D), less so migration (9%
increase, p=0.14, Fig.3E-F). Furthermore, conditioned media from DED TG neuron culture
greatly promoted VEC tube formation (Fig. 31) with more than 3- and 4-fold increases in the
number of junctions (p=0.026, Fig. 3G) and length of tubes formed (p=0.03, Fig. 3H),
respectively. These results indicate that in response to inflammation, TG neurons directly
promote VEC activation.

TG neurons express and secrete higher levels of substance P after inflammation

To investigate the mechanism(s) underlying the promotion of VEC activities by TG neurons
after inflammation, we first examined the expression of classic angiogenic factors by TG
tissues. Using the Proteome Angiogenesis Array, we found several pro- and anti-angiogenic
factors altered in DED but none of them demonstrated marked changes (Supplemental data).
Therefore, we turned our attention to neuropeptides known to be secreted by corneal nerves.
We evaluated the mMRNA expression of three classic neuropeptides, substance P (SP),
calcitonin gene-related peptide (CGRP), and alpha-melanocyte stimulating hormone (MSH),
in TG tissue lysates. Whereas CGRP and alpha-MSH levels were similar between naive and
DED groups (Fig. 4C & D), SP mRNA expression was significantly increased in DED group
(p=0.034, Fig. 4E). An increase in SP protein level in the TG tissue lysates was also
observed (p=0.045, Fig. 4F). Similarly, the cultured TG neurons derived from mice with
DED expressed significantly higher levels of SP mRNA, compared with those from control
mice (p=0.005, Fig. 4G). Most importantly, the concentration of SP in the conditioned media
of neuron culture was two-folder higher in the DED group than that in the control group
(p=0.045, Fig. 4H). These results suggest that in response to inflammation, TG neurons
express and secrete higher levels of SP, which may mediate the promotion of angiogenesis
by sensory nerves.

SP is potently pro-angiogenic in vitro and in vivo

To examine the angiogenic property of SP, we added SP to VEC culture for 24 hours and
observed that exogenous SP potently promoted VEC proliferation (1 uM SP, p<0.0001, Fig.
5A) in a dose-dependent fashion (data not shown) and had little impact on migration (Fig.
5B & C). Furthermore, SP markedly promoted VEC tube formation (Fig. 5F) with more than
5-fold increases in the number of junctions (p<0.005, Fig. 5D) and length of tubes formed
(p<0.005, Fig. 5E). The robust promotion of VEC proliferation and tube formation, and
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minimal effect on migration by SP were similar to the effects of DED TG neurons on VEC
in co-culture (Fig. 3). To investigate the role of SP signaling in promoting angiogenesis at
the ocular surface /n vivo, we placed intrastromal sutures in mouse corneas to induce
neovascularization (NV) and applied spantide I, a highly selective antagonist to SP receptor
neurokinin 1 (NK1R), topically three times daily. As shown in Fig. 5G, PBS-treated control
corneas developed exuberant corneal NV while Spantide I-treated corneas had significantly
less NV (85.4%+8.2 in PBS vs. 66.4%+16.0 in spantide I, P=0.03, Fig. 5H).
Immunostaining of CD31 (Fig. 51) confirmed these findings.

SP mediates the promotion of angiogenesis by sensory neurons after inflammation

Although spantide 1 significantly reduced corneal NV /n vivo, the target cell/tissue was non-
specific as topical treatment affects the entire ocular surface. To determine the specificity of
sensory nerve-derived SP in promoting angiogenesis during ocular surface inflammation, we
added spantide I in the neuron-VEC co-culture system. As shown in Figure 6A, while
spantide | had minimal effect on the proliferation of VEC co-cultured with normal TG
neurons; the DED TG neuron-promoted VEC proliferation was significantly reduced by
spantide I (p<0.05, Fig. 6A). VEC migration was not significantly affected by spantide |
(Fig. 6B). Similar results were observed with conditioned media of neuron culture, where
spantide I reduced VEC proliferation in DED group, but not in control group (Fig. 6C); and
had minimal impact on VEC migration (Fig. 6D). The promotion of VEC tube formation by
the conditioned media of DED TG neuronal culture was also abrogated by spantide I (Fig.
6G) with a 2-fold decrease in the number of junctions (p<0.01, Fig. 6E) and a 6-fold
decrease in length of tube formed (p<0.001, Fig. 6F).

To confirm the findings using spantide I, we transfected TG neurons isolated from mice with
DED with either control non-targeting or Tacl (SP precursor gene) siRNA (Fig. 7). The
MRNA expression of Tacl was significantly reduced by Tacl siRNA, compared with the
non-target control (87% decrease, Fig. 7A). Consistent with results using Spantide I,
knockdown of Tacl signaling resulted in significant reduction in VEC proliferation (Fig.
7B&C) and tube formation (Fig. 7D-F). Collectively, these data suggested that sensory
nerve-derived SP plays a key role in the promotion of VEC activities during ocular surface
inflammation.

DISCUSSION

In the current study, we explored the regulation of angiogenesis by sensory neurons in
response to ocular surface inflammation. To examine direct neuro-vascular interaction, we
established a co-culture system of TG neurons and VEC and found that neurons isolated
from animals exposed to desiccating stress significantly promote VEC proliferation and tube
formation, compared with those from control animals. Among the neuropeptides explored,
substance P levels are markedly upregulated after desiccating stress both in tissue and in
culture. We demonstrated that substance P is potently pro-angiogenic at the ocular surface /n
vitroand in vivo. More importantly, blockade of substance P signaling, via pharmacological
and siRNA manipulation, abolishes the promotion of VEC activities by inflamed sensory
neurons in co-culture. In aggregate, the current study shows sensory neurons directly
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promote angiogenesis in response to ocular surface inflammation and such promotion is
mediated via substance P signaling.

Blood vessel and nerves share considerable similarities anatomically and often share
common cellular/molecular signaling pathways. (1, 2) There is mounting evidence
supporting the notion that the nervous system is critical in modulating angiogenesis. It has
been reported that nerves can guide blood vessel patterning by branching, expanding, and
pruning in response to local requirements in the brain.(32) Basu et a/. reported that ablation
of peripheral dopaminergic nerves markedly increased angiogenesis, microvessel density,
permeability, and growth of malignant tumors in mice. (33) Similar interactions have been
noted at the ocular surface and Ferrari et al. observed that complete denervation of
trigeminal nerve results in spontaneous corneal neovascularization. (19) Matsuyama et a/.
showed that nerve growth factor (NGF), via promoting perivascular innervation, inhibits
corneal NV.(34)

These lines of evidence, however, are indirect and circumstantial, as many cellular and
molecular components are at play /n vivo. Therefore we developed an in vitro co-culture
system of TG neurons and VEC, which enables us to explore their direct interaction without
the influence of other cells/tissues. To our knowledge, the co-culture system is the first of its
kind. The neurons can be maintained in culture with robust viability and purity for up to one
week. More importantly, their secretion profile appears to sustain in culture, as shown by the
similar pattern of substance P expression/secretion observed in tissue lysates, neuronal
lysates, and conditioned media after desiccating stress. Using the co-culture system, we find
that in response to desiccating stress, the sensory neurons of the trigeminal ganglion directly
promote VEC proliferation and tube formation, while having minimal effects on their
migration. This evidence supports the notion of neuro-regulation of angiogenesis,
particularly during inflammation.

The normal cornea is the most densely innervated tissue in the human body, and yet is
devoid of blood vessels. Corneal neovascularization and nerves can be easily visualized
clinically and histopathologically, rendering it an ideal system to study neuro-vascular
interaction. Our collective understanding of corneal nerve functions has expanded: in
addition to sensory function, they modulate the blink reflex, tear production, and stem cell
niche maintenance. (13, 16) In particular, corneal nerves play critical trophic roles in
epithelial wound healing. (17, 18) Recently a correlation between subbasal nerve density and
corneal endothelial cell loss has been noted, suggesting a potential link between corneal
innervation and corneal endothelial cell homeostasis. (35-37) Lastly, there is emerging
evidence that corneal nerves contribute to the maintenance of the immune privilege of the
cornea. (38, 39) In the aggregate, these studies suggest that corneal nerves are not only
sensors but major regulators of ocular surface homeostasis. Consistent with this notion, our
study demonstrates that corneal nerves can directly regulate angiogenesis, expanding the list
of nerve function at the ocular surface.

To determine the neuro-regulation of angiogenesis during inflammation, we employed a
well-established mouse model of dry eye disease (DED). Inflammation plays a key role in
the pathogenesis of DED and represents a major driving force in the sensitization, damage
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and regeneration of the peripheral sensory neurons. (40-43). There is rarely spontaneous
corneal NV in response to DED experimentally or clinically. Corneal avascularity is not a
simple and passive lack of blood vessels; on the contrary, it is a highly and tightly regulated
process, mediated by a plethora of anti-angiogenic factors to actively suppress and regress
NV (7-10). This intrinsically high threshold to develop NV is likely the reason for the lack
of spontaneous NV during DED. In response to injury (corneal incision and suture
placement), however, the corneas of mice with DED had 57% and 140% more heme- and
lymph-angiogenesis, respectively, compared to controls. (26) Whether DED-related
alterations in corneal innervation play a role in such heightened vascular response have not
been explored. Our lab has previously established a DED model utilizing a controlled-
environment chamber and reported that desiccating stress significantly increased corneal
fluorescein staining, reduced tear production, and resulted in heighted immune response.
(28, 44) Consistent with recent reports (23, 45), we found that the sub-basal nerve density is
reduced in both central and peripheral cornea, and the number of intraepithelial nerve
terminals is decreased in the peripheral cornea after DED induction.

In addition to structural changes, we explored the changes in the secretory profile of TG
neurons after desiccating stress. We first turned our attention to classic angiogenesis-related
factors using the Proteome Angiogenesis Array, which evaluates the expression of 53 classic
angiogenesis-related proteins (supplemental data). We found that TG express both pro-
angiogenic factors such as NOV, IGFBP-3, FGF-2, and anti-angiogenic proteins such as
PEDF. In response to desiccating stress, no markedly altered target(s) in TG neurons were
identified from the Array. It is worth noting that the VEGF was expressed at very low levels
and unchanged during DED. Since sensory nerves could also regulate the corneal
homeostasis via neurotrophins, neuropeptides and neurotransmitters, we compared the
expression of three nerve-secreted peptides between normal and DED TG neurons. While
the levels of CGRP and alpha-MSH are unchanged, the levels of substance P are
significantly elevated in the trigeminal ganglion isolated from mice with DED, consistent
with a recent report. (46) On the other hand, in a study of 19 patients levels of substance P in
tears are comparable in subjects with and without DED; while other nerve-derived factors
such NGF, CGRP and neuropeptide Y are altered. (47) Interestingly He et al. observed a
decrease in Tacl (substance P precursor) gene expression in the trigeminal ganglion both
acutely and chronically after mechanical injuries to the cornea. (48) The discrepancies are
likely due to differences in experimental subjects (mice versus humans) and stimulation
(DED versus mechanical injury). The high substance P levels in DED group are maintained
in neuron culture including the levels of secreted substance P in the conditioned media.

Substance P (SP), an 11- amino acid peptide originating from Tachykinin Precursor 1
(TAC1) gene, belongs to the tachykinin neuropeptide family and is widely distributed in the
peripheral and central nervous systems. (49-53) The biological actions of SP are mainly
mediated through neurokinin receptor 1 (NK1R). SP is present in normal tears and
expressed by corneal epithelium, stromal keratocytes, and up to one third of corneal nerves,
and mediates acute neurogenic inflammation. (49-53) Beyond the eye, SP, immobilized on
hydrogels, has been shown to promote angiogenesis in myocardial infarction, suggesting its
role in neuro-vascular connection during tissue regeneration. (54) In addition, SP has been
shown to play a role in neovascularization of the intervertebral discs and discogenic pain.
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(55) We first determined the effects of exogenous SP on angiogenesis 7 vitro. Consistent
with previous reports in non-ocular tissues (56-58), we found that substance P potently
promotes VEC proliferation and tube formation. Interestingly substance P has minimal
effects on VEC migration. This divergence between proliferation/tube formation and
migration is similar to what is observed in the co-culture with TG neurons derived from
mice with DED. This is different from previous reports that substance P could induce the
migration of vascular endothelial cells. (59, 60) This may be due to the different cell lines
and migratory assays used. Next, we determined the role of substance P signaling in
angiogenesis /n vivo. We used an intrastromal suture model and applied NK1R antagonist
topically for 14 days. Blockade of substance P-NK1R signaling significantly reduces corneal
NV. This is consistent with previous reports using Lanepitant, a different NK1R antagonist,
in burn and suture NV models (61), as well using spantide I in herpetic stromal keratitis.
(62) The /n vivo findings using NK1R antagonists have a major drawback: substance P and
its receptor NK1R are expressed by many cells at the ocular surface and the observed results
are not specific to corneal nerves. We then turned back to the co-culture system of TG
neurons and VEC and added spantide I. Indeed, the promotion of VEC proliferation and
tube formation by inflamed TG neurons are abolished by spantide I. To confirm these
findings, we transfected TG neurons with Tacl siRNA with high knockdown efficiency.
Similar to the results with spantide I, VEC activities in co-culture are reduced when
inflamed TG neurons lack substance P signaling. These data prove the critical role of
sensory nerve-derived SP in promoting corneal angiogenesis.

In summary, this study provides direct evidence on the promotion of angiogenesis by
sensory nerves during inflammation. In addition, we demonstrate that in response to
desiccating stress, trigeminal ganglion sensory nerves express and secrete higher levels of
substance P, which is potently pro-angiogenic and promotes vascular endothelial cell
proliferation and tube formation. Using pharmacological and siRNA manipulation, we show
that substance P-NK1R signaling is critical in the promotion of angiogenesis by inflamed
nerves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Corneal innervation of naive C57BL/6 mice and co-culture system of TG neurons and VEC.

(A-D) Representative image of corneal whole mount with B-tubulin Il immunostaining
demonstrates the stromal nerves (A, x50 magnification), subbasal nerve plexus in the center
(B) and periphery (C), and epithelial nerve terminals (D); B-D, x200 magnification. (E)
Neuron cultures were maintained with complete neuronal medium for 3 days, and stained
for neurons (B-tubulin I11; green) and glial cells (GFAP; red), x200 magnification. Scale bar
50 um. (F) Schematic of co-culture system with neurons on coverslip in the transwell and
VEC in the bottom well of the plate. Conditioned media (CM) were collected between day 3
and day 4 of neuron culture and then applied to VEC culture.
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Figure 2.

Morphological changes in corneal innervation after desiccating stress. (A) Representative
images of corneal whole mount with B-tubulin 111 immunostaining showed stromal nerves,
subbasal plexus and epithelial terminals in the central and peripheral cornea in naive and
mice with DED (n=10 per group). Stromal nerve: x50 magnification. Subbasal plexus and
epithelial terminals: X200 magnification. (B-E) Density of subbasal plexus was shown as
area occupied by nerve fibers (%) per microscope field (B &D). Density of epithelial
terminals was shown as number of terminals per microscope field (C&E). (F) Representative
images of cultured TG neurons (B-tubulin I11; green) isolated from naive (n=5) and mice
with DED (n=5), x400 magnification. (G) Number of TG neurons counted per microscope
field was shown. Error bars represent means = SEM. *p<0.05.
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Oh 24h

Oh 24h

TG neurons promote VEC proliferation and tube formation after desiccating stress. (A) VEC
proliferation was evaluated after 24-hour co-culture with naive or DED TG neurons (n=4).
Migration of VEC co-cultured with naive or DED TG neurons was quantified (B) and
photographed at Oh and 24h (C), n=7. (D-H) Conditioned media were applied to VEC
culture. VEC proliferation (D, n=8) and migration (E&F, n=4) were determined. Tube
formation on Matigel was photographed after 4 hours of culture (I) and quantified as the
number of junctions (G) and length of tubes formed (H), n=4. Scale bars, 500um. *p<0.05.
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Expression and secretion of substance P is significantly increased in TG neurons after
desiccating stress. Expression of CGRP (A), alpha-MSH(B) and substance P (C) mRNA in
TG tissue from naive and DED mice, n=5. (D) SP protein expression in TG tissue was
measure with ELISA, n=5. (E) SP mRNA expression in cultured TG neurons isolated from
naive and DED mice, n=8. (F) Protein level of SP secreted by cultured TG neurons in the

conditioned media, n=5. *p<0.05, **p<0.01.

FASEB J. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal. Page 22

A 2.0- B 60- C L o
) *o - T
S 1.5- =
S 3 40
® i <
:‘E 1.0 S
3 ® 204
£ o5 ‘.
§ =
0.04
Ctrl SP

D 400+ " E
g =)
_% 300 g
5 =

i =)
ue- 200 E
2 P
£ 2
] =
4

VEC + SP

y L
_|

©
?

oo
I

Corneal NV Area (%
~
7 <

N oo
> O
1

PBS Spantde | PBS Spantide |

Figureb.
SP promotes angiogenesis /n vitroand in vivo. (A) VEC proliferation was determined after

24-hour culture with SP, n=6. (B-C) Migration of VEC when cultured with SP was
quantified (B) and photographed at Oh and 24h (C), n=5. (D-F) Tube structure formation in
the matrigel cultured with SP was photographed at 4h (F) and quantified as the number of
junctions (D) and length of tube formed (E), n=4. Scale bars, 500um. (G) Representative
images of corneal NV with slit lamp photography. (H) Quantification of corneal NV area
(%) of slit lamp photography at 14 days after vehicle and spantide | treatment (n=10 per
group). (1) Immunohistochemistry with CD31 to highlight corneal NV, x100 magnification,
dashed line indicates limbus. *p<0.05, **p<0.01.
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Figure 6.
Spantide | abrogates the promotion of VEC proliferation and tube formation by inflamed TG

neurons. (A) DED neuron-promoted VEC proliferation was reduced by 2uM spantide |
(n=8). (B) VEC migration was minimally affected by spantide I in neuron co-culture (n=6).
(C) Conditioned media (CM) derived from DED neuron culture promoted VEC
proliferation, which was reduced by Spantide | (n=5). (D) VEC migration was minimally
affected by spantide | when cultured in the CM of TG neurons (n=4). (E-G) CM derived
from DED neuron culture promoted tube formation, which was reduced by spantide I. Scale
bars, 500um. *p<0.05 **p<0.01 by two-way ANOVA to assess differences between groups
and by Bonferroni posttests to assess differences within groups.
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Figure7.
siRNA knockdown of Tacl abrogates the promotion of VEC proliferation and tube

formation by inflamed TG neurons. (A) TG neurons derived from mice with DED were
transfected with control non-target or Tacl siRNA. Tacl mRNA expression was reduced by
87% (n=4). (B) VEC proliferation was reduced when co-cultured with TG neurons
transfected with Tacl siRNA, compared with control siRNA (n=4). VEC proliferation (C,
n=8) and tube formation (D, E, F n=5) were reduced when VEC were cultured in the
conditioned media derived from DED TG neurons transfected with Tacl siRNA, compared
with those transfected with control siRNA. *p<0.05, **p<0.01.
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