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Abstract
AIM
To study activation of extracellular signal-regulated kinase-1/2 (ERK1/2) and pro-matrix metalloproteinases (pro-MMPs) secretion from isolated primary human ciliary muscle (h-CM) cells in response to bradykinin (BK) and other agonists. 

METHODS
Serum-starved h-CM cells were challenged with vehicle, BK agonists or antagonists. Cell lysates were evaluated for phosphorylated ERK1/2 using homogeneous time-resolved fluorescence technology based on a sandwich immunoassay. Rabbit polyclonal anti-pro-MMP antibodies were used to measure pro-MMPs using immunoblot analysis.

RESULTS
A 10 min incubation time using 5 × 104 h-CM cells/well was optimum condition for studying stimulation of ERK1/2 phosphorylation. BK (100 nmol/L) caused a 1.86 ± 0.26 fold (n = 3) increase in ERK1/2 phosphorylation above baseline. BK analogs, Met-Lys-BK and RMP-7 (100 nmol/L), also stimulated ERK1/2 phosphorylation by 1.57 ± 0.04 and 1.55 ± 0.09 fold, respectively. However, Des-Arg9-Bradykinin, a B1 receptor-selective agonist (0.1-1 μmol/L), was essentially inactive. HOE-140 or WIN-64338 (B2-antagonists) appreciably blocked phosphorylation of ERK1/2 induced by various BK agonists. Pre-treatment of cells with a prostaglandin (PG) synthase inhibitor (bromfenac; 1 μmol/L) failed to alter kinin-induced ERK1/2 activation. BK and a non-peptide BK agonist (FR-190997) (10 nmol/L-1 µmol/L) also enhanced pro-MMPs secretion (pro-MMP-1 > Pro-MMP-3 > pro-MMP-2; 1.45-1.75-fold over baseline) from h-CM cells. 

CONCLUSION
These collective data suggest that B2 kinin receptors initiate signaling in h-CM cells by a relatively rapid mechanism (within minutes) involving ERK1/2 activation which in turn regulates MMPs production (within hours). The latter process does not involve PGs.
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Core tip: Bradykinin (BK), its peptide and non-peptide analogs and mimetic were potently and efficaciously able to stimulate extracellular signal-regulated kinase 1/2 phosphorylation in human ciliary muscle (h-CM) cells in vitro. Additionally, these agonists also induced the production and secretion of pro-matrix metalloproteinases in a prostaglandin-independent manner. Selective antagonists helped link these responses to be mediated via the B2-receptor sub-type in h-CM cells. These mechanistic studies show how BK can lower intraocular pressure in animals when delivered to the eye.
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INTRODUCTION
Bradykinin (BK) and Lys-BK are generated from precursor polypeptides (kinninogens) by the proteolytic actions of the enzymes kallikreins[1,2]. BK, its synthetic components and constituents, and its signal-transducing receptor proteins (B1- and B2-receptors) are all present in the mammalian eye, including in the ciliary muscle, ciliary epithelium, trabecular meshwork, and the retina[3-7]. Whilst there has been confusion about the physiological and pathological roles of BK in ocular function, in particular related to elevation or reduction of intraocular pressure (IOP)[8-15], recent studies have clearly demonstrated that BK has some beneficial effects in the anterior chamber. Thus, BK and two non-peptide mimics of BK (FR-190997 and BKA278), cause IOP lowering in rabbits, mice and Cynomolgus monkeys when delivered intravitreally and/or topical ocularly[16-18]. Additionally, BK and FR-190997 cause the IOP reduction by increasing uveoscleral outflow in living monkey eyes[17] and by conventional outflow in isolated perfused bovine eye anterior chambers[16-19]. 
The cellular and molecular pathways activated by BK B2-receptors involve phosphoinositide hydrolysis, intracellular Ca2+-mobilization, and prostaglandin (PG) release[16-19]. However, the elements linking these signal transduction pathways in the h-CM cells to IOP reduction have not been reported to our knowledge. Therefore, we embarked on the current studies in order to investigate the possible stimulation of extracellular signal-regulated kinase 1/2 (ERK1/2) and pro-MMPs secretion from isolated h-CM cells in response to BK and FR-190997. We utilized a number of BK-related peptides, a non-peptide BK agonist, two receptor-specific antagonists (Figure 1) to delineate the receptor-subtype mediating some of the actions of BK in h-CM cells in these mechanistic studies. In addition, we used a PG synthase inhibitor [bromfenac (BF); cyclooxygenase inhibitor; Figure 1] in order to determine whether PGs were involved in mediating the effects of BK agonists on ERK1/2 activation. A preliminary account of these studies was presented at a meeting of Association for Research in Vision and Ophthalmology (ARVO)[20]. 

MATERIALS AND METHODS
Cell isolation and culture 
Human ciliary smooth muscle (h-CM) cells were prepared from normal human cadaveric eyes using the procedure previously described earlier[21-23].  In brief, human eyes were obtained from NDRI (Philadelphia, PA). Ciliary muscles were dissected with the aid of a dissecting microscope under sterile conditions, cleaned, and cut into 1-2 mm pieces. The explants were placed in DMEM containing 2 mg/mL collagenase type IA, 10% fetal bovine serum (FBS), and 50 µg/mL gentamicin and then incubated for 1-2 h at 37 °C with occasional shaking. When a major part of the explant was dispersed into single cells or groups of cells, the cell suspension was centrifuged at 200 g for 10 min and re-suspended in DMEM supplemented with 10% FBS, 100 U/mL penicillin G, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin B and maintained in a 5% CO2 humidified atmosphere. The confluent cells were sub-cultured at a split ratio of 1:4 using 0.05% trypsin and 0.02% EDTA. Cells of passage number 2-8 were used in the current studies obtained from numerous human donor eyes.
 
Immunoassay for ERK1/2
h-CM cells were initially seeded at different densities ranging from 1 ×  104 to 1 × 105 and grown over two days in 96-well plates to 80%-90% confluence. Using cells at this confluence level prevented any potential contact inhibition, and thus the responses to pharmacological agents were not confounded by the latter factor. Once the optimum number of cells/well was determined, all subsequent experiments utilized 5 × 104 cells/well. Cells were then starved off serum overnight before being challenged with BK agonists or antagonists (Figure 1) for various times and with different ligands at various concentrations. Cells were lysed using lysis buffer provided in the Cellul’erk kit from CisBio (Bedford, MA) for direct detection of phosphorylated ERK1/2 at room temperature with shaking for 30 min after the ligand treatment. The cell lysates then received homogeneous time-resolved fluorescence (HTRF) conjugates containing phospho-ERK1/2 antibodies and the incubation continued for 2 additional hours at 23 ºC. Phosphorylated ERK1/2 was then detected using an anti-phospho-ERK1/2 antibody labeled with d2 and an anti-ERK1/2 antibody labeled with Eu3+-Cryptate using HTRF technology based on a sandwich immunoassay. Recording of the fluorescence signals was performed at 620 nm for the donor and 665 nm for the acceptor[20]. A ten-minutes incubation with agonist ligands using 5 × 104 cells was found to be optimum for such studies. B2-receptor antagonists (HOE-140; WIN-64338) or an enzyme inhibitor (BF; PG synthase inhibitor) (Figure 1), when used, were added to the cells 15 min prior to the agonist compound.

Pro-MMP secretion from h-CM cells
For these experiments, 12 h-serum-starved (almost confluent) h-CM cells were incubated with the test compound or buffer vehicle for 6 h. This time-point was chosen based on the peak IOP-reduction observed following intravitreal injection of BK[16]. Centricon concentrators (10-kDa cutoff; Centricon-10; Amicon Beverly, MA) were them used to concentrate the incubation medium (10-fold) from each well and adjusted to a 10:1 concentration. The concentrated incubation media (40 µL) were then loaded on SDS-polyacrylamide (10%) gels. This was followed thereafter by transfer to nitrocellulose membranes. The latter were first blocked with non-fat dry milk (5%) (Biorad, Hercules, CA), and then incubated with specific antibodies for pro-MMP-1 (Dilution at 1:1000; Cat# AV42039; Sigma-Aldrich, St. Louis, MO), pro-MMP-2 (Dilution at 1:1000; Cat# 1M-33, Calbiochem, Billerica, MA), or pro-MMP-3 (Dilution at 1:1000; Cat# Ab2963; Millipore, Billerica, MA) (12 h with gentle shaking at 4 °C). Synthetic peptides directed towards N-termini of human pro-MMP-1, pro-MMP-2, or pro-MMP-3 were used by the manufacturers to generate all the antibodies for pro-MMPs. Appropriate secondary antibodies (HRP-conjugated; dilution 1:3000) were incubated with the membranes for 1 h at 20 ºC. Standard molecular-weight markers and pre-stained proteins were used in the same experiments for comparisons. At the appropriate time, these membranes were treated with enhanced chemiluminescent reagent (Amersham Pharmacia, Piscataway, NJ) and a Biorad Versadoc imaging system (Biorad, Hercules, CA) utilized to monitor the chemiluminescent signal[21,22]. After this, quantitative densitometry was used to quantify the band intensities followed by normalization with cellular protein for each respective band. This process was followed to account for potential differences in cell densities/well. Student’s t-test was used to determine potential statistical differences between all treatments, with P < 0.05 being the minimally acceptable level of statistical significance.

RESULTS
Initial studies focused on determining the optimal conditions of ERK1/2 phosphorylation in primary h-CM cells. In response to BK (100 nmol/L), h-CM ERK1/2 phosphorylation was induced in a time (2-15 min)-dependent manner, being highest at 10-15 min relative to the basal levels (Figure 2). All subsequent experiments utilized 5 × 104 cells/well and a 10 min incubation with the agonist compound. When antagonists or an enzyme inhibitor were tested, they were added to the cells 15 min prior to agonist exposure.
BK concentration-dependently stimulated ERK1/2 phosphorylation in h-CM cells with a minimum at 3 nmol/L and a maximum at 1 µmol/L (Figure 2 inset). Such concentration-response studied yielded half-maximal responses (EC50s; efficacy) at 20 nmol/L and 80 nmol/L, from two independent experiments. While 100 nmol/L of the B2-receptor agonists, BK, Met-Lys-BK, and RMP-7 (a metabolically stabile analog of BK) stimulated ERK1/2 phosphorylation to approximately the same degree (1.6-fold above basal), the B1-agonist, Des-Arg9-BK (0.1-1 µmol/L) was much weaker at stimulating ERK1/2 phosphorylation in the same experiments (Figure 3). In the presence of the B2-receptor antagonists, WIN-64338 and HOE-140 (both at 100 nmol/L), ERK1/2 phosphorylation was significantly reduced for the afore-mentioned B2-agonists (Figure 4A). However, pretreatment of h-CM cells with the PG synthase inhibitor BF (1 µmol/L) failed to effect the ERK1/2 phosphorylation induced by BK, Met-Lys-BK or RMP-7 (Figure 4B). BF by itself was also inactive (Figure 4B).
BK and FR-190997 (10 nmol/L-1 µmol/L) stimulated the production/secretion of pro-MMPs from h-CM cells but in a differential manner (pro-MMP-1 > pro-MMP-3 > pro-MMP-2) (Figure 5A-C). However, while the FR-190997 and BK effects were similar on pro-MMP-3 and pro-MMP-2 secretion (Figure 5B and C), BK was a little less efficacious than FR-190997 at stimulating pro-MMP-1 (Figure 5A). However, these differences were statistically insignificant. In additional experiments, the latter agonists also enhanced pro-MMP-2 and -3 secretion (1.4-1.7-fold increase above baseline) from h-CM cells after 24 h incubation with the cells (data not shown). While a minor limitation of the current studies is that active forms of MMP-1-3 were not studied, previous work from our research has demonstrated a closely linked process of pro-MMP secretion and their conversion to the active species in human ocular cells[19,21].

DISCUSSION
Under normal physiological conditions BK primarily activates B2-receptors to mediate its biological effects in the mammalian body[1,2]. Various tissues and cells of the mammalian eye also respond this way as shown using a variety of cell- and tissue-based assays and models[4-7,16-20]. With respect to the actions of BK in h-CM cells, we have recently reported the existence of B2-receptor protein and its activation leading to generation of various intracellular second messengers such as inositol phosphates (IPs) and intracellular Ca2+ whose elevation then causes the release of various PGs (mainly PGE2 and PGF2α)[16-18]. In the current studies in h-CM cells we have extended those observations by demonstrating the relatively fast phosphorylation of ERK1/2 in response to BK and its close analogs, Met-Lys-BK and the stabilized BK-mimetic RMP-7. Consistent with only the stimulation of the B2-receptor, it was evident that the B1-receptor agonist Des-Arg9-BK lacked activity in this regard, and indeed two B2-receptor-selective antagonists, HOE-140 and WIN-64338, blocked the effects of BK on ERK1/2 phosphorylation. Since a PG synthase inhibitor, BF, failed to reduce BK-, Met-Lys-BK and RMP-7-induced ERK1/2 activation in h-CM cells, it appears that ERK1/2 phosphorylation occurs directly and is not mediated indirectly by PGs, at least within the first 10 min of receptor activation in vitro. Further down-stream from B2-receptor activation by BK or a non-peptide BK mimetic agonist, FR-190997, is for instance the generation of pro-MMPs from h-CM cells. This is a time-dependent process that apparently requires several hours. Accordingly, both BK and FR-190997 up-regulated the production of pro-MMP-1-3 in h-CM cells to a similar extent after the agonists were incubated with h-CM cells. BK has also been shown to stimulate ERK1/2 phosphorylation in isolated human trabecular meshwork (h-TM) cells followed by release of MMP-9[24]. Thus, similar series of events ensue following B2-receptor activation by BK in h-CM and h-TM cells. A unifying signal transduction pathway applicable to the h-CM and h-TM cell responses to kinins appears to be as follows:
BK, or its stabilized-mimetic (RMP-7) or a synthetic non-peptide analog (FR-190997), bind to the B2-receptor with high affinity that induces the G-protein (Gq) that couples to the receptor and activates phospholipase C which then hydrolyzes membrane-bound phospholipids to liberate IPs[25] and diacyl glycerol (DAG) into the cellular cytoplasm. IPs then liberate intracellular Ca2+ from the endoplasmic reticulum[15-18] while DAG activates protein kinase C which then activates ERK1/2 via phosphorylation by a mitogen-activated protein kinase[21]. These events are followed by specific induction and release of pro-MMPs into the extracellular space where they are activated. Digestion of extracellular matrix by MMPs[26] leads to the creation of several gaps between bundles of CM and scleral tissues, and perhaps within the TM, to promote outflow of aqueous humor that then causes reduction in the IOP[17-19]. Accordingly, FR-190997 perfused into bovine anterior segments increased outflow of fluid, starting within an hour and reaching an apparent plateau around 4 h of perfusion[17]. It is interesting to note that similar findings were also reported for BK when it was perfused in the same model[19]. In a correlative manner, intravitreally delivered BK in Dutch-belt rabbits has been demonstrated to lower IOP starting around 4-6 h after injection and peaking at 8 h post-injection[16]. Both these events require several hours to be fully operational thereby correlating with the time-course of pro-MMPs production/secretion induced by BK and FR-190997 from h-CM cells (our current study; and from h-TM cells[24]), and stimulation of outflow of fluid in the perfused anterior eye segment model mentioned above[17-19].
These collective data provide further evidence for the involvement of B2-receptors in h-CM cells mediating ERK1/2 activation and pro-MMP-1-3 secretion in response to BK and other B2-receptor agonists. This information correlates well with the time-course of activity of intravitreally injected BK causing IOP-reduction in rabbits[16], without the involvement of B1-receptors[17-19,24].

COMMENTS
Background
Prior studies in human ciliary muscle (h-CM) cells revealed that activation of bradykinin B2-receptors results in generation of two second messengers (ionositol phosphates, Ca2+) that then cause prostaglandin E2 (PGE2) and other prostaglandins (PGs) secretion. The net result of such events in vivo, for instance when BK is injected into the posterior eye segment of rabbits, is the stimulation of aqueous humor outflow from the front of the eye to cause a reduction in intraocular pressure (IOP). However, The authors envisaged that there may be other key biochemical steps involved after B2-receptors activation in h-CM cells, and thus embarked on unravelling these potential pathways. 

Research frontiers
The authors discovered that indeed, bradykinin (BK) and its close peptide and non-peptide analogs/ mimetic, stimulate extracellular signal-regulated kinase 1/2 (ERK1/2) and promote secretion of pro-matrix metalloproteinases (pro-MMPs) from isolated h-CM cells. The B2-receptor involvement in these responses was confirmed utilizing two selective receptor antagonists. The authors also showed that PGs were not involved in such processes since a PG-synthase inhibitor did not influence those responses to BK. 

Innovations and breakthroughs
The innovative portion of the studies involved utilizing classical pharmacological tools coupled with modern cellular and molecular biochemistry to delineate the early-stage and late-phase actions of BK in h-CM cells in vitro. These studies may help explain the time-course of activity of this endogenous peptide in causing and controlling IOP reduction in vivo when it is delivered to the inside of the eye.

Applications
It is hoped that other researchers would be encouraged and excited by the use of such multidisciplinary techniques, tools and technologies, and the overall results, to undertake additional mechanistic studies. Additional exploration of similar mechanisms in other ocular cells involved in aqueous humor dynamics, including non-pigmented ciliary epithelial cells, scleral fibroblasts and other scleral tissue-derived cells, and Schlemm’s canal cells would be very informative.

Terminology
Since some readers may not be so familiar with various terms and abbreviations used in the current paper, a list of the most commonly used terms is provided below. IOP is controlled by the rate of aqueous humor (AQH) formation by the ciliary processes and its drainage from the anterior chamber of the eye. Since IOP is a major risk factor for glaucoma, it is important to learn what and how it can be modulated to help preserve vision. AQH: Aqueous humor; BK: Bradykinin; EC50: Concentration of agonist that produces half-maximal response; ERK1/2: Extracellular signal-regulated kinase-1/2; h-CM: Human ciliary muscle; IOP: Intraocular pressure; PG: Prostaglandin; pro-MMPs: Pro-matrix metalloproteinases.

Peer-review
The manuscript is a mechanistic study describing the molecular sequences by which activated bradykinin receptors initiate a rapid signalling cascade through ERK1/2 which in turn activate the MMP-1, -2 and -3 production leading to subsequent events (previously published by the authors).   The topic of study is good 
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Figure 1 Structures of compounds used in the current studies. BK: Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg; Met-Lys-BK: Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg; RMP-7: H-Arg-Pro-Hyp-Gly-Thi-Ser-Pro-4-Me-Tyrψ(CH2NH)-Arg-OH; Des-Arg9-BK: Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe. A: FR-190997. HOE-140: H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Tic-Oic-Arg-OH (peptide B2-receptor antagonist); D: D configuration of amino acid; D-BT: (3S)[amino]-5-(carbonylmethyl)-2,3-dihydro-1,5-benzothiazepin-4(5H)-one; Hyp: Trans-4-Hydroxy-L-proline; Igl: α-(2-Indanyl)glycine; Oic: Octahydroindole-2-carboxylic acid; Thi: O-(2-thienyl)-alanine; Tic: L-1,2,3,4-Tetrahydroisoquinoline-3-carbonyl; TFA: Trifluoroacetic acid; B: WIN-64338 (non-peptide B2-receptor antagonist); C: Bromfenac sodium (cyclooxygenase inhibitor; PG synthase inhibitor).
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Figure 2 Time-course of bradykinin activation of extracellular signal-regulated kinase-1/2 in cultured primary human ciliary muscle cells. Serum-deprived h-CM cells were incubated with either vehicle as control or with bradykinin (BK) (100 nmol/L) for different time periods. At the end of incubation, cell lysates were analyzed for phosphorylated ERK1/2 as described in the Methods section. Data shown are blank (with nothing added), negative control (just vehicle added), followed by time control and with BK over 2-15 min. The BK-stimulated response was compared with its respective vehicle control at the same time of study. Statistical significances were determined by Student’s t-test with P < 0.05 being the minimally acceptable level of significance. Data are mean ± SEMs from 3 experiments. Differs from control at aP < 0.05 by student’s t-test. The inset depicts a concentration-response curve for ERK1/2 activation by different concentrations of BK (1, 3, 10, 30, 100 nmol/L, etc.). ERK1/2: Extracellular signal-regulated kinase-1/2; h-CM: Human ciliary muscle.
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Figure 3 Effect of B2 and B1 selective agonists on extracellular signal-regulated kinase-1/2 activation in cultured primary human ciliary muscle cells. Serum-deprived h-CM cells were incubated for 10 min with 100 nmol/L B2 selective agonists (BK, Met-Lys-BK and RMP-7) or B1 selective agonist (Des-Arg9-BK). At the end of incubation, cell lysates were analyzed for phosphorylated ERK1/2 using Cellul’erk kit from CisBio. Differs from base-line control, aP < 0.05 by student’s t-test. ERK1/2: Extracellular signal-regulated kinase-1/2; h-CM: Human ciliary muscle;
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Figure 4 Extracellular signal-regulated kinase-1/2 activation in cultured primary human ciliary muscle cells. Effects of two B2-receptor antagonists on kinin-induced ERK1/2 activation by three BK agonists are shown in (A). Effect of bromfenac on kinin-mediated ERK1/2 activation are shown in (B). Serum-deprived h-CM cells were incubated for 10 min with 100 nmol/L B2 selective agonists BK, Met-Lys-BK and RMP-7. In experiments with antagonists or bromfenac, cells were pretreated with 100 nmol/L B2 receptor antagonist HOE-140 or WIN-64338 or bromfenac (1 µmol/L) for 15 min prior to addition of BK agonists. At the end of incubation, cell lysates were analyzed for phosphorylated ERK1/2 using Cellul’erk kit from CisBio. Significantly different than basal responses, aP < 0.05 by student’s t-test. BK: Bradykinin; ERK1/2: Extracellular signal-regulated kinase-1/2; h-CM: Human ciliary muscle.
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[bookmark: _GoBack]Figure 5 Effect of Bradykinin and FR-190997 on pro-matrix metalloproteinases generation in human ciliary muscle cells. The levels of pro-matrix metalloproteinases produced by h-CM cells following exposure to different concentrations of either BK or FR-190997 for 6 h were determined as described in the methods section. Results shown are mean ± SEM from n = 8 for pro-MMP-1 (A); n = 6-8 for pro-MMP-2 (B); n = 4-8 for pro-MMP-3 (C). aP < 0.05-0.01; bP < 0.01-0.009 relative to base-line controls by student’s t-test. BK: Bradykinin; h-CM: Human ciliary muscle; pro-MMPs: Pro-matrix metalloproteinases.
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