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Introduction

Removal of the corneal epithelium is necessary

Purpose: To determine whether topical Substance-P (SP) plus insulin-like growth factor-
1 (IGF-1) can improve corneal healing after photorefractive surface ablation in a rabbit.

Methods: After a 9.0-mm corneal de-epithelialization using a combination of chemical
(18% alcohol) and mechanical debridement, excimer photorefractive surface ablation
was performed bilaterally in eight rabbits (16 eyes) with an 8.0-mm ablation zone and
70-um depth. The right eye was treated with SP (250 ug/mL) and IGF-1 (25 ng/mL) in
hyaluronic acid, one drop twice a day, and the other eye treated with only hyaluronic
acid. The epithelial healing process was documented photographically twice a day
until healing was complete. Six rabbits were sacrificed 6 weeks after photorefractive
keratectomy (PRK) and corneas examined histologically.

Results: Seven of eight rabbit eyes treated with SP/IGF-1 healed in a shorter time than
the untreated eye. For rabbit #6, both eyes healed at the same time. The average healing
time (total time until wound closure) for the treated eyes was 99 hours, while the
average healing time for the untreated eyes was 170 hours (P = 0.0490). A persistent
epithelial defect was found in two of the nontreated eyes but none in the treated eyes.
Corneal pathology showed some degree of epithelial separation in the central corneal
wound in three out of six nontreated eyes and in just the treated eye of rabbit #6.

Conclusion: Topical SP plus IGF-1 increases the epithelial healing rate after PRK. There
may have been beneficial effects upon cell adhesion as well.

Translational Relevance: Better and faster healing.

stability of the refractive result. Other studies indicate
that an atraumatic removal of the epithelium would
prevent changes in the stromal healing.***

Studies suggest that the epithelium influences the

before photorefractive keratectomy (PRK). Corneal
wound healing after PRK and its consequences,
epithelial defect and haze, has been studied extensive-
ly. Results on how the absence of corneal epithelium
affects the stromal keratocytes are contradictory.
Some studies showed that an early decrease in the
density of keratocytes is followed by an increased
number of these cells in the underlying stroma and
polymorphonuclear (PMN) inflammatory reaction.'~
These stromal changes are related to stromal haze and

cellular activation and metabolic activity of stromal
cells during wound healing.”® Removal of the corneal
epithelium causes loss of the superficial stromal
keratocytes in rabbits and monkeys. This keratocyte
death may result from osmotic changes that alter the
corneal healing process.” The use of corneal preser-
vation medium as a nutrient solution during and
immediately after de-epithelialization of rabbit cor-
neas resulted in healthy superficial keratocytes and
faster re-epithelialization.’
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The presence of PMN leukocytes in the stroma
might be related to the regeneration of the epithelial
cells” or the cells may be stimulated by chemotactic
factors liberated by the degenerating keratocytes. The
timing of all these findings suggests an interaction not
only between the epithelium and keratocytes but also
between epithelium and PMN leukocytes.”* Clinical-
ly, these changes may contribute to melting of the
underlying stroma in areas of persistent epithelial
defects.

The apparent importance of rapid epithelial
healing in improvement of the final results in PRK
patients prompted us to evaluate the effect of topical
Substance-P (SP) plus insulin-like growth factor-1
(IGF-1) in epithelial healing after PRK in a rabbit
eye. SP is an 11-amino acid peptide belonging to the
tachykinin family of sensory neurotransmitters and is
found in corneal sensory nerves. Reid et al.®’
demonstrated that SP is mitogenic for ocular epithe-
lial cells. In addition, topical administration of SP to
rabbit cornea epithelial defects stimulates DNA
synthesis and cell growth.'” These results were later
reviewed in the context of the role of nerves in the
cornea.'' It was later shown that topical SP could heal
corneal defects in rats and dogs.'”"’ In vitro, it was
also found that SP plus IGF-1 would stimulation the
migration of epithelial cells onto a bare rabbit corneal
stroma while the individual compounds failed to show
a beneficial effect.'* Later, it was shown that SP in
conjunction with IGF-1 stimulated the healing of
nonhealing ulcers of a child with familial dysautono-
mia,"” and in a patient with a diabetic ulcer.'®

Material and Methods

All experiments were conducted according to the
Association for Research in Vision and Ophthalmol-
ogy Statement for Use of Animals in Ophthalmic and
Vision Research. The protocol was approved by the
Animal Research committee of the Texas Tech
University Health Science Center.

Excimer Photoablation and Treatment
Protocol

Six New Zealand albino female rabbits weighting
between 2 and 3 kg were anesthetized with intramus-
cular injection of xylazine hydrochloride (7 mg/mL)
and ketamine hydrochloride (40 mg/mL). Topical
0.5% proparacaine hydrochloride was instilled and
the eyelids were held open with a wire speculum. After
dilation of the pupils with a drop of 2.5% phenyleph-

rine and 1% tropicamide, the animals underwent a
bilateral combined chemical (18% alcohol for 45
seconds) and mechanical corneal de-epithelialization
of 9.0 mm in diameter. Both corneas then received 193
nm Excimer laser using a LADARYVision 4000 laser
with an 8.0-mm ablation zone and a depth of 70.0 um
(=3.00 myopic correction). The beam size was 0.75
mm and the pulse repetition rate was 60 Hz, with an
average fluence of 200 mJ per square centimeter.

At the conclusion of the laser treatment, a drop of
2% sodium fluorescein solution was instilled in the
conjunctival cul de sacs, and the corneal epithelial
defect was assessed and documented by digital photo-
documentation. Then one drop of combined SP (250
pg/mL) and IGF-1 (25 ng/mL) in hyaluronic acid
vehicle was instilled in the right. The left eye received
only eye drops of hyaluronic acid and was used as a
control. Hyaluronic acid was used as a vehicle since it
was found that the signal from SP should be present
for at least 2 hours in order to stimulate mitosis and
the hyaluronic acid increased the resident time of SP
on the cornea.’

Postoperative Regimen and Follow-up

Postoperatively, one drop of SP (250 ug/mL) and
IGF-1 (25 ng/mL) in hyaluronic acid vehicle was
instilled in the right eyes twice a day, and the corneal
epithelial defect was assessed and documented by
digital photo-documentation before each treatment.

For rabbits #7 and 8, after healing of the treated
eye, at 180 hours the rabbits were sacrificed for
humane reasons since the control eye had not healed.
All other rabbits (#1-6) were killed at 6 weeks. The
eyes were fixed in Bouin’s solution and processed for
histology.

Statistical Analyses

Results were statistically analyzed using GraphPad
InStat 3.06 (GraphPad Software, San Diego, CA).
Significance between pairs of values (control vs. one
treatment group) was calculated using an unpaired
two-tailed Student’s #-test when SD was not signifi-
cantly different and when a Gaussian distribution was
observed. If SD was significantly different, the Welch
correction was applied to the unpaired two-tailed
Student’s 7-test. When non-Gaussian distribution was
observed (Kolmogorov-Smirnov test), significance
was calculated by a nonparametric Mann-Whitney
U test. Differences were considered significant when
the P-value was greater than 0.1.
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Epithelial defects created by the chemical and
mechanical technique healed uneventfully in all eyes
treated with SP/IGF-1, with an average healing time
of 99 hours. Two of the nontreated eyes (left eye)
developed persistent epithelial defects. The average
healing time for nontreated eye was 170 hours. The
results for the rate of wound healing are available for
the eight rabbits (See Fig. 2A-H).

The difference between total healing time in
treated and nontreated eyes was significant (P =
0.0490). For only one rabbit was the healing time the
same (#0).

We also noticed the maximum effect of our
treatment regimen was shown around day three (73—
80 hours after treatment) with all rabbits except
rabbit #8. While the initial healing rate was similar for
all the rabbits, in all cases (both treated and control),
it can be seen that after this initial healing, the arca
actually increased for a time in several of the control
eyes (Fig. 1).

Histology Studies

The six rabbits with healing of both eyes were
sacrificed 6 weeks after PRK, and the corneal samples
were sectioned for histopathology. Rabbits 7 and 8
were not included because the healing of the untreated
eye was not complete. There were two major histology
findings, subepithelial pannus of collagen and spindle
cells and, epithelial nonattachment. A summary is
listed below:

In rabbit #1 there was minimal subepithelial
pannus formation and no epithelial separation in
both treated and nontreated eyes.

In rabbit #2 there was moderate subepithelial
pannus formation in both eyes, but there was an area
of epithelial separation in the central cornea in the
nontreated eye.

In rabbit #3 there was severe subepithelial pannus
formation with no epithelial separation in both eyes.
But nontreated eye showed a localized area of thick
subepithelial pannus in the central cornea with
evidence of atrophy in the overlying epithelium but
no epithelial separation.

In rabbit #4 there was moderate subepithelial
pannus formation in both eyes with a zone of epithelial
separation within the pannus in treated eye and broad
epithelial separation in the untreated eye.

In rabbit #5 we noticed minimal subepithelial
pannus of collagen and spindle cells and no evidence

of epithelial separation in the treated eye, while in the
untreated eye severe pannus formation and localized
epithelial separation with separated clefts within the
pannus were prominent.

And finally, in rabbit #6 there was severe pannus
formation and epithelial separation in the treated eye,
and moderate pannus formation with no evidence of
epithelial separation in the left eye.

In summary, the pathology results showed that in
three out of six nontreated eyes there is evidence of
epithelial separation. Also, in one nontreated eye
there was an area of subepithelial atrophy that can
predispose the epithelium for separation. In only one
treated eye (#6) did we notice epithelial separation.
Representative sections from rabbit #5 are seen in
Figure 2.

Discussion

The wound in a denuded cornea shows an intensive
inflammatory response and an absence of kerato-
cytes.””!”'® The phenomenon of epithelial-loss-in-
duced keratocyte loss has been characterized as a
process of apoptosis'’ and may be mediated by
interleukin-1 (IL-1) elaborated by epithelial injury,””
and reactive oxygen free radicals generated by
excimer laser irradiation,”’ and acute inflammatory
cells. In addition, this keratocyte death may result
from osmotic and metabolic changes of stromal cells
related to epithelial denuation.’

The presence of PMN leukocytes in the stroma
might be related to the regeneration of the epithelial
cells” or by chemotactic factors liberated by the
degenerating keratocytes. The timing of all these
findings suggests an interaction not only between the
epithelium and keratocytes but also between epithe-
lium and PMN leukocytes.”* Clinically, this may
contribute to melting of the underlying stroma in the
persistent epithelial defects.

The above changes may cause photoablated
corneal wounds to undergo a transitional stage of
epithelial hyperplasia and stromal keratocytes prolif-
eration, which in turn leads to corneal scaring and
haze in a later stage.””

The cornea is more densely innervated with
sensory nerve fibers than any other tissue in the
body. There is statistically significant less hemides-
mosome formation up to 12 weeks in corneas after
mechanical de-epithelialization with or without
PRK.* This will affect epithelial adhesion complex
and corneal barrier function.””*** Additional changes
after PRK may be due to sensory denervation of the
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Figure 1.
(190X).

cornea following the treatment, which can affect
epithelial healing and cellular adhesion.”>*

In the cornea, a dense network of SP positive nerve
fibers has been reported.””*® SP is a constituent of
sensory nerve fibers and has been postulated to
mediate various physiologic functions.” It has a key
role in the ocular neurogenic responses to various
stimuli.”®*” The SP level in the cornea of adult mouse
is reduced 60% by denervation of the trigeminal
nerve.”’ The receptor for SP has been reported in
corneal epithelial cells.*'*

While SP or IGF-1 alone does not influence the
migration of the corneal epithelial cells, it has been
shown that there is a synergistic effect between SP and
IGF-1 in corneal epithelial migration (Fig. 3).'* This
synergistic effect can be nulled by the addition of an
SP receptor antagonist. This indicates that the
synergistic effect of SP with IGF-1 is mediated by
SP receptors in the corneal epithelium.'*

A continuous renewal of epithelial cells through
the active repair system is one of the most important
mechanisms for the maintenance of epithelial integ-
rity. During this process, migration and cell adhesion
are the most important processes.”* There are three
phases involved in the process of corneal healing: (1)
migration of corneal epithelial cells forming a
monolayer of epithelial cells, (2) proliferation of the
monolayer epithelial cells, and (3) differentiation to
the different epithelial cell layers.>

The synergistic effect of SP and IGF-1 has been
reported for both epithelial migration and attachment
during the first phase of epithelial healing. Treatment
of the corneal epithelial cells with SP and IGF-1
stimulates the attachment of cells to various extracel-
lular material proteins.’® The mechanism of action for
SP+IGF-1 might be mediated by the upregulation of

Hematoxylin and eosin histology of rabbit corneal wounds after PRK and healing. (A) Treated with SP/IGF-1 (190X); (B) control

fibronectin receptor in the corneal epithelial cells.'**°

In addition, SP also stimulates DNA synthesis in
rabbit corneal epithelial cells.”

More recently it was shown that SP promotes
diabetic corneal epithelial wound healing in mice
through the neurokinin-1 (NK-1) receptor.”’ They
found that the NK-1 receptor contributes to the
promotion of diabetic corneal epithelial wound healing
by rescued activation of RAC-alpha serine/threonine-
protein kinase (Akt), epidermal growth factor receptor
(EGFR), and sirtuin 1 (Sirtl) improvement of mito-
chondrial function, and increased reactive oxygen
species scavenging capacity.”® They also showed that
SP enhances keratocyte migration and neutrophil
recruitment through IL-8.*® These findings point to
the critical role that SP plays in the wound healing
process and the importance of corneal nerves.

As mentioned before, the cornea is heavily
innervated with sensory nerve fibers, and this
innervation plays an important role in the mainte-
nance of normal structure and function of the cornea.
Several authors have demonstrated a correlation
between the reduced SP level in the cornea and
denervation of the trigeminal nerve to the eye.’'***’

These clinical observations and laboratory studies
strengthen our understanding that neuropeptides such
as SP play an important role in the physiology of
corneal epithelial cells and their healing processes. As
we observed in our study, the main difference in healing
rate between treated and nontreated eyes occurred 70 to
90 hours after PRK. This timing correlates with the
time after the initial movement of epithelial cells onto
the denuded area when they began to proliferate and
attach. Based upon our previous studies of SPHGF, we
expect these factors to have a significant effect on
epithelial migration, attachment, and proliferation. We
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Figure 2. Plot of wound healing results for the rabbit corneas after PRK treatment, wound area (mm?) versus hours after treatment (SP/
IGF-1, or vehicle only).
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The Effect of Substance P on Epithelial
Healing in Rabbits
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Figure 3. Average total healing times after PRK treatment, for
eyes treated with SP/IGF-1 or untreated controls.

think this effect of SP+IGF is seen in the faster
completion of the wound closure process for the SP/
IGF-1 treated eyes (99 vs. 170 hours). This is also
consistent with the fact that in some cases the untreated
wounds showed an increase in wound area during the
healing process. This may be due to incomplete
attachment of the epithelium, due to a lack of SP,
resulting from the obliteration of the sensory nerve
endings during the excimer ablation treatment.

Conclusions

These results suggest that SP/IGF-1 plays a
significant role in wound healing of corneal wounds
and may be useful in improving the outcome after
excimer surface ablation surgery.

Acknowledgments

Disclosure: Z. Ghiasi, None; T. Gray, None; P.
Tran, None; R. Dubielzig, None; C. Murphy, P
(patent on the use of Substance P); D.L. McCartney,
None; T.W. Reid, P (Selenium Ltd, patent on the use
of Substance P)

References

1. Hirst LW, Kenyon KR, Fogle JA, Hanninen L,
Stark WJ. Comparative studies of corneal surface
injury in the monkey and rabbit. Arch Ophthal-
mol. 1981;99:1066—-1073.

10.

11.

12.

13.

14.

Kenyon KR, Berman M, Rose J, Gage J.
Prevention of stromal ulceration in the alkali-
burned rabbit cornea by glued-on contact lens.
Evidence for the role of polymorphonuclear
leukocytes in collagen degradation. Invest Oph-
thalmol Vis Sci. 1979;18:570-587.

. Herrmann H, Lebeau PL. ATP level, cell injury,

and apparent epithelium-stroma interaction in the
cornea. J Cell Biol. 1962;13:465-467.

. Nakayasu K. Stromal changes following removal

of epithelium in rat cornea. Jpn J Ophthalmol.
1988;32:113-125.

. Dohlman CH. The function of the corneal

epithelium in health and disease. The Jonas S.
Friedenwald Memorial Lecture. Invest Ophthal-
mol. 1971;10:383-407.

Johnson-Muller B, Gross J. Regulation of corneal
collagenase production: epithelial-stromal cell
interactions. Proc Natl Acad Sci U S A. 1978;
75:4417-4421.

. Campos M, Szerenyi K, Lee M, McDonnell JM,

Lopez PF, McDonnell PJ. Keratocyte loss after
corneal deepithelialization in primates and rab-
bits. Arch Ophthalmol. 1994;112:254-260.

. Reid T, Murphy C, Iwahashi C, Malfory B,

Mannis M. The stimulation of DNA synthesis in
epithelial cells by substance-P and CGRP. Inves
Ophthalmol Vis Sci. 1990;35:1731.

. Reid TW, Murphy CJ, Iwahashi CK, Foster BA,

Mannis MJ. Stimulation of epithelial cell growth
by the neuropeptide substance P. J Cell Biochem.
1993;52:476-485.

Murphy CJ, Mannis MJ, Malfroy B, Reid TW.
Neuropeptide depletion impairs corneal epithelial
wound healing. Invest Ophthalmol Vis Sci. 1990;
31:266.

Kahl, BF, Reid TW. Substance P and the eye.
Prog Retin Eye Res. 1995;14:473-504.
McDermott AM, Kern TS, Reid TW, Russell P,
Murphy CJ. Effect of substance P, insulin-like
growth factor-1 and vasoactive intestinal poly-
peptide on corneal re-epithelialization in galacto-
semic rats. Curr Eye Res. 1998;17:1143—1149.
Murphy CJ, Marfurt CF, McDermott A, et al.
Spontaneous chronic corneal epithelial defects
(SCCED) in dogs: clinical features, innervation,
and effect of topical SP, with or without IGF-1.
Invest Ophthalmol Vis Sci. 2001;42:2252-2261.
Nishida T, Nakamura M, Ofuji K, Reid TW,
Mannis MJ, Murphy CJ. Synergistic effects of
substance P with insulin-like growth factor-1 on
epithelial migration of the cornea. J Cell Physiol.
1996;169:159-166.

)

TVST | 2018 | Vol. 7 | No. 1 | Article 12



translational vision science & technology

Ghiasi et al.

15. Brown SM, Lamberts DW, Reid TW, Nishida T, ply the rat iris and cornea. Neurosci Lett. 1981;23:
Murphy CJ. Neurotrophic and anhidrotic kera- 243-249.
topathy treated with substance P and insulinlike 28. Shimizu Y. Localization of neuropeptides in the
growth factor 1. Arch Ophthalmol 1997;115:926— cornea and uvea of the rat: an immunohisto-
927. _ chemical study. Cell Mol Biol. 1982;28:103—110.

16. Lee CH, Whiteman AL, Murphy CJ, Barney NP, 29 McGillis JP, Organist ML, Payan DG. Substance
Taylor PB, Reid TW. Substance P, insulinlike P and immunoregulation. Fed Proc. 1987;46:196—
growth factor 1, and surface healing. Arch 199
Ophthalmol. 2002;120:215-217. 30. Nishiyama, A, Masuda, K, Moshizuki M. Ocular

17. Hanna KD, Pouliquen Y, qulng. GO, 3r.d, et al. effects of substance-P. Jpn J Ophthalmol. 1981;25:
Corneal stromal wound healing in rabbits after 362-369
193-nm excimer ) 1as<?r surface ablation. Arch 31. Keen P, Tullo AB, Blyth WA, Hill TJ. Substance
Ophthalmol. 1989;107:895-901. . _ .

: . P in the mouse cornea: effects of chemical and

18. Campos M, Szerenyi K, Lee M, McDonnell JM, cal d . Newrosci L. 1982:29:231
Lopez PF, McDonnell PJ. Keratocyte loss after ;grsglca enervation. Neurosct Letl. I
corneal deepithelialization in primates and rab- g .
bits. Arch Ophthalmol. 1994:112:254-260. 32. Kieselbach GF, Ragaut R, Knaus HG, Konig P,

19. Gao J, Gelber-Schwalb TA, Addeo JV, Stern Wiedermann CJ. Autoradiographic analysis of
ME. Apoptosis in the rabbit cornea after photo- ‘_binding sites for 1251-B91ton-Hunter-substance P
refractive keratectomy. Cornea. 1997;16:200-208. in the human eye. Peptides. 1990;11:655-659.

20. Wilson SE, He YG, Weng J, et al. Epithelial 33. Denis P, Fardin V, Nordmann JP, et al.
injury induces keratocyte apoptosis: hypothesized LOC?.IIZ?.UOI]- and. Characterlzatlon. of substance-
role for the interleukin-1 system in the modula- P binding sites in rat and rabbit eyes. Invest
tion of corneal tissue organization and wound Ophthalmol Vis Sci. 1991;32:1894-1902.
healing. Exp Eye Res. 1996;62:325-327. 34. Grinnell F. The activated keratinocyte: up

21. Hayashi S, Ishimoto S, Wu GS, Wee WR, Rao regulation of cell adhesion and migration during
NA, McDonnell PJ. Oxygen free radical damage wound healing. J Trauma. 1990;30:S144-S149.
in the cornea after excimer laser therapy. Br J 35. Nishida T, Tanaka T. Extracellular matrix and
Ophthalmol. 1997;81:141-144. growth factors in corneal wound healing. Curr

22. Tuft SJ, Gartry DS, Rawe IM, Meek KM. Opin Ophthalmol. 1996;7:2—11.

Photorefractive keratectomy: implications of cor- 36, Nishida T, Inui M, Nomizu M. Peptide therapies
neal wound healing. Br J Ophthalmol. 1993;77: for ocular surface disturbances based on fibro-
243-247. ) ) nectin-integrin interactions. Prog Retin Eye Res.

23. Chang SW, Hu FR, Hou PK. Corneal epithelial 2015:47:38-63
recovery following photorefractive keratectomy. GO
Br J Ophthalmol. 1996:80:663-668. 37. ang L, Di G, Qi X, et al. Substance P promotes

. . . diabetic corneal epithelial wound healing through
24. Gipson IK, Spurr-Michaud S, Tisdale A, Keough . . .
i molecular mechanisms mediated via the neuro-
M. Reassembly of the anchoring structures of the . . o
A . N kinin-1 receptor. Diabetes. 2014;63:4262-4274.
corneal epithelium during wound repair in the 38. Sloniecka M. Le R S. 7h Daniel p
rabbit. Invest Ophthalmol Vis Sci. 1989;30:425— - Sloniecka M, Le Roux S, Zhou Q, Janieison -
434, Substance? P enhqnces keratocyte mlgratlon_and

25. Sigelman S, Friedenwald JS. Mitotic and wound- neutrophil recrultme.nt' through interleukin-8.
healing activities of the corneal epithelium; effect Mol Pharmacol. 2016;89:215-225.
of sensory denervation. AMA Arch Ophthalmol. 39 Butler JM, Powell D, Unger WG. Substance P
1954:52:46-57. levels in normal and sensorily denervated rabbit

26. Araki K, Ohashi Y, Kinoshita S, Hayashi K, eyes. Exp Eye Res. 1980;30:311-313.
Kuwayama Y, Tano Y. Epithelial wound healing 40. Unger WG, Butler JM, Cole DF, Bloom SR,
in the denervated cornea. Curr Eye Res. 1994;13: McGregor GP. Substance P, vasoactive intestinal
203-211. polypeptide (VIP) and somatostatin levels in

27. Miller A, Costa M, Furness JB, Chubb IW. ocular tissue of normal and sensorily denervated
Substance P immunoreactive sensory nerves sup- rabbit eyes. Exp Eye Res. 1981;32:797-801.

7 TVST | 2018 | Vol. 7 | No. 1 | Article 12



	Introduction
	Material and Methods
	Results
	Discussion
	f01
	f02
	Conclusions
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	f03
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40

