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The Role of Nerve Growth Factor on Corneal Wound Healing in Dogs
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Abstract : To investigate the modulation of nerve growth factor (NGF) during corneal epithelial wound healing and the effect
of topical NGF on corneal epithelial wound healing in dogs. An axial epithelial defect was created in the right eye using 6mrh
axial corneal mechanical debridement while the lelt served as an unwounded control. The tears were collected from both eyes
during 1 week and the corneal epithelium was processed for the measurement of NGF at day 0 and 7. The NGF content of
tears and corneal epithelium was deiermined by enzyme-linked immunosorbent assay. In another experiment, the animals were
divided into 3 groups. The right eyes in each group were treated every six hours with 200 ug/ml of recombinant human (rh)
NGF, murine NGF, or 600 ug/ml of anti-NGF blocking antibody. The left eye of each animal was treated with bovine serum
albumin (BSA) to serve as controls. Wound healing was analyzed using NIH image software. Tear NGF was markedly increased
in the wounded eyes, relative to tears from control eyes during the early healing period. The NGF content of the corneal
epithelium was elevated in the wounded eye (p = 0.024). Time to wound closure and rate of epithelial migration were not
significantly different between the NGF treated or the NGF antibody treated, and the control BSA ueated eyes. Corneal
epithelial wounding increased NGF content only on the wounded side during the early healing period. Neither topical recom-

binant human or murine NGF affected corneal epithelial wound healing in the normal dog.
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Introduction

The survival of primary sensory neurons depends on neu-
rotrophins, exerting their biological function by signaling
through specific réceptors of the mk family of tyrosine
kinase receptors''?. Nerve growth factor (NGF) represents
the first isolated and best characterized neuropeptide of a
growing family of neurotrophins that is best known for their
profound effects on cells of the nervous system'. In its active
form, NGF isolated and purified from male mouse salivary
gland (2.58) is a dimer weighing approximately 26 kDa*. In
recent years, mumerous studies have provided evidence that
the effects of NGF are not limited to the peripheral and cen-
tral nervous system but also act on non-neural cells such as
the endocrine, immune system and other tissue cell types
7202  They have been shown to play important roles in
diverse biological activities including modulation of prolifer-
ation, migration and differentiation in various cells.

The cornea is one of the most densely innervated struc-
tures in the body and contains numerous cytoactive com-
pounds'®*®. In the recent years a multitude of cytokines have
also been identified in the comeas of humans and other
vertebrates®!®1>41%1921 Tt hag been shown in vitro that cor-
neal primary epithelial cells produce NGF". In preliminary
studies, we have also documented that NGF not only is syn-
thesized by SV-40 human corneal epithelial cells (SV-40
HCECQC)®, but also play an important role in migration, prolif-
eration of the cells?’. In clinical studies, it has been demon-
strated that topical exogenous NGF can restore comeal

'Corresponding author.
E-mail : woo@surgery.wisc.edu

418

integrity in human patients with immune or neurotropic cor-
neal ulcers'™”’. NGF has recently gained attention for the
treatment of chromic comeal epithelial defects in human.
These observations support that tear and corneal epithelial
NGF may play an important functional role in corneal
wound healing.

However, in corneal wound healing, the functional signif-
icance of the large amounts of endogenous NGF observed in
tears and comeas of the various species is not fully under-
stood. Recent studies by several laboratories have demon-
strated that the NGF produced in the cornea may not only be
released into the tears from normal cornea, but may also be
increased after comeal wounding and stimulation'**®. Because
NGF exists in various forms and has been isolated from a
variety of sources®*!, Tt has also been teported that exog-
enous 75 NGF and high molecular weight (HMW)-NGF
obtained from mouse salivary gland didn’t enhance wound
healing in the hamster skin'’, although exogenous murine
2.58 NGF accelerated comneal wound healing', These find-
ings also lead to the hypothesis that the effect of exogenous
NGF may differ depending on cell types and the species
being investigated.

Dogs are the most commonly seen patients in veterinary
practice to develop spontaneous chronic comeal epithelial
defects (SCCED). Recently this spontaneous dog model has
been used to evaluate the efficacy of Substance P (SP)+
insulin-like growth factor (IGF) in the treatment of chronic
epithelial defects’®2. However, the role of NGF on corneal
wound healing in the dog has not yet been studied.

When studying homeostasis and wound healing in the cor-
nea, it is important to consider potential interactions between
the comea and the tears that bathe and protect the anterior
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surface of the eye. Therefore, identifying the change of NGF
content in the tears and the cornea is important in improv-
ing our understanding of their relation associated with cor-
ncal wound healing,.

To investigate the role of NGF in the dog cornea, we
determined the expression of NGF in dog tears and corneal
epithelium.

Materials and Methods

In all experimental procedures, the animals were treated
according to the regulations in the ARVQ Statement for the
Use of Animals in Ophthalmic and Vision Research and the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Effect of corneal wounding on the NGF content of the
tissues associated with healing.

Six normal Beagle dogs were used in the experiment.
Tears were collected from both eyes for two days prior to
wounding using sterile, soft, fine diameter silicone tubing
attached to a 3 ml syringe. Six mm axial epithelial defects
were created in the right eye using mechanical debridement
(n=6) while the left served as an unwounded control.
Debrided epithelium was collected and stored in 50 ul of
PBS immediately after surgery and placed on dry ice. Tears
were collected once daily from both eyes for 1 week follow-
ing debridement. After 1 week the dogs were euthanjzed
with an IV injection of pentobarbital (100-200 mg/kg) and
then the comeas of each dog were rapidly collected and
stored at -70°C until processing for the measurement of
NGF.

NGF immunoassay procedure

Tissues were rapidly dissected, weighed, and NGF was
extracted according to the method of Zettler et al** with
minor modifications. Briefly, the tissues were homogenized
in 0.5 ml ice cold extraction medium consisting of Tris-HCI
(100 mM), NaCl (0.4 M), BSA (1%), sodium azide (0.05%),
Triton X-100 (1%), phenylmethylsulphony! flooride (1mM)
EDTA (4 mM) and aprotinin (0.09 TIU/ml) pH 7.0. After
homogenization, samples were spun at 3000 RPM for 15
min. at 4°C and supernatants were collected for NGF immu-
noassay. NGF concentrations were determined using a com-
mercially available ELISA (NGF EmaxTM immunoassay
system from Promega™), which has detection limit of 5 pg/
ml, and expressed as ng/ml of tears or ng/g of tissue. All
results were expressed as the mean + SD. Differences were
assessed using a paired t-test.

Effect of the NGFs or anti-NGF blocking antibody on
corneal epithelial wound healing.

Young adult female beagle dogs with clinically normal

eyes weighing 8-10 kg were used in the experiment. All
dogs were sedated with 1 mg/kg IM morphine and 0.1 mg/
kg IM acepromazine. Six-mm axial comeal epithelial defects
were created using mechanical debridement in both eyes of
16 dogs. The animals were divided into 3 groups. The right
eyes in each group were treated every six hours with 200 ug/
ml of recombinant human NGF (provided by Genentech; n
= 4), murine NGF (provided by Dr. Rama, Hospital of Ven-
ice “SS. Giovanni e Paolo,” Italy; n = 6), or 600 ug/ml anti-
NGF blocking antibody (provided by Genentech; n = 6). The
left eye of each animal was treated with an equimolar con-
centration of bovine serum albumin (BSA) in phosphate
buffered saline to account for non-specific protein effects.
The size of the defect was measured every six hours for the
first 72 hours after surgery by instillation of fluorescein and
subsequent image capture and analysis using NIH Image
software. All images were taken at a fixed focal length
under a cobalt blue filter. The healing rates were expressed
as a linear decrease of the wound radius per hour™.

Results

Effect of corneal wounding on NGF content.

Debrided corneas were almost entirely re-epithelialized by
72 hours after surgery. Fig 1 shows that tear NGF was
markedly increased for 3 days after epithelial wounding
bilaterally. Tear NGF concentration in tears from wounded
eyes was significantly greater than tears from unwounded
eyes.

NGF content of epithelial cells from wounded eyes was
increased at 1 week following debridement (Fig 2).

Eftect of the exogenous NGFs or anti-NGF blocking
antibody on epithelial wound healing.

As Fig 3 shows, The spherical radiuses of debrided cor-
nea after corneal wounding were reduced with the similar
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Fig 1. Tear NGF content after comeal epithelial debridement.
*p<(.001 comparing the value to baseline; **p<0.0001 com-
paring the value to baseline; !p<0.001 comparing the value to
the unwounded
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Fig 2. Corneal epithelium NGF content 1 week after comeal

epithelial debridement. *P = 0.024 comparing the value to base-
line: P=0.029 comparing the value to the unwounded group.

slopes between the treated eyes and the control BSA treated
eyes (Fig 3 A, B, C). Time to wound closure and rate of epi-
thelial migration excluded latent phase were also not signif-
icantly different between the NGFs treated or the anti-NGF
antibody treated, and the control BSA treated eyes (Table 1).

Discussion

The cotnea is one of the most densely innervated struc-
tures in the body containing numerous cytoactive com-
pounds''’. NGF is known to play a significant role in the
wound healing process including: the formation of adhesion
complexes, the acceleration of corneal epithelial cell migra-
tion, the induction of mitogenesis, and the promotion of cel-
lular differentiation'>'>".

These experimental studies demonstrated that NGF is
stored and produced in the comeal epithelium, and that tear
NGF is present at high concentrations in the normal dog.

In the dog NGF mRNA has also been found in elements
of the adult peripheral nervous system-the sciatic nerve and
the sympathetic and sensory ganglia®. Tt has bcen reported
that wounding of normal tissue leads to an increase in levels
of endogenous NGF in mouse skin as well as in the rat and
human cornea™?. In this study, we demonstrated that NGF
content of the tear film increased to a greater degree on the
wounded side for 3 days until debrided comeas were
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Fig 3. Change in comeal epithelial wound radius: topical
NGFs and anti-NGF blocking antibody. Topical NGF does not
accelerate corneal epithelial wound healing.

entirely re-epithelialized. Interestingly, tear NGF content
also showed a significant increase in the tears contralateral
to the wounded comea during the early healing period,
though the degree of the increase was less than on the

Table 1. Mean (SD) epithelial healing rates and time to healing after corneal epithelial debridement

Treatments Healing rate* (um/hour) Time to heal (hour)

0D (trealed) 0OS (BSA**) P value OD (treated) 0S8 (BSA) P value
Murine NGF (0= 6) 66.7 (11.8) 62.1 (11.9) 0.051 53.8 (7.2) 59.5 (14.5) 0.18
Rh NGF' (n=4) 62.3 (17.9) 64.8 (13.5) 0.46 58.0 (9.4) 54.5 (8.3) 0.17
Anti-NGF Ab.(n=6) 49.1 ( 6.1) 51.0 ( 8.9) 0.60 64.7 (8.9) 61.0 (8.2) 0.12

*The rales were calculated by the decreasc in wound radius; mean healing rate excluded a latent phase.

*#*Bovine serum albumin
'Recombinant human NGF
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wounded side.

Despite these findings, neither topical NGF's nor anti-
NGF blocking antibody affected corneal epithelial wound
healing i the normal dogs in this study. However, in recent
years, several studies reported by other laboratories have
demonstrated that topical NGFs altered biological activity in
corneal epithelium. Topical NGF has been shown to increase
migration, proliferation and differentiation of cultured rabbit
corneal epithelial cell and SV-40 HCEC cell'2, A clinical
study has demonstrated that NGF trecatment accelerates the
healing of comeal neurotropic ulcers that had developed
subsequent to dysfunction of comeal sensitivity innerva-
tion", Lambiase et al have also reported that topical applica-
tion of murine NGF accelerates corneal epithelial wound
healing, conversely anti-NGF antibody attenuated healing
compared with nonspecific lgG after chemical bum in the
rabbit cornea'.

There are several ways of interpreting these data.

First, comparing to the model of heptanol-induced epithe-
lial wounding Lambiase et al'* used, we used a limited
mechanical debridemented wound model of the central cor-
nea without damage to the basal epithelial membrane com-
plexes and anterior stroma®. In our model the comeal stroma
is disrupted to much lesser extent than in the chemical burn
wound model, which is associated with damage to comeal
nerve terminals of mainly unmyelinated polymodal nocicep-
tor fibers®, It is possible that an effect of NGF on canine
comeal wound healing would have been observed if a more
severe model had been utilized, such as complete debride-
ment of the epithelium with limbal compromise®.

Second, It is likely that endogenous NGF concentrations
after corneal wounding would be optimal in the normal dog
and thus supplementation through topical application would
not improve the wound healing response.

Finally, the results may indicate a possibility that murine
2.55 and rh NGF that we used in this study didnt bind to the
receptors that we observed in dog cornea or differences of
intracellular pathways activated subsequent to binding were
different, or that the relevant concentrations of NGF were
not physiologically optimal. NGF with different forms has
been isolated from various sources such as 2.58 NGF with
26 kDa, 7S NGF with 140 kDa or 116kDa from mouse sal-
ivary, submaxillary, or submandibular gland, respectively
18192531 'The topical NGFs used in this study been shown to
act on other species such as mice, rats, rabbits and humans
121418 Species variability in Tesponse to NGF from different
sources has also been reported. Exogenous 78 NGF and
HMW-NGF obtained from mouse salivary gland affected
skin wound healing differently when tested using the Syrian
hamster and the mouse'®. Exogenous murine 2.58 NGF
accelerated corneal wound healing in rabbit', Collectively,
these data suggest that the wound healing properties of topi-

cal NGFs may be more species-specific than its neu-
rotrophic effects.

The effect of NGF has also been documented to stimulate
and enbance the synthesis and release of neurotrotransmit-
ters and neuropeptides, such as substance P (SP) and calcito-
nin gene-related peptide (CGRP) in peripheral neurons®.
Additionally, a recent study reported by our laboratory has
demonstrated that NGF modulates migration, proliferation
of SV-40 HCEC by interaction with SP, IGF and CGRP".

Thus, clearly to distinguish between these possibilities,
further studies on the interaction with the neurotrotransmit-
ters and neuropeptides are required.

References

1. Barde YA. The nerve growth factor family. Prog Growth
Factor Res 1990; 2: 237-248.

2. Bentley E, Abramn G, Reid TW, Cook C, Fisher C, Covilz
D, Stur C, Hacker D, Murphy CJ. Morphology and lmmu-
nohistochemistry of chronoc, non-septic, comeal epithelial
defects in dogs. Invest Ophthalmol Vis Sci:inpress.

3. Bentley E, Campbell SE, Woo HM, Murphy CJ. The effect
of repeated comeal epithelial debridement on epithelial and
stromal morphology in the dog. Invest Ophthalmol Vis Sci
2001;42:5792. Abstracl nr 4773.

4. Bocchini V, Angeletti PU. The nerve growth factor: purifi-
cation as a 30,000-molecular-weight protein. Proc Natl Acad
Sci U S A 1969; 64: 787-794.

5. Bradshaw RA. Nerve growth factor. Annu Rev Biochem
1978; 47: 191-216.

6. Campbell SE, Reid TW, Murphy CJ. The cffect of growth
factors, neuropeptides and neurotransmitters on NGF con-
tent in SV-40 transformed human comeal epithelial cells.
Invest Ophthalmol Vis Sci 2000; 41: S905. Abstract nr 4806.

7. Dissen GA, Romero C, Hirshfield AN, Ojeda SR. Nerve
growth factor is required for early follicular development in
the mammalian ovary. Endocrinology 2001; 142: 2078-2086.

8. Donnerer J, Schuligoi R, Stein C. Increased content and
transport of substance P and calcitonin gene-related peptide
in sensory nerves innervating inflamed tissue: evidence for
a regulatory function of merve growth factor in vivo. Neuro-
science 1992; 49: 693-698.

9. Fedorushchenko AN, Koval TI, Khamidov DK. [The effect
of in-situ nerve growth Factor from different biological
sources on the reinitiation of mouse cocyte meiotic matara-
tion in culture and on parthenogenetic activation]. Ontogenez
1999; 30: 453-455.

10. Jones MA, Marfurt CFE. Peptidergic innervation of the rat
cotnea. Exp Eye Res 1998; 66: 421-435,

11. Klein R, Jing SQ, Nanduri V, O'Rourke E, Barbacid M.
The trk proto-oncogene encodes a receptor for nerve growth
factor. Cell 1991; 65: 189-197.

12. Kruse FE, Tseng SC. Growth [actors modulate clonal
growth and differentiation of cultured rabbit limbal and comeal
epithelium. Invest Ophthalmol Vis Sci 1993; 34: 1963-1976.

13. Lambiase A, Bonini S, Aloe L, Rama P Anti-inflammatory
and healing properties of nerve growth factor in immune
comeal ulcers with stromal melting. Arch Ophthalmol 2000;



422

14.

15.

16.

17.

18.

15.

20.

21.

23.

Heung-myong Woo

118: 1446-1449.

Lambiase A, Manni L, Bonini S, Rama P, Micera A, Aloe
L. Nerve Growth Factor Promotes Comeal Healing: Struc-
tural, Biochemical, and Molecular Analyses of Rat and
Human Comeas. Invest. Ophthalmol. Vis. Sci 2000; 41:
1063-1069.

Lambiase A, Rama P, Bonini §, Caprioglio G, Aloe L.
Topical treatment with nerve growth factor for comeal
neurotrophic ulcers. N Engl J Med 1998; 338: 1174-1180.
Lee CH, Nelson M, Bamey NP, Brightbill FS, Araki-Sasaki
K, Reid TW, Murphy CJ. Migration and proliferation cha-
racteristics of SV-40 transformed human corneal epithelial
cells in response to neuropeptides (ARVO abstract). Invest
Ophthalmol Vis Sci 1997; 37: 5861. Abstract nr 3934.
Leitzel K, Cano C, Marks J, Jr, Lipton A. Failure of nerve
growth factor to enhance wound healing in the hamster, J
Neurosci Res 1982; 8: 413-417.

Li AK, Koroly MJ, Schattenkerk ME, Malt RA, Young M.
Nerve growth factor: acceleration of the rate of wound
healing in mice. Proc Natl Acad Sci U S A 1980; 77: 4379-
4381.

Marfurt CF, Ellis LC. Immunohistochemical localization of
tyrosine hydroxylase in comneal nerves. J Comp Neurol 1993;
336: 517-331.

Matsuda H, Koyama H, Sato H, Sawada J, Itakura A,
Tanaka A, Matsumoto M, Konno K, Ushio H, Matsuda K.
Role of nerve growth factor in cutaneous wound healing:
accelerating effects in normal and healing-impaired diabetic
mice. J Exp Med 1998; 187: 297-306.

Murphy CI, Campbell SF, Reid TW. Modulation of $V-40
transformed human corneal epithelial cell proliferation, migra-
tion, and adhesion by nerve growth factor (ARVO abstract).
Invest Ophthalmol Vis Sci 2000; 41: S903. Abstract nr 4803.

. Murphy CJ, Marturt CF, MaDermott C, Bentley E, Abram

G, Reid TW, Campbell S. Chronic non-septiccorneal epithelial
defects in dogs: Clinical fetures, innervalion and effect of
topical SP and IGF-1. Invest Ophthalmol Vis Sci:in press.

Schicho R, Donnerer J. Nerve growth factor stimulates syn-

24,

25.

26.

27.

28.

29.

30.

31,

thesis of calcitonin gene-related peptide in dorsal root
ganglion cells during sensory regeneration in capsaicin-
treated rats. Neurosci Res 1999; 35: 183-187.

Shelton DL, Reichardt LF Expression of the beta-nerve
growth factor gene corrclates with the density ol sympa-
thetic inmervation in effector organs. Proc Natl Acad Sci U
S A 1984; 81: 7951-7955.

Shooter EM. Early days of the nerve growth factor proteins.
Annu Rev Neurosci 2001; 24: 601-629.

Snider WD. Funclions of the neurotrophins during nervous
system development: what the knockouts are teaching us.
Cell 1994; 77: 627-638.

Tseng SC. Regulation and clinical implications of corneal
epithelial stem cells. Mol Biol Rep 1996; 23: 47-58.
Vesaluoma M, Muller L, Gallar J, Lambiase A, Moilanen J,
Hack T, Belmonte C, Tervo T. Effects of oleoresin capsicum
pepper spray on human corneal morphology and sensitivity.
Invest Ophthalmol Vis Sci 2000; 41: 2138-2147.

Villoslada P, Hauser SL, Bartke I, Unger J, Heald N,
Rosenberg D, Cheung SW, Mobley WC, Fisher 5, Genain
CP. Human nerve growth factor protecls common marmosets
against autoimmune encephalomyelitis by switching the
balance of T helper cell type 1 and 2 cytokines within the
central nervous system. J Exp Med 2000; 191: 1799-1806.
Woo HM, Kim MS, Kweon OK, Kim DY, Nam TC, Kim
JH. Effects of amniotic membrane on epithelial wound heal-
ing and stromal remodelling alter excimer laser keratectomy
in rabbit cornea. Br J Ophthalmol 2001; 85: 345-349.

Young M, Saide JD, Murphy RA, Blanchard. Nerve growth
factor: multiple dissociation products in homogenates of the
mouse submandibular gland. Purification and molecular
properties of the intact undissociated form of the protein.
Biochemistry 1978; 17: 1490-1498.

. Zewler C, Bridges DC, Zhou XF, Rush RA. Detection of

increased lissue concentrations of nerve growth factor with
an improved extraction procedure. J Neurosci Res 1996; 46:
581-594.



The Role of Nerve Growth Factor on Corneal Wound Healing in Dogs

Department of Surgical Sciences, School of Veterinary Medicine,
University of Wisconsin Madison

2 ¢F : ZiEpEe) ARG o B8k = o2 YR Nerve Growth Factor(NGE)e] Wgl4d wale} =
A2 B FE golrgitt 6v12]e] Beagle & AME-Eto] Wlwzel 22 Fovt 6mme] Z1AFY 7 A4S
HEQE 9% T2 dERZLE AMSEIET B2 T 1FYE Y, 74 e a5 28 feT 7
dof] Zhz}; A3k NGF 5 =2 enzyme-linked immunosorbent assay (ELISA)E AM2-8l] ZA st} 2% ¥
o=, 16712]9] BeagleS AME3I 2 EBX wof $i¢k AT AL RIE £, B 597 HEE W7 recombi-
nant human (th) NGF (n=4), murine NGF (n=6) 223 anti-NGF blocking antibody (n=6)% 6A7H)t} &
3} oH, 9% F2 bovine serum albumin (BSAYE Fekele] tlxZo® AMS-EIIT) A4 W#-2 NIH image
software® ©|-4-8led #A3i%T). iz nlFe), vlne] FEY NGFR= X #2719 €A S7eider,
% A9 NGF= #9A¢9 F718 Bk =2y} th NGF, murine NGF, anti-NGF blocking antibody#] #|
BSAA A Zholle ZheRad Aol fo9 Apolrt JAHA] Ut Zh¥FEE, th NGF 22 murine NGF2]
F7FAQ] FAF(R AR g Afell vt e, FaE 27 A/71Eet wE e &g )
oA iQld NGFe] 8% B4 712 mlSe] NGFe 4% A=e] A1l $a38 988 sieio® A
g}

423



