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PURPOSE. Although the arteriolar segment contributes to flow
regulation, there is sparse information at the single microvessel
level on how vasomotor function is regulated in the human
retina. The authors have previously reported vasoreactivity and
its underlying mechanisms in isolated porcine retinal arterioles.
Herein, they studied human retinal arterioles for comparison.

METHODS. Retinal tissues were obtained from seven patients
undergoing enucleation. Human and porcine retinal arterioles
were isolated and pressurized to 55 cm H2O luminal pressure
for vasoreactivity study using videomicroscopic techniques.

RESULTS. Isolated human and porcine retinal arterioles devel-
oped myogenic tone and dilated dose dependently to bradyki-
nin, adenosine, and sodium nitroprusside. Stepwise increases
in luminal flow produced graded dilation with approximately
60% dilation at the highest flow tested. Nitric oxide (NO)
synthase inhibitor L-NAME nearly abolished dilations to brady-
kinin and flow and attenuated the adenosine-induced dilation
without altering the response to nitroprusside. Endothelin-1
caused dose-dependent constriction. Rho kinase (ROCK) inhib-
itor H-1152 blocked both myogenic tone and endothelin-1–
induced constriction. Responses of retinal arterioles to all ago-
nists and increased flow were similar between pigs and
humans.

CONCLUSIONS. Isolated human retinal arterioles dilate to bradyki-
nin and increased flow in an NO-dependent manner. NO contrib-
utes, in part, to adenosine-induced vasodilation. Conversely,
ROCK activation mediates myogenic tone and endothelin-1–in-
duced vasoconstriction. Similarities in these vasoactive responses
and the underlying mechanisms between human and porcine
retinal arterioles support the latter as a viable experimental model
of the human retinal microcirculation. (Invest Ophthalmol Vis
Sci. 2010;51:1583–1590) DOI:10.1167/iovs.09-4391

The retinal circulation is relatively unique in that it lacks
direct innervation, and thus its regulation has been pro-

posed to be controlled by a mechanism in association with
changes in local hemodynamics and released substances (i.e.,
bradykinin and adenosine)1–5 as a function of oxygen supply

and tissue metabolism. Abnormal vasomotor function can ini-
tiate or participate in the pathogenesis of cardiovascular com-
plications, including hypertension6 and atherosclerosis,7 and
in retinal diseases such as diabetic retinopathy. Several clinical
studies have shown a reduction of retinal vasodilator function
and retinal blood flow in patients with diabetes8–12 and hyper-
tension.13,14 However, the vascular signaling mechanisms reg-
ulating retinal arteriolar tone in humans remain unknown.
Because endothelial dysfunction in terms of deficient release of
vasodilator nitric oxide (NO) and excessive release of vasocon-
strictor endothelin-1 (ET-1) are regarded as key events for
triggering numerous systemic and ocular vascular-related dis-
eases,15–18 understanding the roles of endothelial NO and ET-1
in the regulation of vasomotor tone in human retinal arterioles
has clinical implications. Although ET-1 can elicit potent vaso-
constriction by activating protein kinases such as Rho kinase
(ROCK) in large conduit arteries in other vascular beds,19,20

the detailed mechanisms by which ET-1 causes constriction of
human small retinal resistance arterioles remain unclear. In the
present study, we examined the response and its underlying
mechanism elicited by physical shear stress and various endog-
enous vasoactive substances (bradykinin, adenosine, ET-1) in
human retinal arterioles isolated from eyes donated by patients
undergoing enucleation. We also compared the findings from
human vessels with results from the pig, a potentially relevant
animal model for the study of the retinal microcirculation.

SUBJECTS AND METHODS

Human Subjects Study

Retinal tissues were obtained from seven patients (three men, four
women; age, 58 � 5 years [mean � SD]; range, 36–70 years) under-
going enucleation after informed consent with approval of the Scott
and White Institutional Review Board. The research followed the
tenets of the Declaration of Helsinki. Eyes were enucleated from six
patients who had ocular melanoma and from one patient with a severe
chemical burn of the ocular surface. Two patients had been diagnosed
with neovascular glaucoma, and one had diabetic retinopathy. Imme-
diately after enucleation, the ocular tissue was examined grossly and
sectioned for histopathologic examination, and the remaining eye
tissue was transferred to a moist chamber on ice for microvessel
isolation.

Animal Preparation

All animal procedures were performed in accordance with the 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. Domestic pigs (8–12 weeks old of either sex; 7 to
10 kg) purchased from Barfield Farms (Rogers, TX) were sedated with
tiletamine hydrochloride/zolazepam hydrochloride (4.4 mg/kg, intra-
muscularly; Telazol, Wyeth, Madison, NJ) and xylazine (2.2 mg/kg,
intramuscularly) and were anesthetized with 2% to 4% isoflurane.
Heparin (1000 U/kg) was administered into the marginal ear vein to
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prevent clotting. The eyes were enucleated and immediately placed in
a moist chamber on ice.

Isolation and Cannulation of Microvessels

After enucleation, the anterior segments and vitreous bodies of the
eyes were removed carefully under a dissection microscope.21 The
posterior segment was placed in a cooled dissection chamber (�8°C)
containing a physiological salt solution (PSS) with 1% albumin (USB,
Cleveland, OH). Single retinal arterioles (0.6–1.0 mm in length) were
carefully dissected out using a pair of microdissection forceps (Du-
mont; Fine Science Tools, Foster City, CA) with the aid of a stereomi-
croscope (model SZX12; Olympus, Melville, NY). After careful removal
of any remaining neural/connective tissues, the arteriole was then
transferred for cannulation to a poly(methyl) methacrylate (Lucite,
Beaumont, TX) vessel chamber containing PSS-albumin solution equil-
ibrated with room air at ambient temperature. One end of the arteriole
was cannulated using a glass micropipette filled with PSS-1% albumin
solution, and the outside of the arteriole was securely tied to the
pipette with 11–0 ophthalmic suture (Alcon, Fort Worth, TX). The
other end of the vessel was cannulated with a second micropipette and
also secured with suture. After cannulation, the vessel and pipettes
were transferred to the stage of an inverted microscope (model
CKX41; Olympus, Tokyo, Japan) coupled to a video camera (Sony
DXC-190; Labtek, Campbell, CA), video micrometer (Cardiovascular
Research Institute, Texas A&M Health Science Center, College Station,
TX), and data acquisition system (PowerLab; ADInstruments, Colorado
Springs, CO) for continuous measurement and recording of the inter-
nal diameter throughout the experiment (Fig. 1). The cannulating
pipettes were connected to independent pressure reservoirs. By ad-
justing the height of the reservoirs, the vessel was pressurized to 55 cm
H2O (40 mm Hg) intraluminal pressure without flow. This level of
pressure was used based on pressure ranges that have been docu-
mented in retinal arterioles in vivo and in the isolated, perfused retinal
microcirculation22 and was consistent with the estimated ocular per-
fusion pressure in humans, as reported previously.23 Arterioles with
side branches and leaks were excluded from further study, and all
arterioles developed basal tone.

Experimental Protocols

Cannulated arterioles were bathed in PSS-1% albumin at 36°C to 37°C.
After vessels developed a stable basal tone (�60 minutes), dose-depen-
dent responses to bradykinin, adenosine, sodium nitroprusside, and
ET-1 were established. Vessels were exposed to each concentration of
agonist for 4 to 5 minutes until a stable diameter was maintained.
Vascular response to increased flow was studied under constant in-
traluminal pressure using dual-reservoir techniques, as described pre-
viously.24 In brief, the luminal flow was produced by simultaneously
moving the pressure reservoirs in opposite directions of the same
magnitude, which generates a pressure gradient (�P; range, 10–60 cm
H2O) across the length of the vessel without changing intraluminal
pressure.24 We have previously demonstrated that the luminal flow is
increased linearly with increasing �P and the range of mean volumetric
flows for �P from 0 to 60 cm H2O is 0 to 34.8 nL/s (0–2.1 �L/min),24,25

corresponding to the range reported in retinal arterioles in vivo.26

Vasomotor responses were also examined in the presence of NO
synthase inhibitor L-NAME (10 �M)27 and ROCK inhibitor H-1152 (10
�M).28

Chemicals

All drugs were obtained from Sigma-Aldrich (St. Louis, MO). ET-1 was
dissolved in distilled water, whereas all other drugs were dissolved in
PSS. Subsequent concentrations of ET-1 were diluted in PSS.

Statistical Analysis

At the end of each functional experiment, the vessel was relaxed with
0.1 mM sodium nitroprusside in EDTA (1 mM)-Ca2�-free PSS to obtain

its maximum diameter at 55 cm H2O intraluminal pressure.21 Diameter
changes in response to vasodilator agonists were normalized to this
maximum vasodilation and expressed as percentage of maximum di-
lation. Diameter changes in response to the ET-1 were normalized to
the resting diameter and were expressed as percentage change in
resting diameter. The median effective concentration (EC50) value for
the vasodilator responses was calculated using statistical software
(Prism; GraphPad, San Diego, CA). Data are reported as mean � SEM,
and n represents the number of vessels (2–3 per patient and 1 per pig)
studied. Student’s t-test or ANOVA followed by Bonferroni multiple-
range test was used to determine the significance of experimental
interventions, as appropriate. P � 0.05 was considered significant.

RESULTS

Clinical Characteristics

In this study, three patients had hypercholesterolemia, three
patients had hypertension, two patients had obesity with one
concurrent type 2 diabetes, and two patients were currently
smoking. Medications that were taken for these cardiovascular
disease risk factors included statins (four patients), angiotensin
II type 1 (AT1) receptor antagonist (two patients), non-steroi-
dal anti-inflammatory drugs (NSAIDs; two patients), insulin

FIGURE 1. Image of an isolated human retinal arteriole cannulated
with glass micropipettes and secured with ophthalmic sutures. (A) The
vessel was transferred to the stage of an inverted microscope and was
allowed to develop resting basal tone (35-�m internal diameter) at 55
cm H2O intraluminal pressure. (B) Maximum diameter (55-�m internal
diameter) of the vessel was established in Ca2�-free solution containing
0.1 mM sodium nitroprusside. The images were taken through a video
port of an inverted microscope.
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(one patient), and Ca2� channel blocker (one patient). One
patient was a healthy, 45-year-old male nonsmoker who was
not taking any medications.

Vascular Reactivity

The isolated human retinal arterioles (n � 17) developed stable
basal tone (i.e., constricted to 69% � 1% of their maximum
diameter) at 36°C to 37°C bath temperature with 55 cm H2O
intraluminal pressure. The average resting and maximum diam-
eters of the vessels were 43 � 2 �m (range, 32–64 �m) and
63 � 3 �m (range, 50–89 �m), respectively. In the pig study,
the average resting and maximum diameters were 52 � 2 �m
and 85 � 2 �m (n � 26), respectively. Both human (Fig. 2A)
and porcine (Fig. 2B) retinal arterioles dilated to bradykinin in
a dose-dependent manner with threshold responses at 1 pM
and 10 pM, respectively. Bradykinin exhibited comparable
potency (human EC50 � 0.15 nM; porcine EC50 � 0.50 nM;

P � 0.06) and elicited nearly 90% maximum dilation at 10 nM
in both vessel types (Fig. 2). Subsequent administration of
L-NAME abolished these vasodilator responses, except at the
last concentration (10 nM), where nearly 20% dilation re-
mained (Fig. 2). Adenosine also caused dose-dependent dila-
tion of human (Fig. 3A) and porcine (Fig. 3B) retinal arterioles,
with 80% to 90% maximum dilation at 0.1 mM. However,
adenosine exhibited greater potency (human EC50 � 0.26 �M;
porcine EC50 � 3.6 �M; P � 0.05) in human vessels. Exposure
to L-NAME consistently reduced the dilation of human vessels
to adenosine in a significant manner (Fig. 3), whereas the
response of porcine vessels was significantly reduced at 1 �M
and 10 �M adenosine. Figure 4 displays graded vasodilation of
both human and porcine retinal arterioles when the pressure
gradient, and thus luminal flow, was increased in a stepwise
manner. Under control conditions, the highest flow elicited
nearly 50% to 60% of maximum dilation in retinal arterioles
from both species; but in the presence of L-NAME, the re-

FIGURE 3. Vasodilator response of isolated and pressurized human (A)
and porcine (B) retinal arterioles to adenosine. The control human
(resting diameter, 44 � 4 �m; maximum diameter, 65 � 4 �m; n � 9)
and porcine (resting diameter, 45 � 4 �m; maximum diameter, 82 �
5 �m; n � 8) retinal arterioles dilated dose dependently to adenosine.
In the presence of L-NAME (10 �M), the adenosine-induced dilation of
both human (resting diameter, 43 � 4 �m; maximum diameter, 65 �
4 �m; n � 9) and porcine (resting diameter, 44 � 4 �m; maximum
diameter, 82 � 5 �m; n � 8) vessels was significantly attenuated. *P �
0.05 versus control.

FIGURE 2. Vasodilator response of isolated and pressurized human (A)
and porcine (B) retinal arterioles to bradykinin. The control human
(resting diameter, 44 � 3 �m; maximum diameter, 64 � 3 �m; n � 12)
and porcine (resting diameter, 49 � 4 �m; maximum diameter, 77 �
4 �m; n � 6) retinal arterioles dilated dose dependently to bradykinin.
In the presence of NO synthase inhibitor L-NAME (10 �M), the brady-
kinin-induced dilation of both human (resting diameter, 46 � 4 �m;
maximum diameter, 67 � 4 �m; n � 8) and porcine (resting diameter,
49 � 4 �m; maximum diameter, 77 � 4 �m; n � 6) vessels was
significantly attenuated. *P � 0.05 versus control.
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sponses were abolished (zero flow vs. all steps of flow;
one-way ANOVA, P � 0.05). Furthermore, both human (Fig.
5A) and porcine (Fig. 5B) retinal arterioles dilated dose
dependently to the endothelium-independent NO donor so-
dium nitroprusside with threshold response at 10 nM, com-
parable potency (human EC50 � 0.42 �M; porcine EC50 �
0.87 nM; P � 0.10) and maximum dilation of approximately
75% to 80% at 10 �M. L-NAME did not alter this vasodilator
response (Fig. 5).

Administration of ET-1 to the vessel bath caused a rapid
dose-dependent constriction of the human retinal arterioles
(Fig. 6A) that stabilized within 5 minutes at each concentra-
tion. A relatively low concentration of ET-1 at 1 pM produced
a threshold 5% to 10% constriction of human retinal arterioles
with 41 � 8 �m resting diameter. At 10 nM, the highest ET-1
concentration tested, the retinal arterioles constricted by 62%
� 9% of their resting diameter (Fig. 6A). A similar vasoconstric-
tor response to ET-1 was also observed in porcine retinal
arterioles (data not shown). Administration of specific ROCK

inhibitor H-1152 to human retinal arterioles not only fully
reversed vasoconstriction evoked by 10 nM ET-1, but also
caused a significant loss of myogenic tone by a 59% � 7%
increase in resting diameter toward its maximum level (i.e., in
0.1 mM sodium nitroprusside and Ca2�-free solution), as
shown in Figure 6B. In a similar manner, constriction of por-
cine retinal arterioles to 10 nM ET-1 was reversed during
exposure to H-1152, and loss of nearly 80% of myogenic tone
was obtained (Fig. 6B). These results suggest a role for the
ROCK-signaling pathway leading to the vasoconstriction of
retinal arterioles in response to ET-1 stimulation and in the
development of myogenic tone.

DISCUSSION

The salient findings of the present study are that arterioles
isolated from human retina exhibit myogenic tone and dilate to

FIGURE 5. Vasodilator response of isolated and pressurized human (A)
and porcine (B) retinal arterioles to sodium nitroprusside. The control
human (resting diameter, 43 � 6 �m; maximal diameter, 68 � 6 �m;
n � 6) and porcine (resting diameter, 49 � 4 �m; maximal diameter,
78 � 4 �m; n � 5) retinal arterioles dilated dose dependently to
sodium nitroprusside. The sodium nitroprusside-induced vasodilation
of both human (resting diameter, 45 � 8 �m; maximum diameter,
70 � 7 �m; n � 5) and porcine (resting diameter, 47 � 3 �m;
maximum diameter, 78 � 4 �m; n � 5) retinal vessels was not altered
by L-NAME (10 �M).

FIGURE 4. Vasodilator response of isolated and pressurized human (A)
and porcine (B) retinal arterioles to increased flow. The control human
(resting diameter, 41 � 3 �m; maximal diameter, 61 � 3 �m; n � 6)
and porcine (resting diameter, 61 � 3 �m; maximal diameter, 99 � 1
�m; n � 6) retinal arterioles dilated to a stepwise increase in pressure
gradient (i.e., flow). In the presence of L-NAME (10 �M), the flow-
induced dilation of both human (resting diameter, 40 � 2 �m; maxi-
mum diameter, 61 � 3 �m; n � 6) and porcine (resting diameter, 57 �
3 �m; maximum diameter, 99 � 1 �m; n � 6) vessels was abolished.
*P � 0.05 versus control
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endogenous chemicals such as adenosine and bradykinin and
to physical (increases in shear stress/flow) stimuli in an NO
synthase-mediated fashion. The development of myogenic tone
and vasoconstriction to ET-1 rely on the activation of the ROCK
signaling pathway. Similar results for these vasomotor re-
sponses were obtained from isolated porcine retinal arterioles.
A fundamental understanding of vasomotor regulation mecha-
nisms of human retinal arterioles is essential because the loss of
precision and sensitivity of arteriolar blood flow regulation in
the retina are known to be involved in the development of
many retinal diseases.29,30

Clinical evidence suggests that NO can influence retinal
vascular tone and regulate retinal blood flow in hu-
mans.13,14,31,32 Stimulation of metabolic activity in the retina
with diffuse flickering light has been shown to increase retinal
artery diameter32,33 and retinal blood flow33 in healthy human

subjects, which is reduced by NO synthase blockade.32 How-
ever, the relative contribution of neural or vascular sources of
NO remains unclear, and the associated confounding influ-
ences from local hemodynamic changes cannot be excluded
because of the inherent limitations of in vivo preparation with
multiple tissue types. Furthermore, the role of endothelial NO
in signaling vasodilation to putative metabolic vasodilators has
not been addressed. Therefore, in the present study, we used
isolated vessel techniques to characterize the vasomotor re-
sponse of single retinal arterioles and to explore the possible
pathways involved. The purine metabolite adenosine has been
proposed to play a significant role in the local metabolic reg-
ulation of retinal blood flow,1–4 whereas bradykinin may influ-
ence retinal arteriolar tone because the tissue kallikrein-kinin
system, including bradykinin receptors, has been identified in
the human retina.5 Our findings support a direct vasoactive
role for both substances because human retinal arterioles ex-
hibited robust dilations to bradykinin and adenosine. The va-
sodilator capacity of human retinal arterioles in response to
bradykinin and adenosine was comparable to the responses of
porcine retinal arterioles, as reported in the present study.
There was a slight difference in the threshold response to
bradykinin and to adenosine between the species with higher
sensitivity in human vessels. However, the potency of adeno-
sine but not bradykinin was significantly greater in human
vessels. At the mechanistic level, NO synthase blockade nearly
abolished the dilation of human retinal arterioles to bradykinin
and slightly reduced the dilation to adenosine. The relative role
of endothelial NO in exerting bradykinin and adenosine re-
sponses was also observed in the porcine arterioles, suggesting
considerable similarity of vasomotor regulation and the under-
lying signaling mechanism of human and porcine retinal arte-
rioles in response to the stimulation of the putative metabolic
vasodilators adenosine and bradykinin. The ability of the
smooth muscle from both species to respond to NO/guanylyl
cyclase signaling also appeared equivalent because human and
porcine retinal arterioles21 dilated in a comparable manner to
NO donor sodium nitroprusside. In concert, our findings pro-
vide the first direct evidence for a prominent vascular contri-
bution of NO synthase activation in the dilation of human
retinal arterioles to putative endogenous regulators of retinal
arteriolar tone.

Mechanical influences, such as an increase in shear stress
due to luminal flow, have been shown to elicit endothelium-
dependent, NO-mediated dilation in other microvascular beds,
including coronary,24 mesenteric,34 and skeletal muscle arte-
rioles.35 This flow-mediated vasodilator response is thought to
contribute to flow regulation by recruiting blood flow to the
tissue when metabolic demand is increased (e.g., functional
hyperemia) or oxygen supply to the tissue is inadequate (e.g.,
reactive hyperemia and hypoxia).36 Flow-mediated dilation of
the brachial artery by ultrasound measurement after transient
forearm ischemia has been widely used as an index to assess
endothelial function in patients.37,38 Although physiological
corroboration of this vascular phenomenon in the retina is
lacking, Nagaoka et al.39 have shown that hypoxia in cats elicits
a delayed dilation of retinal arterioles after increases in luminal
blood flow, velocity, and wall shear rate. Because NO synthase
blockade prevented delayed vasodilation without affecting the
initial increase in wall shear rate, an index of shear stress, the
authors speculated that the activation of endothelial NO pro-
duction by a shear stress-sensitive mechanism contributed to
the delayed vasodilator response. Our present results showing
the first direct evidence of the existence of a flow-induced
dilation mechanism in human, as well as porcine, retinal arte-
rioles support this contention. This vasoactive response ap-
pears to be mediated solely by an NO signaling cascade, be-
cause NO synthase blockade abolished the dilation of vessels

FIGURE 6. Vasoconstrictor response of isolated and pressurized reti-
nal arterioles to ET-1. (A) ET-1 elicited dose-dependent constriction of
human retinal arterioles (resting diameter, 41 � 8 �m; maximum
diameter, 65 � 7 �m; n � 5). (B) ET-1 (10 nM) caused comparable
constriction of human (resting diameter, 33 � 2 �m; maximum diam-
eter, 58 � 1 �m; n � 4) and porcine (resting diameter, 50 � 4 �m;
maximum diameter, 82 � 4 �m; n � 4) retinal arterioles. Subsequent
administration of H-1152 (10 �M) reversed the ET-1–induced constric-
tion and reduced the myogenic tone of the vessels from both species
by increasing the diameter toward maximum. Maximum diameter of
vessels was established in Ca2�-free solution containing 0.1 mM so-
dium nitroprusside (Zero Ca2�). *P � 0.05 versus ET-1 alone.
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from both species. Taken together, our findings demonstrate
that human and porcine retinal arterioles exhibit the ability to
actively respond to increases in luminal flow and elicit NO-
mediated vasodilation, but the in vivo significance of the flow-
mediated response in the human retinal microcirculation re-
mains to be elucidated.

ET-1, a 21-amino-acid peptide produced primarily by vascu-
lar endothelial cells through the endothelin-converting enzyme
(ECE-1), has been shown to be the most potent endogenous
vasoconstrictor.40 Further research shows that vascular
smooth muscle cells41,42 and neuronal cells in the retina43 can
also synthesize ET-1. Our recent results in pigs provide direct
evidence that retinal arterioles possess endothelial/smooth
muscle ECE-1 and that its activation is sufficient to elicit ET-1–
mediated smooth muscle constriction through ET type A re-
ceptor activation.44 The concentration of ET-1 in the plasma of
patients with ischemic types of retinal vein occlusion45,46 and
progressive primary open-angle glaucoma47 and in the ocular
fluid of patients with diabetic retinopathy48,49 has been re-
ported to be elevated. Moreover, ET receptor blockade has
been shown to improve retinal blood flow in patients with
primary open-angle glaucoma and in healthy subjects.50 There-
fore, it can be inferred that there is a connection between the
ET-1 system and human retinal blood flow regulation under
health and ocular disease states.

Although the pathophysiology of ET-1 has been implicated in
some human ocular diseases, the direct characterization of the
dose-dependent reaction of human retinal arterioles to ET-1 is
lacking. A previous in vitro study reported that a single high dose
of ET-1 (1 nM) caused constriction of cryopreserved human reti-
nal arterioles in the absence of myogenic tone.51 The present
study extends these earlier findings, demonstrating the dose-de-
pendent constriction of freshly isolated (1-hour postenucleation)
human retinal arterioles to ET-1 in the presence of myogenic tone.
We found that ET-1 elicits vasoconstriction at a threshold concen-
tration of 1 pM, which is comparable to that in porcine retinal
arterioles.44 Notably, this concentration has been reported for
vitreous endothelin levels (1.18 � 0.05 pM) in patients without
ocular or retinal diseases.49 From the ET-1 concentration-response
curve shown in Figure 6A, the retinal arterioles exhibited a 10% to
20% constriction at 10 pM. This level of ET-1 is commonly found
in the plasma of patients with ocular disease (7.8 � 1.1 pM)49 or
with ischemic retinal vascular occlusions (range, 7–12 pM).45 It
should be emphasized that in the vascular walls, ET-1 levels can
be approximately three to five times higher than those found in
the plasma.52 Therefore, the concentrations of ET-1 used in the
present study cover the physiological and pathophysiological
ranges. Elevated levels of ET-1, depending on the severity of the
disease, in the ocular circulation can potentially cause vessel
spasm (focal arteriolar constriction) and lead to the reduction of
blood flow and tissue ischemia in the human retina.

Previous studies have shown ET-1–induced constrictions of
small bovine retinal arteries53 and human retinal arterioles51

are mediated by the opening of voltage-gated Ca2� channels,
but it remains unknown whether specific protein kinase sig-
naling pathways downstream from Ca2� are involved in this
vasomotor response. ROCK has been shown to be a possible
signaling molecule modulating contractile myofilament sensi-
tivity to Ca2�, thus regulating the force of smooth muscle
contraction.54 However, it is unclear whether ET-1 also uses
this signaling molecule in the retinal arterioles to exert its
contractile action. We found that specific pharmacological
blockade of ROCK significantly reversed the ET-1–induced
constriction, and inhibited the myogenic tone, of both human
and porcine retinal arterioles (Fig. 6B), indicating the crucial
role of the ROCK pathway in evoking retinal arteriolar con-
striction and maintaining resting vascular tone. Because accu-
mulating evidence suggests that ROCK activation is closely

associated with numerous vascular diseases,55 it is speculated
that enhanced ET-1 release during ocular disease development
may contribute not only to the increased basal tone (i.e.,
reduction in resting diameter) and enhanced vasoconstriction
but also to the vascular pathology. Taken together, our findings
show that human retinal arterioles can actively respond to ET-1
stimulation and that ROCK signaling plays a critical role in this
contractile function.

A possible limitation of our study is the inability to deter-
mine whether vascular disease influences the results. Most of
the patients were middle aged to elderly and had taken medi-
cations for cardiovascular disease (statins, AT1 receptor antag-
onists, NSAIDs, insulin) that could have influenced vascular
function. However, one of the patients was middle aged and
relatively healthy, and we found that the vasomotor activity in
this patient was not notably different from that of patients with
known vascular disease. Although advancing age and risk fac-
tors for cardiovascular disease (hypertension, hypercholester-
olemia, diabetes) can trigger the early pathogenic event of
endothelial dysfunction, it appears that as humans age, either
the retinal arterioles maintain NO bioavailability for vasodila-
tion or the medications used to treat vascular disease have the
ability to restore endothelial function related to NO signaling.
Interestingly, statins, which were taken by 4 of 7 donors in the
present study for hypercholesterolemia, have been shown to
exert pleiotropic effects independently of cholesterol lower-
ing, such as improvement in endothelium-dependent, NO-me-
diated dilation in patients with cardiovascular disease.56,57 In
healthy subjects, we have recently shown that simvastatin
elicits an increase in retinal blood flow in association with
elevated plasma levels of nitrite and nitrate, the major oxidative
metabolites of NO.23 We also have demonstrated that simva-
statin dilates isolated porcine retinal arterioles in part through
endothelial-released NO.58 It is speculated that statins might
have contributed to the restoration or maintenance of NO-
dependent retinal vasomotor function in patients with cardio-
vascular risk in the present study. It is also worth noting that
we only examined human retinal arterioles in the range of 30
to 60 �m in the present study. Although blood flow is known
to be regulated at the microcirculatory level, the possible
heterogeneity in vasomotor responses and signal transduction
mechanisms of vessel sizes outside the present study cannot be
excluded. Future studies with larger sample sizes at different
arteriolar segments are needed to adequately address these
questions and to pursue more detailed mechanistic analysis,
especially because an imbalance of NO and ET-1 levels has
been implicated in pathophysiological conditions such as ret-
inal ischemic disease and diabetic retinopathy.59

In summary, we found that isolated human retinal arterioles
develop a stable basal tone and dilate to bradykinin and aden-
osine, and to increased luminal flow, in an NO-dependent
manner. We also demonstrated that ET-1, at in vivo pathophys-
iological concentrations, is a potent vasoconstrictor of human
and porcine retinal arterioles. It appears that the activation of
the ROCK signaling pathway is responsible for the vasocon-
striction to ET-1 and for the maintenance of myogenic tone.
Interestingly, our present study discloses similarities in vasore-
activity and its underlying signaling mechanisms between hu-
man and porcine retinal arterioles, which provides support for
the pig as a relevant animal model for the study of the retinal
microcirculation. Our results provide initial information to-
ward our understanding of NO and ET-1 physiology and patho-
physiology concerning the regulation of retinal arteriolar tone
and may suggest important therapeutic targets for patients
with ocular diseases related to retinal vascular dysfunction.
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