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The expression of the natriuretic peptide system in
he human ocular ciliary epithelium (CE) and in cul-
ured nonpigmented (NPE) ciliary epithelial cells was
xamined. By RT-PCR and DNA sequencing, we dem-
nstrated that the CE and NPE cells express mRNA for
i) ANP; (ii) BNP; (iii) NPR-A, NPR-B, and NPR-C re-
eptors; and (iv) the neutral endopeptidase 24.11. Ra-
ioimmunoassay results indicate that BNP is secreted
y cultured NPE cells at much higher levels than ANP.
PR-A and NPR-B receptors elicited a cGMP response

o ANP, BNP, and CNP, in a rank order of potency
CNP @ ANP > BNP), indicative that the NPR-B recep-
or is predominant in NPE cells. A71915, an inhibitor
f NPR-A activity, attenuated (65–75%) cGMP response
o ANP and BNP, but not to CNP. C-ANP4–23 elicited an
nhibitory effect (30–37%) on basal levels of cAMP in
PE cells and on forskolin NPE-treated cells, indica-

ive that the NPR-C receptor is functional in these
ells. PMA induced, in NPE cells, a long-term down-
egulation (75–85%) of NPR-C receptor mRNA, but not
f NPR-A or NPR-B receptor mRNA, suggesting a dif-
erential regulation of NPR-C receptor mRNA via ac-
ivation of PKC. Collectively, our data provide molec-
lar evidence that all the components of the natri-
retic peptide system with the exception of CNP are
oexpressed in the ocular NPE ciliary epithelial cells,
here they may function as local autocrine/paracrine
odulators to influence eye pressure. © 1999 Academic Press

The natriuretic peptide system is comprised of three
tructurally related peptides: atrial natriuretic peptide

1 To whom correspondence should be addressed. Fax: 203-785-
123. E-mail: miguel.coca-prados@yale.edu.
Abbreviations used: NPE, ocular nonpigmented ciliary epithelial

ells; ANP, atrial natriuretic peptide; BNP, brain natriuretic pep-
ide; (CNP), C-type natriuretic peptide; NPR-A, -B and -C, natri-
retic peptide receptors; PMA, phorbol-12-myristate 13-acetate;
KC, protein kinase C; RT-PCR, reverse transcription-polymerase
hain reaction.
21
riuretic peptide (CNP), and at least three distinct
ubtype natriuretic peptide receptors (NPR-A, NPR-B
nd NPR-C) (1). There is also evidence that several
roteases are involved in the metabolic clearance and
pecific degradation of natriuretic peptides. Among
hese enzymes figured: i) the neutral endopeptidase
NEP) 24.11, a zinc-containing metalloendopeptidase
hat cleaves at the Cys7-Phe8 bond of ANP (2), and ii)
he insulin-degrading enzyme (IDE), a thiol-metallo-
ndopeptidase that cleaves ANP at the Ser25-Phe26

ond and exhibits a substrate and cleavage specificity
omparable to that originally observed with insulin (3, 4).

There is now a significant amount of information
upporting the view that natriuretic peptides are in-
olved in the regulation of important physiological
unctions including blood pressure and fluid homeosta-
is (5). The actions of natriuretic peptides are mediated
y their selective interaction with the their cognate
eceptors, leading to the generation of second messen-
ers cyclic AMP (cAMP), cyclic GMP (cGMP), or the
odulation of ion channels (6). There is physiological

nd medical interest in the role of the natriuretic pep-
ide system in hypertension (1), and it has also been
uggested that a similar system may be involved in the
egulation of intraocular pressure in the mammalian
ye (7). A pathological elevation in the intraocular
ressure is usually associated with the development of
laucoma (8).
Previous studies have documented the expression of

atriuretic peptides and natriuretic receptors in the
at and rabbit eyes (9); and the hypotensive effects of
NP on experimental animals (10) or in humans with
n elevated intraocular pressure (11) has been de-
cribed. The site of aqueous humor production in the
ammalian eye is the ciliary epithelium (CE), and

ecent studies have shown that the nonpigmented
NPE) ciliary epithelial cells of the human CE express
egulatory peptides and receptors with known hypo-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ystem (12–14). It has been suggested that the regula-
ion of intraocular pressure might be under neuroen-
ocrine control through peptides synthesized and re-
eased by the CE and targeting the peptide producing
iliary epithelial cells by an autocrine mechanism
nd/or cells at the outflow system (trabecular mesh-
ork cells) by a paracrine mechanism (7).
In this report, we present experimental evidence

hat all the components of the natriuretic peptide sys-
em with the exception of CNP are coexpressed at the
ite of secretion of aqueous humor, in the NPE ciliary
pithelial cells of the human eye.

ATERIALS AND METHODS

Source of human eye tissue and aqueous humor. Eyes were ob-
ained from cadavers within 24 h after enucleation through the
ational Disease Research Interchange (Philadelphia, PA). Under a
issecting microscope the ciliary processes containing the ciliary
pithelium (CE) were microdissected and stored in liquid nitrogen
ntil further analysis. Aqueous humor fluid samples were obtained
rom normal donor patients (50 to 75 years old) through the Yale Eye
enter (kindly provided by Dr. Marc Weitzman). Investigations with

he human subjects was approved by the Human Subjects Commit-
ee of Yale University and, as far as it applies, followed the tenets of
he Declaration of Helsinki.

Cell culture and drug treatment. A human ciliary epithelial cell
ine, ODM-2, established from the NPE cell layer of a 2-year old
onor was used in this work (15). This cell line was maintained in
ulbecco’s modified Eagle medium (DMEM) supplemented with 10%

etal calf serum (FCS) in humidified 5% CO2–air at 37°C. ODM-2
ells were grown to semiconfluency in 25-cm2 Primaria tissue culture
asks (Becton–Dickinson, Franklin Lakes, NJ), and then treated
ith the single addition of phorbol-12-myristate 13-acetate (PMA) at
0 nM for 6, 24, and 48 h. When treated with natriuretic peptides,
ells were incubated in DMEM in the absence of serum and contain-
ng 1 mM concentrations of ANP, BNP or CNP for the times indicated
n the figure legends. A71915 was a gift from Abbott Laboratories
nd used at concentrations indicated in the figure legends. Forskolin
as used at 1 mM, KCl at 75 mM and veratridine at 10 mM. All drugs,
ith the exception of A71915 (Abbott Laboratories, Abbott Park, IL)
ere purchased from Sigma, Co. (St. Louis, MO).

Cyclic GMP assay. ODM-2 cells were cultured on 24 multiwell
lates and grown overnight in DMEM with 10% FCS at a density of 105

ells/well. Cells were washed twice with DMEM without serum, and
hen incubated for 5 min with DMEM containing 1 mM isobutylmeth-
lxanthine (IBMX), in the presence or absence of A71915. Immediately
fter, 1 mM ANP, BNP or CNP were added separately to individual
ells and further incubated for 5 min at 37°C. The supernatant was

ollected and discarded, and cells harvested in 0.5 ml of 6% (v/v) tri-
hloroacetic acid. Cells were pelleted after centrifugation at 2500g at
°C for 15 min and the supernatant collected and extracted five times
ith 2 vol of water-saturated ether, separating and discarding in each

ase the organic phase. After the last extraction, sample was lyophi-
ized, dissolved in sodium acetate buffer and used directly in the radio-
mmunoassay following the commercial instructions for the cGMP
125I]RIA kit (NEX-133) purchased from New England Nuclear. The
eterminations were carried out in triplicate.

Cyclic AMP assay. ODM-2 cells were cultured on 24 multiwell
lates and grown overnight in DMEM with 10% FCS at a density of
05 cells/well. Cells were preincubated for 5 min with DMEM con-
aining 1 mM theophiline. Immediately after, 0.1 mM of C-ANP4–24

as added for 10 min in the presence or absence of 1 mM forskolin
22
richloroacetic acid, pelleted for 5 min at 2500g and the supernatant
ollected and saved. An additional 250 ml of water was added to the
ellet of cells, resuspended, and pelleted again. Supernatants were
ombined and extracted five times with 2 vol of water-saturated
ther, separating and discarding the organic phase. After the last
xtraction, sample was lyophilized, dissolved in sodium acetate
uffer and used directly in the radioimmunoassay following the
ommercial instructions for the cAMP [125I]RIA kit (BT-300) pur-
hased from Biomedical Technologies Inc (Stoughton, MA). The de-
erminations were carried out in triplicate.

Radioimmunoassay for ANP and BNP peptides. Commercial ra-
ioimmunoassay systems were used to measure the concentration of
NP and BNP peptides in human aqueous humor, and in cultured
PE cells. Briefly, aqueous samples (100–200 ml) were collected from
uman eye donors and kindly provided by Dr. Marc Weitzman at the
ale Eye Clinic. Human NPE cells (ODM-2 cell line) were cultured
n petri dishes and grown up to 80% semiconfluent in DMEM con-
aining 10% FCS, and further incubated in DMEM serum-free for
h, in the presence or absence of 75 mM KCl, or 1 mM veratridine.
he supernatants and cells in each experiment were collected sepa-
ately and analyzed by radioimmunoassay for ANP and BNP pep-
ides. The determinations were carried out in triplicate, following the
nstructions indicated in the kits for ANP (RIK 8798), and BNP (RIK
086) respectively from Peninsula Laboratories, Inc. (Belmont, CA).

Reverse transcription-polymerase chain reaction (RT-PCR) assays.
ligonucleotides sets of primers used in PCR amplification for sequenc-

ng and polymerase chain reaction (PCR) were synthesized in the DNA
ynthesis Facility at Yale University. Set of primers were selected
ased on published cDNA nucleotide sequences and with the aid of a
rimer-select program of DNASTAR (DNASTAR Inc. Madison, Wiscon-
in) as shown in Table I. The PCR method of Saiki et al. (16) was used
o anneal primers to cDNA synthesized in vitro from total RNA ex-
racted from intact ciliary processes of human eyes, and the human
PE cell line ODM-2, using a RT-PCR kit (Stratagene, La Jolla, CA) as
reviously described (12). Each PCR cycle consisted of a denaturation
tep at 94°C for 1 min, 1 min of annealing at the optimal temperature
nd 1 min of polymerization at 72°C. This cycle was repeated 30 cycles
or each of the set of primers used in this work. The final polymerization
tep was extended an additional 5 min.

Semiquantitative RT-PCR. Optimization of RT-PCRs for semi-
uantitative analysis was carried out as previously described (13). Val-
es of the level of expression estimated by semiquantitative analysis
re represented as means of triplicate experiments 6 standard errors of
he means, and are plotted as percent of control. Asterisks indicate
tatistical significance calculated using Student’s t test (p , 0.05).

ESULTS

Expression of atrial (ANP) and brain (BNP) natri-
retic peptides, natriuretic peptide receptors subtypes
PR-A, NPR-B, and NPR-C, and neutral neuropepti-
ase 24.11 in the human ciliary epithelium and non-
igmented ciliary epithelial cells. Reverse transcrip-
ase (RT), followed by polymerase chain reaction (PCR)
nd nucleotide sequencing, was used to determine
NP, BNP and CNP mRNA in the human CE and in a
uman NPE cell line (ODM-2) derived from the ocular
iliary epithelium (15). Set of pairs of oligonucleotide
rimers were selected (see Table I), based on the hu-
an cDNA sequences for ANP, BNP and CNP respec-

ively. The primers were annealed to DNA templates
ynthesized in vitro from total RNA extracted from the
E and from cultured ODM-2 cells. The predicted DNA
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ragments for precursors of ANP (233-bp) and BNP
202-bp) were amplified and resolved on agarose gels
Fig. 1). However, no amplification was obtained for
NP (data not shown). The PCR products amplified for
NP and BNP were purified, their nucleotide sequence
etermined, and verified to share 100% homology with
heir respective cDNA sequences.

Oligonucleotid

Gene Forward/Reverse

trial natriuretic peptide 59.CAGTGAGCCGAATGAAGAAG,
(ANP) 59.GGGCTCCAATCCTGTCCA,39
rain natriuretic peptide 59.GGGCGCTCCTGCTCCTGCTCT
(BNP) 59.ACACCTGTGGGACGGGGGCTC
-type natriuretic peptide 59.GCCTGCGCCCTGCTGCTCA,3
(CNP) 59.GCGCGTTGGGGTGCTCTTG,3
eutral neuroendopeptidase 59.AGCAGCCTCAGCCGAACCTAC
(NEP) 59.AGAATGCCGGCTGGGAAGACT
atriuretic peptide receptor 59.CTTGGGGAGAGGGGGAGTAGC
(NPR-A) 59.GGGGGTCGGGGGAGCAGGTA
atriuretic peptide receptor 59.AACGGGCGCATTGTGTATATC
(NPR-B) 59.TTATCACAGGATGGGTCGTCC
atriuretic peptide receptor 59.GAAGGTATCGCCGGGCAGGTG
(NPR-C) 59.TCTTCCCGTAATTCCCGATGTT

-Actin 59.TGCGCAGAAAACAAGATGAGA
59.TGGGGGACAAAAAGGGGGAAG

FIG. 1. RT-PCR analysis of atrial natriuretic peptide (ANP), bra
atriuretic peptide receptors (NPR-A, NPR-B, and NPR-C) in the hu
ell line, ODM-2. Total RNA isolated from ciliary processes of a hu
nalysis using oligonucleotide primer pairs that amplifies regions co
NA products amplified were resolved in 1% agarose gel, and visualiz

xpected size were sequenced directly and verified to share 100% ho
roduct is indicated at the right of each gel, and of a 1-kb DNA stan
23
To determine the expression of natriuretic peptide
eceptors, NPR-A, NPR-B or NPR-C, we also applied
T-PCR by annealing pair of oligonucleotide primers
elected for the human nucleotide receptors cDNAs
Table I), to DNA synthesized from RNA prepared from
he CE and ODM-2 cells. The expected DNA fragments
mplified for NPR-A (491-bp), NPR-B (692-bp) and

Primer Pairs

Location
PCR prod

(bp)
Annealing
temp (°C)

GenBank
Acc. #

(880 to 896) 233 64 X01471
(1095 to 1112)

,39 (523 to 545) 202 70 M31776
,39 (955 to 933)

(331 to 349) 265 68 E03596
(1021 to 1039)

G,39 (1276 to 1299) 539 56 Y00811
C,39 (1814 to 1791)
,39 (3197 to 3219) 491 62.5 X15357
T,39 (3687 to 3664)

CGGC,39 (1308 to 1334) 692 55 L13436
GTCA,39 (1999 to 1973)
C,39 (1246 to 1269) 401 57.4 X52282
,39 (1646 to 1623)
,39 (1219 to 1241) 438 60 X00351

39 (1656 to 1635)

natriuretic peptide (BNP), neutral endopeptidase 24.11 (NEP), and
n ciliary epithelium (C.E.) and in the human NPE ciliary epithelial
n eye donor and cultured ODM-2 cells were subjected to RT-PCR
ponding the natriuretic peptides, their cognate receptors and NEP.
with ethidium bromide. The gel-purified PCR DNA fragments of the
logy with the corresponded cDNAs. The size of the predicted DNA
rd marker ladder at left.
e
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PR-C (401-bp) were resolved on agarose gels (Fig. 1),
urified and sequenced. The nucleotide sequences of
hese fragments indicated that they were 100% identi-
al to the nucleotide sequences of the respective human
PR-A, NPR-B and NPR-C receptors.
Finally, we explored by RT-PCR the expression of

he neutral endopeptidase 24.11 (NEP) in human CE
nd cultured ODM-2 cells. A predicted DNA product
539-bp) was amplified by RT-PCR (Fig. 1) using a pair
f oligonucleotide primers for NEP (Table I). The nu-
leotide sequence of this DNA product shared 100%
omology with the nucleotide sequence of the human
EP cDNA.
These results indicated that the with the exception of

NP mRNA, transcripts for all the other known compo-
ents of the natriuretic peptide system are coexpressed

n the human CE and human NPE-derived cell line.

The natriuretic peptide NPR-A, NPR-B, and NPR-C
eceptors expressed on the NPE-derived cell line,
DM-2, are functional. Previous studies have demon-

trated that NPR-A and NPR-B receptors are linked to
uanylate cyclase activation, whereas the NPR-C re-
eptor is linked to adenylate cyclase inhibition or to
ctivation of phospholipase C (6). To determine
hether the three natriuretic receptors coexpressed on

ultured ODM-2 cells were functional, we assessed
heir responsiveness to ANP, BNP and CNP treat-

FIG. 2. Stimulation of intracellular cGMP production by natri
onpigmented ciliary epithelial ODM-2 cells. (A) Cells were preincu

ncubated in the presence of the above natriuretic peptides at variou
xpressed as pmol/105 cells, was determined using a radioimmunoas
ethods. Values are means SE of three independent experiments. (

istinguish the higher potency of ANP to stimulate cGMP versus BN
24
ents to stimulate guanylate cyclase. Cultured ODM-2
ells were subjected to treatment with increasing con-
entrations of ANP, BNP or CNP (from 10210 to 1024 M)
or 5 min and the accumulated intracellular cGMP was

easured using a cGMP 125I-RIA kit (New England
uclear) as described under Materials and Methods.
Figure 2 shows these results. At the maximal con-

entrations (0.1 mM), CNP elicited a 28-fold increase
n intracellular cGMP (8.5 6 0.25 pmol/105 cells),
hen compared to ANP (0.3 6 0.01 pmol/105 cells) or a
4-fold increase when compared to the response elic-
ted by BNP (0.25 6 0.01 pmol/105 cells) respectively
Fig. 2A). Although the accumulation of cGMP induced
y ANP and BNP was small compared to CNP, the
otency of ANP was clearly distinguishable from that
f BNP when plotted to a higher scale (Fig. 2B). These
esults suggested that natriuretic peptides stimulate
uanylate cyclase/cGMP accumulation in NPE cells in
rank order of potency, CNP @ ANP $ BNP, that is

elective for NPR-B receptors (1).
To further verify the ligand selectivity of CNP for
PR-B receptors in NPE cells, we tested A71915, an
nalogue of ANP that inhibits NPR-A activity (18).
71915 in a concentration-dependent manner (1 and
0 mM), was able to inhibit up to 75% of the stimulation
n cGMP induced by ANP (0.1 mM) and 65% of that
nduced by BNP (0.1 mM). However, it had not effect

tic peptides ANP (■), BNP (F), and CNP (Œ) on cultured human
ed with 1 mM isobutylmethylxanthine (IBMX) for 5 min and then
oncentrations (from 10210 to 1024 M) for 5 min. Intracellular cGMP,

kit from New England Nuclear, as described under Materials and
NP and BNP curves in A are shown now here to a higher scale to
ure
bat
s c
say

B) A
P.
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n cGMP accumulation induced by CNP (0.1 mM) (Fig.
). Thus, these results indicate that ANP and BNP
ediate their actions via NPR-A receptors on NPE

ells, and CNP mediated its action through NPR-B
eceptors.

The natriuretic peptide NPR-C receptor is function-
lly coupled to the inhibition of cyclic AMP in the NPE-
erived cell line ODM-2, and its expression is down-
egulated by phorbol ester. Previous studies have
hown that the activation of NPR-C receptors mediate
he inhibition of intracellular cAMP through inhibitory
uanine nucleotide-regulating protein (6, 17). To dem-
nstrate that NPR-C receptors in cultured ODM-2 cells
re functional we used C-ANP4–23, a ring-deleted pep-
ide of ANP, that specifically binds to NPR-C receptors
6). On untreated cells, C-ANP4–23 (1027 M) inhibited
he basal level of cAMP (0.72 6 0.08 pmol/105 cells) by
pproximately 37% (0.45 6 0.06 pmol/105 cells), and on
orskolin (1 mM) ODM-2-treated cells (25.8 6 1.50
mol/105 cells) by approximately 30% (18.2 6 2.6 pmol/
05 cells).
Recent studies have shown that the direct activation

f protein kinase C by phorbol ester, down-regulated
PR-B and NPR-C receptors in a differentially manner

18). To assess whether this inhibitory effect could be
bserved at the mRNA level, we measured the expres-
ion of NPR-A, NPR-B and NPR-C receptor mRNA

FIG. 3. Inhibitory effect of A71915 on cGMP-mediated stimulati
M IBMX in the presence or absence of various concentrations of A71

f ANP, BNP or CNP for up to 5 min. Intracellular cGMP levels we
riplicate experiments 6 standard errors of the means, and they
ignificance calculated using Student’s t test (p , 0.05). Notice the lac
25
y semiquantitative RT-PCR after treatment with
horbol-12-myristate 13-acetate (PMA) for various
imes. The results are shown in Fig. 4. At 24 h of
reatment with 50 nM PMA the expression of NPR-C
eceptor mRNA was down regulated approximately
5%; and 84% at 48 h. In contrast the expression of
PR-A or NPR-B receptor transcripts were unaffected.

Content of ANP and BNP in the human aqueous
umor and in the conditioned medium of cultured
DM-2 cells: Effect of secretagogues on secretion. We
sed radioimmunoassay to determine the concentra-
ion of ANP and BNP in the aqueous humor of human
yes and in cultured ODM-2 cells respectively as de-
cribed under Materials and Methods. In the human
queous humor, the concentration of ANP was 33.9 6
.01 pg/ml (n 5 14 samples), and of BNP of 209.8 6 60
g/ml. In cultured ODM-2 cells, we estimated the con-
entration of ANP and BNP accumulated intracellu-
arly and in the culture medium (serum-free) during a
-h growth period, in the absence and presence of
ecretagogues. We found that ANP is mostly accumu-
ated intracellularly (15 6 1.2 pg/105 cells), and accu-

ulates in the medium in very low level (less than 1
g/105 cells). KCl (75 mM) or veratridine (10 mM),
ommonly used to induce secretion, had no effect on the
elease of ANP in culture. In contrast, BNP was readily
etectable intracellularly (65 6 9.21 pg/105 cells) and

by ANP and BNP. Cultured ODM-2 cells were preincubated with 1
(1026 M and 1025 M), followed by the addition of 1 mM concentration

then determined as indicated in Fig. 2. Values represent means of
e plotted as percent of control (C). Asterisks indicate statistical
f inhibitory effect of A71915 on CNP-mediated stimulation of cGMP.
on
915
re
ar

k o
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n the culture medium (71.25 6 10.5 pg/105 cells). Fur-
hermore BNP release into the culture medium was
nhanced in about 15–30% in the presence of 75 mM
Cl or 10 mM veratridine. These results indicate that
oth BNP and ANP are detected intracellularly in the
PE-derived cell line ODM-2, and that BNP was de-

ected at higher levels (6-fold) than ANP in the human
queous humor and in the conditioned medium (70- to
0-fold) of cultured ODM-2 cells.

ISCUSSION

The major finding in this work is the molecular evi-
ence that all the components ascribed to the natriuretic
eptide system, with the exception of CNP, are coex-

FIG. 4. Semiquantitative RT-PCR analysis of the differential regu
ster on cultured NPE cells. Cultured cells grown to semiconfluenc
eat-inactivated serum in the absence (2) presence (1) of 50 nM ph
ach treatment, expression of NPR-A, NPR-B, and NPR-C receptor
13). Data, at left, are means 6 standard errors (bars) values of thr
sterisks indicate statistical significance calculated using Student’s
f the natriuretic peptide receptors in the absence (2) or presence (1
% agarose gel and stained with ethidium bromide.
26
ressed in the ocular human nonpigmented ciliary epi-
helial cells (Fig. 1). Several observations provide evi-
ence which strongly suggests that NPR-A, NPR-B and
PR-C receptors are functional in NPE cells, and can be
ifferentially regulated. In the case of NPR-A receptors,
71915 was able to block the cGMP activity of the recep-

or. NPR-B receptors were selectively activated by CNP
n a more potent manner than ANP or BNP, and when
ctivated by C-ANP4–23, elicited an inhibition of cAMP
ccumulation in cultured ODM-2 cells. These observa-
ions are consistent with the signal transduction path-
ays elicited by NPR-A and NPR-B receptors through

he production of cGMP, and the inhibition of adenylyl
yclase activity by NPR-C receptors (6).

ion of expression of NPR-A, NPR-B and NPR-C receptors by phorbol
ere incubated at 37°C in culture medium (DMEM) containing 2%
ol-12-myristate 13-acetate (PMA), for 6, 24, and 48 h. At the end of
s determined by semiquantitative RT-PCR as previously described
independent experiments, plotted as percentages of control (100%).
st (p , 0.05). At right are representative RT-PCR profiles for each
f PMA at various times, with the DNA product (in bp) resolved on
lat
y w
orb
wa
ee
t te
) o
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ffect of systemic or intracameral injections of ANP on
ntraocular pressure in rabbits, primates and humans
10, 19–21), however the precise source of natriuretic
eptides in aqueous humor has remained largely un-
nown. Previous studies have documented mRNA ex-
ression for the three natriuretic peptides and three
atriuretic peptide receptors in the rat and rabbit cil-

ary processes (9), and natriuretic peptides have been
etected by radioimmunoassays in aqueous humor of
he rat, rabbit and human eyes (22–24). The findings
resented in this work indicate that at least in the
uman eye, the three natriuretic peptide receptors
NPR-A, NPR-B, NPR-C) and two natriuretic peptides
ANP and BNP) are all coexpressed in the same cell,
he NPE cells of the ciliary epithelium. These cells are
onsidered to display most of the secretory activity
ithin the ocular ciliary epithelium in aqueous humor
roduction. The present work also supports that the
PE cells contribute to the natriuretic peptide levels of
NP and BNP found in the human aqueous humor.
Potential target cells for the natriuretic peptides re-

eased by the ciliary NPE cells in the aqueous humor
re (i) the NPE cells themselves; (ii) the adjacent ocu-
ar pigment ciliary epithelial cells (PE); (iii) the vascu-
ar endothelial cells in the stroma of ciliary processes;
nd (iv) the trabecular meshwork cells. Small peptides
uch as natriuretic peptides, after their synthesis in
PE cells, could pass to the PE cells through the nu-
erous gap junctions channels localized at the apical
embranes of both cells. Peptides transferred into PE

ells could be further secreted into the stroma of the
iliary processes where blood vessels are present. Fi-
ally, natriuretic peptides released by the ciliary NPE
ells could target natriuretic peptide receptors on the
rabecular meshwork cells (25), at the site of drainage
f the aqueous humor, through the mediation of carrier
roteins such as a2-macroglobulin which exhibits pro-
einase inhibitor activity (26). This scenario would im-
ly that by a paracrine/endocrine mechanism the rate
f outflow could be also under control by the ciliary
pithelial cells. This hypothesis is supported by recent
vidence that NPE cells synthesize and secrete regu-
atory peptides, and hormones other than natriuretic
eptides, also with hypertensive/hypotensive biological
ctivities in the cardiovascular system (7, 12).
Several neutral endopeptidases have been identified

o be involved in the clearance of natriuretic peptides,
ne of which is the endopeptidase 24.11 (NEP) (2), and
nother is the insulin-degrading enzyme (IDE) (3). Re-
ently, a cDNA encoding IDE has been isolated from a
ubtracted ciliary body library (26). Thus, both en-
opeptidases, NEP and IDE, with affinity to degrade
atriuretic peptides are expressed by the human cili-
ry epithelium and cultured NPE cells. These enzymes
ould control the level of natriuretic peptides in the
queous humor. There is now compelling evidence
27
nzyme could be used as a potential target in the
reatment of cardiovascular hypertension (27). Prelim-
nary studies have indicated that this approach could
e taken to control eye pressure in humans with glau-
oma (28). In rabbits, with experimentally induced
laucoma, a reduction in atrial natriuretic peptide re-
eptors in the ciliary processes and a concomitant ele-
ation of ANP in the aqueous humor has been observed
29). Thus, the natriuretic peptide system in the hu-

an ocular NPE ciliary epithelium may be part of the
omplex mechanism of regulation of eye pressure.
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9. Fernández-Durango, R., Nuñez, D. J., and Brown, M. J. (1995)
Exp. Eye Res. 61, 723–729.

0. Sugrue, M. F., and Viader, M. P. (1986) Eur. J. Pharmacol. 130,
349–350.

1. Diestelhorst, M., and Krieglstein, G. K. (1989) Int. Ophthalmol.
13, 99–101.

2. Ortego, J., Escribano, J., Crabb, J., and Coca-Prados, M. (1996)
J. Neurochem. 66, 787–796.

3. Ortego, J., and Coca-Prados, M. (1997) J. Neurochem. 69, 1829–
1839.

4. Ortego, J., and Coca-Prados, M. (1998) J. Neurochem. 71, 2260–
2270.

5. Martin-Vasallo, P., Ghosh, S., and Coca-Prados, M. (1989)
J. Cell. Physiol. 141, 243–252.

6. Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn, G. T.,
Erlich, H. A., and Arnheim, N. (1985) Science 230, 1350–
1354.

7. Anand-Srivastava, M. B., Sairam, M. R., and Cantin, M. (1990)
J. Biol. Chem. 265, 8566–8572.

8. Crook, R. B., and Chang, A. T. (1997) Biochem. J. 324, 49–55.
9. Samuelsson-Almen, M., Nilsson, S. F., Maepea, O., and Bill, A.

(1991) Exp. Eye Res. 53, 253–260.



20. Korenfeld, M. S., and Becker, B. (1987) Invest. Ophthalmol. Vis.

2

2

2

2

25. Chang, A. T., Polansky, J. R., and Crook, R. B. (1996) Curr. Eye

2

2

2

2

Vol. 258, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Sci. 30, 2385–2392.
1. Mittag, T. W., Tormay, A., Ortega, M., and Severin, C. (1987)

Curr. Eye Res. 6, 1189–1196.
2. Bianchi, C., Anand-Srivastava, M. B., De Lean, A., Gutkowska,

J., Forthomme, D., Genest, J., and Cantin, M. (1986) Curr. Eye
Res. 5, 283–293.

3. Salzmann, J., Flitcroft, D., Bunce, C., Gordon, D., Wormald, R.,
and Migdal, C. (1998) Br. J. Ophthalmol. 82, 830–834.

4. Fernández-Durango, R., Moya, F. J., Ripodas, A., de Juan, J. A.,
Fernandez-Cruz, A., and Bernal, R. (1999) Eur. J. Pharmacol.
364, 107–113.
28
Res. 15, 137–143.
6. Escribano, J., Ortego, J., and Coca-Prados, M. (1995) J. Biochem.

(Tokyo) 118, 921–931.
7. Hollister, A. S., and Inagami, T. (1991) Am. J. Hypertens. 4,

850–865.
8. Wolfensberger, T. J., Singer, D. R., Freegard, T., Markandu,

N. D., Buckley, M. G., and MacGregor, G. A. (1994) Br. J.
Ophthalmol. 78, 446–448.

9. Fernández-Durango, R., Ramirez, J. M., Trivino, A., Sánchez, D., Pa-
raiso, P., Garcia De Lacoba, M., Ramirez, A., Salazar, J. J., Fernández-
Cruz, A., and Gutkowska, J. (1991) Exp. Eye Res. 53, 591–596.


	MATERIALS AND METHODS
	RESULTS
	TABLE I
	FIG. 1
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG.4

	ACKNOWLEDGMENTS
	REFERENCES

