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Abstract

Ž . Ž . Ž .We investigated 1 the in vivo functional significance of the type B ANP and type C ANP natriuretic peptide receptors in theB C
Ž . Ž .rabbit eye by evaluating the effect of intracameral administration of C-type natriuretic peptide CNP and C-ANP- 4–23 on intraocular

Ž . Ž .pressure, and 2 the action of CNP on guanylate cyclase activity in the rabbit ciliary process membranes. Atrial natriuretic peptide ANP
Ž .and brain natriuretic peptide BNP were also studied for comparison. We demonstrated that the natriuretic peptides decrease intraocular

Ž .pressure and stimulate guanylate cyclase activity, CNP being the most potent. The duration of the effect of C-ANP- 4–23 on intraocular
pressure reduction was almost 9-fold that of the BNP and 20-fold that of ANP and CNP effect. This ligand increased threefold the
immunoreactive natriuretic peptides levels in aqueous humour. Our data demonstrate the presence of functional ANP and ANPA B

receptors in the rabbit eye and that the ANP receptor modulates the concentration of the natriuretic peptides in the aqueous humour.C

q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .The natriuretic peptides, atrial natriuretic peptide ANP
Ž .and brain natriuretic peptide BNP are involved in the

Žregulation of natriuresis, diuresis and blood flow De Bold
.and Flynn, 1983; Sudoh et al., 1988 . A third peptide, the

Ž .C-type natriuretic peptide CNP , acts mainly as a va-
sodilator with little natriuretic activity, and is found princi-
pally in the central nervous system and endothelial cells
Ž .Sudoh et al., 1990; Suga et al., 1992 . There are two types
of cell-surface natriuretic peptide receptors which generate

X X Ž .cyclic guanosine 3 ,5 -monophosphate cGMP , termed
ANP and ANP . The ANP receptors show high affinityA B A

Ž .for ANP and BNP Schulz et al., 1989 . The ANPB
Žreceptors exhibit high affinity for CNP Koller et al., 1991;

.Suga et al., 1992 and lower affinity for ANP and BNP.
The third subtype of natriuretic peptide receptor, ANP ,C

which is known to have its major role in the clearance of
Žthe natriuretic peptides from the bloodstream Maack et

) Corresponding author. Tel.: q34-91-330-3434; Fax: q34-91-544-
5432

.al., 1987 , has no intrinsic ability to generate cGMP. It
binds not only the three natriuretic peptides with approxi-
mately equal affinity, but also ring-deleted and truncated

Žlinear peptides Bennet et al., 1991; Maack, 1992; Suga et
.al., 1992 . The 5-aminoacid, ring-deleted ANP analog,

� Ž 18 19 20 21 22 . Ž . 4des Gln Ser Gly Leu Gly rANF- 4–23 -NH ,2
Ž .which has been designated C-ANP- 4–23 , has been re-

Žported to be specific for the ANP receptor Maack et al.,C
.1987; Bovy et al., 1989 , even though it interacts with the

Ž .ANP and ANP receptors at high )1 mM concentra-A B
Ž .tions Konrad et al., 1991 .

Ž .In the eye, Bianchi et al. 1986 identified, in the rabbit
ciliary process, ANP binding sites negatively coupled to
adenylate cyclase. Binding sites for ANP, BNP and CNP
positively coupled to guanylate cyclase have also been

Ž .found in the rat ciliary body Moya et al., 1998 , where the
ANP receptor type is found in higher proportion than theC

ANP and ANP ones. Recently, it has been observed that,A B

in the human trabecular meshwork, ciliary muscle cells
Ž .Pang et al., 1996 and in human nonpigmented ciliary

Ž .epithelial cells Crook and Chang, 1997 , both the ANP
and CNP peptides stimulate guanylate cyclase activity, for
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which the ANP receptor is the primary functional natri-B

uretic peptide receptor. These data predict that natriuretic
peptides, acting through ANP and ANP receptors, mayA B

lower intraocular pressure. Indeed, the intraocular adminis-
Žtration of ANP Mittag et al., 1987; Nathanson, 1987;

. ŽSamuelsson-Almen et al., 1991 and of BNP Takashima´
.et al., 1996a decreases intraocular pressure. In addition,

Ž .Fernandez-Durango et al. 1995 reported that messenger´
RNAs encoding the natriuretic peptides and their receptors
are expressed in the eye.

It is not known which natriuretic peptide receptor is the
primary functional one in the rabbit ciliary processes.
Furthermore, even though it is believed that the ANPC

receptor type plays a role in the clearance of natriuretic
peptides from the bloodstream, nothing is known regarding
its function in the eye.

The aims of the present study were therefore to assess
Ž . Ž .1 the effects of intracameral i.c. administration of CNP
on the intraocular pressure in the rabbit eye in comparison
to the effects elicited by ANP and BNP, together with the
actions of the three natriuretic peptides on guanylate cy-

Ž .clase activity in the rabbit ciliary processes, and 2 the in
vivo functional significance of the ANP receptor, byC

studying the effects of the i.c. administration of C-ANP-
Ž .4–23 on intraocular pressure.

2. Material and methods

2.1. Peptides

Ž . Ž .The synthetic human ANP- 1–28 ANP , human BNP-
Ž . Ž . Ž .32 BNP , porcine, rat and human CNP- 1–22 CNP ,

� Ž 18 19 20 21 22 . Ž . 4des Gln Ser Gly Leu Gly rANF- 4–23 -NH 2
� Ž .4 125 Ž .C-ANP- 4–23 , IhBNP-32 1828 Cirmmol and
125 w 0 x Ž .I Tyr CNP 1627 Cirmmol peptides were purchased

Ž .from Peninsula Laboratories, Merseyside, UK . The
125 Ž .IhANP peptide 2000 Cirmmol was obtained from

Ž .Amersham International Buckinghamshire, UK .

2.2. Intraocular pressure measurement

New Zealand albino rabbits of 3.0–3.5 kg body weight
were housed and handled according to the European Com-
munity Council Directive of 24 November 1986
Ž .86r609rECC . The rabbits were trained with 12-h
light–dark cycles for at least 2 weeks prior to the experi-
ments. Intraocular pressure was measured using a standard-
ised hand-held aplanation tonometer calibrated as de-

Ž .scribed previously Fernandez-Durango et al., 1991 . This´
instrument was calibrated for use on the eyes of anaes-
thetised rabbits by cannulating the anterior chamber of the

Ž .eye as described by Callaway et al. 1973 . The rabbits
were trained for intraocular pressure measurement for sev-
eral weeks before the beginning of the experiments. For

Žeach determination, the intraocular pressure expressed in
.mm Hg was averaged from three successive readings. The

Žmean intraocular pressure of our control rabbit eyes 13.7
. Ž ."0.9 mm Hg is within the range 11.1–20.9 mm Hg

Ž .quoted by Callaway et al. 1973 . A local anaesthetic
Ž .0.2% fluorescein–0.4% oxybuprocaine hydrochloride was
administered topically, and the tonometer was applied
tangentially to the cornea for 5 s.

2.3. Intracameral injection and aqueous humour protein
determination

The animals were sedated prior to the experiments with
Žintramuscular injections of ketamine hydrochloride 5

. Ž .mgrkg b.w. and xylacine 5 mgrkg b.w. . The peptides
were dissolved in 0.9% sterile saline containing 0.5%

Ž .bovine serum albumin, and 10 ml 10 mg of each solution
Ž .ns6 was injected through the sclera into the anterior
chamber of one eye 3 mm from the limbus, using a

Ž .microsyringe Hamilton and a 27-gauge needle under
topical anaesthesia with 0.4% oxybuprocaine. In order to
assess the possible effects of i.c. injection per se on
intraocular pressure, an additional group of six rabbits
received an i.c. injection of 10 ml of vehicle in one eye;
the contralateral eye serving as control.

To determine whether the i.c. injection of either CNP or
Ž .C-ANP- 4–23 might elicit a nonspecific inflammatory

response, two groups of four rabbits were injected intra-
Ž .camerally with 10 ml 10 mg of both peptides. Four hours

after the i.c. injection of CNP and 24 h after the i.c.
Ž . Žinjection of C-ANP- 4–23 which is the time yielding the

near maximum intraocular pressure effect for the two
.peptides , the animals were anaesthetised by i.v. adminis-

Ž .tration of sodium pentobarbital 30 mgrkg b.w. and
aqueous humour was drawn with a 1.0-ml syringe as

Ž .previously described Fernandez-Durango et al., 1990 .´
Ž .The needle 0.3 mm diameter was forced through the

corneal-sclera junction into the anterior chamber. The
aqueous humour samples were centrifuged at 900=g for
10 min and the supernatant was removed, frozen immedi-
ately and stored at y208C for later measurement of the
protein and natriuretic peptide levels. The pellet was resus-
pended in 45 ml of phosphate-buffered saline and 5 ml
trypan blue dye, and the cells present were counted with a
slide haemocytometer. The protein levels were measured

Ž .by the method of Lowry et al. 1951 . At the conclusion of
the study, the rabbits were killed with an intravenously
administered overdose of sodium pentobarbital.

2.4. Guanylate cyclase actiÕity

The eyes of the New Zealand albino rabbits were
enucleated immediately after killing with an intravenous
overdose of sodium pentobarbital. The ciliary processes
were freed from their attachments to the iris at 48C, under
a dissecting microscope. Ciliary process membranes were

Žprepared as previously described Fernandez-Durango et´
.al., 1991 . Briefly, ciliary processes were homogenized on
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ice in 5 mM Tris–HCl buffer pH 7.4, containing 0.32 M
sucrose, 0.5 mM phenylmethylsulfonyl fluoride, 0.2 mM
pepstatin, and 0.8 mM aprotinin. The homogenates were
centrifuged at 30,000=g for 30 min in the same buffer.
The pellets were resuspended in 50 mM Tris–HCl buffer
pH 7.4 at a protein concentration of 0.75–1 mgrml. The
protein concentration was estimated by the method of

Ž .Lowry et al. 1951 . Tissue preparations were stored in
aliquots at y708C and used within 1 month.

Natriuretic peptide-activated guanylate cyclase activity
was measured as the rate of conversion of GTP to cyclic

Ž .GMP as previously described by Inagami et al. 1991 . For
Žthis assay, reaction tubes were prepared containing in 0.1

.ml final volume : Tris–HCl 50 mM, pH 7.4; 50 mM
triethanolamine, 2 mM 3-isobutyl-1-methylxanthine, 10
mM theophylline, 3 mM MnCl , 1 mM GTP, 75 Urml2

creatinine phosphokinase, 72 mM phosphocreatinine, 0.1
ŽmM natriuretic peptides and ciliary process membranes 6

.mg of protein . The reaction was started by the addition of
Mn -GTP. The tubes were incubated for 30 min at 378C,2

and the reaction was stopped by addition of 2 ml 30 mM
EDTA at 808C, followed by boiling for 3 min. The GMP
formed was subsequently measured by specific radioim-

Ž .munoassay with the Amersham cGMP kit RA525 , using
the nonacetylation protocol. The polyclonal antibody used

Ž .has a sensitivity ED of 64 fmolrtube and less than50

0.001% cross-reactivity with cyclic AMP.

2.5. Measurement of immunoreactiÕe ANP, BNP and CNP
in aqueous humour and plasma

The aqueous humour and plasma samples were col-
lected in chilled tubes containing protease inhibitors at the

Ž . Ž . Ž . Ž . Ž . Ž . Ž .Fig. 1. Intraocular pressure changes after the intracamerular injection of A vehicle ns6 , B 10 mg ANP ns6 , C 10 mg BNP ns6 , D 10 mg
Ž . Ž . Ž . Ž . Ž .CNP ns6 and E 10 mg C-ANP- 4–23 ns6 . Each data point represents the mean"95% confidence interval. The open circles O represent the

Ž .intraocular pressure values for contralateral uninjected eyes. The ANOVA indicated that all treatments were different P-0.0001 regarding the maximal
Ž .intraocular pressure reduction, CNP being the most efficacious P-0.001, Scheffe’s test . The time courses of the intraocular pressure decrease were

Ž .significantly different for all treatments P-0.001, Scheffe’s test , the duration profiles being: CNP-ANP-BNP<C-ANP.
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Table 1
Effect of intracamerular injection of C-ANP and CNP on aqueous hu-
mour protein and white cell count

Condition Aqueous humour

Total protein White cells
3Ž . Ž .mgrml rmm

Ž . Ž .Control uninjected ns4 0.92"0.2 -1
Ž .Vehicle-injected eyes ns4 0.94"0.1 -1

Ž .C-ANP-injected ns4 1.11"0.3 -1
Ž .CNP-injected ns4 1.02"0.3 -1

Values shown are means"S.E.M.

following final concentrations: 10y5 M EDTA, 10y3 M
phenylmethylsulfonyl fluoride and 5=10y6 M pepstatin.
ANP, BNP and CNP extractions were performed as previ-

Žously described elsewhere for ANP Fernandez-Durango et´
.al., 1990 . In brief, ANP, BNP and CNP were extracted

Žusing Sep-Pack C-18 cartridges Waters Associates, Mil-
.ford, MA, USA . The recoveries of the ANP, BNP and

CNP standards added to pooled aqueous humour and
plasma were 79.0"3.2, 72.9"2.1 and 75"2.5%, re-
spectively. Immunoreactive ANP was measured by a spe-

Ž .cific and sensitive radioimmunoassay RIA as previously
Ž .described Fernandez-Durango et al., 1990 . The detection´

limit was 0.75 pg, with a within- and between-assay
variability of 10.2% and 14.7%, respectively. The im-
munoreactive BNP was measured with a RIA, using
125IhBNP-32 and a specific antibody to human BNP-32

Žobtained from Peninsula Laboratories Rabbit hBNP-32
.antiserum, RAS 9086 . The detection limit was 1 pgrtube,

and the IC 24 pgrtube. The within- and between-assay50

variability was 10.4% and 13.4%, respectively. Cross-reac-
Ž .tivity with endothelin, ANP, CNP, BNP-26 porcine or

Ž .BNP-45 rat was less than 0.01%. The immunoreactive
125 w 0 xCNP was measured by RIA, using I Tyr CNP-22 and a

specific antibody to human CNP-22 obtained from Penin-
Ž .sula Laboratories Rabbit CNP-22 antiserum, RAS 9033 .

The detection limit was 1.5 pgrtube and the IC 1650

pgrtube. The within- and between-assay variability was
9.9% and 16.2%, respectively. Cross-reactivity with en-
dothelin, ANP or BNP was less than 0.01%.

Clear parallelism was observed between various dilu-
tions of aqueous humour extracts, plasma extracts and the
standard curve, indicating that BNP and CNP present in
aqueous humour are indistinguishable from the peptides

Žused for the preparation of the standard curve data not
.shown .

2.6. Data analysis

The intraocular pressure values are expressed as means
with 95% confidence intervals. Multifactorial analysis of

Ž .variance MANOVA followed by Hotelling’s test was
used to examine the statistical significance of differences
between the intraocular pressure values of the injected

eyes and the uninjected contralateral eyes at all time
Ž .points. One-way analysis of variance ANOVA was ap-

plied to test the significance of differences among various
treatments regarding the maximal intraocular pressure re-
duction and the time course of the intraocular pressure
decrease. Once the differences between individual means
became evident, they were assessed by post-hoc Scheffe’s
multiple-range test; P-0.05 was taken to indicate statisti-
cal significance. The cyclic GMP values are expressed as

Ž .the means"standard error of the mean S.E.M.

3. Results

The effects of a unilateral i.c. injection of vehicle alone
Ž .0.9% sterile saline with 0.5% bovine serum albumin on
the intraocular pressure in a group of six rabbits are shown
in Fig. 1A. In the injected eyes there were no significant
decreases in intraocular pressure at any time point post-in-
jection as compared to the uninjected contralateral eyes.
Fig. 1 shows the effects of unilateral i.c. injection of 10 mg

Ž . Ž . Ž .ANF B , 10 mg BNP C , 10 mg CNP D and 10 mg
Ž . Ž .C-ANP- 4–23 E . All four experiments showed no sig-

nificant differences in the intraocular pressure values for
the contralateral uninjected eyes and the vehicle-injected

Ž .eyes. A multifactorial analysis of variance MANOVA
showed that the treatment effects were different over global

Ž .curves P-0.001, Hotelling’s test . The ANOVA indi-
cated that the treatment effects were significantly different
Ž .P-0.0001 for maximal intraocular pressure reduction,

ŽCNP being the most efficacious P-0.001, Scheffe’s
.test . However, the maximal intraocular pressure reduc-

Ž .tions produced by ANP, BNP and C-ANP- 4–23 did not

Fig. 2. Concentration-dependent stimulation of particulate guanylate cy-
clase activity by natriuretic peptides in rabbit ciliary process membranes.
Data are presented as the means"S.E.M. of four independent experi-
ments performed in duplicate.
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Table 2
Effect of intracamerular injection of C-ANP on aqueous humour natri-
uretic peptide levels

ANP BNP CNP
Ž . Ž . Ž .pM pM pM

Ž .Plasma levels ns10 3.1"1.1 4.3"1.7 1.5"0.1
Ž . Ž .Control eyes uninjected ns6 -0.6 43.0"9.2 10.2"2.8

Ž .Vehicle-injected eyes ns4 -0.6 46.5"12 13.4"2.4
Ž . Ž .C-ANP- 4–23 -injected eyes ns4 17"0.3 128.0"23 37.1"8.4

Values shown are means"S.E.M.

differ significantly. On the other hand, the time courses of
intraocular pressure decrease were significantly different

Ž .for all four treatments P-0.001, Scheffe’s test , the
duration profiles being: CNP-ANP-BNP<C-ANP.

Table 1 shows that there were no changes in the protein
concentration and white cell count in the aqueous humour

Ž .after i.c. injection of either CNP or C-ANP- 4–23 . Thus,
it appears that the changes in intraocular pressure induced

Ž .by the injection of either CNP or C-ANP- 4–23 were not
related to a nonspecific inflammatory response.

In the rabbit ciliary process membranes, the baseline
levels of guanylate cyclase activity were 52.06"5 pmol

Ž .cGMPrmin mg protein ns5 . The three natriuretic pep-
Ž .tides activated particulate guanylate cyclase Fig. 2 . The

maximal stimulation of the enzyme produced by ANP was
Žachieved with 1 mM 90.72"5 pmol cGMPrmin mg

.protein . The concentration–response curve for ANP was
sigmoidal, with an EC of 118"6 nM. The stimulatory50

effect of BNP was similar to that of ANP, with an EC of50
Ž124"8 nM and with similar maximal stimulation 82.5"

.6 pmol cGMPrmin mg protein . However, CNP was more
potent than ANP and BNP, with an EC of 24"3 nM.50

Table 1 shows that the injections of either drug or vehicle
did not elicit, at a time when hypotension was present,
increases beyond the normal ranges for either the white
cell counts or the total protein content.

The concentrations of the natriuretic peptides in plasma
and aqueous humour are shown in Table 2. The ANP
concentrations in aqueous humour from normal eyes were
nondetectable. At 24 h after the injection of 10 mg C-

Ž .ANP- 4–23 , the natriuretic peptide concentrations in
aqueous humour had increased to almost three times the
baseline values.

4. Discussion

The present study investigated for the first time the role
of the ANP and ANP receptors in the regulation ofB C

intraocular pressure. To this purpose, we have examined
Ž .the effects of i.c. injections of CNP and C-ANP- 4–23 ,

respectively; the effects of ANP and BNP injections were
also studied for comparison. Our results demonstrated that
the three natriuretic peptides are effective to reduce in-
traocular pressure. The effects elicited by both ANP and

CNP lasted for 4 h, even though CNP decreased the
intraocular pressure more intensively than did ANP during
the first 3 h. The intraocular pressure reduction induced by
BNP was similar to that seen with ANP, but persisted 7 h

Žlonger. The intraocular ANP blockade with C-ANP- 4–C
.23 produced an intraocular pressure reduction similar to

that caused by ANP, and the duration of the reduction was
96 h, a period longer than that achieved with any of the
three natriuretic peptides.

On the other hand, we have shown that the guanylate
cyclase activity in rabbit ciliary process membranes is
stimulated by the three natriuretic peptides, confirming the
existence of both biologically active natriuretic receptors,
the ANP and ANP subtypes, in this tissue. The potencyA B

profile for the natriuretic peptides concerning the activa-
tion of guanylate cyclase was found to be CNP)ANPs

Ž .BNP according to the EC values found . This finding is50

consistent with the maximal intraocular pressure-reducing
effects of the peptides according to Fig. 1. Our data are
also consistent with those from a previous study, showing
that the intravitreal injection of CNP lowers intraocular
pressure in rabbits more effectively than either ANP or

Ž .BNP Takashima et al., 1996b .
Ž .The dose of natriuretic peptides 10 mg chosen for

injection was based upon estimates that, if the peptide is
distributed uniformly within the volume of the aqueous

Ž .humour 250–300 ml , the final concentration would be
about 10y5 M, similar to that which caused maximal
stimulation of ciliary process guanylate cyclase activity
Ž .Fig. 2 .

It is noteworthy that, in previous studies, we demon-
strated that the K of binding of ANP to the rabbit ciliaryd

Ž .processes is 30 pM Fernandez-Durango et al., 1991 . This´
K value is at least three orders of magnitude lower thand

Ž .that of the EC of cGMP stimulation 124"8 nM .50
ŽSimilar results have been obtained with other tissues Koller

.et al., 1991; Dos Reis et al., 1995 . Thus, this appears to be
a property of this family of peptide receptors. Different
mechanisms have been proposed to explain the phe-
nomenon, such as intramolecular inhibitory domains, exis-
tence of essential cofactors, oligomerization of receptors,
and interaction with the ANP receptor. It has also beenC

reported that, in tissues in which the ANP receptor isC

absent, lower concentrations of ANP appear to be needed
Ž .to increase cGMP levels Hamet and Tremblay, 1991 .

Ž .Another possibility raised by Weir et al. 1993 was that
one or all of these hormones may be signalling via another
second messenger pathway in addition to that of cGMP.

The longer-lasting effect of BNP on intraocular pressure
as compared to that elicited by ANP and CNP could be
due either to a lower affinity for the ANP receptor or toC

less degradation. The fact that, in the rat ciliary body
Ž .Moya et al., 1998 , as well as in human foetal nonpig-

Ž .mented ciliary epithelial cells Crook and Chang, 1997 ,
ANP and BNP have the same affinity for the ANPC

receptors might indicate that BNP could be metabolized
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more slowly than ANP and CNP by the neutral endopepti-
Ž .dase 24.11 present in the eye Sales et al., 1991 . Indeed,

BNP was hydrolysed by endopeptidase 24.11 at a lower
Ž .rate than the other three peptides Kenny et al., 1993 .

Ž .The fact that the duration of the effect of C-ANP- 4–23
on intraocular pressure reduction was almost 9-fold that of
the BNP effect and 20-fold that of the ANP and CNP
effects may be due to the blockade of ANP receptors,C

since this compound produced an approximately threefold
increase of the immunoreactive ANP, BNP and CNP levels
in the aqueous humour. Our results are consistent with the

Ž .earlier finding that the administration of C-ANP- 4–23 in
Žvivo augments the plasma ANP levels Maack et al.,

.1987 . The increase of the natriuretic peptide concentra-
Ž .tions in the aqueous humour induced by C-ANP- 4–23

was probably secondary to the displacement of natriuretic
peptides from the ocular ANP receptors into the aqueousC

humour. This observation is consistent with the view that
the ANP receptor may function as a hormone bufferC

system, modulating the ocular natriuretic peptide concen-
trations. We suggest that the intraocular pressure reduction
produced by CNP might be due to the biological actions of
the increased concentrations of natriuretic peptides in the
aqueous humour, acting through either the ANP or theA

ANP receptors. The ANP receptor is the prominentB C
Žnatriuretic receptor in the rat ciliary body Moya et al.,

.1998 and in human nonpigmented ciliary epithelial cells
Ž .Crook and Chang, 1997 .

The ocular hypotensive effect of natriuretic peptides
does not appear to be related to a nonspecific inflamma-
tory response, since the aqueous humour protein concentra-

Ž .tions in C-ANP- 4–23 andror CNP-injected and vehicle-
injected eyes were not significantly different. It has also
been reported that ANP and BNP do not seem to be

Žpro-inflammatory substances Nathanson, 1987; Takashima
.et al., 1996a . The small contralateral effect observed 1 h

after injection of the peptides might have been due to a
systemic effect of the peptide released into the circulation
from the injected eye.

We chose intracameral administration because drug de-
livery to the anterior side of the uvea is probably the best
way to study the actions of the natriuretic peptides on their
receptors. Furthermore, the effects of intravitreal injections
of peptides may be influenced by binding of the peptides
to the polyanionic glycosaminoglycans of the vitreous
humour. Indeed, and in contrast to our results, the intravit-
real injection of BNP induces an intraocular pressure
reduction of lower intensity than, and similar duration to,

Ž .that elicited by ANP Takashima et al., 1996a .
Aqueous humour formation, conventional outflow facil-

ity and uveoscleral outflow are the major components
determining intraocular pressure. The precise effects of
ANP on aqueous humour flow and intraocular pressure are
not clear. Several investigators have reported that, in rab-
bits, ANP decreases either intraocular pressure alone
ŽSugrue and Viader, 1986; Nathanson, 1987; Mittag et al.,

. Ž .1987 or both parameters Korenfeld and Becker, 1989 .
However, it has been reported that, in the cynomolgus
monkey, intracameral injection of ANP transiently in-
creased the aqueous humour flow, while the uveoscleral
outflow tended to increase and the intraocular pressure

Ž .tended to decrease Samuelsson-Almen et al., 1991 . Simi-´
Ž .larly, Takashima et al. 1996a reported that the intravitreal

injection of BNP in rabbits reduced intraocular pressure
because of an increase in the outflow facility. At least
some of these effects are likely to be due to a direct action
on the ciliary body, because autoradiographic studies show
that natriuretic peptide binding sites are associated with

Ž . Žguinea-pig Mantyh et al., 1986 and rat Bianchi et al.,
.1986; Moya et al., 1998 ciliary epithelium. We also have

detected ANP , ANP and ANP mRNAs in the rat andA B C
Ž .rabbit ciliary body Fernandez-Durango et al., 1995 . Carre´ ´

Ž .and Civan 1995 presented evidence that ANP modulates
ion transport across the rabbit ciliary epithelium. This
finding, together with the guanylate cyclase-stimulating
effect of natriuretic peptides we have observed in rabbit
ciliary processes, suggests a potential action of these pep-
tides on aqueous humour formation.

We now have demonstrated for the first time the pres-
ence of immunoreactive BNP as well as of immunoreac-
tive CNP in the rabbit aqueous humour. We have previ-
ously reported the existence of biologically active ANP in

Ž .aqueous humour Garcıa de la Coba et al., 1991 . Also, we´
found that, in rabbits with experimental glaucoma, the

ŽANP receptors are down-regulated Fernandez-Durango et´
.al., 1991 , and that the immunoreactive ANP levels in

aqueous humour rise as the intraocular pressure increases
Ž .Fernandez-Durango et al., 1990 . Interestingly, the con-´
centrations of both immunoreactive BNP and immunoreac-
tive CNP are higher in aqueous humour than in plasma.
However, the opposite occurs with the immunoreactive
ANP levels. These results suggest that BNP and CNP may
play a more significant role than ANP in the regulation of
intraocular pressure. Considering our results on the ocular

Ž .effect of C-ANP- 4–23 , the pharmacological use of
ANP -specific ligands to reduce the natriuretic peptideC

clearance and thus enhance their action in the eye could
have important implications in the treatment of glaucoma.

In summary, we have demonstrated, in the rabbit eye,
Ž .1 the presence of functional ANP and ANP receptors,A B

since ANP, BNP and CNP all decreased intraocular pres-
sure and stimulated guanylate cyclase activity in ciliary
process membranes, CNP being the most potent of the

Ž .three, and 2 that the ANP receptor may function as aC

clearance receptor since it modulates the concentrations of
natriuretic peptides in the aqueous humour.

Acknowledgements

We thank Dr. Emilio Vargas for assistance with statisti-
cal analyses. This work was supported by grant PB92-0737
from DGICYT.



( )R. Fernandez-Durango et al.rEuropean Journal of Pharmacology 364 1999 107–113´ 113

References

Bennet, B.D., Bennet, G.L., Vitangcol, R.V., Jewet, J.R.S., Burnier, J.,
Henzel, W., Lowe, D.J., 1991. Extracellular domain-IgG fusion pro-
teins for the three human natriuretic peptide receptors. J. Biol. Chem.
266, 23060–23067.

Bianchi, C., Anand-Srivastava, M.B., De Lean, A., Gutkowska, J.,
Forthomme, D., Genest, J., Cantin, M., 1986. Localization and char-
acterization of specific receptors for atrial natriuretic factor in the
ciliary processes of the eye. Curr. Eye Res. 5, 283–293.

Bovy, P.R., O’Neal, J.M., Olins, G.M., Patton, D.R., 1989. Identification
of structural requirements for analogues of atrial natriuretic peptide
Ž .ANP to discriminate between ANP receptor subtypes. J. Med.
Chem. 32, 869–874.

Callaway, S., Gazzard, M.F., Thomas, D.P., Swanson, D.W., 1973. The
calibration of a hand held tonometer as a means of measuring the
intraocular pressure in the conscious rabbit. Exp. Eye Res. 15,
383–393.

Carre, D.A., Civan, M.M., 1995. cGMP modulates transport across the´
ciliary epithelium. J. Membrane Biol. 146, 293–305.

Crook, R.B., Chang, A.T., 1997. Differential regulation of natriuretic
peptide receptors on ciliary body epithelial cells. Biochem. J. 324,
49–55.

De Bold, A.J., Flynn, T., 1983. Cardionatrin I. A novel heart peptide with
potent diuretic and natriuretic properties. Life Sci. 33, 297–303.

Dos Reis, A.M., Fujio, N., Dam, T.-V., Mukaddam-Daher, S., Jankowski,
M., Tremblay, J., Gutkowska, J., 1995. Characterization and distribu-
tion of natriuretic peptide receptors in the rat uterus. Endocrinology
136, 4247–4253.

Fernandez-Durango, R., Trivino, A., Ramirez, J.M., Garcıa de la Coba,´ ˜ ´
M., Ramirez, A., Salazar, J.J., Fernandez-Cruz, A., Gutkowska, J.,´
1990. Immunoreactive atrial natriuretic factor in aqueous humour: its
concentration is increased with high intraocular pressure in rabbit
eyes. Vis. Res. 30, 1305–1310.

Fernandez-Durango, R., Ramirez, J.M., Trivino, A., Sanchez, D., Paraiso,´ ˜
P., Garcıa de la Coba, M., Ramirez, A., Salazar, J.J., Fernandez-Cruz,´ ´
A., Gutkowska, J., 1991. Experimental glaucoma significantly de-

Ž .creases atrial natriuretic factor ANF receptors in the ciliary pro-
cesses of rabbit eye. Exp. Eye Res. 53, 591–596.

Fernandez-Durango, R., Nunez, D.J.R., Brown, M.J., 1995. Messenger´
RNAs encoding the natriuretic peptides and their receptors are ex-
pressed in the eye. Exp. Eye Res. 61, 723–729.

Garcıa de la Coba, M., Fernandez-Durango, R., Trivino, A., Ramirez,´ ´ ˜
J.M., Salazar, J.J., Ramirez, A.I., Fernandez-Cruz, A., Gutkowska, J.,´
1991. Existencia del peptido atrial natriuretico en coroides retina y´
cuerpo ciliar de conejo. Rev. Esp. Fisiol. 47, 91–96.

Hamet, P., Tremblay, J., 1991. Evaluating atrial natriuretic peptide-in-
duced cGMP production by particulate guanylyl cyclase stimulation
in vitro and in vivo. Methods Enzymol. 195, 447–461.

Inagami, T., Takayanagi, R., Snajdar, R.M., 1991. Copurification of atrial
natriuretic factor receptors and guanylyl cyclase from adrenal cortex.
Methods Enzymol. 195, 404–413.

Kenny, A.J., Bourne, A., Ingram, J., 1993. Hydrolysis of human and pig
brain natriuretic peptides, urodilatin, C-type natriuretic peptide and
some C-receptor ligands by endopeptidase-24.11. Biochem. J. 291,
83–88.

Koller, K.J., Lowe, D.G., Bennet, G.L., Minamino, N., Kangawa, K.,
Matsuo, H., Goeddel, D.V., 1991. Selective activation of the B

Ž .natriuretic peptide receptor by C-type natriuretic peptide CNP .
Science 252, 120–123.

Konrad, E.M., Thibault, G., Schiffrin, E.L., Cantin, M., 1991. Atrial
natriuretic factor receptor subtypes in the rat central nervous system.
Hypertension 17, 1144–1151.

Korenfeld, M.S., Becker, B., 1989. Atrial natriuretic peptides. Effects on
intraocular pressure, cGMP and aqueous flow. Invest. Ophthalmol.
Vis. Sci. 30, 2385–2392.

Lowry, O.H., Rosenbrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein
measurement with the folin phenol reagent. J. Biol. Chem. 193,
265–275.

Maack, T., 1992. Receptors of atrial natriuretic factor. Annu. Rev.
Physiol. 54, 11–27.

Maack, T., Suzuki, M., Almeida, F.A., Nussenzveig, D., Scarborough,
R.M., McEnroe, G.A., Lewicki, J.A., 1987. Physiological role of
silent receptors of atrial natriuretic factor. Science 238, 675–678.

Mantyh, C.R., Kruger, L., Brecha, N.C., Mantyh, P.W., 1986. Localiza-
tion of specific binding site for atrial natriuretic factor in peripheral
tissues of the guinea pig, rat and human. Hypertension 8, 712–721.

Mittag, T.W., Tormay, A., Ortega, M., Severin, C., 1987. Atrial natri-
Ž .uretic peptide ANP , guanylate cyclase, and intraocular pressure in

the rabbit eye. Curr. Eye Res. 6, 1189–1196.
Moya, F.J., de Juan, J.A., Rıpodas, A., Bernal, R., Fernandez-Cruz, A.,´ ´

Fernandez-Durango, R., 1998. Higher proportions of type C than of´
types A and B natriuretic peptide receptors exist in the rat ciliary
body. Vis. Res. 38, 3833–3841.

Nathanson, J.A., 1987. Atriopeptin-activated guanylate cyclase in the
anterior segment. Identification, localization, and effects of atri-
opeptins on intraocular pressure. Invest. Ophthalmol. Vis. Sci. 28,
1357–1364.

Pang, I.H., Shade, D.L., Matsumoto, S., Steely, H.T., DeSantis, L., 1996.
Presence of functional type B natriuretic peptide receptor in human
ocular cells. Invest. Ophthalmol. Vis. Sci. 37, 1724–1731.

Sales, N., Dutriez, I., Maziere, B., Ottaviani, M., Roques, B.P., 1991.
Neutral endopeptidase 24.11 in rat peripheral tissues: comparative
localization by ‘ex vivo’ and ‘in vitro’ autoradiography. Regul. Pept.
33, 209–222.

Samuelsson-Almen, M., Nilsson, S.F.E., Maepea, O., Bill, A., 1991.´ ¨
Ž .Effects of atrial natriuretic factor ANF on intraocular pressure and

aqueous humour flow in the cynomolgus monkey. Exp. Eye Res. 53,
253–260.

Schulz, S., Singh, S., Bellet, R.A., Singh, G., Tubb, D.J., Chin, H.,
Garbers, D., 1989. The primary structure of a plasma membrane
guanylate cyclase demonstrates diversity within this new receptor
family. Cell 58, 1155–1162.

Sudoh, T., Kangawa, K., Minamino, N., Matsuo, H., 1988. A new
natriuretic peptide in porcine brain. Nature 332, 78–81.

Sudoh, T., Minamino, N., Kangawa, K., Matsuo, H., 1990. C-type
Ž .natriuretic peptide CNP : a new member of natriuretic family identi-

fied in porcine brain. Biochem. Biophys. Res. Commun. 168, 863–
870.

Suga, S.I., Nakao, K., Hosada, K., Mukoyama, M., Ogawa, Y., Shi-
rakami, G., Arai, H., Saito, Y., Kambayashi, Y., Inouye, K., Imura,
H., 1992. Receptor selectivity of natriuretic peptide family, atrial
natriuretic peptide, brain natriuretic peptide, and C-type natriuretic
peptide. Endocrinology 130, 229–239.

Sugrue, M.F., Viader, M.P., 1986. Synthetic atrial natriuretic factor
lowers rabbit intraocular pressure. Eur. J. Pharmacol. 130, 349–350.

Takashima, Y., Taniguchi, T., Yoshida, M., Haque, M.S.R., Yoshimura,
N., Honda, Y., 1996a. Ocular hypotensive mechanism of intravitreally
injected brain natriuretic peptide in rabbit. Invest. Ophthalmol. Vis.
Sci. 37, 2671–2677.

Takashima, Y., Taniguchi, T., Igaki, T., Yoshida, M., Yoshimura, N.,
Honda, Y., 1996b. Effect of CNP on aqueous humor dynamics. Vis.
Res. 36, S149, JERMOV Abstracts.

Weir, M.L., Pang, S.C., Flynn, T.G., 1993. Characterization of binding
sites in rat for A, B, and C-type natriuretic peptides. Regul. Pept. 47,
291–305.


