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PURPOSE. Endothelial cells synthesize vasodilator nitric oxide (NO) and vasoconstrictor
endothelin-1 (ET-1) from NO synthase (eNOS) and endothelin-converting enzyme-1 (ECE-1),
respectively. Protein kinase C (PKC) and Rho kinase (ROCK) are major signaling molecules
mediating vasoconstriction. Although endothelial cells express eNOS, ECE-1, endothelin B
(ETB) receptors, PKC, and ROCK, their influences on ET-1–induced vasoconstriction remain
elusive. We studied whether these endothelial signaling molecules modulate retinal arteriolar
constriction to ET-1.

METHODS. Porcine retinal arterioles were isolated and pressurized for vasomotor study, under
conditions with intact or denuded endothelium, using videomicroscopic techniques.

RESULTS. Retinal arterioles developed similar resting tone (»45% of maximum diameter) with
or without endothelium. Endothelial denudation attenuated vasoconstriction to ET-1
precursor, big ET-1, by almost equal to 50%, but did not affect vasoconstrictions to ET-1,
ETB agonist sarafotoxin S6c, or PKC activator phorbol-12, 13-dibutyrate (PDBu). The ROCK
inhibitor H-1152 caused vasodilation, and abolished vasoconstrictions to ET-1 and PDBu
independent of endothelium. With L-type voltage-operated calcium channel (L-VOCC) blocker
nifedipine, PDBu-induced vasoconstriction was abolished and converted to NO-mediated
vasodilation in the presence of endothelium. The ET-1–induced vasoconstriction was
unaffected by NO released from endothelium during flow elevation.

CONCLUSIONS. Endothelial and smooth muscle ECE-1 contribute equally to synthesis of
vasoactive ET-1 in retinal arterioles, with nominal role of endothelial ETB receptors in
vasoconstriction to ET-1. The PKC activation leads to endothelium-dependent NO-mediated
vasodilation when smooth muscle contraction is ablated by L-VOCC blockade. Endothelial
cells and NO appear to have modest roles in modulating ROCK-dependent vasoconstriction,
and are insufficient to counteract smooth muscle contractions to ET-1 and PKC activation.
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The interplay of vascular endothelium and smooth muscle in
the control of retinal arteriolar diameter is essential for

retinal blood flow regulation.1 The endothelium produces
vasoconstrictor and vasodilator substances, which lead to
changes in arteriolar diameter via their effects on adjacent
smooth muscle.1 An imbalance in the production or activity of
these vasoactive factors may contribute to retinal disease via
dysregulation of retinal blood flow. The 21 amino acid peptide
endothelin-1 (ET-1) is synthesized by retinal arterioles to exert
vasoconstriction, predominantly via endothelin type A (ETA)
receptor activation.2 Elevated vitreous and/or plasma levels of
ET-1 are associated with several important retinal diseases,
including retinal vein occlusion,3 open angle glaucoma,4 and
diabetic retinopathy,5,6 and ET-1 may contribute, in part, to
these pathologies through its activity as a vasoconstrictor. On
the other hand, ET-1 also can activate endothelial ET type B
(ETB) receptors to exert vasodilation via released nitric oxide
(NO).7–9 Although retinal arterioles express ETB receptors at

endothelium and smooth muscle,2 the relative role of
endothelial ETB receptors in influencing ET-1–induced vaso-
constriction remains unclear. We also have demonstrated
previously conversion of big ET-1, the 38 amino acid ET-1
precursor, to vasoactive ET-1 by endothelin converting enzyme-
1 (ECE-1) in porcine retinal arterioles.2 Interestingly, ECE-1 is
expressed not only in endothelial cells, but also in smooth
muscle layers of these vessels.2 However, the relative contri-
bution of endothelial versus smooth muscle ECE-1 for
conversion of big ET-1 to vasoactive ET-1 in retinal arterioles
is unknown.

Our recent study demonstrates in porcine retinal arterioles
that ET-1–induced constriction is mediated by Rho kinase
(ROCK), with expression of ROCK1 and ROCK2 isoforms in
endothelial and smooth muscle layers.10 While a role for
smooth muscle ROCK in vasoconstriction follows from its
known activity as an inhibitor of myosin light chain phospha-
tase,11 endothelial ROCK also may contribute to vasoconstric-
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tion via an inhibitory effect upon NO production,12–15

resulting in imbalanced vasoconstrictor/vasodilator effects.
Whether endothelial ROCK influences ET-1–induced retinal
arteriolar constriction has not been addressed to our knowl-
edge.

In a manner similar to ET-1, we also have shown that retinal
arteriolar constriction to protein kinase C (PKC) activation by
phorbol-12, 13-dibutyrate (PDBu) is mediated by ROCK
signaling.10 However, it is unclear whether endothelial ROCK
can influence PDBu-induced constriction of retinal arterioles.
Moreover, in addition to vascular smooth muscle contraction, it
has been shown in cultured endothelial cells that PKC
activation can mediate increased production of vasodilator
substances, such as NO16,17 and prostacyclin (PGI2).18 Because
increased expression and/or activity of PKC has been
implicated as a contributor to diabetic retinopathy19 and other
retinal diseases,20 it is important to know whether endothelial
PKC can modulate vasoconstriction of retinal arterioles.

In our study, we addressed the above issues by studying the
role of endothelial and smooth muscle ECE-1 in vasomotor
regulation, the contribution of endothelial ETB receptors to
retinal arteriolar constriction to ET-1, and the roles of
endothelial NO and ROCK in vasoconstrictions to ET-1 and
PKC activation. An isolated vessel approach was used to
obviate the potentially confounding influences on vasomotor
activity from surrounding neuroglial tissue or hemodynamic
changes that are inherent to in vivo preparations.

METHODS

Animal Preparation

All animal procedures were performed in accordance with
the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research, and were approved by the Scott and White
Institutional Animal Care and Use Committee. Pigs of either
sex (age range, 8–12 weeks; weight, 8–12 kg) purchased from
Real Farms (San Antonio, TX) were sedated with Telazol (4.4
mg/kg, intramuscularly; TW Medical Veterinary Supply,
Austin, TX), anesthetized with 2% to 5% isoflurane, and
intubated. The procedure used for harvesting eyes has been
described previously.2

Isolation, Denudation, and Cannulation of
Microvessels

The techniques used for identification, isolation, cannulation,
pressurization, and visualization of the retinal vasculature have
been described previously.2,21 Isolated retinal arterioles (~80
lm in situ) were cannulated with a pair of glass micropipettes
and pressurized to 55 cmH2O intraluminal pressure.22 In a
series of experiments involving intraluminal flow, the electrical
resistances (measured by a BK Precision Universal LCR Meter,
model 878; BK Precision Corporation, Yorba Linda, CA) of the
two micropipettes used were matched (�1% difference).
Luminal flow was generated by adjusting the relative heights
of the inflow and outflow reservoirs in opposite directions of
the same magnitude, thereby producing a pressure gradient for
flow across the length of the vessel without changing
intraluminal pressure.21 Vasomotor activity of isolated vessels
was recorded using videomicroscopic techniques23 through-
out the experiments. Endothelial denudation was achieved by
injecting air from one end of a vessel through the lumen for
two minutes, as reported previously.24 After denudation, the
opposite end of the vessel was cannulated and pressurized as
described above. The denuded vessels that exhibited normal

resting tone showed no vasodilation to endothelium-depen-
dent vasodilator bradykinin (10 nM), and showed unaltered
response to endothelium-independent vasodilator sodium
nitroprusside (SNP, 1 lM) were accepted for data analysis.

Study of Vasomotor Function

Cannulated, pressurized arterioles were bathed in physiolog-
ical saline solution (PSS) with 0.1% albumin (PSS-albumin;
Affymetrix, Cleveland, OH) at a temperature of 368C to 378C to
permit development of resting tone (stabilized within 60–90
minutes). To determine the role of endothelial and smooth
muscle ECE-1 in the conversion of big ET-1 to ET-1, control and
denuded arterioles with stable resting tone were exposed to
big ET-1 (0.1 lM) for 20 minutes, and diameter changes were
monitored. To address the contribution of NO, the retinal
arteriolar response to accumulative increases in ET-1 concen-
tration (1 3 10�13 M to 1 3 10�8 M) was assessed in the absence
and presence of NOS inhibitor LG-nitro-L-arginine methyl
ester25 (L-NAME, 10 lM). Vessels were exposed to L-NAME
for at least 30 minutes before the addition of ET-1. The relative
role of endothelial versus smooth muscle ETB receptors in
retinal arterioles was determined by exposing vessels with and
without intact endothelium to the selective ETB receptor
agonist sarafotoxin S6c26 (10 nM; Tocris Bioscience, Ellisville,
MO) and recording diameter changes after 20 minutes.

The role of endothelial versus smooth muscle ROCK in
regulation of resting arteriolar diameter was assessed by
exposing arterioles with and without endothelium to increas-
ing concentrations of the nonselective ROCK inhibitor H-1152
(1 3 10�9 M to 1 3 10�6 M; EMD Chemicals, Gibbstown, NJ)
and recording diameter changes for 5 minutes following
addition of each concentration. In another cohort, the role of
endothelial ROCK in ET-1–induced vasoconstriction was
assessed by exposing vessels with and without endothelium
to ET-1 (0.1 nM; BaChem, Bubendorf, Switzerland). After
reaching a new stable diameter at 20 minutes after ET-1
administration, vessels then were treated with H-1152 (3 lM)
and diameter changes were recorded for an additional 20
minutes.

To explore the role of endothelial ROCK in retinal arteriolar
responses to PKC activation, retinal arterioles with and
without endothelium were treated with PDBu (0.1 lM) for
20 minutes. After establishing stable constriction to PDBu,
vessels were incubated with H-1152 (3 lM) for 20 minutes and
diameter changes were recorded. To determine whether
endothelial PKC activation linked to NOS or cyclooxygenase
contributes to vasomotor regulation when smooth muscle
contraction is compromised, retinal arterioles with and
without endothelium were first incubated with the dihydro-
pyridine L-type voltage-operated calcium channel (L-VOCC)
blocker nifedipine (1 lM), or with nifedipine plus L-NAME (10
lM) or cyclooxygenase inhibitor indomethacin (10 lM) for 20
minutes, and then the vasomotor response to PDBu (0.1 lM)
was assessed.

We have shown previously that retinal arterioles dilate to
increased luminal flow via a mechanism related to NO release
from the endothelium.21 The potential influence of endothelial
NO on ET-1–induced vasoconstriction was explored in our
study. The vessels with intact endothelium were subjected to
luminal flow by generating a pressure gradient (60 cmH2O)
across the cannulating micropipettes as described previously.21

After the vessel diameter stabilized following flow initiation
(~10 minutes), the constriction to ET-1 (0.1 nM) was assessed.
In this set of studies, the experiments (ET-1 response assessed
under conditions without and with luminal flow) were
performed in the vessels from the same animal for paired
comparison. At the end of each experiment described above,
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maximum vessel diameter was obtained by incubating vessels
with a Ca2þ-free PSS-albumin solution containing 0.3 mM SNP.

Chemicals

All chemical reagents were obtained from Sigma-Aldrich (St.
Louis, MO) except as specifically stated. The ET-1, H-1152, big
ET-1, L-NAME, and sarafotoxin S6c were dissolved initially in
water. Nifedipine and PDBu were dissolved initially in ethanol
and dimethyl sulfoxide, respectively. All subsequent dilutions of
drugs for use in experiments were performed using PSS. The
final concentrations of ethanol and dimethyl sulfoxide in the
vessel bath were 0.01% and 0.001% by volume, respectively.
These solvent concentrations had no significant effect on vessel
viability or vasomotor activity (data not shown).

Data Analysis

Vessel diameters were normalized to resting diameter
(observed before addition of agonist or inhibitor) to obtain
percentage resting diameter. For the experiment assessing the
effect of flow-mediated vasodilation on ET-1–induced con-
striction, the vessel diameter stabilized after 10 minutes of
luminal flow stimulation was taken to be the resting diameter.
The difference between the percentage resting diameter
before addition of sarafotoxin S6c (see Fig. 3) or ET-1 (see Fig.
6) and the percentage resting diameter after 20 minutes of
incubation with these peptides is defined as percentage
change in resting diameter. As appropriate, Student’s t-test
and repeated or nonrepeated measures ANOVA with Tukey’s
multiple comparisons test were used to determine the level of
significance of experimental interventions. Statistical analyses
were done using Prism software (GraphPad, San Diego, CA).
Data are reported as mean 6 SEM, P < 0.05 was considered
significant, and n represents number of vessels (1 per pig per
treatment group).

RESULTS

Endothelial and Smooth Muscle ECE-1 in ET-1
Synthesis

Isolated retinal arterioles developed stable tone (45 6 1% of
maximum diameter, n ¼ 70), with resting and maximum
diameter 41 6 1 and 93 6 1 lm, respectively. Endothelial
removal affected neither resting tone (44 6 2% of maximum
diameter, n¼ 34), nor the resting (40 6 1 lm) and maximum
(90 6 2 lm) diameters, but abolished dilation to the
endothelium-dependent vasodilator bradykinin27,28 (10 nM;
control, 74 6 3% versus denuded, 0 6 1% maximum dilation)
without affecting the response to endothelium-independent
vasodilator sodium nitroprusside (10 lM; control, 60 6 7%
versus denuded, 64 6 5% maximum dilation). As shown in
Figure 1, administration of big ET-1 (0.1 lM) caused a gradual
constriction of retinal arterioles and this vasoconstriction was
attenuated by almost equal to 50% in the denuded vessels.

Vasomotor Influence of Endothelial ETB Receptors

Vessels with intact endothelium constricted in a concentration-
dependent manner to ET-1, and this response was not affected
by L-NAME (10 lM, Fig. 2). The L-NAME treatment had no
effect upon resting tone of retinal arterioles (control, 51 6 3%
of maximum diameter versus L-NAME, 46 6 3% of maximum
diameter, P ¼ 0.34). Administration of ETB receptor agonist
sarafotoxin S6c (10 nM) caused a small, but significant
reduction of retinal arteriolar diameter, which was not affected
by endothelial removal (Fig. 3).

Influence of Endothelial ROCK on Vascular
Response to ET-1

As shown in Figure 4A, retinal arterioles dilated (reached stable
diameter in 5 minutes) to the ROCK inhibitor H-1152 in a
concentration-dependent manner. This vasodilator response
was not affected by endothelial removal (Fig. 4A). Administra-
tion of ET-1 (0.1 nM) to retinal arterioles caused a gradual

FIGURE 1. Endothelial ECE-1 involvement in constriction of retinal
arterioles to big ET-1. Temporal course of vasoconstriction induced by
big ET-1 (0.1 lM) was recorded in the presence (n¼7) or absence (n¼
8) of endothelium. Control and denuded vessels with resting tone were
treated with big ET-1 (0.1 lM) for 20 minutes. *P < 0.05 control versus
denuded percentage resting diameters observed at 10, 15, and 20
minutes. R, resting diameter of vessels.

FIGURE 2. Lack of NO production in retinal arterioles in response to
ET-1. Control (n¼ 4) and L-NAME pretreated (n¼ 4) vessels with intact
endothelium and resting tone were exposed to increasing concentra-
tions of ET-1 for 5 minutes at each concentration.
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vasoconstriction (i.e., »50% reduction in resting diameter) that
stabilized within 20 minutes (Fig. 4B). This vasoconstriction
was reversed by subsequent administration of H-1152 (3 lM)
to the vessels (Fig. 4B). Endothelial removal did not affect
vasoconstriction to ET-1 and the reversal effect of H-1152 (Fig.
4B).

Influence of Endothelial ROCK and PKC Activation
on Vascular Response to PDBu

Exposure of retinal arterioles to the PKC activator PDBu (0.1
lM) caused significant vasoconstriction and reached a new
stable diameter within 20 minutes (Fig. 5A). Subsequent
treatment of the vessels with H-1152 caused reversal of
PDBu-induced vasoconstriction (Fig. 5A). Endothelial denuda-
tion did not alter vasoconstriction to PDBu or the reversal
effect of H-1152 (Fig. 5A). In another group, administration of
nifedipine (1 lM) to retinal arterioles with or without intact
endothelium for 20 minutes resulted in a similar degree of
vasodilation (i.e., 50 6 7% and 41 6 6% above resting diameter
in control and denuded vessels, respectively). Subsequent
treatment of the vessels with PDBu (0.1 lM) for 20 minutes
caused further dilation (by 34 6 5% of resting diameter) in
endothelium-intact vessels, but no change in diameter in
denuded vessels (Fig. 5B). Moreover, this PDBu-induced
endothelium-dependent vasodilation was abolished in the
presence of L-NAME (Fig. 5B), but not indomethacin (dilation
of control versus indomethacin-treated vessel at 40 minutes, 74
6 8% vs. 73 6 7% above resting diameter, P ¼ 0.92, n¼ 3).

Influence of NO-Mediated Vasodilation on Vascular
Response to ET-1

Exposure of retinal arterioles with intact endothelium to
luminal flow (i.e., 60 cmH2O pressure gradient) resulted in
vasodilation to 68 6 2% of maximum diameter (data not
shown), consistent with our previous results.21 Subsequent
treatment of these vessels with ET-1 (0.1 nM) yielded
vasoconstriction that was equivalent to that observed in
vessels without intraluminal flow (Fig. 6).

DISCUSSION

The regulation of vascular tone via vasodilator and vasocon-
strictor influences is essential for maintenance of retinal blood

flow, and perturbations of these vasomotor responses can
contribute to retinal pathology.1 In the current study, we
provided, to our knowledge, the first direct evidence for the
relative contribution of the endothelium to vasomotor
responses to the ET-1 system and PKC activation in isolated
porcine retinal arterioles. We showed that endothelial and
smooth muscle ECE-1 are involved in ET-1 production, but
there is no role for endothelial ETB receptors in vasomotor
control of retinal arterioles. The ET-1–induced retinal arteriolar
constriction is mediated entirely through ROCK signaling in
smooth muscle cells, and endothelial production of vasodilator
NO does not influence vasoconstrictor activity elicited by ET-1.
We also have shown the importance of the endothelium and
NOS in exerting vasodilation to PKC activation when the
responsible smooth muscle signaling, that is, L-VOCC activa-
tion, for contraction is disabled.

FIGURE 3. Lack of functional vasomotor role for endothelial ETB

receptors. Control (n ¼ 7) and denuded (n ¼ 7) vessels with resting
tone were treated with sarafotoxin S6c (10 nM) for 20 minutes to
produce vasoconstriction.

FIGURE 4. Smooth muscle ROCK maintains resting tone and mediates
ET-1–induced constriction. (A) Control (n ¼ 7) and denuded (n ¼ 6)
vessels with resting tone were treated with increasing concentrations
of H-1152 for 5 minutes at each concentration. (B) Control (n¼ 7) and
denuded (n¼ 7) vessels with resting tone were treated with ET-1 (0.1
nM) for 20 minutes to produce vasoconstriction, followed by
administration of H-1152 (3 lM) for 20 minutes. *P < 0.05 versus
resting diameter at 0 minutes.
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Our previous demonstration of endothelial and smooth
muscle ECE-1 expression in porcine retinal arterioles2 suggests
possible production of vasoactive ET-1 at both sites. Functional
evidence in our study showing the almost equal to 50%
reduction in constriction of denuded retinal arterioles to big
ET-1 supports the equal importance of endothelial and smooth
muscle layers contributing to the overall production of ET-1. In

contrast with our findings, vasoconstriction to big ET-1 was
shown to be endothelium-independent in porcine coronary
arteries,29 and in rabbit basilar30 and saphenous31 arteries.
Hence, an essentially equal functional role for endothelium and
smooth muscle in processing exogenous big ET-1 to vasoactive
ET-1 appears to be a unique feature of the retinal arterioles.
Whether this is the case in other microvascular beds is
unknown. Incubation of vascular endothelial cells with high
glucose has been associated with increased ECE expression32

and ET-1 production.33 Moreover, since intravitreal treatment
with pharmacologic blockade of ECE in vivo has been shown
to improve retinal blood flow in early diabetes in rats,34

increased ECE activity/expression in diabetic retinal arterioles
possibly could contribute to the observed flow deficiency.34,35

Although the direct evidence for an adverse role of local ECE-1
in the retinal arterioles during early diabetes remains unclear,
our current findings on the equal contribution of endothelial
and smooth muscle ECE-1 to ET-1 production should be
considered.

Endothelin-1 has been suggested to stimulate vasorelaxation
through endothelial NO release downstream of ETB receptor
stimulation.7,8 In anesthetized dogs, when the NOS inhibitor
NG-monomethyl-L-arginine (L-NMMA) and ET-1 were infused
together intravenously, a greater increase in systemic vascular
resistance was observed compared to that observed in the
presence of ET-1 alone,36 suggesting that NO production,
possibly via ETB receptor activation,37,38 can mitigate vasocon-
strictor responses to ET-1. The potential role of NO in these
previous observations is supported by a study using bioassay
techniques in which administration of donor perfusate from
freshly isolated endothelial cells treated with ET-1 enhances
vasorelaxation of recipient arterial strips in a manner sensitive
to NO scavenging.39 Moreover, selective ETB receptor stimu-
lation causes retinal arteriolar vasoconstriction that is weaker
than that in response to ET-1,2 possibly a result of endothelial
ETB-induced production of NO.39 However, using an isolated
vessel approach, we found in our study that inhibition of NOS
had no effect on vasoconstriction to ET-1 (Fig. 2) and the
vasoconstriction to ETB receptor activation was not altered by
endothelial removal (Fig. 3). It appears that ET-1 does not lead
to NO production to functionally counteract its vasoconstrictor
activity in retinal arterioles. We previously showed that the
smooth muscle-localized endothelin ETA receptors mediate
retinal arteriolar constriction to ET-1 with nominal contribu-
tion from ETB, although there is ETB receptor expression in

FIGURE 5. Role of endothelium in PKC activation-induced vasomotor
activity. (A) Control (n ¼ 7) and denuded (n ¼ 7) vessels with resting
tone were treated with PDBu (0.1 lM) for 20 minutes, followed by
incubation with H-1152 (3 lM) for 20 minutes. *P < 0.05 versus resting
diameter at 0 minutes. #P < 0.05 versus diameter at time of H-1152
addition (20 minutes). (B) Pretreatment of control (n¼7) and denuded
(n¼ 7) vessels with nifedipine (1 lM) for 20 minutes was followed by
PDBu (0.1 lM) treatment for 20 minutes. In another set of
experiments, control vessels were pretreated with nifedipine plus L-
NAME (10 lM, n¼ 3) before administration of PDBu. *P < 0.05 versus
resting diameter at 0 minutes. #P < 0.05, diameter at 40 minutes versus
diameter at 20 minutes.

FIGURE 6. Flow-induced production of vasodilator NO does not
influence ET-1–induced constriction. Control retinal arterioles with
resting tone (n ¼ 5) were constricted with ET-1 (0.1 nM) for 20
minutes. Another group of vessels with resting tone was subjected to
luminal flow stimulation (60 cmH2O pressure gradient) for 10 minutes
(n ¼ 5), and then treated with ET-1 (0.1 nM) for 20 minutes.
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endothelial and smooth muscle cells.2 Interestingly, intravitreal
injection of endothelin isoform, ET-3, has been shown to elicit
an ETB-dependent NO-mediated increase in retinal blood flow
in rats.40 However, we observed only modest concentration-
dependent constriction of porcine retinal arterioles in
response to ET-3 (n¼ 5, data not shown). The vasoconstriction
(32 6 6%) at the highest concentration of ET-3 (10 nM) was
sensitive to ETB receptor antagonist BQ788. The species
difference and/or the initiation of other indirect mechanisms
by ET-3 in the above in vivo preparation in which the direct
impact of this peptide on retinal arterioles was not verified
might explain the observed discrepancy. Nonetheless, our data
did not support a vasoactive role of endothelial ETB receptors
in retinal arterioles, in contrast with their smooth muscle
counterparts, which promote weak vasoconstriction (Fig. 3).
This is in agreement with results from a study showing that ETB

receptor blockade had no effect on ET-1–induced constriction
of coronary arterioles from young rats.41 Taken together, these
diverse findings may suggest heterogeneity among microvas-
cular beds in whether ET-1 stimulation elicits endothelial ETB-
mediated dilation, or that there may be activation of other
signaling pathways for NO release secondary to ET-1 stimula-
tion.

We have shown previously in retinal arterioles that ROCK
signaling contributes to the maintenance of resting tone and
ET-1–induced constriction.10 In the cell-culture system, activa-
tion of the RhoA/ROCK pathway appears to regulate negatively
NO synthase (eNOS) activity in human umbilical vein
endothelial cells13 and inhibit NO production in bovine aortic
endothelial cells.42 Because endothelial and smooth muscle
cells express ROCK isoforms in retinal arterioles,10 inhibition
of ROCK is expected to promote smooth muscle relaxation by
enhancing NO production from the endothelium in addition to
the activation of myosin light chain phosphatase11 in smooth
muscle cells. Indeed, ROCK inhibition caused retinal arteriolar
dilation, but this response was not altered by endothelial
denudation (Fig. 4A). These results suggest that tonic
activation of ROCK in the smooth muscle is essential for
maintenance of resting tone. However, ROCK appears to have
little role in modulating eNOS activity, or alternatively, ROCK in
endothelial cells may be inactive under resting conditions in
terms of exerting eNOS regulation. Notably, endothelial ROCK
activity seemingly becomes prominent under disease
states,15,43 so its potential role in the development of retinal
vascular disease deserves further evaluation.

In contrast with our findings presented in Figure 4B, the
constrictor response to ET-1 was increased by endothelial
denudation of porcine coronary,39 cat cerebral,44 and human
internal mammary arteries.45 The discrepancy between those
results and our findings may be due to differences in vessel
preparation or vessel size. Nevertheless, the observed lack of a
modulatory role of endothelium in the ET-1 constrictor
response (Fig. 4B) is consistent with the absence of functional
ETB receptors in the endothelium (Fig. 3). Our studies
demonstrated that ET-1–induced constriction is mediated
through ROCK signaling in smooth muscle alone, and the
potential effects of endothelial ROCK on eNOS as discussed
above appear to be insignificant in retinal arterioles upon ET-1
stimulation.

Our current data indicated that retinal arteriolar constric-
tion resulting from PKC activation is independent of the
presence of endothelium and is mediated through smooth
muscle ROCK (Fig. 5A). We demonstrated previously that ET-1–
induced constriction of retinal arterioles is independent of L-
VOCC signaling, but activation of these channels is essential for
PDBu-induced constriction of the same vessels.10 Interestingly,
blockade of L-VOCC converted PDBu-induced constriction into
dilation in a manner sensitive to endothelial removal (Fig. 5B).

This result is consistent with several reports showing the
activation of eNOS in association with increased femoral artery
blood flow in rats overexpressing PKCa,16 and the augmenta-
tion of PGI2

18 or NO46 production by human umbilical vein
endothelial cells in response to PKC activation. Endothelial
PKC activation in intact porcine retinal arterioles appears to
lead to production of NO, and its vasodilator action may be
unmasked when the responsible signaling pathway, that is, L-
VOCC activation, for smooth muscle contraction is disrupted
(Fig. 5B). This may explain the observed greater reductions in
overall mortality and cardiovascular events with L-VOCC
inhibition in diabetic hypertensive patients compared to
nondiabetic hypertensives,47 since diabetes has been associat-
ed with PKC activation.48 Notably, several studies have linked
increased PKC activity to retinal blood flow abnormalities in
diabetes.49–51 The results presented herein suggested that
altered retinal vascular PKC expression/activity could have
divergent vasomotor effects, depending on the site, that is,
endothelium versus smooth muscle, of such changes.

Although our data did not support the involvement of NO in
the ET-1–mediated response, there is a potential for endothe-
lium-produced NO to influence ET-1–induced constriction
upon stimulation. In the in vivo situation, the vascular
endothelial cells are exposed continuously to shear stress,
leading to a tonic production of NO from the endotheli-
um.21,22,52 Under this condition, endothelial modulation of
responses to ET-1 might be apparent, since endothelial NO
production has been suggested to mitigate vasoconstriction to
ET-1 in large conduit arteries.36,45 However, as shown in Figure
6, the presence of luminal flow had no effect on ET-1–induced
vasoconstriction, suggesting that the released NO during shear
stress stimulation21 does not prevail over the constrictor effect
of ET-1. This is in agreement with our recent finding that
treatment of retinal arterioles with exogenous NO causes a
reduction in resting tone, but does not affect vasoconstriction
to ET-1.10 It appears that the NO release upon shear stress
stimulation is insufficient to counteract the constrictor action
of ET-1 in the porcine retinal microvasculature.

In summary, our current findings demonstrated the equal
importance of endothelial and smooth muscle ECE-1 in
processing big ET-1 to vasoactive ET-1 in porcine retinal
arterioles. Additionally, endothelial ETB receptors, endothelial
ROCK, and eNOS do not contribute to vasomotor regulation of
retinal arterioles in response to ET-1, but endothelial NO
appears to modulate vasomotor function in response to PKC
activation, especially when smooth muscle contraction is
blunted. Interestingly, it was shown recently in a porcine
model of type 1 diabetes that, while endothelium-dependent
NO-mediated dilation of retinal arterioles is impaired, vasocon-
striction to ET-1 is not altered.53 Since endothelial NO is not
sufficient to modulate retinal arteriolar constriction to ET-1, the
vascular endothelial dysfunction present in retinal pathologies,
such as diabetes53,54 and glaucoma,55 may not necessarily
result in increased retinal arteriolar constriction to ET-1 in vivo.
Nonetheless, because increased ET-1 and PKC production/
activity and endothelial dysfunction have been implicated in
retinal disease, elucidation of the contribution of endothelium
upon PKC/ET-1 system activation is important to our under-
standing how imbalances in vasomotor activity in the retinal
vasculature may contribute to retinal disease. The role of ET-1
and PKC in retinal vascular pathophysiology deserves further
investigation.
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