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PURPOSE. Although hyperglycemia is implicated in retinal
vascular dysfunction associated with the development of
diabetic retinopathy, the temporal influence of hyperglycemia
on retinal arteriolar reactivity remains unclear. Development of
a large animal model of diabetes relevant to the human retina
for evaluation of vascular function is also lacking. Herein, we
examined nitric oxide (NO)-mediated dilation and endothelin-1
(ET-1)-induced constriction in retinal arterioles at various time
periods in a porcine model of type 1 diabetes.

METHODS. Retinal arterioles were isolated from streptozocin-
induced diabetic pigs (2, 6, and 12 weeks of hyperglycemia,
427 6 23 mg/dL) and age-matched control pigs (73 6 4 mg/
dL), and then cannulated and pressurized for vasoreactivity
study using videomicroscopic techniques.

RESULTS. Retinal arterioles isolated from control and diabetic
pigs developed comparable levels of myogenic tone. The
endothelium-dependent NO-mediated vasodilations to bradyki-
nin and stepwise increases in luminal flow were significantly
reduced within 2 weeks of hyperglycemia. The inhibitory
effect was comparable following 6 and 12 weeks of
hyperglycemia. However, the endothelium-independent vaso-
dilation to sodium nitroprusside was unaffected. Constriction
of retinal arterioles to ET-1 was unaltered at all time periods of
hyperglycemia.

CONCLUSIONS. Our findings provide the first direct evidence for
selective impairment of endothelium-dependent NO-mediated
dilation of retinal arterioles within 2 weeks of hyperglycemia in
a pig model of diabetes. By contrast, the ability of arteriolar
smooth muscle to dilate to NO donor or contract to ET-1 was
unaffected throughout the study period. This endothelial
vasodilator dysfunction during early diabetes may contribute
to development of retinopathy with chronic hyperglycemia.
(Invest Ophthalmol Vis Sci. 2012;53:7943–7949) DOI:
10.1167/iovs.12-11005

Retinopathy is a major complication of diabetes mellitus and
a leading cause of sight-threatening eye disease in adults

worldwide.1 Diabetic retinopathy affects the microcirculation
in the retina where a progression of histological and
pathophysiological changes leads to visual impairment and
blindness.2 Elevated level of blood glucose or hyperglycemia, a
hallmark of diabetes, is associated with reduced retinal blood
flow in early stages of diabetic retinopathy in experimental3–12

and human diabetes.13–15 These studies suggest that dysfunc-
tion of resistance arterioles, the major site for flow regulation,
may contribute to the retinal damage. However, the temporal
influence of hyperglycemia on vasomotor function of retinal
arterioles remains unclear. In addition, the development of an
animal model of diabetes relevant to the human retinal
microcirculation for evaluation of arteriolar function is lacking.

To address these clinically important issues, in the present
study we developed streptozocin (STZ)-induced type 1
diabetes in the pig, an animal model that we have shown to
resemble human in retinal vasomotor regulation.16 The retinal
microcirculation is relatively unique in that it lacks direct
innervation, and thus the basal tone of retinal arterioles and
retinal blood flow are governed by a mechanism linked with
changes in local hemodynamics17,18 and released autocrine/
paracrine factors19 as a function of oxygen supply and tissue
metabolism. In response to local stimuli, the vascular
endothelium produces and releases vasoactive factors such as
vasodilator nitric oxide (NO)20 and vasoconstrictor endothelin-
1 (ET-1).21 However, vascular dysfunction in terms of a
diminished release or activity of NO and augmented release
or activity of ET-1 has been purported as a key event in the
development of diabetic retinopathy based on in vivo
evidence.22–25 The direct impact of type 1 diabetes on the
function of endothelium and the ability of smooth muscle to
respond to NO and ET-1 in retinal arterioles remains unknown.
Therefore, we utilized an isolated vessel approach in vitro,
which excludes neural-glial and humoral influences, to
examine endothelium-dependent NO-mediated dilations to
flow/shear stress16 and endogenous agent bradykinin,16,26 as
well as vasodilation to NO donor sodium nitroprusside and
vasoconstriction to ET-1 in retinal arterioles isolated from
normoglycemic and diabetic pigs.

METHODS

Porcine Diabetes Model

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 & White Institutional Animal Care and

Use Committee. Diabetes was induced in domestic male pigs (8–12

weeks old, 9–11 kg) purchased from Real Farms (San Antonio, TX) by

selective ablation of pancreatic b cells with intravenous injection of

STZ (150 mg/kg, Zanosar; Teva Parenteral Medicines, Irvine, CA) via an

ear vein. The control group was intravenously injected with saline

instead of STZ. Based on earlier studies with slight modification,27,28 a
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special diet was required prior to injection with STZ to induce

sustained hyperglycemia in pigs. Pigs were fasted for approximately 12

hours before feeding with a commercial pig diet containing ammonium

chloride (20 g/3 c pig feed mixed with strawberry Boost [Nestlé

HealthCare Nutrition, Florham Park, NJ], or other palatable food items

to increase intake) the day prior to STZ injection, producing temporary

systemic acidosis (pH » 7.10–7.20) and thus enhancing the effect of

STZ. The pH was checked prior to STZ injection to confirm acidosis.

The pigs were maintained for a period of 2, 6, or 12 weeks. Following

STZ or saline (control) injection, the animals were allowed free access

to water and fed with syrup and/or Boost mixed with pig feed to

prevent temporary hypoglycemia for 24 hours after STZ injection. The

animals were allowed free access to water and commercial diet

thereafter. The general condition, body weight, and the level of blood

glucose were closely monitored in all pigs, and only those that

developed sustained hyperglycemia with a fasting blood glucose level

between 250 and 540 mg/dL were included in the study. Fasting blood

glucose levels were obtained each day in the morning using a Contour

glucometer (Bayer HealthCare, Mishawaka, IN). The blood pH was also

measured to monitor whether the animals developed metabolic

acidosis (normal range of 7.35–7.45). Our studies showed that

sustained blood glucose levels greater than 540 mg/dL led to systemic

acidosis, and the acidotic animals were excluded from further study.

The retinal circulation was viewed with a fundus camera to determine

clinical evidence of diabetic changes in the retina. Following the 2-, 6-,

and 12-week time periods, pigs were sedated with Telazol (4.4 mg/kg,

i.m.; TW Medical Veterinary Supply, Austin, TX) and anesthetized with

2% to 5% isoflurane. Heparin (1000 U/kg; Sagent Pharmaceuticals,

Schaumburg, IL) was administered into the marginal ear vein to

prevent clotting. The eyes were enucleated and immediately placed in

a moist chamber on ice.

Isolation and Cannulation of Microvessels

The techniques used for identification, isolation, cannulation, pressur-

ization, and visualization of the retinal vasculature have been described

elsewhere.29 In brief, the isolated retinal arterioles (~60–80 lm in situ)

were cannulated with a pair of glass micropipettes and pressurized to

55 cm H2O intraluminal pressure without flow by two independent

pressure reservoir systems. Vasomotor activity of isolated vessels was

continuously recorded using videomicroscopic techniques throughout

the experiments. Arterioles with side branches and leaks were

excluded from further study and all arterioles used developed basal

tone.

Study of Vasomotor Function

To study the vasodilator function mediated by endothelial NO, we

utilized bradykinin and luminal flow/shear stress because these

dilations are solely dependent on endothelial released NO in both

porcine and human retinal arterioles as demonstrated in our recent

reports.16,30 The endothelium-independent vasodilator sodium nitro-

prusside16 and vasoconstrictor ET-116,31,32 were used to test vascular

smooth muscle function. Cannulated, pressurized arterioles were

bathed in physiological saline solution (PSS)-albumin (0.1%; USB,

Cleveland, OH) at 368C to 378C. After vessels developed stable basal

tone (~60 minutes), concentration-dependent responses to bradyki-

nin, sodium nitroprusside, and ET-1 (BaChem, Bubendorf, Switzerland)

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

intraluminal pressure using dual-reservoir techniques as described

previously.16 In brief, the luminal flow was produced by simultaneous-

ly moving the pressure reservoirs in opposite directions of the same

magnitude, which generates a pressure gradient (DP; range from 10 to

60 cm H2O) across the length of the vessel without changing

intraluminal pressure. We have previously demonstrated that the

luminal flow is increased linearly with increasing DP and the range of

mean volumetric flows for DP between 0 and 60 cm H2O is 0 to 34.8

nL/sec (0–2.1 lL/min),33 corresponding to the range reported in retinal

arterioles in vivo.34

Chemicals

Drugs and chemicals used in the vasomotor function study were

obtained from Sigma-Aldrich (St. Louis, MO) except when specifically

stated otherwise. ET-1 was dissolved in water, whereas bradykinin and

sodium nitroprusside were dissolved in PSS. Subsequent concentra-

tions of ET-1 were diluted in PSS.

Data Analysis

At the end of each functional experiment, the vessel was relaxed

with 0.1 mM sodium nitroprusside in ethylenediaminetetraacetic

acid (EDTA, 1 mM)-Ca2þ-free PSS to obtain its maximum diameter at

55 cm H2O intraluminal pressure.29 Diameter changes in response to

vasodilator agonists and luminal flow were normalized to this

maximum vasodilation and expressed as percent maximum dilation.

The reductions in diameter in response to ET-1 were normalized to

the resting diameter and expressed as percent resting diameter.16

The median effective concentration (EC50) value for the vasodilator

responses was calculated using GraphPad Prism software (GraphPad

Software, La Jolla, CA). Data are reported as mean 6 SEM and n value

represents the number of animals (two to three vessels 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. A value of P < 0.05 was considered

significant.

RESULTS

Animal Model

Following STZ injection, blood glucose in pigs elevated from
74 6 4 mg/dL (4 6 1 mM) to 427 6 23 mg/dL (24 6 1 mM, 2–
12 weeks after STZ injection, n¼ 31). Pigs injected with saline
(control) had unaltered blood glucose levels: 74 6 5 mg/dL (4
6 1 mM) vs. 73 6 4 mg/dL (4 6 1 mM) after saline injection (2
to 12 weeks, n¼23). The body weight gain was less in diabetic
pigs (before saline injection: 10 6 1 kg; 2 weeks after STZ: 12
6 1 kg; 6 weeks after STZ: 16 6 2 kg; 12 weeks after STZ: 23
6 3 kg) than in control pigs (before saline injection: 11 6 1 kg;
2 weeks after saline: 17 6 1 kg; 6 weeks after saline: 24 6 3
kg; 12 weeks after saline: 36 6 4 kg). An additional sign of
diabetes was the development of cataracts in pigs within 6
weeks after STZ injection (n¼ 10). There were no overt signs
of morphological abnormalities in the retinal circulation at 12
weeks of diabetes.

Vasodilation to Bradykinin

After developing basal tone, 49% 6 2% of maximum diameter
(94 6 2 lm), retinal arterioles from control pigs dilated
concentration dependently to bradykinin (Fig. 1A). As early
as 2 weeks of diabetes, retinal arteriolar dilation to
bradykinin was significantly reduced (Fig. 1A) while basal
tone (54% 6 2% of maximum diameter, 91 6 2 lm) was not
altered (P¼ 0.06). Bradykinin exhibited greater potency in 2-
week control vessels than in vessels from age-matched
diabetic animals (2-week control EC50 ¼ 0.37 nM vs. 2-week
diabetes EC50 ¼ 1.3 nM, P < 0.05). The vasodilation to
bradykinin was diminished in a similar manner following a
longer duration of 6 weeks (6-week control EC50 ¼ 0.25 nM
vs. 6-week diabetes EC50¼ 1.0 nM, P < 0.05; Fig. 1B) and 12-
week diabetes (12-week control EC50 ¼ 77 pM vs. 12-week
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diabetes EC50 ¼ 1.3 nM, P < 0.05; Fig. 1C). Basal tone was

also unaffected following 6-week (6-week control 50% 6 5%

vs. 6-week diabetes 58% 6 3% of maximum diameter, P ¼
0.19) and 12-week diabetes (12-week control 64% 6 2% vs.

12-week diabetes 65% 6 2% of maximum diameter, P¼0.85).

Vasodilation to Sodium Nitroprusside

Both control and diabetic retinal arterioles dilated in a

comparable manner to endothelium-independent NO donor

sodium nitroprusside at all three time periods with maximum

dilation of approximately 70% at 10 lM for all groups of vessels

(Fig. 2).

FIGURE 1. Vasodilator response of isolated and pressurized porcine
retinal arterioles to bradykinin. Concentration-dependent vasodilation
to bradykinin was significantly reduced in a similar manner following
all three time periods of diabetes mellitus: (A) 2 weeks (control ¼ 15
pigs; diabetes ¼ 17 pigs), (B) 6 weeks (control ¼ 4 pigs; diabetes ¼ 5
pigs), and (C) 12 weeks (control¼ 4 pigs; diabetes¼ 9 pigs). *P < 0.05
versus control.

FIGURE 2. Vasodilator response of isolated and pressurized porcine
retinal arterioles to sodium nitroprusside. Concentration-dependent
vasodilation to sodium nitroprusside was unaltered following all three
time periods of diabetes mellitus: (A) 2 weeks (control and diabetes¼7
pigs each), (B) 6 weeks (control and diabetes¼4 pigs each), and (C) 12
weeks (control¼ 4 pigs; diabetes ¼ 8 pigs).
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Vasodilation to Increased Flow

Figure 3 displays graded vasodilation of retinal arterioles when
the pressure gradient, and thus luminal flow, was increased in a
stepwise manner. Under control conditions, the highest flow
elicited 59% 6 5% of maximum dilation, but following 2-week
diabetes the response was reduced to 33% 6 4%.

Vasoconstriction to ET-1

Both control and diabetic retinal arterioles constricted in a
comparable manner to ET-1 at all three time periods with
maximum constriction of approximately 70% to 90% of resting
diameter at 10 nM for all groups of vessels (Fig. 4).

DISCUSSION

Our current findings provide the first direct evidence of
endothelial vasodilator dysfunction in retinal arterioles during
the early onset of diabetes. Hyperglycemia was associated with
selective impairment of endothelium-dependent NO-mediated
dilation of retinal arterioles to bradykinin and to increases in
flow/shear stress within 2 weeks in a type 1 diabetic pig
model. Comparable detrimental effect on endothelial vasodila-
tor function was maintained for at least 3 months. On the other
hand, the sustained hyperglycemia for up to 3 months did not
influence the ability of the retinal arterioles to dilate and
constrict in response to NO donor sodium nitroprusside and
ET-1, respectively.

A fundamental understanding of the nature of the initial
events contributing to vasomotor dysfunction of retinal
arterioles is essential for identifying key vascular cell targets
to improve retinal blood flow in patients with diabetic
retinopathy.19,35 Several clinical studies have shown a reduc-
tion of retinal vasodilator function and retinal blood flow in
patients with diabetes.13,36–38 These studies were unable to
directly measure the diameter of the retinal arterioles but
surmised that these resistance vessels in the microcirculation
were impaired by diabetes and contributed to the diminished
retinal blood flow. More recent studies by Harris and
colleagues using intravital microscopic imaging of the retinal
microcirculation have provided the first evidence that the
resting diameter of retinal arterioles is smaller in the early
stages of diabetes in mice and rats and correlates with reduced
retinal blood flow.4–9,12 Furthermore, the ability of retinal
arterioles to react to endothelium-dependent vasodilators in

vivo has been shown to be reduced following acute exposure

(3 hours) to hyperglycemia in cats39 and more sustained

hyperglycemia in rats.40–44 To build on these studies and assess

whether early diabetes has a direct impact on endothelial and

smooth muscle vasomotor function, we utilized an isolated

vessel approach in the current study to eliminate confounding

effects from neurohumoral and local hemodynamic factors.

FIGURE 3. Vasodilator response of isolated and pressurized porcine
retinal arterioles to increased flow. Dilation of retinal arterioles to a
stepwise increase in pressure gradient (i.e., flow/shear stress) was
significantly reduced following 2 weeks of diabetes mellitus (control
and diabetes ¼ 5 pigs each). *P < 0.05 versus control.

FIGURE 4. Vasoconstrictor response of isolated and pressurized retinal
arterioles to ET-1. Concentration-dependent vasoconstriction to ET-1
was unaltered following all three time periods of diabetes mellitus: (A)
2 weeks (control and diabetes¼ 6 pigs each), (B) 6 weeks (control and
diabetes ¼ 3 pigs each), and (C) 12 weeks (control and diabetes ¼ 4
pigs each).
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Moreover, our recent in vitro studies disclose similarities in the
vasoreactivity and its underlying signaling mechanisms be-
tween human and porcine retinal arterioles.16 Therefore, we
developed an STZ-induced type-1 diabetes model in the pig to
study the vasomotor function. The diabetic pigs maintained
consistent elevation of plasma glucose levels nearly 5- to 6-fold
greater than those in control pigs. Cataract development,
another complication of diabetes, was evident within approx-
imately 6 weeks of hyperglycemia. Structural changes or
hemorrhage in the retina were not apparent with fundus
imaging following all time periods studied. Collectively, our
recent and current data strongly support the clinical relevance
in using the pig model to assess endothelial and smooth muscle
vasomotor function under normal and diabetic conditions.

Clinical evidence indicates that NO produced from NO
synthase can influence retinal vascular tone and regulate
retinal blood flow in humans.45–48 Local stimulation of
metabolic activity in the retina with diffuse flickering light
has been shown to increase retinal artery diameter48,49 and
retinal blood flow49 in healthy human subjects, which is
reduced by NO synthase blockade48 and in type 1 diabetic
patients.37,50,51 Our recent studies provide the first direct
evidence for a prominent vascular contribution of NO derived
from NO synthase activation in the dilation of human and
porcine retinal arterioles to bradykinin and flow/shear stress,16

two endogenous local regulators of retinal arteriolar
tone.18,52–54 A direct negative impact of diabetes on bradyki-
nin-induced and flow-mediated dilations of porcine retinal
arterioles was evident in the current study within 2 weeks of
hyperglycemia. Diminished dilation of retinal arterioles to
bradykinin was comparable following 6 and 12 weeks,
suggesting a sustained inhibitory mechanism once it is initiated
and the importance of future studies to identify the specific
mechanistic process causing the early vascular dysfunction.
Because endothelium-independent vasodilation to NO donor
sodium nitroprusside was unaltered up to 12 weeks following
diabetes, the ability of the smooth muscle to relax in response
to NO remained intact and the detrimental effect of diabetes
was selective for the impairment of NO synthesis or release
from the endothelium. Notably, the relatively rapid onset of
endothelial dysfunction within 2 weeks of diabetes in the pig
model is consistent with early studies showing diminished
retinal blood flow at baseline44,55 and following intravitreal
administration of acetylcholine in 2-week diabetic rats.44

Interestingly, in our previous human study,16 we found that
retinal arterioles isolated from a patient with diabetic
retinopathy exhibited diminished vasodilation to bradykinin
and to increased shear stress (unpublished data), a phenom-
enon identical to that obtained from the diabetic pigs observed
in the present study. It appears that retinal arterioles from pigs
and humans exhibit similar vasomotor behavior either in
physiology or pathophysiology.

The mechanical influence of an increase in shear stress due
to luminal flow elicits endothelium-dependent NO-mediated
dilation in both human and porcine retinal arterioles.16 This
flow-mediated vasodilator response is considered to contribute
to local flow regulation by recruiting blood flow to the tissue
when metabolic demand is increased (e.g., functional hyper-
emia) or oxygen supply to the tissue is inadequate (e.g.,
reactive hyperemia and hypoxia).56 Flow-mediated dilation of
the brachial artery via ultrasound measurement following
transient forearm ischemia has been widely used as an index
for clinical assessment of endothelial function57,58 and a
diminished response has been reported in type 1 diabetic
patients.59–61 Interestingly, reduced flow-mediated dilation of
the brachial artery was evident in adolescents within 1 month
to 5 years following diagnosis of type 1 diabetes.59 Although
physiological corroboration of this vascular phenomenon in

the human retinal microcirculation is lacking, evidence from
Nagaoka and colleagues suggests that hypoxia18 and acute
elevation of blood pressure54 in cats elicit flow/shear-induced
dilation of retinal arterioles. Our present results showing the
impairment of flow-mediated dilation of retinal arterioles
following 2 weeks of diabetes are consistent with the clinical
report of early endothelial dysfunction in the peripheral
circulation59 and provide direct support for deleterious action
of diabetes at the level of resistance vessels.

An imbalance of NO and ET-1 levels and/or activity has been
implicated in pathophysiological conditions such as diabetic
retinopathy,62 potentially causing vessel spasm (focal arteriolar
constriction) and leading to the reduction of blood flow and
tissue ischemia in the human retina. ET-1, which is produced
primarily by vascular endothelial cells via the endothelin-
converting enzyme (ECE-1), has been shown hitherto to be the
most potent endogenous vasoconstrictor.63 Human and
porcine retinal arterioles constrict to ET-1 in a comparable
manner in vitro.16 Our current findings do not support a
change in the ability of retinal arteriolar smooth muscle to
respond to ET-1 following the early 3-month onset of diabetes
in pigs. However, these results do not exclude whether
diabetes increased synthesis of ET-1 within the neural or
vascular retina. This consideration is corroborated by elevated
ET-1 levels in the vitreous of patients with diabetic retinopa-
thy.64,65 Since intravitreal treatment with pharmacological
blockade of ECE-1-derived ET-1 in vivo has been shown to
improve retinal blood flow in early diabetes in rats,66 increased
ECE-1 activity/expression in diabetic retinal arterioles could
contribute to vasomotor dysfunction. Moreover, administration
of an ET-1 receptor antagonist to the drinking water has been
shown to improve retinal blood flow in mice with type 1
diabetes.8 However, the direct evidence for a functional role of
local ECE-1 in the retinal arterioles during early diabetes
remains unclear. Nevertheless, our present study does not
support the idea that the adverse effect of ET-1 observed in the
retinal circulation in vivo is a result of enhanced smooth
muscle contraction to ET-1. Future studies will examine the
impact of diabetes on ET-1 levels in the vitreous and the
functional activity of arteriolar ECE-1, which is supported by
our recent report characterizing the endothelin system in the
retina with greater expression of ECE-1 in retinal arterioles
than in neural retina tissue.31

In summary, we have established a type 1 diabetic pig
model and found that 2-week diabetes is sufficient to
selectively impair retinal endothelial NO-mediated function,
with no progression for an additional 2 to 3 months. All
durations of diabetes had no impact on smooth muscle-
dependent nitroprusside-induced vasodilation or ET-1-induced
vasoconstriction. The current findings provide the framework
for future studies designed to identify the mechanisms
contributing to endothelial vasodilator dysfunction of retinal
arterioles in a large animal model of type 1 diabetes relevant to
the human retinal microcirculation.
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