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1 We recently reported on the successful generation of immortalized (CEPI-17-CL4) cells from primary
human corneal epithelial (P-CEPI) cells which exhibited phenotypic, immunohistochemical and
metabolic characteristics akin to the P-CEPI cells.

2 The aims of the present studies were to investigate the ligand binding and functional coupling of the
histamine receptors to various biochemical and physiological systems in the P-CEPI and CEPI-17-CL4
cells and to relate these ®ndings to the normal and/or pathophysiological role of histamine on the human
ocular surface.

3 Speci®c [3H]-pyrilamine binding to CEPI-17-CL4 cell homogenates comprised 493% of the total
binding and represented interaction with an apparent single population of high a�nity
(Kd=3.76+0.78 nM; n=4) and saturable (Bmax=1582+161 fmol g71 tissue) number of histamine-1
(H1) receptor binding sites on CEPI-17-CL4 cell homogenates. The H1-receptor selective antagonists,
pyrilamine (Ki=3.6+0.84 nM, n=4) and triprolidine (Ki=7.7+2.6 nM, n=3), potently displaced [3H]-
pyrilamine binding, while the H2- and H3-receptor selective antagonists, ranitidine and clobenpropit,
were weak inhibitors (Kis413 mM).
4 Histamine induced phosphoinositide (PI) hydrolysis 2.7 ± 4.4 fold above basal levels and with a
potency of 14.9+4.9 mM (n=9) and 4.7+0.2 mM (n=9) in P-CEPI and CEPI-17-CL4 cells, respectively.
Histamine-induced PI turnover was antagonized by H1-receptor selective antagonist, triprolidine, with a
potency (Ki) of 3.2+0.66 nM (n=10) and 3.03+0.8 nM (n=4) in P-CEPI and CEPI-17-CL4 cells,
respectively, but weakly e�ected by 10 mM cimetidine and clobenpropit, H2- and H3-receptor antagonists.
The PI turnover response was attenuated by pre-treatment of the cells with the selective phospholipase C
inhibitor, U73122 (1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-2,5-dione)
(IC50=4.8+2.4 mM, n=3).

5 Histamine stimulated intracellular Ca2+ ([Ca2+]i) mobilization in CEPI-17-CL4 cells with a potency
of 6.3+1.5 mM (n=4). The histamine-induced [Ca2+]i mobilization was reduced by about 28% following
pre-incubation of the cells with 4 mM EGTA. While triprolidine completely inhibited histamine-induced
[Ca2+]i mobilization, it did not in¯uence the bradykinin-induced [Ca2+]i mobilization response.

6 Histamine (EC50s=1.28 ± 2.77 mM, n=3±4) concentration-dependently stimulated the release of
interleukin-6 (IL-6), IL-8 and granulocyte macrophage colony-stimulating factor, but it did not
signi®cantly alter release of tumour necrosis factor-a, PGE2 or collagenase-1 (matrix metalloproteinase-1;
MMP-1) from CEPI cells. However, IL-1 (10 ng ml71), foetal bovine serum (10%) and phorbol-12-
myristate-13-acetate (3 mg ml71) were e�ective positive control secretagogues of all the cytokines, PGE2

and MMP-1, respectively, from these cells.

7 It is concluded that the CEPI cells express H1-histamine receptors which are positively coupled to PI
turnover and [Ca2+]i mobilization which may be directly or indirectly responsible for the release of
various cytokines from these cells at physiologically and/or pathologically relevant concentrations.
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Introduction

Histamine is a major in¯ammatory mediator released from
human conjunctival mast cells following irritation or allergic
provocation of the conjunctiva (Berdy et al., 1991; Leonardi et

al., 1992; Abelson & Schaefer, 1993). Irani et al. (1990) have
estimated the existence of 104 mast cells in the human
conjunctiva and Proud et al. (1990) have demonstrated the
presence of 0.5 mM histamine in the tear ¯uid of human

subjects following an ocular allergic reaction. While the blood
vessels, sensory nerve-endings (Allansmith & Ross, 1988;

Abelson & Schaefer, 1993; Proia, 1994) and conjunctival
epithelial cells (Sharif et al., 1996a; 1997a; Gamache et al.,
1997) appear to represent the major sites of action of the

released histamine to elicit and/or amplify the in¯ammatory
reaction, culminating in oedema, itching and redness and thus
allergic conjunctivitis (Berdy et al., 1991; Abelson & Schaefer,
1993; Higorani & Lightman, 1995), the corneal epithelial cells

may also play a role in the in¯ammatory cascade on the ocular
surface as do epithelial cells in other organs (Sauder, 1990;
McGee et al., 1992; Marini et al. 1992; Bedard et al., 1993).

Indeed, human corneal epithelial (CEPI) cells express various
pro-in¯ammatory cytokines including interleukin-8 (IL-8)3Author for correspondence at Alcon.
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(Cubitt et al., 1993), IL-1, IL-6, IL-8, granulocyte macrophage
colony-stimulating factor (GM-CSF) and tumor necrosis
factor-a (TNF-a) (Sharif et al., 1997b), and are capable of

secreting these cytokines in response to surfactants (Faquet et
al., 1997), and are also capable of generating free radicals (e.g.
nitric oxide) in response to bacterial toxins (Eckmann et al.,
1993; Zanvit et al., 1997). Furthermore, the levels of the

cytokines, IL-1 and IL-8, are elevated in the corneas of
patients with pseudophakic bullous keratopathy (Rosenbaum
et al., 1995).

While the symptoms associated with seasonal allergic
conjunctivitis involving the eyelids and conjunctiva can now
be treated e�ectively with new generation anti-histamines such

as emedastine (EmedineTM; Sharif et al., 1994; Yanni et al.,
1994), and a dual pharmacophore antihistamine/anti-allergic
like olopatadine (PatanolTM; Sharif et al., 1996b; Yanni et al.,

1997) with reduced or minimal side-e�ects, the prognosis for
corneal in¯ammatory/allergic conditions (e.g. atopic kerato-
conjunctivitis) is less good at present (Higorani & Lightman,
1995; Reim et al., 1997; Ben Ezra et al. 1997). In view of the

above observations, the CEPI cells were hypothesized to be
additional targets for the histamine released from conjunctival
mast cells during an ocular allergic reaction or an injurious

situation. Therefore, the goals of the present studies were to
explore the presence of histamine receptors on primary CEPI
(P-CEPI) and previously SV40-virus-immortalized CEPI cells

(CEPI-17-CL4) (Sharif et al., 1997b; Wiernas et al., 1997) and
to characterize their pharmacology using ligand binding and
second messenger assays. Additional aims were to determine

the coupling of the histamine receptors on human CEPI cells
to other physiological and pathological (e.g. in¯ammatory)
response mechanisms including the secretion of cytokines,
prostaglandin E2 and matrix metalloproteinase-1 (MMP-1;

collagenase-1).

Methods

Human CEPI cell isolation and cultures

The procedures for isolating and culturing normal, primary
human CEPI (P-CEPI) cells have been previously described
(Wiernas et al., 1997; Sharif et al., 1997b). In brief, human

corneas were aseptically dissected from cadaver eyes within 8 ±
12 h of death and transported from eye blanks in ice-cold
Dexol1 or Optisol1 corneal preservation medium. Corneas

from di�erent donors were kept separate and rinsed in
phosphate bu�ered saline (PBS) before being exposed to
dispase at 10 u ml71 in 50% Hanks bu�ered salts and

keratinocyte growth medium (KGM) containing 0.05 mM

calcium at 48C for 24 ± 48 h. The KGM was prepared by
adding 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

CaCl2 to keratinocyte basal medium (KBM). Following this

incubation, the epithelium was gently removed with a scalpel
blade. This tissue was then gently triturated to produce
individual cells which were then washed in Dulbecco's

modi®ed Eagle medium (DMEM) containing 10% foetal
bovine serum using a low speed centrifugation/re-suspension
procedure. The CEPI cell pellet was resuspended in low

calcium (0.05 mM) KGM medium, the cells plated into T25
¯asks (previously coated with collage type IV and ®bronectin)
and incubated at 378C under a humidi®ed atmosphere of 95%
air/5% CO2. The culture medium was changed 24 h later and

then 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 plated on collagen-coated 24-well plates.
All experiments on P-CEPI cells were performed with the P1
cells.

Immortalized CEPI cells

The SV40 virus-induced immortalization and the initial
genetic, morphological and preliminary biochemical and
pharmacological characterization of the primary (P-CEPI)

and the latter immortalized (CEPI-17-CL4) cells have been
recently described (Sharif et al., 1997b). These and other
studies (Sharif et al., 1997b; Wiernas et al., 1997) have

established that CEPI-17-CL4 cells represent the P-CEPI cells
well in terms of the above-mentioned parameters, but
especially in relation to the coupling of certain receptors,
especially bradykinin receptors, to phospholipase C (PLC)

(Sharif et al., 1997b; Wiernas et al., 1997; 1998). Accordingly,
the general term CEPI cells will be used from here onward to
generically denote the corneal epithelial cells.

[3H]-pyrilamine binding studies

Due to the limited availability and slow growth characteristics
of human P-CEPI cells (Kahn et al., 1993; Araki-Sasaki et al.,
1995) and the small amount of corneal tissue that is potentially

obtainable from cadaver eyes, all binding experiments were
performed with CEPI-17-CL4 cells which could be grown in
large quantities. These immortalized cells (currently at passage
# 195) are particularly well suited for such studies. Total

particulate CEPI-17-CL4 (passage # 37-130) cell homogenates
were prepared by gently dislodging con¯uent cells from culture
¯asks with a rubber policeman, gently homogenizing with a

Polytron (5 s, setting 3), harvesting by centrifugation
(30,0006g/20 min at 48C) and resuspending by gentle
homogenization in 50 mM sodium potassium phosphate bu�er

(pH 7.5) at 30 mg wet weight tissue ml71. The histamine-1 (H1)
receptor-subtype binding assays were performed according to
previously published methods (Sharif et al., 1994; 1996b).
Brie¯y, [3H]-pyrilamine (1 ± 2 nM; 50 ml) was incubated with

10 ± 20 mg ml71 of washed CEPI-17-CL4 cell membranes in
the presence or absence of unlabeled test compounds in a total
volume of 500 ml in polypropylene tubes. The non-speci®c

binding was determined with 5 mM histamine or 10 mM
triprolidine, both compounds yielding the same results. The
assays were conducted at 238C for 40 min and then terminated

by rapid vacuum ®ltration over Whatman GF/B glass ®bre
®lters pre-wetted in 0.3% polyethyleneimine using 266 ml of
ice-cold 50 mM TrisHCl bu�er (pH 7.4) on a Tomtek cell

harvester. The radioactivity bound to ®lters was determined on
a Wallac `Big-Spot' beta-counter with four samples being
simultaneously counted. Binding data were evaluated using a
non-linear, iterative curve-®tting program incorporating a

logistics function (Bowen & Jerman, 1995) to derive drug
a�nity values. Binding data were analysed as described below.

PI turnover studies

PI turnover studies were performed as previously described

(Wiernas et al., 1997; Sharif et al., 1997a,b). In brief, CEPI
cells (approximately 26105 cells/well) cultured in 24-well
plates were incubated with [3H]-myo-inositol (2 mCi ml71) in
DMEM for 24 h at 378C in order to label the cell membrane
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lipids. The medium was then aspirated and the cells exposed to
histamine in DMEM/F-12 medium (+15 mM HEPES bu�er)
containing 10 mM LiCl for 60 min at 378C in order to facilitate

the accumulation of [3H]-inositol phosphates ([3H]-IPs)
(Berridge et al., 1982). To determine the e�ects of histamine
antagonists, the latter drugs were added to the cells 30 min
prior to the addition of histamine. 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 and the [3H]-IPs
quanti®ed by standard ion exchange chromatography (Ber-

ridge et al., 1982) and liquid scintillation spectrometry.

Intracellular Ca2+-mobilization studies

Histamine-stimulated mobilization of intracellular Ca2+

([Ca2+]i) in CEPI-17-CL4 cells was studied using the standard

Fura-2 ¯uorescent Ca2+ chelator method (Grynkiewicz et al.,
1985) on stirred suspensions of cells in cuvets (Gri�n et al.,
1997; 1998; Wiernas et al., 1998). The methods used for the
CEPI cells have been extensively detailed in a recent

publication (Wiernas et al., 1998). Speci®c details pertaining
to the histamine-related studies using this technique include the
following. For the determination of potential antagonist

e�ects, each test compound (6 ± 15 ml) was added to the cell
suspension (1.5 ml) for 20 min prior to adding histamine.
EGTA (1 M stock) was utilized to chelate extracellular calcium

and, therefore, de®ne the importance of extracellular Ca2+

in¯ux for the e�ect of histamine on [Ca2+]i. A selective
phospholipase C inhibitor (U73122; (1-(6-((17b-3-methoxy-
estra-1,3,5(10-trien-17-yl)amino)hexyl) -1H-pyrrole-2,5-dione))
was utilized to block the formation of IPs and, thus, help
establish the importance of this pathway for the e�ect of
histamine on [Ca2+]i. The H1-receptor selective antagonist,

triprolidine, was utilized to con®rm that histamine-induced
[Ca2+]i release can be blocked with an appropriate H1-receptor
antagonist.

Cytokine release studies

These studies were performed as previously described (Wiernas
et al., 1998). Brie¯y, con¯uent P-CEPI or CEPI-17-CL4 cells
were incubated for 24 h at 378C with 5 ml of various
concentrations of histamine (0.01 mM± 1 mM ®nal) in 0.5 ml

of low calcium (serum-free) DMEM medium per well.
Interleukin-1a (IL-1a; 10 ng ml71 ®nal) was used as a positive
control. Following this incubation period, commercially

available ELISA kits were used according to the manufac-
turer's directions to quantify the levels of various cytokines
(interleukin-6, {IL-6}, interleukin-8 {IL-8} and granulocyte

macrophage colony stimulating factor {GM-CSF}) released
into the incubation medium via spectrophotometry at 450 nm
using a series of reference standards of known concentration

using a microplate reader. All the kits used in the current
studies employ the quantitative sandwich enzyme immunoas-
say procedure. The limits of detection (sensitivity) for each
cytokine were as follows: IL-6 0.7 pg ml71, IL-8 6 pg ml71,

GM-CSF52.8 pg ml71, TNF-a50.2 pg ml71.

PGE2 release studies

Once again, these studies were performed as previously
described (Wiernas et al., 1998). PGE2 released from P-CEPI

and CEPI-17-CL4 cells following stimulation by various
agonists was determined using a commercially available
radioimmunoassay (RIA) kit according to the manufacturer's
instructions. The cell stimulation was similar to that described

above for cytokine release except that the incubation period
was 60 min and 10% foetal bovine serum was used as a
positive control. All standards and reagents supplied in the kit

were prepared as stipulated in the RIA kit instructions. The
limits of detection (sensitivity) of the PGE2 RIA was
0.44 pg well71.

Collagenase-1 release studies

The procedures used for these studies with P-CEPI and CEPI-

17-CL4 cells were basically identical to those utilized for the
cytokine release studies (also see Wiernas et al., 1998). The
only di�erences were the use of KGM medium, PMA

(3 mg ml71) as the positive control and a commercially
available collagenase-1 (Matrix Metalloproteinase-1; MMP-
1) ELISA kit. This kit also utilizes the quantitative sandwich

enzyme immunoassay procedure mentioned above with the
MMP-1 levels being determined via spectrophotometry using a
series of reference standards of known concentration. The kits
were utilized according to the manufacturer's instructions. The

limits of detection (sensitivity) of the MMP-1 ELISA kit was
1.7 ng ml71.

Materials

The reagents, chemicals, drugs and materials used in the

present studies were purchased or were gifts from the following
sources: Optisol1 or Dexol1 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.); DMEM and DMEM/F-12 media, BSS,
trypsin/EDTA, phosphate-bu�ered saline without Ca2+ or
Mg2+ and Hanks' BSS from Life Technologies, (Grand Island,

NY, U.S.A.); culture plates from Corning/Costar, (Cam-
bridge, MA, U.S.A.); Becton Dickenson, (Oxnard, U.S.A.),
CAFNC-matrix from Biological Research Faculty and

Facility, Inc., (Ijamsville, MD, U.S.A.); BK was from
Peninsula Labs., (Belmont, CA, U.S.A.); histamine, pyrila-
mine, triprolidine, ranitidine and clobenpropit were from

Research Biochemicals, Int. (Natick, MA, U.S.A.); MMP-1
ELISA kits, PGE2 RIA kits and [3H]-myo-inositol (15-
17 Ci mmol71) from Amersham Corp., (Arlington Heights,
IL, U.S.A.); Cytokine ELISA kits from R & D Systems,

(Minneapolis, MN, U.S.A.); [3H]-pyrilamine (24.4 Ci mmol71)
from New England Nuclear (NEN), (Boston, MA, U.S.A.);
Fura-2 AM from Molecular Probes, (Eugene, OR, U.S.A.);

AG168 resin, Econo-columns and sodium dodecyl sulphate
from Biorad, (Richmond, CA, U.S.A.); BSA, digitonin, formic
acid, ammonium formate, LiCl, polyethylenimine and tri-

chloroacetic acid from Sigma, (St. Louis, MO, U.S.A.); PMA
from L.C. Laboratories, (San Diego, CA, U.S.A.); gentamicin,
penicillin/streptomycin from Gibco/BRL, (Grand Island, NY,

U.S.A.); U73122 (1-(6-((17b-3-methoxyestra -1,3,5(10) -trien -
17 - yl)amino)hexyl) -1H - pyrrole-2.5-dione) and U73343 (1-(6-
((17b-3-methoxyestra-1,3, 5(10)-trien-17-yl) amino)hexyl)±2,5-
pyrrolidine-dione) from Biomol Research Laboratories, (Ply-

mouth Meeting, PA, U.S.A.); Ecolume scintillation cocktail
from ICN, (Costa Mesa, CA, U.S.A.); Opti-Fluor scintillation
cocktail from Packard Instrument Co., (Meriden, CT, U.S.A.);

Origin Scienti®c Graphics software package from Microcal,
(Northampton, MA, U.S.A.).

Data analysis

The original data (d.p.m. bound; d.p.m./well; nM [Ca2+]i
mobilized) were analysed using a non-linear, iterative curve-
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®tting computer program (Bowen & Jerman, 1995) and
Origin1 software (Sharif et al., 1996b; 1997b) incorporating
a logistic function. The competition data for pyrilamine vs

[3H]-pyrilamine were processed using the `EDBA' suite of
computer programs (McPherson, 1983a,b) to perform Scatch-
ard analysis and thus derive the apparent receptor a�nity (Kd)
and apparent density (Bmax) parameters. The initial inhibition

constants (IC50s) for various compounds competing for [3H]-
pyrilamine binding were converted to equilibrium dissociation
constants (Kis) using the standard Cheng-Pruso� equation

(Cheng & Pruso�, 1973).
Agonist potency (EC50) was de®ned as the concentration of

the compound required 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 for each

compound from several experiments (e.g. Table 1), the data
were normalized and presented as a percentage of the maximal
speci®c binding, or for functional assays, basal (unstimulated)
levels of [3H]-IPs or [Ca2+]i were set to zero and the maximally-

stimulated levels of [3H]-IPs or [Ca2+]i at the top of each of the
concentration-response curves were set to 100%. All inter-
mediate levels of [3H]-IPs accumulation or [Ca2+]i were then

calculated as a percentage of the maximal stimulation. Some
data were presented as histograms to depict the concentration-
response relationship for histamine or the relative activity of

reference compounds. Statistical analysis utilized the standard
ANOVA with post-test procedure for determining the level of
signi®cance between the basal responses and the magnitude of

the e�ects of the test compounds. A P value of 50.05
indicated the minimal level of statistical signi®cance between
the afore-mentioned parameters. The potency of triprolidine
for inhibiting histamine-induced PI turnover was using the

following equation:

Ki � IC50=1� �histamine concentration�=�EC50 of histamine�:
Origin1 Scienti®c Graphics software package was utilized to

construct the ®gures shown.

Results

[3H]-pyrilamine binding

Speci®c [3H]-pyrilamine binding to washed total particulate
homogenates of CEP-17-CL4 cells comprised 493% of the

total binding, was of high a�nity (Kd=3.76+0.78 nM, n=4)
and re¯ected interaction with a ®nite number of saturable
binding sites (Bmax=1582+161 fmol g71 wet weight) (e.g.

Figure 1a). Various histamine receptor subtype-selective

antagonists concentration-dependently inhibited [3H]-pyrila-
mine binding (Figure 1b) with relative a�nities indicative of
labelling of H1-receptors. Thus: for pyrilamine the

Table 1 A�nity of various histamine antagonists compet-
ing for [3H]-pyrilamine binding to CEPI-17-CL4 cell homo-
genates

A�nity Hill coe�cient
Compound (Ki, nM) (nH)

Pyrilamine
Triprolidine
Clobenpropit
Ranitidine

3.63+0.84
7.67+2.6

13,300+7100
>32,400

1.0+0.06
0.83+0.14
0.84+0.23

±

Data are means+s.e.mean from 3 ± 4 experiments. The Hill
coe�cients were not signi®cantly di�erent from unity
(P>0.05).

a

b

Figure 1 Scatchard analysis of speci®c [3H]-pyrilamine binding (a)
and competition curves (b) for various histamine antagonists
competing for speci®c [3H]-pyrilamine binding to washed CEPI-17-
CL4 cell homogenates. The data for unlabelled pyrilamine competing
for [3H]-pyrilamine binding were transformed into Scatchard plots
and the Kd and Bmax values obtained from the computer-®tted plots
(a). Various histamine antagonists (10 pM ± 100 mM) were tested for
their ability to compete for [3H]-pyrilamine binding. Inhibition curves
were generated (b) and the IC50 and Ki values calculated from the
computer-®tted plots (Table 1). Data shown are from a single
representative experiment. Composite data from several experiments
are shown in Results and Table 1.
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Ki=3.62+0.84 nM; triprolidine, Ki=7.67+2.6 nM; ranitidine
and clobenpropit, Ki413 mM (all n=3±4) (Table 1; Figure
1b).

PI turnover

Histamine induced the production of [3H]-IPs in P-CEPI

(potency, EC50=14.9+4.9 mM, n=9) and CEPI-17-CL4
(EC50=4.7+0.2 mM, n=9) cells in a concentration-dependent
manner (e.g. Figure 2a). The apparent di�erence in the
histamine potency in the two cell-types was not statistically

di�erent (P40.05). The histamine-induced PI turnover in both
cell-types was substantially (590%) blocked by nanomolar
concentrations of triprolidine, an H1-receptor selective

antagonist, but not signi®cantly in¯uenced by cimetidine or
clobenpropit, H2- and H3-receptor selective antagonists
(Figure 2b). The potency, determined from concentration-

response curves, of triprolidine for inhibiting histamine-
stimulated PI turnover was: Ki=3.2+0.66 nM in P-CEPI cells;
Ki=3.03+0.8 nM in CEPI-17-CL4 cells (n=4±10) (e.g. Figure

3a). The speci®c PLC inhibitor, U73122, inhibited histamine-
induced PI turnover (IC50=4.8+2.4 mM, n=3) (Figure 3b),
while an inactive analogue, U73343 (10 nM ± 10 mM) was
without any e�ect (data not shown).

[Ca2+]i mobilization

Histamine stimulated mobilization of [Ca2+]i in CEPI-17-CL4
cells (EC50=6.3+1.5 mM; n=4) which correlated reasonably
well with its potency in stimulating PI turnover (e.g. Figure

2a). Representative tracings of [Ca2+]i mobilized in response to
control and test agents are shown in Figure 4a. The response to
a maximally e�ective concentration of histamine (100 mM) was
greater than that to a maximally e�ective concentration of BK
(1 mM) (Figure 4a). However, while triprolidine (10 mM)
blocked the histamine-induced [Ca2+]i mobilization it did not
in¯uence the BK-induced response (Figure 4a, panel B).

Similar results were obtained in P-CEPI cells (data not shown).
The speci®c PLC inhibitor, U73122 (4 mM) e�ectively
prevented histamine-induced [Ca2+]i mobilization (Figure

4b). However, U73343 (a known inactive analogue of
U73122) neither inhibited BK- nor histamine-induced [Ca2+]i
mobilization (data not shown).

In order to determine the contribution of extracellular Ca2+

to the histamine-induced [Ca2+]i mobilization in CEPI-17 cells,
the e�ect of calcium chelator EGTA (4 mM ®nal) was
investigated. EGTA appeared to reduce the histamine-induced

[Ca2+]i mobilization by about 28% in CEPI-17-CL4 cells
(Figure 4b).

Cytokine release

Histamine concentration-dependently stimulated the secretion

of IL-8, IL-6 and granulocyte macrophage colony-stimulating
factor (GM-CSF) from CEPI cells with potencies of
1.28+0.32 mM for IL-8, 2.77+1.61 mM for IL-6 and

1.45+0.53 mM for GM-CSF (n=4 for each) (e.g. Figure 5).
Histamine appeared not to signi®cantly e�ect tumour necrosis
factor-a (TNF-a) release (data not shown). However, IL-1
(10 ng ml71 ®nal) potently stimulated the release of all four

cytokines from these cells by 1.8+0.14 to 2.51+0.9 fold above
basals (n=4 for each cytokine; P50.05). Typically, the basal
levels of the cytokines were: IL-8=903 ± 1510 pg ml71, IL-

6=244 ± 270 pg ml71, GM-CSF=12 ± 19 pg ml71, TNF-
a=0.35 ± 0.73 pg ml71.

PGE2 and collagenase-1 release

Histamine (0.01 mM± 1 mM) had no signi®cant e�ect on the
release of either PGE2 (Figure 6a) or collagenase-1 (MMP-1)

a

b

Figure 2 Histamine-induced PI turnover and [Ca2+]i mobilization in
CEPI cells. (a) shows the concentration-response curves for histamine
in stimulating PI turnover and [Ca2+]i mobilization and (b) shows
the antagonistic e�ects of triprolidine (100 nM), cimetidine (10 mM)
and clobenpropit (10 mM) on the PI response in CEPI-17-CL4. Data
were represented as the percentage of the maximal response induced
by histamine. Data are mean from nine experiments (vertical line
show s.e.mean) for PI turnover and from up to four experiments for
the [Ca2+]i mobilization studies. Similar results were obtained for P-
CEPI cells (data not shown). *P50.05 relative to the control
histamine-induced response by ANOVA with a post-test.
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(Figure 6b) from CEPI cells. However, 10% foetal bovine
serum stimulated PGE2 release (Figure 6a) and the phorbol

ester (PMA ; 3 mg ml71 ®nal) stimulated MMP-1 release when
tested in parallel with histamine (Figure 6b).

Discussion

We recently reported in an abstract (Sharif et al., 1997b) the

presence of histamine receptors coupled to PLC in human

a

b

Figure 3 E�ects of triprolidine and the phospholipase C inhibitor,
U73122, on PI turnover in CEPI cells. (a) shows the concentration-
dependent inhibition of histamine-induced PI turnover in P-CEPI
(*) and CEPI-17-CL4 (~) cells. (b) shows the e�ects of U73122.
The cells were pre-treated with various concentrations of triprolidine
or U73122 prior to stimulation with 100 mM histamine to induce the
accumulation of [3H]-IPs. Data are from a representative experiment
for each cell type using triprolidine but the composite numerical data
obtained from four such experiments are shown in the Results
section. Data (d.p.m.) are mean from three experiments for U73122;
vertical lines show s.e.mean.

a

b

Figure 4 E�ects of various agents on [Ca2+]i mobilization in CEPI-
17-CL4 cells. Cells were pre-treated with the test agent for 5 min
prior to the addition of histamine. Representative traces of the
[Ca2+]i mobilization signals (a) induced by histamine (panel A) are
shown. E�ects of the H1-receptor histamine antagonist, triprolidine,
on histamine (100 mM)- and bradykinin (BK; 1 mM)-induced Ca2+-
responses are shown in panel B (a). In (b) the e�ects of triprolidine,
U73122 and EGTA on histamine-induced [Ca2+]i mobilization in
CEPI-17-CL4 cells are shown. *P50.05 relative to the histamine-
induced response by ANOVA with a post-test.
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P-CEPI cells and showed the immortalized cells to continue to

express these receptors. The aims of the present studies were to
use radioligand binding and second messenger assays to
pharmacologically characterize these receptors on the primary

and immortalized CEPI cells, and then to endeavour to
associate these characteristics with possible functional cou-
pling of the receptors to the release of some pro-in¯ammatory

mediators (e.g. cytokines and prostaglandin E2) since
histamine causes symptoms of allergic conjunctivitis on the
ocular surface (Berdy et al., 1991; Abelson & Schaefer, 1993).

In the current studies, [3H]-pyrilamine bound to washed
CEPI-17-CL4 cell homogenates with nanomolar a�nity and to
a ®nite number of saturable binding sites (Figure 1a) which
exceeded those for [3H]-BK (Wiernas et al., 1998). Since [3H]-

pyrilamine is an H1-selective histamine antagonist radioligand
(Hill, 1990), our data suggested that the receptors present on
these cells were of the H1-subtype. This was con®rmed further

by the ®nding that both triprolidine and pyrilamine (both
being H1-selective; Sharif et al., 1994) potently competed for
[3H]-pyrilamine binding (nanomolar a�nities) while the H2-

and H3-selective antagonists (ranitidine and clobenpropit) were
weak inhibitors of [3H]-pyrilamine binding (Figure 1b). These
data compared well with the ligand binding characteristics of

the rodent brain H1-receptors (Hill, 1990; Sharif et al., 1994;
1996b) and those in other cells/tissues (Hill, 1990) and helped
pharmacologically de®ne the histamine receptor binding sites
on CEPI cells as the H1-subtype binding sites.

Histamine stimulated PI turnover and intracellular Ca2+

([Ca2+]i) mobilization in the CEPI cells in a concentration-
dependent manner with a micromolar potency (Figure 2a).

These observations compared well with those previously

reported for human conjunctival epithelial cells (Sharif et al.,

1996a), human trabecular meshwork cells and human corneal
®broblasts (Sharif et al., 1994; 1997c) and smooth muscle cells
(DDT1MF-2 cell-line) (Dickenson & Hill, 1991). Once again,

since the histamine-induced PI turnover and [Ca2+]i mobiliza-
tion in CEPI cells were potently blocked by triprolidine but
weakly in¯uenced by cimetidine and clobenpropit (Figures 2b

and 3a), these functional responses appeared to be mediated by
the H1-receptor subtype, this being in agreement with the
radioligand binding studies on CEPI-17-CL4 cells discussed
above and also correlating well with the functional studies on

human conjunctival epithelial cells (Sharif et al., 1996a;
1997b). In addition, the histamine-induced [Ca2+]i mobiliza-
tion in these cells was speci®cally antagonized by triprolidine,

which was without any signi®cant e�ect on the BK-induced
response (Figure 4a).

The fact that the PLC inhibitor, U73122, e�ectively blocked

both the PI turnover and [Ca2+]i mobilization in CEPI cells
(Figures 3b and 4b) suggested that the product(s) of the
inositol lipid hydrolysis were directly involved in mobilizing

[Ca2+]i in these cells as noted previously in Swiss 3T3 cells
(Gri�n et al., 1997), rat vascular smooth muscle cells (A7r5)
(Gri�n et al., 1998), platelets and neutrophils (Bleasdale et al.,
1990) and other cell-types (Berridge & Irvine, 1984). The

histamine-induced [Ca2+]i mobilization in CEPI-17-CL4 cells
appeared to be primarily derived from intracellular stores since
pre-treatment of the cells with the Ca2+-chelator, EGTA, only

partially reduced the Ca2+-signal (Figure 4b). These results

Figure 5 E�ects of histamine on cytokine release from P-CEPI cells.
E�ects of various concentrations of histamine (10 nM± 1 mM) on the
release of IL-8, IL-6 and GM-CSF are shown. Similar results were
obtained with CEPI-17-CL4 cells (data not shown). Data are mean
from cells obtained from a representative of four human donors. IL-1
(10 ng ml71) signi®cantly (P50.05 as compared to the basal level by
ANOVA with a post-test) stimulated the release of IL-8, IL-6, GM-
CSF and TNF-a from these cells (see Results).

b

a

Figure 6 E�ects of histamine and foetal bovine serum on PGE2
release (a) and e�ects of histamine and phorbol ester on MMP-1
release (b) from CEPI cells. Data are mean from 3 ± 4 experiments/
donors using histamine (0.01 ± 1000 mM) or serum (10%) or PMA
(3 mg ml71) to stimulate the cells; vertical lines show s.e.mean.
*P50.05 as compared to the basal level by ANOVA with a post-test.
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suggest that the histamine-induced functional responses in the
CEPI cells depend largely on the PLC-induced generation of
inositol trisphosphate (IP3) to release [Ca2+]i from the cellular

endoplasmic reticulum, and also perhaps on the diacylglycerol
(DAG) which is concomitantly produced from PI hydrolysis
(Berridge & Irvine, 1984). However, these and other roles of
DAG in the CEPI cells remain to be investigated.

Human CEPI (P-CEPI and CEPI-17-CL4) cells express
mRNAs for pro-in¯ammatory cytokines (Sharif et al., 1997b).
Therefore, it was noteworthy that histamine concentration-

dependently stimulated the release of IL-8, IL-6 and GM-CSF,
without signi®cantly stimulating TNF-a release (Figure 5) with
potencies matching histamine's e�ects on PI turnover and

[Ca2+]i mobilization. This indicated some degree of speci®city
of the histamine e�ect even within the cytokine family.
Notably, however, the positive control agent (IL-1a) tested
alongside with histamine was a potent secretagogue of all four
cytokines in these cells. These ®ndings corroborate other
reports on the ability of human CEPI cells/corneal tissue to
secrete cytokines in response to various stimuli (Wake®eld &

Lloyd, 1992; Cubitt et al., 1993; Faquet et al., 1997) and also
during the development of the pathology of pseudophakic
bullous keratopathy (Rosenbaum et al., 1995). The cytokine

release induced by histamine in the CEPI cells was speci®cally
related to histamine since BK was not a cytokine secretagogue
(Wiernas et al., 1998). However, even though the positive

control agents (serum and PMA) potently stimulated the
release of PGE2 and collagenase-1 (MMP-1) from CEPI cells
(Figure 6), respectively, histamine over a wide concentration

range failed to stimulate PGE2 or MMP-1 secretion from these
cells. This is in contrast to the stimulatory e�ects of platelet-
activating factor (PAF) on these pro-in¯ammatory mediator
release from rabbit CEPI cells as measured from rabbit

corneas in vitro (Hurst et al., 1995; Tao et al., 1995; Bazan et
al., 1997).

In conclusion, our studies have shown the presence of high-

a�nity [3H]-pyrilamine binding sites on human CEPI cells

which represent the pharmacologically responsive H1-receptors
mediating PI hydrolysis, leading to the generation of IPs,
which in turn stimulate [Ca2+]i mobilization predominantly

from intracellular stores. The consequence of H1-receptor
activation in the human CEPI cells appears to be the
stimulation of cytokine release indicating a possible link to
the involvement of corneal epithelial cells in causing and/or

amplifying the allergic/in¯ammatory conditions associated
with the human ocular surface. Collectively, our results have
shown that the CEPI cells are fully responsive to the mast cell

mediator histamine with the ability to potentially further
amplify the allergic in¯ammation by elaborating pro-in¯am-
matory cytokines in response to histamine.

Additionally, CEPI cells in vivo could be recruited by the
conjunctival mast cells and epithelial cells to initiate/propagate
the in¯ammation on the ocular surface. In terms of possible

therapeutic implications, these results suggest that treatment
with antihistamines such as emedastine (EmedineTM; Sharif et
al., 1994; 1997c; Yanni et al., 1994) and/or compounds like
olopatadine (PatanolTM; Sharif et al., 1996b; Yanni et al.,

1997) which possess antihistaminic and antiallergic properties
to combat allergic conjunctivitis would potentially o�er
additional bene®ts by also inhibiting potential secretion of

proin¯ammatory cytokines from the corneal epithelial cells.
Therefore, the CEPI cells in culture o�er means to study ocular
in¯ammatory mechanisms and they could also be useful in the

drug discovery process to develop new generation of drugs to
treat allergic in¯ammatory diseases of the human ocular
surface.
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