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1 Bradykinin (BK) and Lys-BK are peptides which are released at high nanomolar concentrations into
the tear-®lm of ocular allergic patients. We hypothesized that these peptides may activate speci®c
receptors on the ocular surface, especially the corneal epithelium (CE) and thus the CE cells may
represent a potential target tissue for these kinins.

2 The purpose of the present studies, therefore, was to determine the presence of and the
pharmacological characteristics of bradykinin receptors on normal cultured primary and SV40 virus-
transformed human corneal epithelial (CEPI) cells by use of the accumulation of [3H]-inositol phosphates
([3H]-IPs) as a bioassay.

3 Bradykinin (BK) induced a maximal 1.95+0.24 fold (n=17) and 2.51+0.29 fold (n=26) stimulation
of [3H]-IPs accumulation in normal, primary (P-CEPI) and SV40-immortalized (CEPI-17-CL4) cells,
respectively. This contrasted with a maximal 3.2 ± 4.5 fold and 2.0 ± 2.9 fold stimulation by histamine
(100 mM) and platelet activating factor (100 nM) in both cell-types, respectively.

4 The molar potencies of BK and some of its analogues in the CEPI-17-CL4 cells were as follows: BK
(EC50=3.26+0.61 nM, n=18), Lys-BK (EC50=0.95+0.16 nM, n=5), Met-Lys-BK (EC50=2.3+
0.42 nM, n=5), Ile-Ser-BK (EC50=5.19+1.23 nM, n=6), Ala3-Lys-BK (EC50=12.7+2.08 nM, n=3),
Tyr8-BK (EC50=19.3+0.77 nM, n=3), Tyr5-BK (EC50=467+53 nM, n=4) and des-Arg9-BK
(EC50=14.1+2.7 mM, n=4). The potencies of BK-related peptides in normal, P-CEPI cells were similar
to those found in transformed cells, thus: BK, EC50=2.02+0.69 nM (n=7), Tyr8-BK,
EC50=14.6+2.7 nM (n=3), Tyr5=BK, EC50=310+70 nM (n=4) and des-Arg9-BK, EC50=12.3+
3.8 mM (n=3).

5 The bradykinin-induced responses were competitively antagonized by the B2-receptor selective BK
antagonists, Hoe-140 (D-Arg-[Hyp3,Thi5,D-Tic7, Oic8]BK; Icatibant; molar antagonist potency=2.9 nM;
pA2=8.54+0.06, n=4; and slope=1.04+0.08) and D-Arg0[Hyp3,Thi5,8, DPhe7]-BK (KB=371 nM;
pKB=6.43+0.08, n=4) in CEPI-17-CL4 cells. The antagonist potency of Hoe-140 against BK in
normal, P-CEPI cells was 8.4+1.8 nM (pKi=8.11+0.12, n=4), this being similar to the potency
observed in the immortalized cells.

6 This rank order of potency of agonist BK-related peptides, coupled with the antagonism of the BK-
induced [3H]-IPs by the speci®c B2-receptor antagonists, strongly suggests that a B2-receptor subtype is
involved in mediating functional phosphoinositide (PI) responses in the CEPI-17-CL4 and P-CEPI cells.

7 In conclusion, these data indicate that the P-CEPI and CEPI-17-CL4 cells express BK receptors of
the B2-subtype coupled to the PI turnover signal transduction pathway. The CEPI-17-CL4 cells represent
a good in vitro model of the human corneal epithelium in which to study further the role of BK receptors
in its physiology and pathology, such as in allergic/in¯ammatory conditions, potential wound healing
and other functions of the cornea.
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Introduction

The corneal epithelium, together with the tear-®lm covering
the surface of the eye, serve critical protective and light re-
fractive functions (Beuerman et al., 1989; Rosenbaum et al.,
1995; Watanabe et al., 1995). As such, the corneal epithelium
provides a ®rst line of defence against noxious pathogens, al-
lergens, pollutants and other undesirable airborne chemicals.
Exposure to such agents initiates a cascade of in¯ammatory/
allergic reactions on the ocular surface characterized by red-
ness, oedema and itching such as observed in allergic con-
junctivitis, a type I hypersensitivity reaction (Allansmith &
Ross, 1988; Proud et al., 1990; Abelson & Schaefer, 1993). The
neovascularization (BenEzra et al., 1990), ®brosis and scarring
(Abelson & Schaefer, 1993; Proia, 1994) that often accom-

panies chronic corneal in¯ammation can result in serious loss
of visual acuity and can lead to blindness.

Allergic provocation of the human ocular surface, in par-
ticular the conjunctiva, leads to the liberation of relatively high
concentrations of numerous mast cell mediators including
histamine, platelet activating factor (PAF), various prosta-
noids and leukotrienes, and kinin peptides such as bradykinin
(BK; Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9) and Lys-
BK (kallidin) into the tear-®lm bathing the cornea and con-
junctiva (Proud et al., 1990; Abelson & Schaefer, 1993). Al-
though there is ®rm evidence implicating an important role of
histamine in mediating conjunctival and possibly corneal al-
lergic and in¯ammatory reactions (Allansmith & Ross, 1988;
Abelson & Schaefer, 1993), the role of BK and related peptides
in such ocular diseases is less well de®ned. BK and Lys-BK are
formed and released during injury, trauma and following
noxious or allergic reactions in many organs in the body
(Regoli et al., 1990; Hall, 1992; Marceau, 1995). These peptides
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produce powerful pro-in¯ammatory e�ects by increasing va-
sodilatation and vascular permeability, promotion of ¯uid and
ion secretion from epithelial cells and eliciting pain at the site
of the noxious challenge (Sharma, 1993; Dray & Perkins,
1993). Two major BK receptor subtypes (B1 and B2) are known
to mediate these diverse e�ects of BK and related peptides
(Regoli et al., 1990; Hall, 1992; Marceau, 1995). Both subtypes
are G-protein coupled receptors that transduce their e�ects by
stimulating phospholipase C and thus causing phosphoinosi-
tide (PI) hydrolysis (Sharif et al., 1988; Butt et al., 1995; Smith
et al., 1995; Sharif & Xu, 1996). The latter PI turnover leads to
the generation of inositol phosphates and diacylglycerol
(Berridge & Irvine, 1984; Abdel-Latif, 1995). The inositol tri-
sphosphate mobilizes intracellular calcium from the en-
doplasmic reticulum in the cell interior (Berridge & Irvine,
1984; Ransom et al., 1991) which then activates calmodulin
and other proteins to initiate the subsequent biochemical re-
actions in the cell that culminate in the ®nal biological
response such as hormone or neurotransmitter release or tissue
contraction (Berridge & Irvine, 1984). While the B2-subtype
exists under normal physiological and pathological conditions,
the B1-subtype is only induced under injurious and/or patho-
logical conditions or during in vitro incubation (Regoli et al.,
1990; Hall, 1992; Sharma, 1993). However, constitutively ex-
pressed B1-receptors are found in certain cell-lines (e.g. W138
human lung ®broblasts) (Phagoo et al., 1996).

As for the ocular e�ects of BK, intracamerally injected BK
in rabbits causes miosis, raises intraocular pressure and in-
duces breakdown of the blood-aqueous barrier (Cole, 1974;
Cole & Ungar, 1974; Bynke et al., 1983; Wahlestedt et al.,
1985). Recent clinical studies have demonstrated the release of
200 nM BK and Lys-BK into the tears of allergic human pa-
tients subjected to an allergic conjunctival challenge (Proud et
al., 1990). Topically applied BK also causes plasma extra-
vasation in the guinea-pig conjunctiva (Hall et al., 1995; Figini
et al., 1995) and in other ocular tissues (Elliot et al., 1995), and
signal transduction studies have shown that human con-
junctival epithelial cells respond to BK and stimulate the
production of inositol phosphates (Sharif et al., 1997a). Al-
though recent studies have demonstrated the presence of a
robust kallikrein-kinin system (including mRNAs for B1 and
B2 receptors) in human ocular tissues such as ciliary muscle,
retinal neurones, choroid and ciliary body (Ma et al., 1996), no
information is available for the cornea.

Therefore, in the present studies we have investigated
whether human cultured corneal epithelial (CEPI) cells (pri-
mary and SV40-virus-immortalized), which would also be ex-
posed to the BK and Lys-BK in the tears of ocular allergic
patients (Proud et al., 1990), respond to these peptides and,
thus, whether these ocular surface cells are also targets of these
peptides released from conjunctival mast cells during ocular
allergic reactions such as during conjunctivitis. Since the sup-
ply of normal, primary human CEPI cells (P-CEPI) is limited
and these cells do not divide and proliferate over more than a
few passages (Kahn et al., 1993), we decided to use previously
SV40 virus-immortalized human CEPI cells (CEPI-17-CL4)
(Sharif et al., 1997b; O�ord et al., 1997) as a model system for
studying the actions of BK and its analogues. However, in
order to ensure that the immortalized cells faithfully re-
presented the primary cells, we also conducted numerous
agonist and antagonist studies on normal, primary (P-CEPI)
cell cultures from many di�erent human post-mortem donors.

A preliminary account of the studies presented in this paper
has been recently published in abstract form (Sharif et al.,
1997c).

Methods

Human corneal epithelial cell isolation and cultures

The procedures used were similar to those described for the
isolation of human conjunctival epithelial cells (Sharif et al.,

1997a). Brie¯y, human corneas were aseptically dissected from
numerous post-mortem donor eyes (up to 17 donors; ages 3 ± 95
years old) within 8 ± 12 h of death and transported from eye
banks in ice-cold Dexol or Optisol corneal preservation med-
ium (Sharif et al., 1997b). The corneas from di�erent donors
were kept separate and rinsed in phosphate bu�ered saline
(PBS) before being treated with dispase, 10 u ml71 in 50%
Hanks bu�ered salts and kerotinocyte growth medium (KGM)
containing 0.05 mM calcium at 48C for 24 ± 48 h. The KGM
was prepared by adding a commercially available bullet kit
(bovine pituitary extract 30 mg ml71, hydrocortisone
0.5 mg ml71, amphotericin B 0.05 mg ml71/gentamicin
50 mg ml71, insulin 5 mg ml71, transferrin 10 mg ml71, murine
epidermal growth factor 10 mg ml71) and 0.05 mM calcium
chloride to keratinocyte basal medium (KBM). After this in-
cubation, the epithelium was removed with a gentle sweep
across the tissue with a scalpel blade. The tissue was gently
triturated to generate individual cells which were then washed
in Dulbecco's modi®ed Eagle medium (DMEM) containing
10% foetal bovine serum by a low speed centrifugation/re-
suspension procedure. The cell pellet was resuspended in low
calcium (0.05 mM) KGM medium, plated into T25 ¯asks
(previously coated with collagen type IV and ®bronectin) and
incubated at 378C under a humidi®ed atmosphere of 95% O2/
5% CO2. The medium was changed 24 h later and every 2 days
thereafter. The cells became con¯uent in approximately 10
days at which point they were sub-cultured (passage 1; P1) by
rinsing with PBS, incubating in dispase for up to 1 h until the
cells detached, washing in DMEM by centrifugation and
plating on collagen-coated 24-well plates. All subsequent ex-
periments for PI turnover were performed with the P1 cells.

Immortalized CEPI cells

The procedures for the SV40 virus-induced transformation and
the initial genetic, morphological and preliminary pharmaco-
logical characterization of the primary (P-CEPI) and the later
immortalized (CEPI-17-CL4) cells have been recently de-
scribed (Kahn et al., 1993; Araki-Sasaki et al., 1995; O�ord et
al., 1997; Sharif et al., 1997b). Brie¯y, sub-con¯uent P-CEPI
cells were cultured in KGM (supplemented hormone epithelial
medium) in a 75 cm ¯ask and infected with a recombinant
SV40-retrovirus vector (p1/SV40U19) as previously described
(Pfeifer et al., 1993). The plasmid resulting from this trans-
fection was generated by cloning the genomic Bgl-Hpal frag-
ment (nucleotides 5235 to 2666) of SV40 into the Bam HI site
of pZIP Nep SV(X)1 vector. This fragment contained a trun-
cated origin of replication and lacked an early promoter and
polyadenylation site. It also had a mutation in the DNA
binding site of the protein which prevented binding to the
SV40 origin of replication. This vector was designed to prevent
infectious SV40 virus production in cells, even if recombina-
tion would restore the origin of replication. Although many
clones were isolated, one of the fast-growing clones (CEPI-17
clone 4; CEPI-17-CL4) was selected for the initial genetic,
morphological and preliminary signal transduction studies
(O�ord et al., 1997; Sharif et al., 1997b). The latter studies
demonstrated that the primary and immortalized cells were
essentially the same with respect to the cell cytoskeletal mar-
kers (cytokeratins) and both cell types exhibited a similar
pharmacological responsiveness (e.g. to histamine and platelet-
activating factor, PAF), thus rendering the immortalized cells
as a representative model system for studying the e�ects of
various chemicals on human CEPI cells.

In the present studies, we utilized CEPI-17-CL4 cells of
passage numbers 28 ± 130 cultured under identical conditions
to the P-CEPI cells, except that we found the CEPI-17-CL4
cells to grow better in the medium containing penicillin
(10,000 u ml71) and streptomycin (10,000 mg ml71) instead of
amphotericin B/gentamicin and with 0.15 mM CaCl2 instead of
0.05 mM CaCl2 in the medium. The CEPI-17-CL4 cells also
preferred growing in 0.1% gelatin-coated ¯asks before being
passaged.
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Phosphoinositide (PI) turnover studies

PI turnover induced by stimulation of phospholipase C in P-
CEPI and CEPI-17-CL4 cells was performed as previously
described (Sharif & Whiting, 1993) with minor modi®cations
(Sharif et al., 1994; Sharif & Xu, 1996). Brie¯y, the P-CEPI or
CEPI-17-CL4 cells (2.56105 cells/well) cultured in 24-well
plates were incubated with [3H]-myo-inositol (2 mCi ml71, 15 ±
17 Ci mmol71) in DMEM for 24 h at 378C in order to label
the cell membrane lipids. After this time, the medium was as-
pirated and the cells exposed to BK and related agonist pep-
tides (0.01 nM ± 30 mM) in DMEM/F-12 medium (+15 mM

HEPES bu�er) containing 10 mM LiCl for 60 min at 378C in
order to stimulate the production and accumulation of [3H]-
inositol phosphates ([3H]-IPs) (Berridge et al., 1982; Sharif et
al., 1996). To determine the potencies of the antagonists, the
latter drugs were added to the cells 30 min before the addition
of BK or other agonists. The medium was aspirated at the end
of the incubation and the assay terminated by the addition of
1 ml of ice-cold 0.1 M formic acid. After 15 min, 0.9 ml of the
cell lysates were transferred to Econo-columns containing 1 ml
AG168 ion-exchange resin in formate form. The columns
were washed with 10 ml deionized water and 8 ml 50 mM

ammonium formate. The water-soluble [3H]-IPs were then
eluted from the columns into 20 ml scintillation vials with 4 ml
ammonium formate (1.2 M) prepared in 0.1 M formic acid. A
water-accepting scintillation ¯uid (15 ml) was then added to
the eluates and the [3H]-IPs quanti®ed by liquid scintillation
spectrometry on a b-counter with Ecolume scintillation cock-
tail.

Materials

The di�erent reagents, chemicals, drugs and materials used in
the present studies were purchased or were gifts from the fol-
lowing sources: Optisol or Dexol from Chiron Ophthalmics
(Irvine, CA, U.S.A.); dispase from Collaborative Biomedical
(Bedford, MA, U.S.A.); KGM from Clonetics Corp (San
Diego, CA, U.S.A.); culture plates from Corning/Costar
(Cambridge, MA, U.S.A.) Becton Dickenson (Oxnard, CA,
U.S.A.), CAFNC-matrix from Biological Research Faculty
and Facility, Inc. (Ijamsville, MD, U.S.A.); all peptides were
from Peninsula Labs. (Belmont, CA, U.S.A.), except Hoe-140
(Icatibant) which was a generous gift from Hoechst AG
(Frankfurt, Germany); [3H]-myo-inositol from Amersham
Corp. (Deer®eld, IL, U.S.A.) and/or from Dupont-NEN
(Boston, MA, U.S.A.); AG168 resin and Econo-columns
from Biorad (Richmond, CA, U.S.A.); gentamicin, penicillin/
streptomycin from Gibco/BRL (Grand Island, NY, U.S.A.);
Ecolume scintillation cocktail from ICN (Costa Mesa, CA,
U.S.A.); Origin software package from Microcal (North-
ampton, MA, U.S.A.).

Data analysis

The original data (d.p.m./well) were analysed by a non-linear,
iterative curve-®tting computer programme (Michel & Whit-
ing, 1984; Sharif & Whiting, 1991) and Origin (Sharif et al.,
1996; 1997a) incorporating a logistic function. Agonist potency
(EC50) was de®ned as the concentration of the compound re-
quired to stimulate 50% of the maximal PI turnover response.
Individual concentration-response curves for each agonist
were analysed as above to obtain the potency values. However,
in order to present composite data from each peptide from
several experiments (e.g. Table 1), the data were normalized
such that basal (unstimulated) levels of [3H]-IPs were set to
zero and the maximally-stimulated levels of [3H]-IPs at the top
of each of the concentration-response curves were set to 100%.
All intermediate levels of [3H]-IPs accumulation were then
calculated as a percentage of the maximal stimulation. An-
tagonist potencies were determined by the method of Ar-
unlakshana & Schild (1959) (for pA2 values) by use of 3 ± 4
antagonist concentrations. Antagonist potency was re-

presented as pA2 (7log drug dissociation constant) and is
de®ned as 7log molar antagonist concentration required to
shift the agonist concentration-response curve to the right by 2
fold as determined by Schild analysis (Arunlakshana & Schild,
1959). The apparent pKB (7log KB) values for antagonists
were calculated according to the following Gaddum-Schild
equation:

KB � �Antagonist concentration�=

��Agonist EC50 in presence of antagonist=

Agonist EC50 in absence of antagonist� ÿ 1�:

The other antagonist potency values, Kis, were calculated ac-
cording to the Cheng & Pruso� (1973) equation as follows:

Ki � Antagonist IC50=1� �Agonist

concentration used=Agonist EC50�:

Results

BK stimulated PI turnover was linear over time up to 90 min
(n=3) (data not shown) and thus all subsequent studies were
conducted for 60 min at 378C. BK induced the production of
[3H]-IPs in both the P-CEPI and CEPI-17-CL4 cells in a con-
centration-dependent manner and with similar magnitudes of
their respective responses (Figure 1; Table 1). Bradykinin (BK;
0.1 ± 1 mM) induced a maximal 1.95+0.2 fold (n=17) and
2.51+0.29 fold (n=26) stimulation of [3H]-IPs accumulation in
normal, primary (P-CEPI) and SV40-immortalized (CEPI-17-
CL4) cells, respectively. This contrasted with a maximal 3.2 ±
4.5 fold and 2.0 ± 2.9 fold stimulation by histamine (100 mM)
and platelet activating factor (PAF; 100 nM), respectively (data
not shown). The maximal amounts of [3H]-IPs produced by BK
relative to basal levels were: basal=2228+327 d.p.m./well
(n=17); BK=4353+461 d.p.m./well (n=17 in P-CEPI cells);
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Figure 1 Concentration-response curves for (!,!) BK, (&,&),
Tyr8-BK, (*,*) Tyr5-BK and (~,~) des-Arg9-BK in P-CEPI (solid
symbols) and CEPI-17-CL4 (open symbols) cells. Both cell types were
stimulated with various concentrations of the peptides and the [3H]-
inositol phosphates ([3H]-IPs) produced quanti®ed by ion exchange
chromatography. Data are mean from 3 ± 18 experiments; vertical
lines show s.e.mean.
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basal=1102+83 d.p.m./well (n=26); BK=2769+358 d.p.m./
well (n=26 in CEPI-17-CL4 cells).

The molar agonist potencies of BK and some of its
analogues in the CEPI-17-CL4 cells were as follows:
BK (EC50=3.26+0.16 nM, n=18), Lys-BK (EC50=0.95+
0.16 nM, n=5), Met-Lys-BK (EC50=2.3+0.42 nM, n=5), Ile-
Ser-BK (T-kinin, EC50=5.19+1.23 nM, n=6), Tyr5-BK
(EC50=467+53 nM, n=4) and des-Arg9-BK (EC50=14.1+
2.7 mM, n=4), all being full agonists (Figure 2; Table 1). Ad-
ditional BK analogues were also tested with the following re-
sults: Ala3-Lys-BK (EC50=12.7+2.08 nM, n=3) and Tyr8-BK
(EC50=19.3+0.77 nM, n=3), all being full agonists (Figure 3;
Table 1). The potency of either BK (EC50=2.02+0.69 nM,
n=7), Tyr8-BK (EC50=14.6+2.7 nM, n=3), Tyr5-BK
(EC50=310+70 nM, n=4) or des-Arg9-BK (EC50=12,333+

3.844 nM, n=3) in normal P-CEPI cells was similar to that
observed in the immortalized cells, with all these peptides being
full agonists (Figure 1, Table 1).

In the presence of nanomolar concentrations of Hoe-140
(D-Arg-[Hyp3,Thi5,D-Tic7,Oic8]BK, a B2-receptor selective an-
tagonist, the log concentration-response curves of BK were
dextrally shifted without a suppression of the maximal BK-
induced PI turnover response in CEPI-17-CL4 cells (Figure 4).
This was consistent with competitive antagonism of the BK-
responses by Hoe-140. Schild analyses of the Hoe-140 an-
tagonist data yielded apparent antagonist potencies of 2.9 nM;
pA2=8.54+0.06, slope=1.04+0.08, n=4 (Figures 4 and 5).
Antagonist data for D-Arg0[Hyp3,Thi5,8, DPhe7]-BK in CEPI-
17-CL4 cells were: apparent Kb=371 nM; apparent
pKB=6.43+0.08 (n=4) (Figure 6). The antagonist potency of

Table 1 Potencies of BK-related peptides in stimulating PI turnover in human cultured primary (P-CEPI) and immortalized (CEPI-17-
CL4) corneal epithelial cells

Potency (EC50) for stimulating Potency (EC50) for stimulating
[3H]-IPs accumulation in [3H]-IPs accumulation in

Peptide agonist CEPI-17-CL4 cells P-CEPI cells

Lys-BK
Met-Lys-BK
BK

Ile-Ser-BK (TK)
Ala3-Lys-BK
Tyr8-BK
Tyr5-BK
des-Arg9-BK

0.95+0.16 nM (5)
2.31+0.42 nM (5)
3.26+0.61 nM (18)

5.19+1.23 nM (6)
12.7+2.08 nM (3)
19.3+0.77 nM (3)
467+53 nM (4)

14,100+2,700 nM (4)

ND
ND

2.02+0.69 nM (7)

ND
ND

14.6+2.7 nM (3)
310+70 nM (4)

12,333+3,844 nM (3)

Data are mean+s.e.mean from 3 ± 18 independent experiments as shown for the di�erent peptides. Potency is the molar agonist
concentration required to produce 50% of the maximal stimulation of [3H]-inositol phosphates ([3H]-IPs) accumulation. The amino acid
sequence of bradykinin for reference is: Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9. ND=not determined.
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Figure 2 Concentration-response curves for (*) BK and related
peptide analogues, (&) Met-Lys-BK, (~) T-kinin, (&) Tyr5-BK and
(*) des-Arg9-BK, in CEPI-17-CL4 cells. Cells were stimulated with
various concentrations of the peptides at 378C, the reaction stopped
and the [3H]-inositol phosphates ([3H]-IPs) produced quanti®ed by
ion exchange chromatography. Data are mean from 4 ± 18
experiments; vertical lines show s.e.mean.
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Figure 3 Concentration-response curves for (*) BK and related
peptide analogues, (&) Lys-BK, (~) Tyr8-BK, (&) Ala3-Lys-BK and
(*) Tyr5-BK, in CEPI-17-CL4 cells. Cells were stimulated with
various concentrations of the peptides at 378C, the reaction stopped
and the [3H]-inositol phosphates ([3H]-IPs) produced quanti®ed by
ion exchange chromatography. Data are mean from 3 ± 18
experiments; vertical lines show s.e.mean.
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Figure 4 Concentration-response curves for BK in the absence (&)
and presence of increasing concentrations of the B2-receptor selective
antagonist, Hoe-140, ((*) 3, (~) 10, (&) 30 and (*) 100 nM), in
CEPI-17-CL4 cells. Data are mean from 3 ± 5 experiments with the
di�erent antagonist concentrations; vertical lines show s.e.mean.

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

–0.5

–1.0

6.0 6.5 7.0 7.5 8.0 9.08.5

lo
g

 (
C

R
–1

)

–log [Hoe-140] (M)

Figure 5 Schild plot for antagonism of BK-induced phosphoinosi-
tide (PI) turnover in CEPI-17-CL4 cells by Hoe-140. Data shown are
the individual data points obtained from 3 ± 5 experiments with the
di�erent antagonist concentrations (see legend of Figure 4) with each
point being derived from a single shift. The line of best-®t for all
these data is shown in this plot (slope=1.044; correlation
coe�cient=0.86). The composite pA2 values from the analysis of
each separate experiment are shown in the Results section.
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Figure 6 Concentration-response curves for BK in CEPI-17-CL4
cells in the absence (&) and presence (&) of 5 mM of the B2-receptor
selective antagonist, D-Arg0 [Hyp3, Thi5,8, DPhe7]-BK. Data are mean
from 4 experiments; vertical lines show s.e.mean.
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Figure 7 E�ect of the B2-receptor selective antagonist, Hoe-140, on
BK-induced phosphoinositide (PI) turnover in P-CEPI-17-CL4 cells.
The cells were pretreated with Hoe-140 (0.01 nM± 10 mM) and then
stimulated with 100 nM BK. The incubation was terminated and the
[3H]-inositol phosphates ([3H]-IPs) produced quanti®ed by ion
exchange chromatography. Data are mean from 5 experiments;
vertical lines show s.e.mean. Similar data were obtained in the P-
CEPI cells (see Results).
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Hoe-140 against BK in P-CEPI cells was 8.4+1.8 nM
(pKi=8.11+0.12, n=4), and it was 2.7+0.76 nM (pKi=8.6+
0.15, n=5) in CEPI-17-CL4 cells (Figure 7).

Discussion

The present studies have demonstrated the presence of func-
tional BK receptors in cultured primary and immortalized
CEPI cells (of many di�erent passages) coupled to the pro-
duction of [3H]-IPs by activation of phospholipase C. The
magnitude of the BK-induced responses and the nanomolar
potency of BK for stimulating PI turnover were very similar in
both cell types indicating that the transformation of the cells
did not alter the BK receptor binding site, signal transduction
components or their coupling mechanism. This hypothesis was
supported further by the observation that the potent B2-
selective antagonist, Hoe-140 (Hock et al., 1991; Wirth et al.,
1995), exhibited very similar potencies in blocking the BK-
induced PI turnover in the primary and transformed CEPI
cells, and that these potency values correlated well with the
ability of Hoe-140 to antagonize a diverse range of functional
responses in many di�erent types of cells and tissues (Regoli et
al., 1990; Hall, 1992; Sharif & Xu, 1996).

The structure-activity relationship of the BK-related pep-
tides warrants discussion since addition or deletion of amino
acids at the N- or C-termini of BK appeared to have a sig-
ni®cant e�ect on the relative potency of the peptides. Thus,
although addition of lysine to the N-terminus of BK actually
enhanced the peptide potency, addition of methionine to the N-
terminus of Lys-BK reduced the potency down to that of BK
itself. Such ®ndings accord with published data from other cells
and tissues (Regoli & Barabe', 1980; Regoli et al., 1990; Hall,
1992; Marceau et al., 1994). Interestingly, Ile-Ser-BK (T-kinin)
had a similar nanomolar potency to BK in stimulating PI
turnover in CEPI-17-CL4 cells and this was analogous to the
potency of T-kinin in contracting rat uterus strips (Gao et al.,
1993) and for evoking ion secretion in rat colon (Tien et al.,
1990). However, substitution of the amino acids within the BK
or Lys-BK structures resulted in a dramatic loss in potency, as
seen for example in Ala3-Lys-BK, Tyr8-BK and Tyr5-BK, and
again these are consistent with the activities of these agents seen
in other systems (Regoli & Barabe', 1980; Regoli et al., 1990;
Hall, 1992). Of course, deletion of the arginine at the 9th posi-
tion of BK at the C-terminal, to produce des-Arg9-BK, led to a
44000 times decrease in potency in the CEPI-17-CL4 cells. The
low activity of des-Arg9-BK, which is a high a�nity B1-receptor
agonist (Regoli & Barabe', 1980; Hall, 1992), in our human
corneal cells suggested the identi®cation of a B2-receptor in
these cells. This was further borne-out by the high potency of
BK and Lys-BK and the potent antagonism of the BK-induced
PI turnover in both P-CEPI and CEPI-17-CL4 cells by the B2-
antagonists, Hoe-140 (Hock et al., 1991; Wirth et al., 1995) and
D-Arg0[Hyp3,Thi5,8, DPhe7]-BK (Regoli et al., 1990; Hall, 1992).
Again, the nanomolar potency of Hoe-140 and the micromolar
potency of D-Arg0[Hyp3,Thi5,8, DPhe7]-BK in our CEPI cells
correlated well with data obtained from receptor binding stu-
dies (e.g. Sharif & Whiting, 1991; 1993), and blockade of PI
turnover (Sharif et al., 1988; Sharif & Xu, 1996; Tritopea et al.,
1993), calcium mobilization (Ransom et al., 1991; Smith et al.,
1995), tissue contraction and other functional responses in
animal and human cells and tissues (Regoli et al., 1990; Hall,
1992; Marceau et al., 1993; 1994; Wiemer & Wirth, 1992).

While Hoe-140 was a competitive antagonist in the human
corneal cell culture functional assays, it has been shown to
exhibit both competitive (Hock et al., 1991) and non-com-
petitive (Regoli et al., 1990; Sharma, 1993; Marceau et al.,
1994) properties in several di�erent cells and tissues. How-
ever, as described for many biological systems (Regoli et al.,
1990; Wirth et al., 1991; Hall, 1992; Marceau et al., 1994),
Hoe-140 was substantially more potent than D-Arg0[Hyp3,
Thi5,8,DPhe7]-BK in antagonizing the BK-induced [3H]-IPs
accumulation in CEPI-17-CL4 cells. The molar potency of D-

Arg0[Hyp3, Thi5,8,DPhe7]-BK (371 nM) in the CEPI-17-CL4
cells compared well with that observed in human trabecular
meshwork cells (Sharif & Xu, 1996), HSDM1C1 fi-
brosarcoma cells (Sharif & Whiting, 1993), PC12 phaeo-
chromocytoma cells (Ransom et al., 1991) and in several
other cell-types and tissues (Regoli et al., 1990; Hall, 1992;
Sharma, 1993). The fact that both Hoe-140 and D-
Arg0[Hyp3,Thi5,8,DPhe7]-BK were full antagonists in the CEPI
cells, with no apparent partial agonist properties, again sug-
gested that the BK receptors on these cells were of the B2-
type. Further supportive evidence for this conclusion is the
®nding that the B3-subtype, claimed to exist in the large
airways, is insensitive to B2-antagonists (Farmer & Burch,
1992), and apparent B3- and B4-subtypes, claimed to exist in
the opposum oesophageal longitudinal muscle, are actually
stimulated by B2-antagonists (Saha et al., 1990; Sharma,
1993).

With respect to the possible physiological signi®cance of
our observations, the following aspects may be relevant.
Thus, in view of the fact that appreciable quantities of BK
and Lys-BK are released into the tear-®lm of ocular allergic
patients (Proud et al., 1990), the present studies suggest that
during such allergic reactions the corneal epithelium may
represent at least one of the target tissues for these kinins on
the ocular surface, in addition to the conjunctival epithelium
(Sharif et al., 1996a,c). Although the consequences of acti-
vation of the BK receptor on the CEPI cells remains to be
de®ned, it is pertinent to note that corneal epithelial cells
release a variety of pro-in¯ammatory cytokines (Cubitt et
al., 1993) in response to pro-in¯ammatory agents such as
PAF (Bazan et al., 1994), interleukins (Cubitt et al., 1993)
and also during the development of the pathology of pseu-
dophakic bullous keratopathy (Rosenbaum et al., 1995).
Thus, like many epithelial cells within the body (Sauder,
1990; McGee et al., 1992; Bedard et al., 1993), the CEPI
cells may also be involved in amplifying the corneal allergic
in¯ammatory cascade when activated by BK or Lys-BK by
evoking the release of other pro-in¯ammatory agents (e.g.
cytokines; Paegelow et al., 1995), as do other conjunctional
mast cell mediators like histamine and PAF in human
conjunctival epithelial cells (Sharif et al., 1996a,c). In addi-
tion, since BK is known to elicit ¯uid and ion secretion
from many types of epithelial cells (see Regoli & Barabe',
1980; Hall, 1992 for reviews), the CEPI cell BK receptor
may have a similar role in the corneal epithelium, especially
since corneal and conjunctival epithelial cells also produce
and secrete mucins (Watanabe et al., 1995) into the tears to
provide a protective ®lm for the ocular surface. Since BK
elicits pain in many in¯ammatory conditions (Dray & Per-
kins, 1993), it is possible that BK and Lys-BK released into
the tears in allergic conditions (Proud et al., 1990) may
activate corneal sensory nerves to evoke corneal pain. In
addition, since BK has potent mitogenic e�ects in many
types of cells (see Hall, 1992), it is possible that the BK and
Lys-BK released into the tears have an homeostatic role in
stimulating repair of the corneal epithelium and surrounding
tissues by inducing cell proliferation. Some of these and
other physiological/pathological roles of BK in human CEPI
and CEPI-17-CL4 cells are currently being investigated.

In it concluded that the primary and transformed human
CEPI cells possess BK receptors coupled to phospholipase C
which generates water soluble IPs, and that the PI turnover
signalling mechanism is apparently una�ected by the SV40-
immortalization procedure. This information has greatly ex-
tended the similarity of the pharmacology of responses pre-
viously observed for histamine and PAF in these two human
corneal cell types (Sharif et al., 1996b). The similar rank order
of agonist potency of BK and its analogues, the similarity of
the magnitudes of [3H]-IPs production, coupled with similar
sensitivities to two structurally di�erent BK-antagonists,
strongly suggests that the BK receptors on P-CEPI and CEPI-
17-CL4 cells are pharmacologically very similar if not iden-
tical. In addition, the agonist and antagonist potencies and the

Human corneal bradykinin receptors654 T.K. Wiernas et al



speci®c blockade of BK-induced PI turnover in both cell types
of B2-selective antagonists helped identify the BK receptor in
these cells as the B2-subtype. Taken together, the CEPI-17-
CL4 cells appear to represent a good in vitro model of human
corneal epithelium and may prove useful for further in-
vestigations of human corneal epithelial physiology, pharma-
cology and pathology.

Note added in proof
Recent studies have shown BK to potently (EC50=8 ± 20 nM)
stimulate intercellular calcium mobilization in the CEPI-17-CL4
cells, and these responses could be antagonized by Hoe-140.
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reading the manuscript and for their helpful comments.
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