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ndothelins (ETs) represent a group of 21 amino 
acid-containing peptides that include two disul- E fide bridges. Endothelin was first isolated as the 

potent vasoconstrictor from supernatants of cultured 
endothelial cells (1) and appears to be evolutionary 
related to a group of snake venoms that includes sarafo- 
toxin S6c. Endothelin’s vasoconstrictor activity is 10 
times that of angiotensin I1 (2). These potent vasocon- 
strictors are important endogenous vascular mediators 
that are released in response to certain factors or during 
cell injury. It appears that the structures of ET are con- 
served among the different species, such that ET-1 in 
the human is identical to that in the rat. This conserva- 
tion may be reflective of the critical role ET plays in 
vascular homeostasis. Three structurally and pharmaco- 
logically different peptides have been prepared based on 
genetic sequence information determined by molecular 
cloning techniques (3). Each of these peptides have dif- 
ferent pharmacological profiles, tissue localization, and 
cellular actions (Table I). Endothelin-1 appears to have 
the greatest distribution in tissues and is a constituent 
of plasma. The concentration of ET in plasma varies 
between 0.26 and 5 pg/ml (4, 5 )  and may reach 35 pg/ 
ml during some cardiovascular pathologies. The source 
of this ET is thought to be the vascular endothelial 
cells. However, the identification of ET and its precursor 
peptide in other tissues suggests that it may come from 
more than one source. 
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Endothelin effects have been considered to be ei- 
ther autocrine, paracrine, or endocrine, depending on 
the tissue responses measured. It is clear, however, that 
the discovery of this potent peptide has led to many 
speculations concerning its endogenous role and func- 
tion. For this review we have concentrated on ET’s 
actions in ocular tissues. Because of the limited scope 
of this review, we have focused on the most recent 
findings in this area. We apologize in advance for having 
restricted our references and may have inadvertently 
failed to recognize everyone’s contribution. For further 
detailed reviews of ETs vascular and nonvascular phar- 
macological actions, see Refs. 6 and 7. 

Synthesis and Distribution of Endothelin 
Endothelin-1 is synthesized from preproET, a 203- 

amino acid peptide, through the action of an endopepti- 
dase and subsequently through ET-converting enzyme 
(ECE), which converts an inactive 39-amino acid pre- 
cursor, big ET-1, into ET-1. Similarly, ET-2 and ET-3 
are derived from their precursor peptides, big ET-2 and 
big ET-3, respectively. There are several isoforms of 
ECE, which differ in their cellular localization and bio- 
chemical activities. ECE-la is the enzyme responsible 
for the formation of ET-1, however, big ET-1 is the 
preferential substrate for all the isoenzymes compared 
with big ET-2 or big ET-3 (8). ECE activity could be 
inhibited with the metalloprotease inhibitor, phos- 
phoramidon, which inhibits both in vitro and de novo 
synthesis of ET-1 (9). Exogenously administered big 
ET-1 is converted into active ET-1 in whole animals, 
isolated perfused organs, isolated vascular and nonvas- 
cular preparations, and cultured cells, suggesting that 
ECE isoforms are ubiquitous. Phosphoramidon analogs 
have been developed, as have several other agents with 
selectivity for ECE. These drugs inhibit the in vivo re- 
sponses to exogenously administered big ET-1 and are 
potentially clinically useful agents in preventing ET-1 
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Table 1. Endothelin Receptors 

Affinity ET-1 = ET-2 > > ET-3 > S6C 
Agonist ET-1 
Antagonist BQ-123 

Others 
Second messengers IP,/DAG, Ca2+ 
General actions Vasoconstriction 

Mitogenesis 

Ocular actions .1 Retinal blood flow 

1 Aqueous humor formation 
7 Outflow of aqueous humor 

.1 IOP 

ET-1 = ET-2 = ET-3 
Sarafotoxin S6c ET-3 

ET-3 > > ET-2 = ET-1 

BQ-788 None known 
Others 
I P,/DAG , Ca2+ 
NO release 
Bronchoconstriction 
Neurotransmission 
Renal vasoconstriction 
7 Outflow of aqueous humor 

IPJDAG, Ca2+ 

vascular effects. The synthesis and release of ETs are 
regulated by a variety of factors depending on the tissue 
source of ET and the stimulating factor. These factors 
include thrombin, tumor necrosis factor-a (TNF-a), in- 
terleukin-1 p (IL-1 p) and transforming growth fac- 
tor-pl (TGFp1) (10-12). Other agents effecting release 
include phorbol esters (13), endotoxin (14), and angio- 
tensin I1 (15). In addition, those agents that elevate 
cyclic AMP, or downregulate or inhibit protein kinase 
C, inhibit ET secretion, suggesting that these protein 
kinases may play opposite roles in regulating the release 
of ET. Circulating ET  levels rise or fall rapidly with 
changes in posture and plasma volume, reflecting the 
sensitive regulatory ET release mechanisms that are 
present in the circulation. Collectively, these release 
mechanisms suggest a key role for ETs in modulating 
vascular homeostasis. 

Endothelin Receptors 
There are two major pharmacological subclasses of 

ET receptors, the ETA receptor, selective for ET-1 
(ET-1 = ET-2 > ET-3), and the ETB receptor, which does 
not distinguish among the three ET peptides (Table I). 
These receptors have been cloned in mammals and have 
been extensively characterized as to their physiological 
and pharmacological profiles in a number of species and 
tissues. Two additional novel RT-PCR transcripts have 
been identified in human lung and other tissues, which 
suggest the presence of additional ET receptors. The 
presence of a putative ETc receptor, which appears to 
be selective for the ET-3 isopeptide, has been suggested 
from clones of amphibian melanophores (16), while a 
subclass of the ETA receptor has also been cloned from 
the frog heart (17). These nonmammalian ET receptors 
may have counterparts in the human, and, indeed, phar- 
macological evidence has suggested the existence of sub- 
types of the ETB receptor, ETBl and ETB2 (18). Additional 
molecular approaches using site-directed mutagenesis, 
RT-PCR, and transgenics may identify additional sub- 

types that may be tissue or species specific. Currently, 
several pharmaceutical companies are developing non- 
peptide-selective antagonists for the ETA and ETB recep- 
tors. Using these compounds, receptor binding tech- 
niques coupled to physiological responses could yield 
additional information regarding ET receptor subtypes. 

Pharmacology 
Perhaps the best characterized pharmacological ef- 

fects of ET concern its hemodynamic actions. Endo- 
thelin is one of the most potent vasoconstrictors yet to 
be identified. It not only exerts direct vasoconstrictor 
effects but potentiates the contractile action of other 
vasoconstrictor substances, including norepinephrine 
(19, 20). The pressor responses to ET appear to be 
mediated by the ETA receptor subtype, although in some 
vascular beds ET can also cause vasodilation (21). In 
the eye, ETs produce a rapid and reversible contraction 
of the isolated retinal branches of short posterior ciliary 
arteries (22) and are the most potent agonist in con- 
tracting bovine retinal pericytes (23). Intravitreal injec- 
tion of ET-1 produces a dose-dependent and sustained 
decrease in optic nerve head (ONH) blood flow; how- 
ever, if ET is administered systemically by an i.v. injec- 
tion, the ONH blood flow increases (24). The latter 
effect appears to be mediated through NO release, since 
L-NAME abolished such increase (24). Recently, ET-1 
has been used to develop a model of optic nerve isch- 
emia (25) that provides a mechanism to evaluate optic 
neuropathies, including normal tension glaucoma, 
which has been postulated as being associated with 
chronic ischemia (26, 27). In addition to its hemody- 
namic effects, ET has been shown to have positive ino- 
tropic and chronotropic actions, to stimulate endothelial 
cell mitogenesis, and to regulate a number of endocrine 
functions. Evidence also suggests that ETs may be con- 
sidered neuropeptides, as they are localized within the 
CNS, receptors for ETs are present in the brain, and 
ETs modulate CNS functions (7). 
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early genes (c-fos, c-jun) 
DNA synthesis 
Mitogenesis 

\ / /  

Effects on Second Messengers 
Endothelin receptors are involved in many func- 

tional changes of the cells. When activated, they affect 
cellular signaling systems, such as phospholipase C 
(PLC), calcium mobilization, phospholipase A2 (PLA2), 
phospholipase D (PLD), adenylyl cyclase, and protein 
kinases. Changes in these systems ultimately result in 
changes of cell contractility, production of autacoids, 
intracellular pH, cell growth, or proliferation. Reference 
7 is an excellent review on this subject. A brief descrip- 
tion of the major signal transduction pathways mediated 
by ET receptor is presented below (Fig. 1). 

Phospholipase C, lnositol Phosphates, and Cab 
cium Mobilization. In many vascular smooth muscles 
and cultured cells, ET activates PLC in a concentration- 
dependent manner, which leads to the hydrolysis of 
phosphoinositides and generation of diacylglycerol 
(DAG) as well as inositol phosphates, including inositol 
trisphosphate (IP3). IP3 activates IP3 receptors that re- 
lease calcium from intracellular calcium ( [Ca2+],) stores 
and elevate the intracellular concentration of calcium. 
In addition to the release of calcium from intracellular 
sequester sites, ET also affects the influx of extracellular 
calcium in some smooth muscle cells (28-31). The mech- 
anism involved in the influx of calcium is not clear. It 
is speculated that ET receptor activation may increase 
the opening of certain plasma membrane calcium chan- 
nels via inositol phosphates, such as IP4. Alternatively, 
a G protein activated by ET may directly open the 
channels. Mobilization of calcium in turn activates cal- 

Figure l. Endothelin receptor-mediated sig- 
nal transduction systems. (+), activation; 
(-), inhibition; AC, adenylyl cyclase; CaM, 
calmodulin; CAMP, cyclic AMP; DAG, diacyl- 
glycerol; ET-R, endothelin receptor; G, G pro- 
tein; IP3, inositol trisphosphate; IP3-R, inositol 
trisphosphate receptor; IP4, inositol tetrakis- 
phosphate; MLC, myosin light chains; MLCK, 
myosin light chain kinase; MLC-P, phosphor- 
ylated myosin light chains; PGs, prostaglan- 
dins; PG-R, prostaglandin receptor; pHi, in- 
tracellular pH; PIP,, phosphatidylinositol 
diphosphate; PKA, cyclic AMP-dependent 
protein kinase; PKC, protein kinase C; PL, 
phospholipid; PLA2, phospholipase AP ; PLC, 
phospholipase C. 

modulin, which in smooth muscle cells causes contrac- 
tion and in endothelial cells stimulates nitric oxide syn- 
thase and increases NO production. 

Diacylglycerol and Protein Kinase C. Activation 
of PLC also increases the production of DAG, which 
is known to stimulate protein kinase C (PKC). Thus, 
ET-1 was shown to facilitate the translocation of PKC 
from cytoplasm to membrane and its subsequent activa- 
tion (32). Activation of PKC leads to phosphorylation of 
many proteins. Phosphorylation of myosin light chains 
induces smooth muscle contraction. Inhibition of PKC 
by staurosporin inhibits ET-1-induced vasculature con- 
traction (33). Protein kinase C-facilitated phosphoryla- 
tion of the Na-H exchanger of the plasma membrane 
activates ion exchange, which in turn increases intracel- 
lular pH (34, 35). Hence, inhibitors of PKC or Na-H 
antiporter block the ET-1 -induced alkalinization (36). 
Furthermore, both PKC activation and cell alkaliniza- 
tion can induce mitogenesis and proliferation. ET-1 is 
a weak mitogen for various cultured cells. It stimulates 
the expression of the immediate early response genes 
(37). These effects were partially or completely pre- 
vented by inhibitors of PKC (37, 38). 

Phospholipase A2 and the Synthesis of Prosta- 
glandins. Endothelin-1 stimulates PLA2 in smooth 
muscle cells (39, 40). It is not clear if the stimulation is 
mediated directly by an activated G protein or indirectly 
by the ET-induced calcium mobilization. Activation of 
PLA2 increases the synthesis of various prostanoids (41). 

Adenylyl Cyclase. Endothelin produces tissue- 
specific stimulation or inhibition of adenylyl cyclase. For 
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example, in cultured rat vascular smooth muscle cells 
or in embryonic bovine trachea cells, ET-1, via the acti- 
vation of the ETA receptor, increases cyclic AMP forma- 
tion (42,43), whereas, in rat brain capillary endothelial 
cells and human atrial slices, activation of the ETA recep- 
tor inhibits cyclic AMP production (44, 45). Activation 
of adenylyl cyclase by the peptides may be a result of 
ET-induced prostaglandin production, since some pros- 
taglandins, such as PGD2 and PGE2, can stimulate ade- 
nylyl cyclase. However, in other cases, such as in cul- 
tured rat vascular smooth muscle cells, the activation 
of adenylyl cyclase by ET was shown not to involve 
prostaglandins (42). 

Ocular Endothelins 
Distribution and Production in Ocular Tissues. 

Interest in the actions of ETs in the eye have come from 
initial studies in which ET binding sites were detected 
in the iris, retina, and choroid (46), and from reports of 
intraocular pressure (1OP)-lowering effects of intravit- 
real administration of ETs in rabbits and monkeys (47, 
48). Immunolocalization studies have identified ET-like 
immunoreactivity in all ocular tissues; however, the iris, 
ciliary body, and choroid seem to have the highest con- 
centrations of this peptide (48). Most studies have iden- 
tified either ET-1 or ET-3 in ocular tissues, with appar- 
ently no ET-2 peptide immunoreactivity detected 
(48-50). ET-3 concentrations are higher than those of 
ET-1 in ocular tissues. Such differences in concentra- 
tions may be indicative of their relative function, but 
this remains unclear at this time. The pathway for the 
synthesis of ET-1 is through the activity of ECE acting 
on big ET-1. Previous studies using radioimmunoassays 
have detected minimal amounts of big ET-like immuno- 
reactivity in human ocular tissue extracts, except the 
vitreous (49). Recently, our laboratory, using immuno- 
fluorescent techniques, identified big ET-1 in cultured 
human ciliary epithelial cells and human ciliary muscle 
cells, and its immunofluorescence was found to be en- 
hanced by TNF-a (Fig. 2A-F). This differs from the 
previous radioimmunoassay observations. The reasons 
for this difference in findings are not clear. However, 
the earlier studies measured extracted big ET-1, which 
could have resulted in peptide degradation and de- 
creases in concentrations below that detected by the 
radioimmunoassay. In contrast, the immunofluorescent 
studies are on intact cultured cells. If big ET was not 
present in ocular tissues, then ET would have to come 
from some other source, either from neurons, which 
contain both messenger RNA and ET peptide (51, 52), 
or it would be transported into the eye from the plasma. 
Endothelin-like immunoreactivity has been measured 
in human and bovine aqueous humor and found to be 
two to three times higher than in plasma (53). This 
higher concentration could reflect a specific transport 

system for ET, or differences in ET degradation in aque- 
ous humor versus plasma. Since systematically adminis- 
tered ET does not cross the blood-brain barrier (54), it 
is highly unlikely that it would cross the blood-aqueous 
barrier under normal conditions. Therefore, it is most 
probable that the synthesis of ET is present in ocular 
tissues or that the peptide comes from neuronal ganglia 
and is transported to ocular nerve endings. As abundant 
levels of ET-mRNA have been found in the rat and 
rabbit iris (46,55), some ocular tissues may serve as the 
source for aqueous humor ET. It has also been shown 
that preproET-1 mRNA was present in the optic vesicle, 
lens epithelium, and cornea of the developing mouse 
eye (56), adding further support for local synthesis of 
ETs. There are yet no specific reports on the isolation of 
any isoforms of the ECE in the eye. However, cultured 
human nonpigmented ciliary epithelial cells release 
ET-like immunoreactivity in response to fetal calf se- 
rum, thrombin, carbachol, and phorbol esters (53). The 
enhanced release of ET-like immunoreactivity was pre- 
vented with pretreatment with cyclohexamide (53). This 
finding provides evidence that ET  production requires a 
translational event. Traditionally for ET-1, this involves 
the formation of the proET or big ET followed by its 
conversion to ET-1 (7). Our laboratory has recently 
found that, in addition to thrombin, TNF-a stimulates 
ET  and big ET release from human ciliary epithelial 
cells and ciliary muscle (Fig. 2). Thus, the production 
and release of ET may be under the control of a number 
of factors, including cytokines. 

There is also evidence that rabbit tear glands (lacri- 
mal and Harderian gland) contain the gene transcripts 
for preproET-1, and that ET-1-like immunoreactivity 
is present in tears and lacrimal gland fluid (57). The 
concentrations of ET-1-like immunoreactivity in the 
tears and lacrimal gland are higher than those in plasma, 
which suggests that ET may either play a role in tear 
gland physiology as an autocrine or perhaps affect cor- 
neal epithelial renewal in a paracrine role (57-59). 

Ocular Endothelin Receptors. Following the iso- 
lation and identification of ET isoforms, ligand binding 
studies demonstrated that there are high-affinity binding 
sites for ETs on many tissues. Pharmacological profiles 
of the activities of the different ET isoforms demon- 
strate that there are subtypes of ET receptors (see 
above). In the eye, ET receptor binding sites have been 
described using radioligand binding and have been in- 
ferred from pharmacological antagonism. Through the 
use of autoradiography of [1251]-labeled ET-1 and com- 
petition binding with ET-3, ETA-like binding sites were 
localized to the human retina and choroid, with specific 
labeling within the retinal neural tissue (60). Labeling 
was highest in the photoreceptor inner segment layer, 
and the outer and inner plexiform layers. There was no 
significant labeling in the photoreceptor outer segments 
or sclera (60). Although little labeling was seen in the 
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Figure 2. lmmunocytochemistry of distribution of big ET-1 human ciliary epithelial cells (HCE) and human ciliary muscle cells (HCM). (A and 
D) Background immunofluorescence obtained from HCE (A) and HCM (D) cells seeded onto coverslips and serum-starved overnight in 
DMEM. Cells were washed in TBS (0.05 M Tris, 0.15 M NaCI, and 2% BSA), fixed with pre-cooled 1 : 1 mixture of methanol: acetone at 
-20°C and rapidly rinsed with TBS. Cells were incubated only with secondary antibody (goat anti-rabbit IgG-FITC; 11200) at 37°C for 30 
min, rinsed with TBS, deionized water, and mounted on a slide for viewing and photographing with a fluorescent microscope. (Magnification: 
X560.) (B and E) lmmunofluorescence labeling of basal big ET in HCE (B) and HCM (E). Cells were treated as above except primary antibody 
(rabbit anti-big ET-1; 1 : 500) incubation was done at 4°C for 15 hr. Cells were then incubated with secondary antibody (goat anti-rabbit IgG- 
FITC; 1 : 200) at 37°C for 30 min and treated and viewed as described above. (Magnification: x660.) (C and F) lmmunofluorescence labeling 
of big ET in HCE (C) and HCM (F) treated with TNF-a (10 nM: 30 min). Cells were handled as above in Panels B and E. 

retinal pigment epithelium, the authors attributed this 
to a possible interference of the pigment with identifica- 
tion of silver grains. Since most of the label was blocked 
with low concentrations of ET-3, the authors concluded 
that the primary binding site was an ETB-like receptor 
within the retina whereas the site in the choroid and 
retinal vessels was similar to the ETA receptor. Endo- 
thelin receptor subtype distribution in rabbit eyes is 
similar to that in humans (60). Bovine retinal pericytes 
in culture also contain both ETA and ETB receptors (61). 
ETA receptors are thought to mediate vasoconstriction, 
while the ETB receptor has been implicated in both 
contractile and dilator actions. ETA receptors appear to 
predominate in retinal pericytes (62). The presence of 

ET receptors in the retina and choroid, particularly in 
retinal blood vessels, suggests that ETs may be involved 
in regulating retinal blood flow and could contribute to 
retinal ischemia, which may lead to a number of retinal 
pathologies, including normal tension glaucoma. 

The cornea also has abundant binding sites for ETs 
(48), and ETs have a number of actions on corneal 
epithelial cells suggesting functional receptors are pres- 
ent. Both ETA and ETB receptor genes are expressed 
in bovine corneal epithelium (59), and ETB agonists 
enhance gene transcription for preproET-1 and increase 
ET-1 secretion in bovine corneal epithelial cells in cul- 
ture (63). Furthermore, stimulation of the ETB receptor 
enhances the effectiveness of epidermal growth factor 
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to promote wound closure in the corneal epithelium 
(59), suggesting that ETs may play a role as a growth 
factor in the corneal epithelium. A similar role for ET 
was also reported for the corneal endothelium, where 
a single class of receptors were identified by radioligand 
binding techniques (64). ET-like immunoreactivity and 
mRNA for preproET-1 were also reported for rabbit 
corneal epithelial cells, and ETA receptor activation in- 
creased cell proliferation (58). Collectively, these results 
suggest that ETs may play an important role in corneal 
wound healing. 

In cultured cells of the human ciliary muscle, our 
laboratory has shown that this tissue contains an ETA 
receptor coupled to PLC and calcium mobilization (65). 
It was also shown that a separate ETA receptor pathway 
was present that was coupled to the activation of PLA2 
and an increase in PGE2 (65,66). The increase in PGE2 
formation resulted in the activation of adenylyl cyclase 
and increases in cyclic AMP. It is unclear if this involves 
subtypes of ETA receptors or the same receptor coupled 
to two different G proteins. ET-1 has been shown to 
induce contractions of the isolated human ciliary muscle 
(53), and this is presumably through the ETA receptor 
subtype. In isolated bovine ciliary muscle strips, ET-1 
caused a dose-dependent contraction and relaxation of 
the ciliary muscle (67). The contraction was mediated 
through the ETA receptor, whereas relaxation was a 
result of ETB receptor activation (67). 

One of the highest density of binding sites for radio- 
labeled ET-1 has been in the iris (46,54). In the iris sphinc- 
ter muscle, ET-1 has been shown to enhance IP3 and 
DAG formation in conjunction with contraction in a 
number of species, though not in monkey or humans (68). 
This response was also mediated by an ETA receptor. By 
using radiolabeled ETs, it was determined that rabbit 
sphincter muscle contained both ETA and ETB receptors, 
but that ETA receptors represented 80% of the total and 
were linked to IP3 formation and muscle contraction (69). 
Whereas, in the bovine sphincter muscle ETB receptors 
predominated, with 72% of the total, and were linked to 
increases in cyclic AMP formation and not to muscle con- 
traction (69). In fact, the ETB receptor is thought to coun- 
teract the contractile actions of the ETA receptor activa- 
tion by elevating cyclic AMP and to induce relaxation as 
in other smooth muscles. In the iris, ET-1 effects have 
also been linked to activation of phospholipase D (PLD) 
through ET actions on the ETA receptor (70). This im- 
plies that the ETA receptor in iris is linked to three phos- 
pholipase enzymes that are actively involved in signal 
transduction mechanisms. Most likely, this will involve 
coupling through different G proteins. 

Effects on Signal Transduction Pathways in Oc- 
ular Tissues. Endothelin affects signal transduction 
pathways in a variety of ocular tissues, from the cornea 
at the very front of the eye to blood vessels of the retina. 
Table I1 provides a summary of its actions. 

Cornea. In rat and rabbit cornea pieces, ET-1 acti- 
vates the turnover of phosphoinositides in a time-depen- 
dent and concentration-dependent manner (58, 71). 
This effect is presumed to be mediated by the epithelial 
cells, since ET-1 does not significantly increase the pro- 
duction of inositol phosphates in the de-epithelialized 
rabbit cornea. In cultured rabbit cornea epithelial cells, 
ET-1 increases intracellular calcium concentration. 
Among the various iso-peptides, ET-1 is the most potent 
and efficacious, followed by ET-2 and ET-3, a pharma- 
cological profile suggesting that the ETA receptor is 
essential for this ET action (58). In the rabbit cornea, 
ET-1 also causes a slight increase in the accumulation 
of cyclic AMP that is dependent on the presence of 
extracellular calcium (58). It is not known if a direct 
ET effect on adenylyl cyclase or an indirect effect sec- 
ondary to the ET stimulation of PLC and calcium mobi- 
lization is responsible for the increased cyclic AMP 
accumulation. The functional significance of the second 
messenger changes induced by ET in the cornea is 
not clear. However, they may be involved in the 
proliferative and mitogenic actions of ET. Such actions 
in the cornea may be important for wound healing re- 
sponses. 

Iris. In the iris sphincter of the rabbit, cat, dog, pig, 
and bovine, but not Rhesus monkey or human, ET-1 
activates PLC and induces contraction of the smooth 
muscle (68-71,74-78,94). In rabbit and bovine sphinc- 
ters (69), stimulation of PLC by ET-1 was shown to be 
mediated by the ETA receptor subtype. Similarly, the 
ETA receptor is involved in the ET-1-induced contrac- 
tion of iris sphincters of the rat (78), bovine, and rabbit 
(69). However, Ishikawa et al. (76), based on potency 
profiles of agonists and antagonists, suggested that a 
novel or perhaps atypical ET receptor subtype, together 
with the ETA receptor, contributes to the ET-1- 
stimulated contraction in rabbit iris. 

In contrast to PLC, ET-1 stimulates adenylyl cyclase 
in the iris sphincter of all mammalian species studied, 
including primates (68, 69, 73). In the rabbit sphincter, 
the effect of ET-1 was almost completely blocked by 
the ETA-selective antagonist BQ-123. Interestingly, in 
addition to ET-1, ETB-selective agonists, such as ET-3 
and sarafotoxin S ~ C ,  can also increase the accumulation 
of cyclic AMP. Their stimulative effects are not antago- 
nized by BQ-123 (69). Thus, these results taken together 
indicate that activation of either the ETA or ETB recep- 
tor subtype activates adenylyl cyclase in the rabbit 
sphincter. Contrarily, only the ETB subtype appears to 
mediate the ET activation of adenylyl cyclase in the 
bovine iris sphincter, since in this tissue the ETA antago- 
nist BQ-123 is not effective in preventing the actions of 
ET-1, ET-2, ET-3, or sarafotoxin S6c (69). At this time, 
whether ETA or ETB or both receptors are involved in 
the modulation of cyclic AMP production in the iris 
sphincter of other animal species is still not clear. 
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Table II. Effects of Endothelins on Signal Transduction Pathways in Ocular Tissues 

Tissue PLA2/PG 
Structure Species or cell PLC [Ca2+], Contraction production AC Other effects References 

Cornea epithelium Rabbit 

Cornea endothelium Rabbit 

Iris sphincter Bovine 
Cat 
Dog 
Human 
Monkey 
Pig 
Rabbit 
Rat 

Iris dilator Rabbit 
Ciliary processes Human 

Rabbit 
Ciliary muscle Bovine 

Cat 
Dog 
Human 

Monkey 

Trabecular meshwork Bovine 

Human 

Retinal vessel Bovine 

Human 
Pig 

Cell 
Tissue 

Tissue 

Tissue 
Tissue 
Tissue 
Tissue 
Tissue 
Tissue 
Tissue 
Tissue 

Tissue 
Tissue 
Tissue 
Tissue 
Tissue 
Tissue 
Cell 
Tissue 
Tissue 

Cell 

Tissue 
Cell 

Pericyte 

Tissue 
Tissue 
Tissue 

+ 
+ 
+ 
+ 
+ 
0 
0 
+ 
+ 

+ 

+ 
0 
0 
+ 

01 + 

+ 

+ 

+ 
+ 
+ 
+ a  

0 
+ 
+ 
+ 
+ 

+ 
0 
0 

+ + 
O/ + 
+ 

+ 
+ 

+ + 
+ 
+ 
+ 

Note. PG, prostaglandins, AC, adenylyl cyclase, +, stimulation, -, inhibition, 0, no effect. 
"In longitudinal muscle. 

+ 
0 
+ 
+ 
+ 
+ 
+ 
+ 
+ PLD(+) 

Depolarization, 
alkalinization 

Deplolarization 

Proliferation 
PKC (+) 

58 
58 
71 

68, 69, 72 
68, 73 
68 
68 
68 

68, 74 

78 
68, 75 
79 
71 

67, 80, 81 
80 
80 

65, 82, 83 
53, 80 
84 

85, 86 

68-71 , 75-77 

81 
87 

23,88-90 

22 
91 

92, 93 

In cat, rabbit, and bovine iris sphincters, ET-1 also 
stimulates PLA2 and raises the production of prostaglan- 
dins and related compounds (72,73, 94). In the rabbit, 
treatment with ET-1 increases the release of arachidonic 
acid, its cyclooxygenase metabolites, including PGD2, 
PGE2, PGF2,, and 6-keto-PGF1,, as well as lipoxygenase 
products such as 12-HETE and 15-HETE (94). The 
physiological and pathological significance of the release 
of these eicosanoids in ocular tissues could be very im- 
portant and remains to be investigated. 

Unique to the cat iris sphincter, the effects of 
ET-1 on PLC, adenylyl cyclase, and contraction may be 
mediated by the activation of PLA2 and subsequent 
elevated release of prostaglandins. Yousufzai et al. (73) 
demonstrated that ET-1 increased PGE2 production in 
the cat iris sphincter tissue and that all actions of 
ET-1 were blocked by the pretreatment of indometha- 
cin, a cyclooxygenase inhibitor. The authors suggested 
that the ET-1-induced release of PGE2 increases cyclic 
AMP production via the activation of the prostaglandin 
EP, receptor and stimulates PLC, calcium mobilization, 
and resulting contraction via the EP1 receptor. However, 

it should be noted that indomethacin is not specific in 
its actions. In addition to cyclooxygenase inhibition, it 
can inhibit protein kinases and phosphodiesterases as 
well as interfere with bindings of various prostanoids to 
their receptors. Consequently, whether prostaglandins 
mediate all functional responses of the cat iris sphincter 
to ET-1 requires additional investigation. 

By measuring the formation of radiolabeled phos- 
phatidylethanol, Zhang and Abdel-Latif (70) revealed 
that ET-1 is also a potent activator of PLD in rabbit 
iris sphincter muscle. They showed that the ET-1's effect 
on PLD is independent of the activation of PLC, in- 
crease in [Ca2+Ii, or activation of PLA2. Recent evidence 
indicates that PLD may elicit mitogenesis (95). Hence, 
a potential mitogenic action of ET-1 in this tissue cannot 
be ignored. 

Despite the relative large number of studies on the 
iris sphincter, very few reports are available on ET's 
effects on the iris dilator muscle. Abdel-Latif and Zhang 
(68) as well as Ishikawa et al. (75) have shown that 
ET increases accumulation of inositol phosphates and 
causes contraction of the dilator of rabbits. 
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Effect of Endothelin- 1 (1 0 nM) on 
Human Ciliary Muscle Cell 

a) 0 min 

b) 15 min 
Figure 3. Photomicrographs of human ciliary muscle cells before 
(A) and 15 min after (B) the addition of 10 nM ET-1. Cultured human 
ciliary muscle cells were partially detached from the culture dish by 
incubation with a nonenzymatic dissociation buffer. 

Ciliary processes. Bauscher and Horio (79) discov- 
ered that ET-2 suppresses forskolin-activated adenylyl 
cyclase in adult human ciliary processes without affect- 
ing the basal level. Similar results have also been ob- 
served in rabbit iris ciliary body (71). Since cyclic AMP 
is believed to regulate aqueous humor formation in the 
ciliary epithelium, these findings suggest a possible func- 
tional role for ET in the regulation of aqueous inflow. 

Ciliary muscle. In cultured human ciliary muscle 
cells, ET-1 stimulates PLC, increases [Ca2+Ii, induces 
membrane depolarization, triggers prostaglandin re- 
lease, and activates adenylyl cyclase (65, 82, 83). All of 
these effects are mediated by the ETA receptor subtype. 
Matsumoto and co-workers (65) further showed that 
the activation of adenylyl cyclase by ET-1 in these cells 
is mediated by the stimulated production and release 
of PGE2. Endothelin-1 also appears to cause the muscle 
cells to contract (Fig. 3). This agrees with the findings 
that isolated ciliary muscle from human (53), Rhesus 
monkey (84) or bovine (67, 80, 81) contracts when 
treated with ET-1. Nevertheless, Abdel-Latif et al. (80) 
observed that whole human ciliary muscle obtained 

within 7 to 14 hr after death did not respond to ET-1 
with regard to phosphoinositide turnover or contraction. 
However, longitudinal human ciliary muscle did re- 
spond to ET-1 with contraction. Abdel-Latif et al. (80) 
further indicated that ET-1 stimulates PLC and contrac- 
tion in ciliary muscle isolated from the bovine but not 
the cat or dog. However, in tissues from different mam- 
mals that they examined, ET-1 always induces prosta- 
glandin production and activates adenylyl cyclase. Con- 
tractility of the ciliary muscle is believed to affect 
aqueous outflow facility. In fact, ET-1 has been shown 
to enhance outflow facility in vivo in rabbits (96) and 
monkeys (47). Consequently, the actions of ET on the 
ciliary muscle indicate that these peptides may contrib- 
ute significantly in controlling IOP. 

Trabecular meshwork. In cultured human and bo- 
vine trabecular meshwork cells, ET-1 causes depolariza- 
tion of the plasma membrane and elicits calcium mobili- 
zation (85-87). Lepple-Wienhues et al. (81) also showed 
that ET-1 induces contraction of bovine trabecular 
meshwork strips in a dose-dependent and calcium- 
dependent manner. Interestingly, ET-1 increases intra- 
cellular pH in the bovine cells (85). This effect is appar- 
ently mediated by the activation of Na-H exchange, 
since inhibitor of the antiporter prevents the alkaliniza- 
tion. Increase in cytosolic pH can affect gene transcrip- 
tion and cell proliferation (97). Currently, no informa- 
tion is available regarding whether ET induces cell 
growth in the trabecular meshwork. Dysfunction of this 
tissue is generally attributed as the etiology of most 
primary open-angle glaucoma cases. Therefore, ET- 
induced contraction and cellular alkalinization of this 
tissue may be implicated in the pathology or treatment 
of ocular hypertension. 

Ocular blood vessels. Endothelin activates PLC, 
calcium mobilization, and contraction in many vascular 
smooth muscles. The same is true for the ocular vascula- 
ture. In bovine retinal microvascular pericytes, ET-1 
contracts the cells, likely due to its activation of PLC 
and increase in [Ca2'Ii (23, 88, 89), suggesting that 
ET-1 may be involved in the autoregulation of retinal 
blood flow. Indeed, when treated with ET-1, bovine 
retinal small arteries, porcine ophthalmic, and ciliary 
arteries, and human ophthalmic artery contract 
promptly and reversibly (22, 91-93). In addition to in- 
ducing the contraction of ocular blood vessels, ET also 
affects the growth of vascular cells. The in vitro growth 
of cultured bovine retinal pericytes is increased by se- 
creted factors from endothelial cells. Yamagishi and co- 
workers (90) showed that this factor is ET-1, and it likely 
serves as the general paracrine mitogen for pericytes. 

Ocular Effects of Endothelins. Cornea. Topical 
administration of ET-1 (10 nM or p M  in a volume of 
50 pl, five times a day for 3 days) increases by 25%-30% 
the closure rate of rabbit corneal epithelial wound in- 
duced by exposure of the epithelium to n-hexanol. The 
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healing effect of ET-1 is not associated with any epithe- 
lial hyperplasia, neovascularization, conjunctival hyper- 
emia, vasoconstriction, or corneal opacification (98). 
This in vivo effect agrees well with in vitro actions of 
ET-1. The peptide dose-dependently increases [Ca2+Ii 
and proliferation of primary cultures of rabbit corneal 
epithelial cells as assayed by thymidine incorporation 
(58). The rank order of potencies of peptides tested 
suggests that the ETA receptor is the primary receptor 
subtype involved. In this study, ET-1 was more potent 
in increasing thymidine uptake when 0.5% fetal bovine 
serum was also present, suggesting that synergism prob- 
ably exists between ET-1 with other growth factors in 
the serum. A similar phenomenon was observed in bo- 
vine corneal endothelial cells. In the presence of 10% 
calf serum, ET-1 increases cell density by proliferation 
in culture and enhances the cell migration rate in an in 
vitro wound healing assay (64). Furthermore, Tao and 
co-workers (59) showed that ET-1, in the absence of 
added fetal calf serum, does not affect proliferation in 
bovine corneal epithelial cells in culture, but potentiates 
the effectiveness of epidermal growth factor to stimulate 
migration of the cells. The potentiating effect of ET-1 
is apparently mediated by the ET, receptor, since 
BQ-123 is ineffective as an antagonist and sarafotoxin 
S6c is an effective agonist equal to ET-1. 

These studies demonstrate that ET stimulates the 
proliferation and migration of corneal epithelial and 
endothelial cells. Either alone or in conjunction with 
other growth factors, these peptides are likely involved 
in the wound healing process of the cornea. Clinically, 
they should be useful in shortening the recovery period 
after corneal damage produced by accident or surgery. 

lris andpupil. Similar to the actions of ET on second 
messenger pathways, in vivo actions of ET on the iris 
also vary among various animal species. In the rabbit, 
intravitreal injection of ET-1 (approximately 1 nmol) 
causes blockade of light reflex with an initial (2-3 days) 
mydriasis (48) then prolonged miosis lasting 7-10 days 
(99), whereas injection of ET-3 causes a slight miosis 
without blockade of light reflex. These results are likely 
due to the net difference of tensions generated by the 
ET-induced contraction of both the iris sphincter and 
dilator muscles. Apparently, prostaglandins are not in- 
volved in these actions, since indomethacin pretreat- 
ment does not modify the pupil effects of ET. Six hours 
after injection of either ET-1 or ET-3, the rabbit iris 
characteristically shows a central or crescent-shaped sec- 
tor of blanching (48), probably a result of vasoconstric- 
tion (100). The remainder of the iris in ET-1-treated 
eyes is hyperemic. At 1 day after injection, the iris and 
conjunctiva become markedly hyperemic in both the 
ET-1- and ET-3-treated eyes (48). The hyperemia can 
be reduced by indomethacin pretreatment, indicating 
that ET-triggered prostanoid production plays an im- 
portant role. 

Intracameral administration of ET-1 causes marked 
miosis in the cat (101). Within minutes of injection of 
0.04 pmol ET-1, the pupil size decreases to less than 
50%. Addition of 0.4 and 4 pmol ET-1 further constricts 
the pupil. The pupil size is about 10% of the original 
size after the 4-pmol treatment. After indomethacin pre- 
treatment, ET-1 is no longer miotic. Indeed, the ET-1 
injection also raises concentration of PGE2 in aqueous 
humor by almost 500-fold. These results agree very well 
with in vitro studies in cat iris sphincter, in which prosta- 
glandins seem to mediate ET’s effects on PLC activation 
and contraction (73). 

In contrast to the rabbit or cat, ET does not affect 
PLC or contraction of the iris sphincter of primates. 
Consequently, perfusion of ET-1 (up to 100 nM) into the 
anterior chamber of anesthetized cynomolgus monkeys 
has no effect on the pupil diameter (47). These results 
predict that ET probably does not affect the pupil size 
in humans either. 

lnfraocular pressure. Although Sat0 et al. (102) 
could not detect a significant IOP effect following intra- 
vitreal injection of ET-1, many laboratories have dem- 
onstrated that ET peptides induce long-lasting ocular 
hypotension. MacCumber and co-workers (48) ob- 
served that intravitreal injection of ET-1 or ET-3 (1.2 
nmol) significantly lowered IOP, by 30%-40%, in nor- 
motensive rabbits. The IOP lowering of ET-1 lasted for 
more than 7 days, whereas that of ET-3 had a slightly 
shorter duration, lasting between 5 and 7 days. In this 
study, aqueous protein was elevated in six of eight eyes 
48 hr after ET-1 injection and two of five eyes after ET- 
3 injection. Pretreatment of the animals with Indometh- 
acin reduced the increase in aqueous protein without 
affecting the ocular hypotensive effect of the ET pep- 
tides, suggesting that prostanoids were not involved in 
mediating the ET’s IOP action. Sugiyama et al. (26) 
described a similar finding that intravitreal injection of 
ET-1 (0.1 nmol) decreased IOP by 40%-50% for at 
least 24 hr. Fourteen days after injection, the IOP of 
the treated eye was still statistically significantly lower 
than that of the control. They further showed that intra- 
venous administration of ET-1 (0.1 nmol/kg) also low- 
ers IOP. 

In addition to ocular hypotension, ET-1 may even 
increase IOP via the stimulation of prostaglandin re- 
lease. For example, Granstam and colleagues (103) 
demonstrated that intracameral injection of ET-1, 
ET-2, or ET-3 (0.8 or 4 pmol) caused a dose-dependent 
increase in IOP with an increase in protein and PGEz 
concentrations in the aqueous humor. The ET-1 effects 
on both ocular hypertension and aqueous protein in- 
crease were blocked by indomethacin pretreatment. 
Moreover, Sugiyama and colleagues (104) found that 
intravitreal injection of 0.05 or 0.15 pg ET-1 produced 
prolonged (>3 days) IOP lowering. At higher concen- 
trations (0.5 and 5 pg), the IOP lowering became more 
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pronounced and prolonged. However, there was an ini- 
tial (0.5-1 hr) significant increase in IOP when 0.5 pg 
(but not 5 pg) of ET-1 was administered. Levels of PGE2 
in aqueous humor was increased by approximately 
300-fold at 1 and 24 hr after the 0.5 pg ET-1 treatment. 
Pretreatment with indomethacin blocked such increase 
in PGE2 and the initial hypertension without affecting 
the subsequent IOP-lowering effect. 

The IOP effects of ET-1 are likely mediated by both 
the ETA and ETB receptor subtypes, since intravitreal 
injection of ETA-selective antagonists 97-139 (155 pg) 
or BQ-123 (126.5 pg) prior to ET-l(O.5 pg) significantly 
reduces but does not completely eliminate hypotensive 
actions of ET-1 (104, 105). Moreover, the ETB agonist 
Sarafotoxin-S6c also lowers IOP in rabbits after intravi- 
treal injection. A 40% reduction of IOP is still evident 
6 days after 2-nmol treatment (96, 105). Indomethacin 
does not block its effect. Thus, both the ETA and ETB 
receptors appear to be able to lower IOP directly. 

The mechanism of the ET ocular hypotension is 
unclear. Both MacCumber et al. (48) and Azuma (107) 
reported that the outflow facility in rabbits was not 
changed after ET-1 injection. However, Taniguchi et al. 
(96) suggested that activation of the ETA receptor can 
lower aqueous formation in the rabbit, whereas ETB 
receptor activation increases outflow facility. In anesthe- 
tized cynomolgus monkeys, bolus injection of ET-1 
(0.01-10 pmol) into the anterior chamber increases out- 
flow facility by 22%-71% in a dose-dependent fashion 
(47). This finding is consistent with in vitro studies show- 
ing that ET stimulates the ciliary muscle and induces 
contraction. Contraction of ciliary muscle should in- 
crease aqueous outflow and induce accommodation. In- 
deed, the outflow effect of ET-1 in monkeys correlates 
very well with its accommodative action. However, the 
demonstration of increase in outflow facility does not 
exclude other possible mechanisms of ET on aqueous 
humor hydrodynamics. Its effects both on adenylyl cy- 
clase in the ciliary processes and on vascular contractility 
may modulate the production of aqueous humor and 
contribute to ocular hypotension. Moreover, in perfused 
anterior segment of the bovine eye where the ciliary 
body including the ciliary muscle was removed, 2 or 
20nM of ET-1 reduces outflow facility (108), as does 
pilocarpine. Wiederholt and co-workers concluded from 
these data that contraction of trabecular meshwork in- 
duced by ET-1 or muscarinic agonists physically changes 
the outflow pathway and causes an increase of outflow 
resistance that leads to a reduction in outflow rate. Even 
though there may be relevant differences between the 
bovine and human eye, the authors speculated that con- 
traction of the trabecular meshwork induced by ET or 
muscarinics is functionally antagonistic to the direct con- 
tractile effect on the ciliary muscle. 

Ocular blood flow. The role of optic nerve blood 
flow in optic nerve neuropathies has received increased 

attention, particularly with respect to glaucomatous op- 
tic nerve damage. There are some schools of thought 
that suggest optic nerve damage in glaucoma may be 
initiated by abnormal local autoregulatory mechanisms 
of the optic nerve microvasculature (27, 109). Local 
vascular tone can be modulated by the release of re- 
laxing and contracting factors by the vascular endothe- 
lium (110). The most potent vasoconstrictor peptide 
released is ET. 

ET peptides produce vasoconstriction in almost all 
vasculatures tested, including ocular blood vessels. In 
the human ophthalmic artery, ET-1 produces marked 
contractions (94). However, repeated administration of 
ET-1 results in a decreased contractile response typical 
of tachyphylaxis. The authors suggest that this decreased 
responsiveness is indicative of downregulation of ET  
receptors and represents a preventive mechanism by 
which the vascular bed is protected from repeated and 
prolong exposure to ETs. It is tempting to speculate 
that a dysfunction in the ability of the vascular beds 
to modulate their responsiveness to ETs can lead to 
pathophysiology of chronic ischemia or alterations in 
ophthalmic blood flow. 

In the cat, intravitreal injection of 0.4 nmol of 
ET-1 induces a 34% reduction in retinal blood flow but 
does not affect blood flow in the ciliary body, iris, or 
choroid (101). A dose-related sustained decrease in op- 
tic nerve blood flow after intravitreal injection of ET 
has also been observed (24). In rabbits, intravitreal 
injection of 0.1-5 nmol of ET-1 causes concentration- 
dependent constriction of retinal vasculatures (48,111- 
115). ET-3 is less effective than ET-1 in causing the 
constriction (111,116). The ET-1-induced vasoconstric- 
tion is so severe that, 1 min after injection of 1 nmol of 
the peptide, blood flow in the retinal arteries and veins 
surrounding the optic disc ceases completely, as deter- 
mined by fluorescein angiography. The complete ob- 
struction of flow persists for almost an hour (115). Pallor 
of the optic nerve head lasting for 10 days after injection 
has also been reported (99). In addition to retinal flow, 
ET-1 also decreases choroidal blood flow, but to a lesser 
extent (26, 107). In some incidences, it can actually in- 
crease choroidal blood flow, possibly because of the 
shunting of blood to the choroid by local autoregulatory 
mechanisms when blood flow to the optic nerve head 
or the retina is lowered (102). In the rat, intravitreal 
injection of ET-1 apparently does not affect calibers of 
retinal capillaries, even though it constricts the retinal 
arterioles, suggesting that rat capillary pericytes does 
not have contractile function in response to ET-1 (112). 

Ischemia of the retina affects the health of retinal 
cells and produces abnormalities of electroretinographs. 
Takei et al. (115) showed that 110-150 min after intravi- 
treal injection of ET-1 the amplitude of the scotopic 
b-wave is significantly elevated and the amplitudes of 
oscillatory potentials are significantly reduced, while the 
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a-wave is not affected. These findings suggest that the ET- 
1-induced damage is more pronounced in the retina than 
in the choroid. A similar study by Oku and co-workers 
(99) provides a slightly different conclusion. They dem- 
onstrated that the amplitudes of a- and b-waves and the 
latencies of the oscillatory potentials in the ERG are not 
changed by ET-1. Yet, prolongation of the N1 latency of 
visual evoked potential by 2-3 msec was observed from 
1 hr to 14 days after the injection. The investigators con- 
cluded that ET acts on the circulation of the optic nerve 
head rather than that of the retina or the choroid. The 
differences in the two studies probably resulted from the 
extent of ET-induced ischemia. However, both studies 
do point out that severe ischemia generated by local in- 
jection of ET can be damaging to visual functions and 
that the peptide’s effect is more significant in the optic 
nerve head and retina than in the choroid. 

Other administration routes of ET also cause vaso- 
constriction in ocular structures. Intravenous injection 
of ET-1 (1 pA4,O.l ml/kg) lowers capillary flow in optic 
nerve head for at least 3 hr without modifying choroid 
flow (26). Chronic perineural injection via an osmotic 
minipump to the area adjacent to the optic nerve of 
the rabbit causes vasoconstriction of the anterior optic 
nerve vasculature (113). Intraluminal perfusion of 1 pM 
of ET-1 through the common ophthalmic artery in iso- 
lated porcine eyes unexpectedly increases ophthalmic 
microcirculation by 20%, which returned to basal level 
within 5 min (116). This vasodilatory effect is mimicked 
by ET-3 and blocked by pretreatment of indomethacin, 
suggesting that production of prostaglandins via the acti- 
vation of the ETB receptor is critical. Higher concentra- 
tions of ET-1 decrease flow. At 100 pM, flow is reduced 
by 60% 5-10 min after administration and remains low 
for more than 30 min. This effect is blocked by 
FR139317, an ETA receptor-specific antagonist. Thus, 
ET when administered via ophthalmic artery can induce 
vasoconstriction or vasodilation, depending on its con- 
centration and the exact receptor subtype activated. 

While intravitreous injection of ET does not affect 
the blood flow of the anterior of the eye, intracameral 
injection of approximately 1 nmol of ET-1 or ET-3 pro- 
duces a marked blanching of the rabbit iris lasting for 
several hours (48). 

Interestingly, retinal blood flow of streptozocin- 
induced diabetic rats has a blunted response to ET-1 
(111). Exposure of retinal pericytes to 25 mM glucose 
also blunts the ET-induced activation of PLC and PKC 
without significantly affecting ET receptor binding (89). 
This may explain why hyperglycemia in diabetes impairs 
the retinal autoregulatory response to hyperoxia. 

Normotension glaucoma. As mentioned above, re- 
cent studies have focused attention on optic ischemia 
as a potential impetus for the development of optic 
nerve damage in optic neuropathies like glaucoma. Al- 
though glaucoma has been thought of as principally 

involving a pathology of the normal pathway for aque- 
ous humor outflow and damage dependent on an ele- 
vated IOP, recent studies of normotensive glaucoma 
patients suggest that other mechanisms may be involved 
(27). It has been suggested that prolonged vasoconstric- 
tion or vasospasm arising from an abnormal autoregula- 
tory mechanism contributes to an insufficiency of blood 
flow to the optic nerve and produces a state of optic 
nerve ischemia (25). Endothelins, with their ocular vaso- 
constrictor effect, may be involved. Indeed, in prelimi- 
nary reports, chronic administration of low-dose ET-1 
in primates produces damage to the optic nerve head 
reminiscent of glaucomatous damage (117). These re- 
sults suggest that contraction of the microvasculature 
may contribute to the development of optic nerve dam- 
age by producing optic nerve ischemia. Recently, ET-1 
concentration in plasma was shown to be significantly 
higher (35%) in normal tension glaucoma patients than 
in normal age-matched subjects, while the plasma ET-1 
concentration in primary open-angle glaucoma patients 
was greater than in normal tension glaucoma patients and 
less than in normal patients, but not significantly different 
from either (26). The clinical significance of this finding 
is still not certain. What is clear is that optic nerve blood 
flow can be influenced by autoregulatory mechanism and 
any changes in the functioning of these mechanisms could 
impact the ability of the microvasculature to respond to 
local demands, including ischemia. Whether or not ETs 
play a role in the development of optic nerve damage in 
glaucoma still needs further investigation. However, 
there is strong observational evidence to suggest that this 
vasoactive peptide plays an important role in ocular phys- 
iology and pathophysiology. 

The authors would like to thank Dr. Prasanna for helpful discus- 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi 
M, Mitsui Y, Yazaki Y, Goto K, Masaki T. A novel potent 
vasoconstrictor peptide produced by vascular endothelial cells. 
Nature 332411-415, 1988. 
Anggard EE, Botting RM, Vane JR. Endothelins. Blood Vessels 

Inoue A, Yanagisawa M, Kimura S, Kasuya Y, Miyauchi T, 
Goto K, Masaki T. The human endothelin family: Three structur- 
ally and pharmacologically distinct isopeptides predicted by three 
separate genes. Proc Natl Acad Sci U S A 86:2863-2867, 1989. 
Ando K, Hirata Y, Schichiri H, Emori T, Marumo F. Presence 
of immunoreactive endothelin in human plasma. FEBS Lett 

Saito Y, Nakao K, Itoh H, Yamada T, Mukoyama M, Arai H, 
Hosoda K, Shirakami G, Suga S-I, Jougasaki M, Morichika S, 
Imura H. Endothelin in human plasma and culture medium 
of aortic endothelial cells-Detection and characterization with 
radioimmunoassay using monoclonal antibody. Biochem Bio- 
phys Res Commun 16k320-326, 1989. 
Masaki T, Tanagisawa M, Goto K. Physiology and pharmacology 
of endothelins. Med Res Rev 12:391-421,1992. 
Rubanyi GM, Polokoff MA. Endothelins: molecular biology, 
biochemistry, pharmacology, physiology, and pathophysiology. 
Pharmacol Rev 46:325-415, 1994. 

27:269-281,1990. 

245164-166, 1989. 

OCULAR ENDOTHELINS 31 



8. Battistini B, Botting R. Endothelins: A quantum leap forward. 
Drug News Perspectives 8365-391, 1995. 

9. Xu D, Emoto N, Giaid A, Slaughter C, Kaw S, deWit D, Yanagi- 
sawa M. ECE-1: A membrane-bound metalloprotease that catal- 
yses the proteolytic activation of big endothelin-1. Cell 78473- 
485, 1994. 

10. Corder R, Carrier M. Khan N, Klemm P, Vane JR. Cytokine 
regulation of endothelin-1 release from bovine aortic endothelial 
cells. J Cardiovasc Pharmacol 26S56-S58, 1995. 

11. Kitazumi K, Mio M, Tasaka K. Involvement of the microtubular 
system in the endothelin-1 secretion from porcine aortic endothe- 
lial cells. Biochem Pharmacol 42:1079-1085, 1991. 

12. Ohta K, Hirata Y, Imai T, Kanno K, Emori T, Shichiri M, Mar- 
umo F. Cytokine-induced release of endothelin-l from porcine 
renal epithelial cell line. Biochem Biophys Res Commun 

13. Emori T, Hirata Y, Ohta K, Shichiri M, Marumo F. Secretory 
mechanism of immunoreactive endothelin in cultured bovine en- 
dothelial cells. Biochem Biophys Res Commun 16093-100,1989. 

14. Sugiura M, Inagami T, Kon V. Endotoxin stimulates endothelin 
release in vivo and in vitro as determined by radioimmunoassay. 
Biochem Biophys Res Commun 16k1220-1227, 1989. 

15. Kohno M, Yasunari K, Yokokawa K, Murakawa K, Horia T, 
Takeda T. Inhibition by atrial and brain natriuretic peptides of 
endothelin-1 secretion after stimulation with angiotensin-2 and 
thrombin of cultured human endothelial cells. J Clin Invest 87: 

16. Karne S. Jayawickreme CK, Lerner MR. Cloning and character- 
ization of an endothelin-3 specific receptor (ETc receptor) from 
Xenopus laevis dermal melanophores. J Biol Chem 26819126- 
19133, 1993. 

17. Kumar C, Mwangi V, Nuthulaganti P, Wu HL, Pullen M, Brun K, 
Aiyar H, Morris RA, Naughton R, Nambi P. Cloning and charac- 
terization of a novel endothelin receptor from Xenopus heart. 
J Biol Chem 26913414-13420, 1994. 

18. Warner TD, Allcock GH, Mickley EJ, Corder R, Vane JR. 
Comparative studies with the endothelin receptor antagonists 
BQ-123 and PD 142893 indicate at least three endothelin recep- 
tors. J Cardiovasc Pharmacol 22S117-Sl20, 1993. 

19. Tabuchi Y, Nakamaru M, Rakugi H, Nagano M, Mikami H, 
Ogihara T. Endothelin inhibits presynaptic adrenergic neuro- 
transmission in rat mesenteric artery. Biochem Biophys Res 
Commun 16k803-808, 1989. 

20. Yang ZH, Richard V, Von Segesser L, Bauer E, Stulz P, Turina 
M, Luscher TF. Threshold concentrations of endothelin 1 po- 
tentiate contractions to norepinephrine and serotonin in human 
arteries. A new mechanism of vasospasm? Circulation 82188- 
195, 1990. 

21. Fozard JR, Part ML. The role of nitric oxide in the regional 
vasodilator effects of endothelin-1 in rats. Br J Pharmacol 105: 

22. Nyborg NCB, Prieto D, Benedito S, Nielsen PJ. Endothelin- 
l-induced contraction of bovine retinal small arteries is revers- 
ible and abolished by nitrendipine. Invest Ophthalmol Vis Sci 

23. Ramachandran E, Frank RN, Kennedy A. Effects of endothelin 
on cultured bovine retinal microvascular pericytes. Invest Oph- 
thalmol Vis Sci 34586-595, 1993. 

24. Nishimura K, Riva CE, Harino S, Reinach P, Cranstoun SD, 
Mita S. Effects of Endothelin-1 on optic nerve head blood/flow 
in cats. J Ocular Pharmacol Ther a75-83, 1996. 

25. Cioffi GA, Orgiil S, Onda E, Bacon DR, Van Buskirk M. An in 
vivo model of chronic optic nerve ischemia: The dose-dependent 
effects of endothelin-1 on the optic nerve microvasculature. Curr 
Eye Res 141147-1153, 1995. 

26. Sugiyama T, Moriya S, Oku H, Azuma I. Association of endo- 
thelin-1 with normal tension glaucoma: Clinical and fundamental 
studies. Surv Ophthalmol 39(Suppl 1):S49-S56, 1995. 

169578-584, 1990. 

1999-2004, 1991. 

744-750, 1992. 

3227-31, 1991. 

27. Van Buskirk EM, Cioffi GA. Glaucomatous optic neuropathy. 
Am J Ophthalmol 113447-452, 1992. 

28. Egashira K, Pipers FS, Rush JE, Morgan JP. Effects of calcium 
channel blockers on coronary vasoconstriction induced by endo- 
thelin-1 in closed chest pigs. J Am Coll Cardiol 16:1296-1303, 
1990. 

29. Gardner JP, Tokudome G, Tomonari H, Maher E, Hollander D, 
Aviv A. Endothelin-induced calcium responses in human vascu- 
lar smooth muscle cells. Am J Physiol 262C148-Cl55, 1992. 

30. Iijima K, Lin L, Nasjletti A, Goligorsky MS. Intracellular signal- 
ing pathway of endothelin 1. J Cardiovasc Pharmacol 17(Suppl 
7):S146-S149, 1991. 

31. Kai H, Kanaide H, Nakamura M. Endothelin-sensitive intracellu- 
lar Ca2+ store overlaps with caffeine-sensitive one in rat aortic 
smooth muscle cells in primary cultures. Biochem Biophys Res 
Commun 158235-243, 1989. 

32. Lee T-S, Chao T, Hu K-Q, King GL. Endothelin stimulates a 
sustained 1,2-diacylglycerol increase and protein kinase C activa- 
tion in bovine aortic smooth muscle cells. Biochem Biophys Res 
Commun 162381-386, 1989. 

33. Steffan M, Russell JA. Signal transduction in endothelin-induced 
contraction of rabbit pulmonary vein. Pulm Pharmacol 31-7, 
1990. 

34. Grinstein S, Rothstein A. Mechanism of regulation of the 
Na+/H+ exchanger. J Membr Biol W1-12, 1986. 

35. Lonchampt MO, Pinelis S, Goulin J,  Chabrier PE, Braquet P. 
Proliferation and Na+/H+ exchange activation by endothelin in 
vascular smooth muscle cells. Am J Hypertens 4776-779,1991. 

36. Danthuluri NR, Brock TA. Endothelin receptor-coupling mech- 
anisms in vascular smooth muscle: A role for protein kinase C. 
J Pharmacol Exp Ther 254393-399, 1990. 

37. Bobik A, Grooms A, Millar JA, Mitchell A, Grinpukel S. Growth 
factor activity of endothelin on vascular smooth muscle. Am J 
Physiol258C408-C415, 1990. 

38. Chua BHL, Krebs CJ, Chua CC, Diglio CA. Endothelin stimu- 
lates protein synthesis in smooth muscle cells. Am J Physiol 

39. Resink TJ, Scott-Burden T, Buhler FR. Activation of phospholi- 
pase A2 by endothelin in cultured vascular smooth muscle cells. 
Biochem Biophys Res Commun 158279-286, 1989. 

40. Reynolds EE, Mok LLS, Kurokawa S. Phorbol ester dissociates 
endothelin stimulated phosphoinositide hydrolysis and arachi- 
donic acid release in vascular smooth muscle cells. Biochem 
Biophys Res Commun 160868-873, 1989. 

41. De Nucci G, Thomas R, D'Orleans-Juste P, Antunes E, Walder 
C, Warner TD, Vane JR. Pressor effects of circulating endothelin 
are limited by its removal in the pulmonary circulation and by 
the release of prostacyclin and endothelium-derived relaxing 
factor. Proc Natl Acad Sci U S A 859797-9800, 1988. 

42. Eguchi S, Hirata Y, Imai T, Marumo F. Endothelin receptor 
subtypes are coupled to adenylate cyclase via different guanyl 
nucleotide-binding proteins in vasculature. Endocrinology 132: 

43. Oda K, Fujitani Y, Watakabe T, Inui T, Okada T, Urade Y, 
Okuda-Ashitaka E, Ito S. Endothelin stimulates both CAMP 
formation and phosphatidylinositol hydrolysis in cultured embry- 
onic bovine tracheal cells. FEBS Lett 299d87-191, 1992. 

44. Ladoux A, Frelin C. Endothelins inhibit adenylate cyclase in 
brain capillary endothelial cells. Biochem Biophys Res Commun 

45. Vogelsang M, Broede-Sitz, Schafer E, Zerkowski H-R, 
Brodde O-E. Endothelin ETA-receptors couple to inositol phos- 
phate formation and inhibition of adenylate cyclase in human 
right atrium. J Cardiovasc Pharmacol 23344-347, 1994. 

46. MacCumber MW, Ross CA, Glaser BM, Snyder SH. Endothelin: 
visualization of mRNAs by in situ hybridization provides evi- 
dence for local action. Proc Natl Acad Sci U S A  86:7285- 
7289, 1989. 

262:E412-E416, 1992. 

524-529, 1993. 

1801 69-173, 1991. 

32 OCULAR ENDOTHELINS 



47. Erickson-Lamy K, Korbmacher C, Schuman JS, Nathanson JA. 
Effect of endothelin on outflow facility and accommodation in 
the monkey eye in vivo. Invest Ophthalmol Vis Sci 32492- 
495, 1991. 

48. MacCumber MW, Jampel HD, Synder SH. Ocular effects of the 
endothelins: Abundant peptides in the eye. Arch Ophthalmol 

49. Chakravarthy U, Douglas AJ, Bailie JR, McKibben B, Archer 
DB. Immunoreactive endothelin distribution in ocular tissues. 
Invest Ophthalmol Vis Sci 352448-2454, 1994. 

50. Eichhorn M, Lutjen-Drecoll E. Distribution of endothelin-like 
immunoreactivity in the human ciliary epithelium. Curr Eye Res 
12:753-757, 1993. 

51. Giaid A, Gibson SJ, Ibrahim BN, Legon S, Bloom SR, Yanagi- 
sawa M, Masaki T, Varndell IM, Polak JM. Endothelin 1, an 
endothelium derived peptide, is expressed in neurons of the 
human spinal cord and dorsal root ganglia. Proc Natl Acad Sci 

52. Yoshizawa T, Shinmi 0, Giaid A, Yanagisawa M, Gibson SJ, 
Kimur S, Uchiyama Y, Polak JM, Masaki T, Kanazawa I. Endo- 
thelin: a novel peptide in the posterior pituitary system. Science 
242462-464, 1990. 

53. Lepple-Wienhues A, Becker M, Stahl F, Berweck S, Hensen J, 
Noske W, Eichhorn M, Wiederholt M. Endothelin-like immuno- 
reactivity in the aqueous humour and in conditioned medium 
from cultured ciliary epithelial cells. Curr Eye Res 1k1041- 
1046, 1992. 

54. Koseki C, Imai M, Hirata Y, Yanagisawa M, Masaki T. Autora- 
diographic localization of (1251) endothelin 1 binding sites in rat 
brain. Neurosci Res 6581-585, 1989. 

55. MacCumber MW, Ross CA, Snyder SH. Endothelin in brain: 
Receptors, mitogenesis, and biosynthesis in glial cells. Proc Natl 
Acad Sci U S A 822359-2363,1990. 

56. Chan TSK, Lin CXF, Chan WY, Chung SSM, Chung SK. Mouse 
preproendothelin-1 gene. cDNA cloning, sequence analysis and 
determination of sites of expression during embryonic develop- 
ment. Eur J Biochem 2M819-826, 1995. 

57. Takashima Y, Takagi H, Takahashi M, Reinach PS, Mircheff 
AK, Warren DW, Yoshimura N. Endothelin gene and protein 
expression in tear glands of the rabbit. Curr Eye Res 15768- 
773, 1996. 

58. Takagi H, Reinach PS, Tachado SD, Yoshimura N. Endothelin- 
mediated cell signaling and proliferation in cultured rabbit cor- 
neal epithelial cells. Invest Ophthalmol Vis Sci 35134-142,1994. 

59. Tao W, Liou GI, Wu X, Reinach PS. ETB and epidermal growth 
factor receptor stimulation of wound closure in bovine corneal 
epithelial cells. Invest Ophthalmol Vis Sci 36:2614-2622, 1995. 

60. MacCumber MW, D’Anna SA. Endothelin receptor-binding 
subtypes in the human retina and choroid. Arch Ophthalmol 
112:1231-1235, 1994. 

61. McDonald DM, Bailie JR, Archer DB, Chakravarthy U. Charac- 
terization of endothelin A (ETA) and endothelin B (ETB) recep- 
tors in cultured bovine retinal pericytes. Invest Ophthalmol Vis 
Sci 36:1088-1094, 1995. 

62. McDonald DM, Baile JR, Archer DB, Chakravarthy U. Recep- 
tor binding and biological activity of synthetic ET-1 peptides in 
the retinal pericyte. Invest Ophthalmol Vis Sci 321067-1073, 
1996. 

63. Tao W, Wu X, Liou GI, Abney TO, Reinach PS. Endothelin 
receptor mediated Ca2+ signaling and isoform expression in bo- 
vine corneal epithelial cells. Invest Ophthalmol Vis Sci 38130- 
141, 1997. 

64. Chollet P, Malecaze F, Gouzi L, Arne JL, Plouet J. Endothelin-1 
is a growth factor for corneal endothelium. Exp Eye Res 52595- 
600, 1993. 

65. Matsumoto S, Yorio T, Magnino PE, DeSantis L, Pang I-H. 
Endothelin-induced changes of second messengers in cultured 

109705-709, 1991. 

U S A 867634-7638,1989. 

human ciliary muscle cells. Invest Ophthalmol Vis Sci 321058- 
1066, 1996. 

66. White K, Magnino P, Pang I-H, Yorio T. Endothelin stimulation 
of PLC and PLA2 activity in cultured human ciliary muscle cells. 
Inv Ophthalmol Vis Sci 37:1110, 1996. 

67. Kamikawatoko S, Tokoro T, Azuma H, Hamasaki H, Ishida A. 
The effects of endothelin-1 on isolated bovine ciliary muscles. 
Exp Eye Res 61:559-564,1995. 

68. Abdel-Latif AA, Zhang Y. Species differences in the effects of 
endothelin-1 on myo-inositol triphosphate accumulation, cyclic 
AMP formation and contraction of isolated iris sphincter of 
rabbit and other species. Invest Ophthalmol Vis Sci 322432- 
2438, 1991. 

69. El-Mowafy AM, Abdel-Latif AA. Characterization of iris 
sphincter smooth muscle endothelin receptor subtypes which 
are coupled to cyclic AMP formation and polyphosphoinositide 
hydrolysis. J Pharmacol Exp Ther 2681343-1351, 1994. 

70. Zhang Y, Abdel-Latif AA. Activation of phospholipase D by 
endothelin-1 and other pharmacological agents in rabbit iris 
sphincter smooth muscle. Cell Signal 4777-786, 1992. 

71. Osborne NN, Barnett NL, Luttman W. Endothelin receptors in 
the cornea, iris and ciliary processes. Evidence from binding, 
secondary messenger and PCR studies. Exp Eye Res 56:721- 
728, 1993. 

72. Yousufzai SYK, Abdel-Latif AA. Involvement of a pertussis 
toxin-sensitive G protein-coupled phospholipase A2 in agonist- 
stimulated arachidonic acid release in membranes isolated from 
bovine iris sphincter smooth muscle. Membr Biochem 1029- 
42, 1993. 

73. Yousufzai SYK, Ye Z, Abdel-Latif AA. Prostaglandins mediate 
the stimulatory effects of endothelin-1 on CAMP accumulation 
and inositol-1,4,5-triphosphate production and contraction in cat 
iris sphincter. J Pharmacol Exp Ther 2751280-1287, 1995. 

74. Geppetti P, Patacchini R, Meini S, Manzini S. Contractile effect 
of endothelin on isolated iris sphincter muscle of the pig. Eur J 
Pharmacoll68119-121,1989. 

75. Ishikawa H, Yoshitomi T, Harada Y, Katori M, Ishikawa S. The 
presence of two sites of action of endothelins in the isolated 
rabbit iris sphincter and dilator muscles. Curr Eye Res 12:1049- 
1055, 1993. 

76. Ishikawa H, Haruno I, Harada Y, Yoshitomi T, Ishikawa S, 
Katori M. Pharmacological characterization of endothelin recep- 
tors in the rabbit iris sphincter muscle: Suggestion for the pres- 
ence of atypical receptors. Curr Eye Res 1573-78, 1996. 

77. Osborne NN, Barnett NL. Endothelin-1 stimulates phosphatidyl- 
inositol hydrolysis in the iridciliary complex and is a potent 
constrictor of the sphincter muscle. Exp Eye Res 54285-290, 
1992. 

78. Shinkai M, Tsuruoka H, Wakabayashi S, Yamamoto Y, Takaya- 
nagi I. Pre- and postjunctional actions of endothelin in the rat iris 
sphincter preparation. Naunyn-Schmiedeberg’s Arch Pharmacol 

79. Bauscher LP, Horio B. Regulation of cyclic AMP production in 
adult human ciliary processes. Exp Eye Res 6043-48, 1995. 

80. Abdel-Latif AA, Yousufzai SYK, El-Mowafy AM, Ye Z. Prosta- 
glandins mediate the stimulatory effects of endothelin-1 on cyclic 
adenosine monophosphate accumulation in ciliary smooth mus- 
cle isolated from bovine, cat, and other mammalian species. 
Invest Ophthalmol Vis Sci 32328-338, 1996. 

81. Lepple-Wienhues A, Stahl F, Willner U, Schafer R, Wiederholt 
M. Endothelin-evoked contractions in bovine ciliary muscle and 
trabecular meshwork: interaction with calcium, nifedipine and 
nickel. Curr Eye Res 10983-989, 1991. 

82. Korbmacher C, Helbig H, Haller H, Erickson-Lamy KA, Wied- 
erholt M. Endothelin depolarizes membrane voltage and in- 
creases intracellular calcium concentration in human ciliary mus- 
cle cells. Biochem Biophys Res Commun 1641031-1039, 1989. 

35063-67, 1994. 

OCULAR ENDOTHELINS 33 



83. Stahl F, Gebauer B, Lepple-Wienhues A, Langenbeck-Groh G, 
Berweck S, Wiederholt M. Characterization of acetylcholine- 
and endothelin-induced calcium entry in cultured human ciliary 
muscle cells. Pflugers Arch 422105-111, 1992. 

84. Millar C, Poyer JF, Gabelt BT, Kaufman PL. Endothelin sub- 
types: Effect on Isolated Rhesus monkey ciliary muscle. J Phar- 
macol Exp Ther 2751143-1147, 1995. 

85. Kohmoto H, Matsumoto S, Serizawa T. Effects of endothelin-1 
on [Ca2+Ii and pHi in trabecular meshwork cells. Curr Eye Res 

86. Lepple-Wienhues A, Stahl F, Wunderling D, Wiederholt M. 
Effects of endothelin and calcium channel blockers on membrane 
voltage and intracellular calcium in cultured bovine trabecular 
meshwork cells. German J Ophthalmol k159-163, 1992. 

87. Lepple-Wienhues A, Rauch R, Clark AF, Grassmann A, Ber- 
weck S, Wiederholt M. Electrophysiological properties of cul- 
tured human trabecular meshwork cells. Exp Eye Res 59305- 
311, 1994. 

88. Chakravarthy U, Gardiner TA, Anderson P, Archer DB, Trim- 
ble ER. The effect of endothelin 1 on the retinal microvascular 
pericyte. Microvasc Res 43241-254, 1992. 

89. De La Rubia G, Oliver FJ, Inoguchi T, King GL. Induction 
of resistance to endothelin-1’s biochemical actions by elevated 
glucose levels in retinal pericytes. Diabetes 4k1533-1539, 1992. 

90. Yamagishi S, Hsu C-C, Kobayashi K, Yamamoto H. Endothe- 
lin-1 mediates endothelial cell-dependent proliferation of vascu- 
lar pericytes. Biochem Biophys Res Commun 19k840-846,1993. 

91. Haefliger 10 ,  Flammer J, Luscher TF. Nitric oxide and endo- 
thelin-1 are important regulators of human ophthalmic artery. 
Invest Ophthalmol Vis Sci 332340-2343, 1992. 

92. Haefliger 10, Flammer J, Luscher TF. Heterogeneity of endothe- 
lium-dependent regulation in ophthalmic and ciliary arteries. 
Invest Ophthalmol Vis Sci 34A722-1730, 1993. 

93. Meyer P, Lang MG, Flammer J, Luscher TF. Effects of calcium 
channel blockers on the response to endothelin-1, bradykinin 
and sodium nitroprusside in porcine ciliary arteries. Exp Eye 
Res 60505-510, 1995. 

94. Abdel-Latif AA, Zhang Y, Yousufzai SYK. Endothelin-1 stimu- 
lates the release of arachidonic acid and prostaglandins in rabbit 
iris sphincter smooth muscle: Activation of phospholipase A2. 
Curr Eye Res 10259-265, 1991. 

95. Boarder MR. A role for phospholipase D in control of mitogen- 
esis. Trends Pharmacol Sci 1557-62, 1994. 

96. Taniguchi T, Haque MSR, Sugiyama K, Okada K, Nakai Y, 
Kitazawa Y. Effects of endothelin A and B receptors on aqueous 
humor dynamics in the rabbit eye. J Ocular Pharmacol Ther 12: 

97. Simonson MS, Dunn MJ. Cellular signaling by peptides of the 
endothelin gene family. FASEB J 42989-3000, 1991. 

98. Takagi H, Reinach PS, Yoshimura N, Honda Y. Endothelin-1 
promotes corneal epithelial wound healing in rabbits. Curr Eye 
Res 13625-628, 1994. 

99. Oku H, Sugiyama T, Moriya S, Hamada J, Azuma I. Effects of 
intravitreal injection of endothelin on the visual system. J Jpn 
Ophthalmol SOC 92467-473, 1993. 

100. Sugiyama K, Haque MSR, Onda E, Taniguchi T, Kitazawa Y. 
The effects of intravitreally injected endothelin-1 on the iris- 
ciliary body microvasculature in rabbits. Curr Eye Res 15633- 
637, 1996. 

13197-202, 1993. 

123-130,1996. 

101. Granstam E, Wang L, Bill A. Ocular effects of endothelin-1 in 
the cat. Curr Eye Res 1k325-332, 1992. 

102. Sat0 T, Takei K, Nonoyama T, Miyauchi T, Goto K, Hommura S. 
Increase in choroidal blood flow in rabbits with endothelin-1 
induced transient complete obstruction of retinal vessels. 
Graefe’s Arch Clin Exp Ophthalmol233425-429. 1995. 

103. Granstam E, Wang L, Bill A. Effects of endothelins (ET-1, 
ET-2 and ET-3) in the rabbit eye; role of prostaglandins. Eur J 
Pharmacol 194217-223, 1991. 

104. Sugiyama K, Haque MSR, Okada K, Taniguchi T, Kitazawa Y. 
Intraocular pressure response to intravitreal injection of endo- 
thelin-1 and the mediatory role of ETA receptor, and ETB recep- 
tor, and cyclooxygenase products in rabbits. Curr Eye Res 1 4  

105. Haque MSR, Sugiyama K, Taniguchi T, Kitazawa Y. Effects of 
BQ-123, and ETA receptor-selective antagonist, on changes of 
intraocular pressure, blood-aqueous barrier and aqueous prosta- 
glandin concentrations caused by endothelin-1 in rabbit. Jpn J 
Ophthalmol40.26-32, 1996. 

106. Haque MSR, Taniguchi T, Sugiyama K, Okada K, Kitazawa Y. 
The ocular hypotensive effect of the ETB receptor selective 
agonist, sarafotoxin S ~ C ,  in rabbits. Invest Ophthalmol Vis Sci 

107. Azuma I. Progress in medical treatment of glaucoma. J Jpn 
Ophthalmol SOC 921353-1369, 1993. 

108. Wiederholt M, Bielka S, Schweig F, Liitjen-Drecoll E, Lepple- 
Wienhues A. Regulation of outflow rate and resistance in the 
perfused anterior segment of the bovine eye. Exp Eye Res 61: 

109. Orgul S, Meyer P, Cioffi GA. Physiology of blood flow regulation 
and mechanisms involved in optic nerve perfusion. J Glaucoma 

110. Luscher TF, Vanhoutte PM. The endothelium: modulator of 
cardiovascular function. Boca Raton, FL: CRC Press, pp 1- 
228, 1990. 

111. Bursell S-E, Clermont AC, Oren B, King GL. The in vivo effect 
of endothelins on retinal circulation in nondiabetic and diabetic 
rats. Invest Ophthalmol Vis Sci 36596-607, 1995. 

112. Butryn RK, Ruan H, Hull CM, Frank RN. Vasoactive agonists 
do not change the caliber of retinal capillaries of the rat. Micro- 
vasc Res 5080-93, 1995. 

113. Cioffi GA, Van Buskirk EM. Microvasculature of the anterior 
optic nerve. Surv Ophthalmol 38(Suppl):S107-S117, 1994. 

114. Sakaue H, Kiryu J, Takeuchi A, Yamamoto F, Honda Y. Effects 
of endothelin on retinal blood vessels. Acta SOC Opthalmol Jpn 
96:469-472, 1992. 

115. Takei K, Sat0 T, Nonoyama T, Miyauchi T, Goto K, Hommura S. 
A new model of transient complete obstruction of retinal vessels 
induced by endothelin-1 injection into the posterior vitreous 
body in rabbits. Graefe’s Arch Clin Exp Ophthalmol 23k476- 
481, 1993. 

116. Meyer P, Flammer J, Luscher TF. Endothelium-dependent regu- 
lation of the ophthalmic microcirculation in the perfused porcine 
eye: role of nitric oxide and endothelins. Invest Ophthalmol Vis 
Sci 34.3614-3621, 1993. 

117. Cioffi GA, Orgul S, Bhandari A, Bacon DR, Van Buskirk EM. 
An endothelin-1 induced model of chronic optic nerve ischemia 
in primates. Invest Ophthalmol Vis Sci 3723463, 1996. 

479-486, 1995. 

36:804-808, 1995. 

223-234, 1995. 

4427-443, 1995. 

34 OCULAR ENDOTHELINS 




