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HB ^ABSTRACT 

NGF has recently been shown to modulate wound healing of corneal epithelial cells in 

eyes where the sensory nerves are compromised. This study was undertaken to see if 

human corneal epithelial cells themselves synthesize NGF and if growth factors can 

modulate this expression. The cells used for this study were SV-40 transformed human 

corneal epithelial cells. The cells were grown to approximately 80% confluency in 

DMEM/F12 media with 10% fetal bovine semm, at which time they were stepped down 

to 0% semm for three days. The cells were then treated with varying concentrations of 

substance P (SP), insulin-like growth factor-1 (IGF-1), and fibroblast growth factor-2 

(FGF-2, basic FGF) for three days. The media was then removed and the concentration 

of NGF was measured using an enzyme linked immunosorbent assay (ELISA). The 

human corneal epithelial cells express a low background level of NGF without any 

additional treatment. However, an increase in NGF above background was observed with 

nanomolar concentrations of FGF-2 treatment. No effect of SP or IGF-1 on NGF 

expression was observed. Due to the fact that human comeal epithelial cells are able to 

make NGF, especially when stimulated by FGF-2, this calls into question the idea that 

NGF produced by nerves is the only source of NGF for wound healing of the cornea. SP 

and IGF-1 have previously been shown to influence comeal wound healing, yet the 

present results would indicate that the effects of SP and IGF-1 on comeal wound healing 



are independent of any effects on the expression of NGF and subsequent healing induced 

by NGF. 

BACKGROUND 

Biologically active NGF is a 118 amino acid protein that acts as a trophic factor for many 

sensory and sympathetic neurons in the peripheral nervous system (Levi-Montalcini, 

1968). NGF is synthesized as a 305 amino acid prepro-NGF, and subsequently 

proteolytically cleaved at dibasic amino acid residues located at the carboxy-terminal 

region in order to yield biologically active NGF (Sandstrom et al., 1990). The 

physiological roles of NGF acting to stimulate dendrite outgrowth in the comea have 

been studied (Chan and Haschke, 1985). More recently, it has been shown that topical 

treatment of NGF promotes the healing of comeal ulcers (Lambiase et al., 1998). These 

studies have used direct treatments of NGF in solution to treat comeal ulcers, and have 

shown that this treatment does indeed speed the healing process. 

Our lab group has done somewhat similar studies on epithelial wound healing in rats with 

treatment of SP. SP has been shown to moderate healing of comeal epithelium, as well 

as other epithelial tissue types. These unpublished studies examined SP's healing effects 

on puncture wounds inflicted upon the backs of rats. The coimection between SP's, 



NGF's, and other growth factor's abiUty to stimulate epithelial wound healing led us to 

examine the possible effects of SP and other growth factors on NGF secretion by human 

comeal epithelial cells in culture. 

Substance P (SP) was first detected in extracts from equine brain and intestine (von Euler 

and Gaddum, 1931), which induced transient hypotension and facilitated muscle 

contraction in the intestine when injected intravenously into anesthetized rabbits. The 

sequence of SP remained elusive until Leeman and coworkers discovered a peptide that 

stimulated salivary secretion when injected into anesthetized rats while attempting to 

isolate corticotropin-releasing factor (Chang and Leeman, 1970). This peptide was 

referred to as sialogen until its physical and chemical characteristics were compared to 

those of SP and found to be identical to SP. Further purification led to the sequence of 

SP in 1971 by Chang, Leeman and Niall: Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-

Met-NH2. 

SP belongs to a family of peptides known as tachykinins. There have been five 

mammalian tachykinins identified thus far: SP, neurokinin A (NKA), neurokinin B 

(NKB), neuropeptide K (NPK), and neuropeptide _ (NP_). Tachykinins have a common 



carboxy-terminal sequence Phe-X-Gly-Leu-Met-NH2, where X is an aliphatic or 

aromatic amino acid. 

SP has been shown to qualify as a neurotransmitter as well, fulfilling all three criteria to 

be considered a neurotransmitter: 1) be located in the proper pre-synaptic stmctures; 2) 

be released when appropriately stimulated; and 3) induce the postsynaptic effects in the 

amounts released (Takahashi et al., 1974). Additionally, SP has been shown to have 

vasoactive effects, including peripheral vasodilation. It has been demonstrated that NO 

mediates SP-induced relaxation of comary arterioles (Kuo et al., 1991), and that SP 

induces vasoactive intestinal peptide release and NO production (Sharma and Davis, 

1994). It is suspected that most of these effects of SP arise due to an increase in 

intracellular Ca^* concentrations. 

It has been known since Magendie (1824) that sectioning of the trigeminal nerve causes 

trophic or degenerative changes in the comea, clinically referred to as neurotrophic or 

neuroparalytic keratitis. These comeal changes are similar to trophic changes elsewhere 

in the body and include edema, redness, and slow healing ulcers. This indicates that 

sensory nerve fibers have a direct effect on the maintenance of normal epithelial function. 

In addition, sensory denervation has experimentally resulted in altered permeability. 



abnormal wound healing with failure of re-epitheliaUzation, cell migration, and decreased 

epithelial mitoses (Mishima, 1957; Petersen et al., 1965; Fitzgerald and Cooper, 1971; 

Mackie, 1978; Beuerman and Schimmelpfennig, 1980; TuUo et al., 1983; Martin and 

Safran, 1988). One possible explanation for these effects could be the lack of 

availability of SP from the comeal nerves. Systemic capsaicin functionally blocks the 

biologic activity of SP in all animal models studied; however, of more interest is the fact 

that one of the few side effects of systemic capsaicin administration is the occurrence of 

comeal ulcers, which have been reported in several species (Shimizu et al,, 1984; Buck 

and Burks, 1983). Recently, Murphy et al. (1990) found that capsaicin treatment of 

rabbits (which is known to deplete SP and CGRP levels in the comea) resulted in delayed 

comeal epithelial wound healing in rabbits that could be reversed by SP treatment Also, 

Gallar et al. (1990) studies the effects of capsaicin on comeal wound healing in rabbits. 

Data showed that eyes treated with capsaicin before and after the induction of comeal 

wounds inhibited the migration rates and delayed wound closure times. In addition, 

Nishida et al. (1992) showed that SP and insulin were synergistic in the stimulation of 

comeal epithelial cell migration. Mikulec et al. (1993) also found that CGRP and EGF 

improved comeal epithelial wound healing. These data suggests that neuropeptides 

released from comeal sensory endings mediates cell growth. In cases where there is 

complete loss of SP from the comea, there is still no change in comeal sensitivity, and 



thus, it is felt that SP in the comea is probably not necessary for comeal nociception 

(Bynke et al,, 1984). It is possible that neural damage (functional or morphologic) 

resulting in a relative deficiency of SP is the common underiying defect in such diverse 

comeal healing disorders as neurotrophic ulcers, alkali bums, thermal bums, and herpetic 

keratitis. 

The above data is consistent with the finding of Reid et al. (1990, 1993), who showed 

that SP stimulates DNA synthesis and cell growth of rabbit comeal epithelial cells in a 

semm-free environment. In cell growth studies on comeal epithelial cells SP, at 

concentrations as low as 1-2 pg/ml, showed synergism with both EGF and insulin. These 

cell growth studies were carried out over 5 days. In short-term DNA studies (40-50 

hours) the stimulation or synergism with SP was not apparent until around 25 mg/ml. 

However, in long-term (5 day) DNA synthesis studies, SP showed stimulation at 1 pg/ml. 

Thus, the sensitivity of the cells to SP depends upon the time of incubation. The fact that 

SP stimulates cellular growth at such low concentrations indicates that cellular growth 

stimulation may be a tme physiological role of SP. 

Reid et al. (1990, 1993) also found that although the neuropeptide CGRP (calcitonin gene 

related peptide) showed no DNA synthesis stimulating ability on comeal epithelial cells 



by itself at concentrations as high as 10 mg/ml, it was synergistic with SP (1 ng/ml) in the 

stimulation of DNA synthesis at a concentration of 1 ng/ml. The result with CGRP is 

interesting in that CGRP and SP are co-localized in nerve endings and are released at the 

same time (Gulbenkian et al., 1986; Kuwayama and Stone, 1987). Thus, this result may 

also have physiological significance for the growth of comeal epithelial cells. 

Early studies of fragments of SP showed that most of the biological activity is in the C-

terminal 6-11 portion of the molecule (Yajima et al,, 1973; Bury and Mashford, 1976), 

While more recent studies by Cascieri et al. (1992) and Geraghty and Burcher (1993) 

have shown similar results, there are differences in the data depending upon how they are 

obtained. With rat brain preparations, the IC50 value for SP is 9.1 nM, the 4-11 fragment 

is 515 nM, and the 5-11 fragment is 832 nM (Geraghty and Burcher, 1993). This is in 

contrast to the data obtained with cloned rat NKl receptors (receptors for SP) expressed 

in CHO cells (which normally have no tachykinin receptors) (Cascieri et al., 1992), 

where the IC50S are 1.6 nM for SP, 1.8 for the 4-11 fragment and 13 nM for the 6-11 

fragment where the Gin in the 6 position is in the pyroglutamate form (this is the cyclic 

stmcture that can spontaneously form from glutamine when it is in the amino terminal 

position of a peptide). Thus, either the NKl receptor in rat brain is different from the 

one expressed in CHO cells or the tissue causes the receptor to behave differently. 



Muscle contraction studies on guinea pig ileum showed that the EC50 for the 6-11 

fragment is 6,6 nM (Poulos et al,, 1987) and the IC50 for binding to the NKl receptor is 

greater than 1000 for the 7-11 fragment (Cascieri et al,, 1992), Thus, it would appear 

that the last 6 amino acids must remain intact for binding and activation of the SP 

receptor. Also, the ratios for binding to the NKl receptor versus the NK3 receptor (IC50 

NK3/IC50 NKl) vary from 11,200 for the intact SP to 26 for fragment 6-11 and 1 for 

fragment 7-11 (Cascieri et al., 1992), Thus, the first five amino acids play more of a role 

in receptor specificity rather than in receptor activation. 

Reid et al. (1993) found that NKB will stimulate the growth of comeal epithelial cells and 

is synergistic with SP, It is interesting that this result, plus the above experiments, shows 

that SP is synergistic with several other factors (insulin, EGF, NKB, and CGRP). This is 

unusual in that, up until now, all peptide growth factors have been shown to be 

synergistic with insulin and insulin-like factors and nothing else. The fact that SP is 

synergistic with so many other factors indicates that it is using a different mechanism 

from other factors and, thus, seems to fall into a different class. 



The pathway through which NGF promotes comeal wound healing has not been 

characterized. Earlier studies have shown that the neuropeptide SP is mitogenic to comea 

epithelial cells (Reid, et al 1993). Additionally, it has been shown that SP and lGF-1 

have a synergistic effect on the migration of the epithelial cells of the comea (Nishida, et 

al 1996), Our goal in this study was to determine if SP, IGF-1, or FGF-2 stimulate the 

synthesis of NGF in human comeal epithelial cells, and to explore the relationship 

between these peptides and wound healing of the comea. 

By looking for a direct connection between these growth factors, we hope to further 

examine ways in which comeal ulcers could possibly be treated. Due to the large size of 

NGF, it is rather expensive to manufacture. Smaller peptides, such as SP, which consists 

of only 11 amino acids, could serve as a much more cost effective, altemative form of 

treatment. 

HYPOTHESIS 

NGF stimulates wound healing of comeal ulcers. SP, IGF-1, and FGF-2 have all been 

shown to have similar effects on epithelial tissues. This study seeks to show if SP, IGF-

1, or FGF-2 have stimulating effects on the secretion of NGF by human comeal epithelial 
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cells, and are thus part of the same pathway concerning mitogenesis and subsequent 

wound healing of the comea. 

MATERIALS AND METHODS 

This study was conducted using SV-40 transformed human comeal epithelial cells 

(provided by C, Murphy, University of Wisconsin-Madison), During normal growth, the 

cells were cultured in DMEM/F12 media (Gibco) with 10% fetal bovine semm 

(Hyclone), The cells were cultured in 250 milliliter Falcon brand flasks with 10 

milliliters of media, and the media was changed every two to three days, depending upon 

the number of cells present. The flasks were split at a ratio of one to ten once per week, 

or whenever the cells were nearing complete confluency. All experiments were 

conducted in 24 well culture plates, and Falcon brand plates were found to be the most 

effective. 

The cells were plated at 200,000 cells per well, and subsequently grown up in one 

milliliter of media per well. Once the cells reached approximately 80% confluency, the 

cells were then stepped down to DMEM/F12 with no FBS for three days. This step-down 

caused the cells to stop entering mitosis, and also removed the growth factors present in 

the fetal bovine semm. This was necessary in order to study the specific growth factors 
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we were examining, and avoid any ambiguity that could have resulted from a growth 

factor present in the semm stimulating NGF secretion. 

At this point, the cells were treated with solutions containing differing concentrations of 

SP, IGF-1, and FGF-2, All treatments were prepared in DMEM/ F12 with no FBS, The 

SP treatments were 10'° M, 10"̂  M, lO* M, 10"̂  M, 10"* M, and 10"̂  M, The IGF-1 

treatments were conducted using concentrations of 10'^ M, 10"M, 10"'°M, 10'M, 10"* 

M, 10''M, 10"* M, and 10'̂  M. The FGF-2 treatments were of 3.7 x 10' M, 7.4 x 10'° M, 

3.7 X 10'° M, 7.4 X 10" M, and3.7x 10" M. All treatments, including the control, were 

completed in triplicate in an effort to account for unanticipated variability. The 

treatments lasted three days, at which point the media was drawn out of the wells, and 

subsequently assayed for NGF. 

The assay system utilized was a sandwich ELISA kit (Promega) with a sensitivity of 15.6 

pg/ml, 96 well MaxiSorp plates from Nunc were found to function best with the assay. 

The assay procedure was adapted from that instmcted by Promega. All procedures 

completed concerning the ELISA, with the exception of the washing, were completed 

utilizing an eight channel, 200 _L pipetter. The plates were first coated with the 

polyclonal antibody in the coating buffer (0.025M sodium bicarbonate and 0.025M 
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sodium carbonate, adjusted to pH 9.7 using 1 N HCl and 1 N NaOH), and incubated 

overnight at 4°C. The plates were washed with the washing buffer prepared as instmcted 

by Promega (20mM Tris-HCl at pH 7.6, 150mM NaCl, and 0.05% (v/v) Tween-20). 

The washing procedure was completed by filling all of the wells in use, dumping the 

washing buffer out over a sink, and then repeated three times. The final drying was done 

by slapping the plate against a paper towel, taking care not to completely dry out the 

wells. 

Non-specific binding was blocked using Camation Instant Milk at 5% (w/v), which 

proved to function more effectively and consistendy than the provided blocking solution, 

and washed again. At this point the NGF standards and the samples were added, the 

standards being prepared in the provided Block and Sample buffer at IX, and incubated 

for 6 hours at room temperature with shaking (500 rpm). It was determined that utilizing 

an orbital shaker in all of the steps that were suggested by Promega vastly improved the 

accuracy and consistency of the assay. After washing,, the monoclonal antibody was 

added, in a solution of IX Block and Sample buffer, and incubated overnight at 4°C. The 

plates were washed and the anti-rat IgG, HRP conjugate, again in the IX Block and 

Sample buffer, was added and incubated for 2.5 hours with shaking (500 RPM) at room 

temperature. The substrate solution was then added, incubated with shaking (500 RPM) 
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at room temperature for 5-10 minutes, and then the reaction was stopped with IM 

phosphoric acid. The substrate solution contained coloriess TMB and Peroxidase 

Substrate provided by Promega. The reaction progress can be visually observed by 

watching the color change of TMB from coloriess to blue. The phosphoric acid addition 

changes the color again to yellow, and thus, absorbance was read at 450 nm. An overall 

depiction of the assay system can be seen in Figure 1. 

RESULTS 

Neither SP nor IGF-1 displayed a stimulatory effect of NGF synthesis by human comeal 

epithelial cells (Figs 2 and 3). The amount of NGF found in the media that the cells had 

been grown in did not differ significantly from the background level with treatments. At 

all concentration levels of treatment, it appears that no increase in NGF synthesis occurs. 

At FGF-2 treatment levels of 1 pM, 10 pM, and 100 pM, the NGF present in the growth 

media remained very near the background level of the control. These treatment levels of 

FGF-2 showed no stimulation of NGF production. However, with a treatment of 1000 

pM FGF-2, the NGF concentration in the media increased from the control of 78 pg/ml to 

123 pg/ml (Fig 4), This indicates that at a one nanomolar concentration, FGF-2 appears 
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to stimulate NGF secretion by human comeal epithelial cells in culture, and may 

contribute to the wound healing process. 

CONCLUSION 

Our results show that at an FGF-2 treatment of one nanomolar, NGF synthesis by human 

comeal epithelial cells in culture is stimulated. However, at 100 pM levels of FGF-2 and 

lower, no effect is visible. Additionally, it was found that neither SP nor IGF-1 

treatments showed any stimulatory effect on NGF synthesis by human comeal epithelial 

cells. 

The role FGF-2 plays in stimulating NGF synthesis may shed some light upon how NGF 

synthesis in human comeal epithelial cells is regulated. Further studies into this effect of 

FGF-2 will seek to obtain a dose response curve for the stimulation of NGF secretion by 

FGF-2, as well as to investigate other cell lines and tissue types. We also hope to 

examine other growth factors and their effects on NGF, as well as any synergistic actions 

between FGF-2 and SP on NGF secretion by human comeal epithelial cells. 
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Fig. 4: Treatments of FGF-2 on human comeal epithelial cells and the resulting cwnceiiitrations of secreted NGIF. 




