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Abstract

Objective—Reductions in retinal blood flow are observed early in diabetes. Venules may influence
arteriolar constriction and flow; therefore, we hypothesized that diabetes would induce the
constriction of arterioles that are in close proximity to venules, with the constriction mediated by
thromboxane and angiotensin 11.

Methods—Using non-obese diabetic (NOD) mice, retinal measurements were performed 3 weeks
following the age at which glucose levels exceeded 200 mg/dl, with accompanying experiments on
age-matched normoglycemic NOD mice. The measurements included retinal arteriolar diameters
and red blood cell velocities, and were repeated following an injection of the thromboxane synthase
inhibitor Ozagrel. Mice were subdivided into equal groups given drinking water with or without the
angiotensin Il receptor antagonist Losartan.

Results—Retinal arterioles were constricted in hyperglycemic mice, with a significant reduction
in flow. However, not all arterioles were equally affected; the vasoconstriction was limited to
arterioles that were in closer proximity to venules. The arteriolar vasoconstriction (mean arteriolar
diameters =51+ 1 um vs 61 £ 1 um in controls; p<0.01) was eliminated by both Ozagrel (61 £ 2
um) and Losartan (63 £ 2 pm).

Conclusion—Venule-dependent arteriolar vasoconstriction in NOD mice is mediated by
thromboxane and/or angiotensin I1.
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Introduction

Diabetic retinopathy is a major complication of diabetes and a leading cause of blindness in
Western countries [42]. Alterations in the retinal circulation caused by diabetes include
ischemia, which could initiate angiogenesis and macular edema that commonly result in vision
loss [26]. The induction of ischemia could be multi-factorial, with vasoconstrictive mediators
potentially playing a significant role. Decreased retinal arteriolar diameters have been reported
in diabetic patients [28,37,47,48], and the constriction may decrease blood flow and slow
oxygen delivery to regions of the retina. The origin of the vasoactive mediators, and the delivery
to arteriolar smooth muscle, have not been determined. However, recent studies in various
tissues suggest that inflammation-induced constriction and endothelial dysfunction may be
more severe in arterioles that are closely paired with postcapillary venules.
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Avrterio-venular pairing, an arrangement comprising a feeding arteriole and a closely paired
counter-current venule draining the capillary bed, is a common microvascular structure found
in most tissues of the body. This vascular pairing provides counter-current transport of heat,
oxygen, and carbon dioxide, as well as, more recently noted, venular control of arteriolar tone
[21]. Although most of the investigations into venular control of arteriolar tone have focused
on the ability of venules to dilate the closely paired arterioles [3,9,10,15,33], the reverse is
found in the microvascular dysfunction that accompanies inflammation. For example, Zamboni
et al. performed a series of studies [32,50,51] demonstrating that ischemia-reperfusion of
skeletal muscle induced constriction of arterioles, but only in arterioles that were closely paired
with venules. A significant portion of the vasoconstriction could be attenuated by blocking
thromboxane [32]. A study from our own lab similarly implicates thromboxane in the venule-
dependent constriction of arterioles in the submucosa of the inflamed intestine [18]. Although
its role in venule-dependent constriction of arterioles has not been studied, another
vasoconstrictor that has been implicated in the vascular complications of diabetes is angiotensin
I1. All components of the renin-angiotensin system are found in the eye [29,43], with
angiotensin 11 levels higher in the eye than in plasma [43].

Due to the lack of autonomic innervation in the retina, local mechanisms of microvascular
perfusion, such as venulo-arteriolar communication, may play a significant role. Local
autoregulation modulates retinal blood flow in response to pressure and metabolic demands
[12,44]; however, this autoregulation could be altered in the inflamed retina by venule-
dependent arteriolar dysfunction. Whether this phenomenon occurs in the diabetic retina is the
primary purpose of the current study. We hypothesize that arteriolar constriction and reduced
vascular flow in the diabetic retina are mediated by vasoconstrictors (such as thromboxane
and/or angiotensin 11). Moreover, we hypothesize that more severe constriction occurs in
arterioles that are more closely paired with venules. We have addressed these questions in non-
obese diabetic (NOD) mice, with the retinal microcirculation examined via intravital
microscopy.

Material and Methods

Animals

Female NOD mice were purchased at an age of 7 weeks (Jackson, Bar Harbor, ME, USA).
Upon arrival, none of the mice were hyperglycemic; however, elevated blood glucose levels
were observed in more than one-half of the mice by 30 weeks of age. Non-fasting blood glucose
levels were determined using a One Touch Ultra blood glucose monitoring system (Lifescan,
Milpitas, CA, USA) and animals with levels greater than 200 mg/dl were considered diabetic.
Experiments were performed on the mice following 3 weeks of hyperglycemia, at which time
glucose levels typically exceeded 400 mg/dl. One-half of the diabetic mice were given
Losartan, an angiotensin Il receptor type 2 antagonist, via their drinking water (25 mg/kg/day).
All mice were provided chow (LabDiet® JL Rat and Mouse/Auto 6F, PMI Nutrition
International, LLC, Brentwood, MO, USA) and water ad libitum.

On the day of the experiment, the mice were anesthetized with intraperitoneal injections of
pentobarbital (50 mg/kg, Nembutal®, Abbott Laboratories, North Chicago, IL, USA) and
ketamine (50 mg/kg, Ketaset®, Animal Health, Fort Dodge, 1A, USA). The eyes under
examination were kept moist with a drop of Gonak® (Akorn Inc., Buffalo Grove, IL, USA)
after the pupils were dilated using two drops each of tropicamide (1%; Alcon Laboratories Inc.,
Fort Worth, TX, USA) and phenylephrine (2.5%; Bausch & Lomb, Tampa, FL, USA). Body
temperature was maintained near 37°C at all times with an infrared heat lamp over the mouse.
Procedures complied with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. At the end of the experiments, animals were euthanized using an overdose
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of sodium pentobarbital (120 mg/kg) as approved by the Institutional Animal Care and Use
Committee.

Pressure Measurements

Intraocular pressure (IOP) of each animal used for intravital microscopy was measured using
TonoPen XL® (Mentor, Norwell, MA, USA). Tonopen has been reported to be an acceptable
non-invasive device to measure I0OP in mice [35,41]. The measurement was made using a
modified method previously reported by Reitsamer et al [41]. Once the mouse was put under
anesthesia, 10 measurements were made on the right eye with the Tonopen calibrated according
to the manufacturer’s instructions. Any measurement below 6 mmHg was excluded from
analysis, as these readings could represent insufficiently light touches of the cornea with the
tip of the Tonopen [35]. The Tonopen was cleaned between each measurement by a cotton pad
and alcohol, and the eye was kept moist with saline solution. Mean arterial pressure was
measured in separate and age-matched mice of each group. The animal was anesthetized as
described above and the carotid artery was cannulated with a catheter which was connected to
a Pressure Monitor BP-1 (World Precision Instruments, Sarasota, FL, USA). Body temperature
was maintained near 37°C during the procedure using an infrared heat lamp.

Intravital Microscopy

The animal was placed on a microscope stage with a cover slip over the eye, which was viewed
with a Nikon 10x objective (N.A. 0.25; 1.05 cm working distance) on a Nikon fluorescence
microscope (Eclipse EGOOFN, Nikon Instruments Inc., Melville, NY, USA). An
autofluorescent image of the retina was used to locate and focus on the optic nerve head through
a fluorescein filter. Arterioles extending from the optic disk generally are found between
alternating venules that drain the retinal capillary bed. The alternating arrangement of arterioles
and venules diverges at various angles from the optic disk, with some arterio-venular pairs
close and nearly parallel with each other, while other pairs are more distantly spaced with a
wider angle. The angles between each arteriole and the two neighboring venules were measured
and averaged.

Fluorescently labeled red blood cells (RBCs) were injected through a femoral vein catheter to
determine retinal blood velocity. The fluorescent images of the circulating RBCs in the retina
were recorded on DVD (DMR-ES10 recorder, Panasonic, Osaka, Japan) through a Sony color
camera (DXC-390, Sony, Tokyo, Japan) and a time-date generator (Panasonic WJ-810). The
movement of a given RBC appeared as a fluorescent streak whose length was proportional to
velocity and camera exposure time (in our case, 16.7 ms) in a frame of video. The recorded
image was analyzed later with an image grabber (Studio Plus, Pinnacle Systems Inc., Mountain
View, CA, USA) and image processor (SigmaScan Pro v 5.0.0, Systat Software Inc., Point
Richmond, CA, USA).

To measure the diameter of arterioles, fluorescein isothio-cyanate (FITC)-dextran (MW =
2,000,000; 25mg/mL in saline) was infused (25 pL) through the femoral vein catheter to
visualize the arterioles. An average of 15 to 20 RBC velocities (mean velocity, V) was used to
estimate flow rate according to the calculation ©\vVD?/4, assuming a uniform cylindrical
diameter D for each vessel. Baseline velocity measurements were made approximately 5
minutes after the start of the labeled RBC infusion.

RBC Labeling

To obtain RBCs, approximately 1 mL of blood was collected from a C57BL/6 donor mouse.
The blood was run through a column of packed sterile cotton with 10 mL of phosphate-buffered
saline (PBS, pH 7.4) and then centrifuged at 3000 rpm for 10 minutes and then again for 5
minutes to separate platelets and leukocytes from RBCs. A preparation of 100 pL of 1,1'-
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dioctadecyl-3,3,3',3'-tetramethylindocarbo-cyanine perchlorate (Dil; Invitrogen Molecular
Probes; D3911) stock solution (5 mg/mL) was diluted with 9900 uL PBS as a Dil labeling
solution. Then 100 pL of packed RBCs were dispersed in the Dil solution, where they incubated
for 30 min. The labeled RBCs were centrifuged at 3000 rpm and washed in 1 mL PBS 4-5
times and resuspended slowly in 1 mL PBS. One donor rat supplied enough RBCs for
approximately 3 recipients.

Ozagrel Injection

Statistics

Results

The thromboxane synthase inhibitor Ozagrel (Sigma; [E]-3-[4-(1H-imidazol-1-ylmethyl)
phenyl]-2-propenoic acid hydrochloride) was administered to all mice after the velocity and
diameter of arterioles were measured. Ozagrel was injected intravenously (100 mg/kg [13,
147]), and after 30 minutes, the measurements of diameter and velocity were repeated.

Statistical differences between groups were analyzed with ANOVA using Student-Newman-
Keuls post-hoc corrections (GraphPad InStat software v 3.05; GraphPad Software, San Diego,
CA). Error bars are presented as + standard error (SE), and statistical significance was set at

p<0.05.

NOD mice became hyperglycemic beginning at 13 weeks of age, and approximately 52%
became diabetic by 30 weeks of age (Fig 1). Three weeks after a mouse became hyperglycemic,
the intravital microscopic experiment was performed on that mouse, and also on an age-
matched NOD mouse that did not have elevated glucose (serving as a non-diabetic control).

Table 1 lists the total number of mice and arterioles examined in each group, as well as blood
glucose concentrations, body weights, and intraocular pressures. There was no statistically
significant difference in IOP and body weight between groups. Mean arteriolar pressure (MAP)
of each group was measured in separate animals, and in the four groups (N= 3 each; control,
control + losartan, diabetes, and diabetes + losartan) MAP averaged 96 + 3,92 + 3, 96 + 4, and
93 + 3 mmHg, respectively, and were not significantly different from each other.

From each mouse’s left eye, an average of ~5 arterioles extending from the optic disk was
observed, and were found in a radial arrangement around the optic disk with alternate venules
(Fig 2). The average angle between a retinal arteriole and the two closest venules was used to
quantify the proximity of arterio-venular pairing. Averaged arterio-venular angles ranged from
16° to 65° with a median of 32° (Fig 3). Thereafter, the arterioles were categorized into two
groups: closely venule-paired arterioles (<32° angle) and more distantly venule-paired
arterioles (> 32° angle).

Figure 4 presents arteriolar flows in the hyperglycemic and control NOD mice. In more
distantly paired arterioles (Fig 4B), flow rates were not statistically different among the four
groups of mice, before and after injection of the thromboxane synthase inhibitor Ozagrel. In
contrast, flow rates among the four groups were not equivalent in the more closely paired
arterioles (Fig 4A). Specifically, flow was reduced significantly by ~33% in the untreated
diabetic mice, with flow rates equal to 37.5 £ 1.2 nl/s (compared with 56.0 + 3.0 nl/s in age-
matched controls). Additionally, in the closely paired arterioles, administration of Losartan in
drinking water significantly increased flow in the diabetics to 46.6 = 2.4 nl/s. Injection of
Ozagrel was able to acutely restore flow rates in the diabetic mice to 54.9 + 1.5 nl/s and 52.5
* 3.1 nl/s, with and without Losartan, respectively.
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Figure 5 presents arteriolar diameters in the hyperglycemic and control NOD mice. In more
distantly paired arterioles (Fig 5B), diameters were roughly equivalent among the four groups
of mice, before and after injection of the thromboxane synthase inhibitor Ozagrel. As with flow
rates, a contrast in diameters was observed in the more closely paired arterioles (Fig 5A).
Avrterioles were constricted significantly by ~16% in the untreated diabetic mice, with
diameters equal to 51.4 £ 1.2 um (compared with 61.0 £ 1.5 um in age-matched controls).
Additionally, in the closely paired arterioles, administration of Losartan in drinking water
significantly dilated diameters in the diabetics to 62.9 £ 2.0 um. Injection of Ozagrel was able
to acutely dilate diameters in the diabetic mice to 61.1 + 1.7 pm and 67.7 = 2.9 um, with and
without Losartan, respectively.

Discussion

Vascular complications are a major affliction for diabetic patients, especially in the eye [22,
42]. It has been reported that almost all patients develop background retinopathy within 25
years of diabetes onset [27]. Though the mechanism of diabetic retinopathy is not clear, the
alterations in the retinal circulation include breakdown of the blood-retinal barrier, loss of
retinal pericytes, hypoxia, angiogenesis, and neural apoptosis [2,22,26]. It has been suggested
that hypoxia could initiate the retinal angiogenesis and macular edema cascade. Decreased
retinal oxygen levels in diabetic animals [1,30] and the improved visual contrast sensitivity in
diabetic patients after enhanced oxygen delivery [16] appear to corroborate the retinal hypoxia
hypothesis. The mechanisms inducing retinal hypoxia have not been elucidated, but could be
a result of arteriolar constriction and/or a reduction in the number of perfused capillaries, two
events that could be interrelated. Our study suggests that early arteriolar constriction in NOD
mice may occur Via the vasoactive molecules thromboxane and/or angiotensin 11. Moreover,
the vasoconstrictor-induced reductions in flow are found specifically in arterioles that are in
close proximity to draining venules.

Arteriolar vasoreactivity plays a major role in the overall resistance of the vascular bed and its
blood flow. Animal experiments have shown that the majority of the blood pressure drop occurs
in the arterioles, prior to third-order and terminal arteriolar branching (diameter 8-30 pm)
[21,34,45]. In most tissues of the body, first- and second-order arterioles are closely paired
with the corresponding order of venules, with pairing becoming less structured in the third-
order arterioles, and rarely found in terminal arterioles. Hester and Hammer have summarized
the investigations proposing tissue blood flow regulation through venulo-arteriolar control
[21]: venular contents reflect the metabolic activity of the tissue, and venule-released mediator
(s) are hypothesized to control the adjacent feeding arteriolar diameter to supply the metabolic
demands of the tissue [20].

Acrteriolar regulation by a tissue metabolite has been described for the retina. Lactate, a
metabolite produced mostly by the Muller glial and neuronal cells in retina, has been reported
to act as an arteriolar dilator to regulate blood flow in the descending retinal tissue via
stimulation of NO synthase [4,19,46]. Hein et al. claimed that this localized flow control is
critical for modulation of retinal vascular tone due to the absence of autonomic innervation in
the retinal circulation [8,19]. Whether this form of retinal arteriolar flow control is venule-
dependent, as is the case for adenosine in mesenteric tissue [25], and for arachidonic acid
metabolites in stimulated cremaster tissue [15], has not been investigated.

In several inflammatory conditions, venular control of arteriolar diameter tends toward
vasoconstriction instead of vasodilation. Our current study supports the possibility that venule-
derived agents can constrict retinal arterioles, with diabetes inducing more severe
vasoconstriction in arterioles that were more closely paired with draining venules. The same
phenomenon appears to be present in mesenteric tissue for hypercholesterolemic and diabetic
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rats [17,38,39], and in the intestine of mice that are either colitic or hypercholesterolemic
[18,23,24]. Our current study points to thromboxane and/or angiotensin 11 as critical venule-
dependent retinal vasoconstrictors following three weeks of hyperglycemia in NOD mice.

Enhanced thromboxane synthesis has been shown to be induced by hyperglycemia [11]. De la
Cruz et al. [7] reported an approximate doubling of thromboxane B, (a stable thromboxane
metabolite) in the plasma of diabetic rats 15-90 days after the onset of diabetes. In the untreated
diabetic rats of their study, the number of perfused capillaries dropped substantially over the
90-day period; however, aspirin- and dipyridamole-treated diabetic rats showed improved
retinal vascularity. These results could be consistent with a role for thromboxane in retinal
lesions of early diabetic retinopathy.

Inhibition of the thromboxane receptor or synthase has been shown to be beneficial in animal
models of inflammation. In a model of streptozotocin-induced diabetes, inhibition of the
thromboxane receptor eliminated the impaired functional dilation of spinotrapezius arterioles
[49]. Decreased platelet aggregation has been reported after administration of a thromboxane
synthase inhibitor, impeding the progression of diabetic nephropathy [40]. In a study from our
lab, we demonstrated that the thromboxane synthase inhibitor Ozagrel reduced the venule-
dependent arteriolar constriction induced by dextran sodium sulfate ingestion [18].

Angiotensin |1, a critical element of the renin-angiotensin system (RAS) is involved in the
regulation of blood pressure and electrolyte homeostasis. Angiotensin Il also has been
implicated in the inflammation and oxidative stress associated with diabetic vascular
complications and atherosclerosis. Enhanced angiotensin Il production has been reported in
rat vascular smooth muscle cells maintained in high glucose conditions for 48 hours [29]. The
RAS has been found in a variety of local tissues, including the reproductive tract, adrenal
glands, thymus, and eye. All components of the system are expressed in ocular tissue of
humans, rats, and other mammals [29,43]. Moreover, angiotensin 11 levels in the eye are higher
than in plasma, indicating ocular production of the hormone [43]. There are two major receptor
types for angiotensin |1, type 1 (ATy) and type 2 (AT>), with contrasting functions. AT,
receptors mediate vasoconstriction and inflammation while AT, receptors mediate anti-
inflammatory vasodilation mediated by the release of nitric oxide (NO) [5].

The AT receptor antagonist Losartan has shown therapeutic efficacy in preventing diabetic
complications. Leukostasis in the retina of diabetic rats has been inhibited with Losartan
[36], and Losartan also reduces platelet activation in hypertensive rats [31]. However, the
mechanism of Losartan’s anti-inflammatory effect is not clear, and may extend beyond the
blockade of AT4 -induced constriction. Dandona et al. [5] proposed that NO-producing AT,
receptors become dominant during AT receptor blockade; additionally, De La Cruz et al.
[6] concluded that Losartan acts as an antagonist of both AT and TxA,/PGH, (TP) receptors.
By one or more of these mechanisms (inhibition of AT1-induced vasoconstriction; enhanced
influence of ATo-induced vasodilation; inhibition of TP receptors), Losartan helped reverse
the vasoconstrictive consequences of hyperglycemia in the NOD diabetic mice of our study.

In summary, the results of this study demonstrate that the retinal vascular changes in diabetic
mice were observed in arterioles closely paired with venules. The constricted diameter and
reduced flow seen in these arterioles could have been caused by thromboxane and/or
angiotensin 11, since inhibition with Ozagrel and/or Losartan administration reversed the
changes in closely venule-paired arterioles.
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Figure 1.

Cumulative diabetes incidence curve for the NOD mice (all female). Approximately 52% of
the mice became diabetic by 30 weeks of age.
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Figure 2.
Depiction of the angles between alternating retinal arterioles (A) and venules (V) near the optic
disk. One angle of 21° is indicated on the drawing.
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Figure 3.

Distribution of the average pairing angle between each arteriole (N= 90 total arterioles) and
the two neighboring venules in the non-diabetic (white) and diabetic (dark grey) NOD mouse

retina.
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Figure 4.

Retinal flow of closely paired (A; average venular pairing angle < 32°) and more distantly
paired (B; >32°) arterioles in NOD mice. As indicated, data are separated depending on diabetic
status as well as the administration of Losartan and/or Ozagrel. Data are paired into pre- (solid
bar) and post- (cross-hatched bar) injection of Ozagrel in the same mice; N=9-13 arterioles per
group. *** p<0.001 vs untreated Control; T p<0.05 and t1 p<0.01 vs untreated Diabetic.
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Figure 5.

Retinal diameters of closely paired (A; average venular pairing angle < 32°) and more distantly
paired (B; >32°) arterioles in NOD mice. As indicated, data are separated depending on diabetic
status as well as the administration of Losartan and/or Ozagrel. Data are paired into pre- (solid
bar) and post- (cross-hatched bar) injection of Ozagrel in the same mice; N=9-13 arterioles per
group. ** p<0.01 vs untreated Control; t1 p<0.01 and tt1 p<0.001 vs untreated Diabetic.
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