Characterization of Retinal Leukostasis and
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Role of Oxidants and Protein Kinase-C Activation
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Increases in leukostasis/monocyte adhesion to the capillary endothelium (leukostasis) and decreases in retinal blood flow may be causally associated and are
implicated in the pathogenesis of diabetic retinopathy.
In this study, we demonstrate that increases in leukostasis are observed in insulin-resistant states without
diabetes, whereas decreases in retinal blood flow require diabetes and hyperglycemia. Microimpaction studies using beads mimicking retinal capillary obstruction
by leukocytes did not affect retinal blood flow. In diabetic rats, treatment with the antioxidant ␣-lipoic acid
normalized the amount of leukostasis but not retinal
blood flow. In contrast, treatment with D-␣-tocopherol
and protein kinase-C ␤-isoform inhibition (LY333531)
prevented the increases in leukostasis and decreases in
retinal blood flow in diabetic rats. Serum hydroxyperoxide, a marker of oxidative stress, was increased in
diabetic rats, but normalized by treatment with antioxidants ␣-lipoic acid and D-␣-tocopherol and, surprisingly,
PKC ␤-isoform inhibition. These findings suggest that
leukostasis is associated with endothelial dysfunction,
insulin resistance, and oxidative stress but is not related to retinal blood flow and is not sufficient to cause
diabetic-like retinopathy. Moreover, treatment with
PKC ␤ inhibition is effective to normalize diabetes or
hyperglycemia-induced PKC ␤-isoform activation and
oxidative stress. Diabetes 52:829 – 837, 2003

D

iabetic retinopathy is clinically manifested by
multiple microvascular pathologies from microaneurysms, hemorrhages to neovascularization (1). However, histopathologies in the
retinal capillary are known to precede the clinical retinal
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findings. Early surrogate clinical markers are needed to
diagnose and quantitate the presence of preclinical lesions
of diabetic retinopathy that would allow the institution of
treatments at the beginning stages of the disease. Abnormalities of retinal blood flow and increased leukocyte
adhesion to the retinal capillaries have been noted to
occur in diabetic patients and animals with short duration
of disease and antecedent to any clinical findings in the
retinal fundus (2–5). In addition, both findings have been
suggested to be important for the development of diabetic
retinopathy, since both reduced retinal blood flow and
increased leukocyte adhesion may contribute to the formation of nonperfused capillaries, which are believed to
be major contributors for the progression of diabetic
retinopathy with increases in capillary permeability and
angiogenesis (2– 4).
The major metabolic risk factor for the development of
diabetic retinopathy has been identified to be persistent
and chronic hyperglycemia (6,7). In addition, intensive
glycemic control by either insulin or hypoglycemic agents
can delay the onset or the progression of diabetic retinopathy (6,7). Multiple studies have also reported that hyperglycemia can increase the expression of vasoconstrictors,
such as endothelin-1 (ET-1) and angiotensin or their
actions (8,9). The overexpression of vasoconstrictors that
have been associated with the progression of diabetic
retinopathy results in increased vascular resistance and
decreased retinal blood flow (8,10). Similarly, activation of
leukocytes and monocytes with increased adhesion to
endothelium is observed in the retina as well as in microand macrovessels in the peripheral circulation due to the
diabetic state (11). The increased leukocyte and monocyte
adhesion has been attributed to increased expression of
adhesion molecules on the circulating cells and vascular
endothelial cells (5,11). Because decreases in retinal blood
flow and increases in leukocyte and monocyte adhesion
occur in parallel and are regulated by several metabolic
factors in common, it is possible that these two early
retinal microvascular findings in diabetes may be interrelated with respect to their development. One potential
factor associated with both of these abnormalities is
endothelial dysfunction, which can be induced by the
elevation of free fatty acids as in insulin-resistant states.
(12,13) There are many potential pathways through which
hyperglycemia can induce endothelial dysfunction, including increases in oxidative stress and nonenzymatic glycation (14), impaired action of endothelium-derived
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relaxation factors (13), and activation of the diacylglycerol
(DAG)/protein kinase C (PKC) pathway (5,14). However,
endothelial dysfunction can also occur in insulin-resistant
states without hyperglycemia. Insulin resistance occurs
much more frequently than diabetes and is associated with
cardiovascular diseases, but it does not have an established relation to diabetic microvascular complications,
such as retinopathy (15).
In the present study, we have characterized the onset of
abnormalities in retinal blood flow and leukostasis in
insulin-resistant, nondiabetic, and diabetic rats in order to
determine whether hyperglycemia is necessary for the
onset of these retinal abnormalities. In addition, we have
also evaluated the role of increased microimpaction at the
retinal capillary level, a potential mechanism by which
increased leukostasis can cause changes in retinal blood
flow. Lastly, we have compared the effects of antioxidants
and inhibitors of PKC because both increases in oxidative
stress and PKC activation have been demonstrated in the
leukocytes, monocytes, and the vascular endothelium of
diabetic animals and patients and are postulated to mediate many of hyperglycemia’s adverse effects in micro- and
cardiovascular tissues (14,16,17).
RESEARCH DESIGN AND METHODS
Animals. All experiments followed the guideline of the Association for
Research in Vision and Ophthalmology and were approved by the Animal Care
and Use Committees of the Joslin Diabetes Center. Male Long-Evans (L-E) rats
(Taconic Farms, Germantown, NY) with initial weights between 180 and 250 g
and male Zucker fatty and lean rats were used for these experiments. Because
the L-E rats are pigmented, it facilitates visualization and measurement of the
retinal microcirculation and static fluorescent leukocytes and microspheres.
Diabetes was induced in L-E rats by intraperitoneal injection of 65 mg/kg
streptozotocin (STZ) (Sigma, St. Louis, MO) in 10 mmol/l citrate buffer (pH
4.5) after an overnight fast. The rats with blood glucose levels ⬎250 mg/dl 24 h
after STZ injection were considered diabetic. A day before the retinal
hemodynamic measurements, all rats were underwent catheterization with a
polyvinyl catheter inserted into the right jugular vein as described previously
(18). After the hemodynamic measurements, the catheter was flushed and
repositioned subcutaneously. The measurement of retinal leukostasis was
performed a day after retinal hemodynamic measurements. Blood samples
were obtained from the L-E rats in order to perform serum assays associated
with the different treatment protocols being performed for these studies. The
blood samples were drawn from the descending vena cava using heparinized
syringes on the day following the hemodynamic measurements.
Video fluorescein angiography. The measurement of video fluorescein
angiography (VFA) has been described previously (18). Briefly, a fundus
camera (NFC-50; Nikon, Tokyo, Japan) interfaced to a video camera (SIT;
Dage-MTI, Michigan City, IN) was used for the VFA as we have previously
reported (3,8,18). A scanning laser ophthalmoscope (SLO) (Rodenstock
Instrument, Munich, Germany) was used for VFA measurements in the
experiments investigating the effects of microsphere impaction and in the
experiments performed using the Zucker rats. The video output from the
fundus camera and SLO is stored on videotape, digitized at 30 frames/s
through a video digitizer (Targa 2000; Pinnacle Systems, Mountain View, CA)
and converted to a sequence of .TIFF images (640 ⫻ 480 ⫻ 8bit) to facilitate
image processing. The retinal mean circulation time (MCT) was calculated as
the time difference between the retinal arterial and venous mean circulation
times for corresponding artery and vein pairs. Retinal vessel diameters were
also determined at the retinal vessel sites used to determine the dye dilution
curves. Retinal blood flow can be determined from the segmental MCTs and
the associated retinal artery and vein diameters. Retinal blood flow is
proportional to the sum of the squares of the retinal artery and vein diameters
divided by the segmental MCT. We also measured the time between injection
of the dye bolus in the jugular vein and the dye appearance in the retinal
artery. This appearance time (AT) was used as a systemic indicator to ensure
that the systemic deliver of the dye to the eye remained unchanged during the
course of the experiments (18).
Acridine orange leukocyte fluorography. Acridine orange fluoresces in the
green wavelengths when excited by blue light upon interacting with DNA.
When acridine orange solution is injected intravenously, staining occurs in
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leukocytes among the circulating blood cells as well as the vascular endothelial cells. Video recordings of the retina are obtained with the SLO using the
argon blue laser for illumination with the filter setting for regular fluorescein
angiography in the 40° field. Stationary leukocytes in the capillary bed are
observed 20 min after the injection of acridine orange. At this time only
stationary leukocytes still retain the acridine orange dye. Stationary leukocytes were recognized as fluorescent dots. These images are recorded on
videotapes, digitized through the video digitizer, and stored on the computer.
The resolution of the digitized images is 640 ⫻ 480 pixels with an eight-bit
intensity resolution (256 steps). The average densities of leukocytes for each
rat were calculated by averaging the value of the density in each of eight to 10
observation regions. The average density is in units of (cells/pixel2) ⫻ 10⫺5
(19).
VFA procedure. Each rat was anesthetized using pentobarbital sodium
before VFA. Right and left eyes were dilated with 1% tropicamide (Mydriacyl;
Alcon, Fort Worth, TX) in the experiments with fluorescent microspheres and
only left eyes were dilated in VFA for MCT determination. A 5-l bolus of 10%
sodium fluorescein was rapidly injected into the jugular vein catheter after the
VFA recording was initiated. The time of fluorescein-injection was marked on
the video recording for measuring arterial AT of the dye bolus.
Acridine orange leukocyte fluorography procedure. A day after VFA
measurements, each rat was anesthetized by intramuscular injection of 50
mg/kg ketamine hydrochloride (Ben Venue Labs, Bedford, OH) and 10 mg/kg
xylazine hydrochloride (Sigma) before acridine orange leukocyte fluorography (AOLF) measurements. Both eyes or the left eyes were dilated as
described previously. We modified the reported acridine orange fluorography
procedure. Acridine orange was dissolved in sterile saline (1.0 mg/ml), and 4
mg/kg was injected through the jugular vein catheter at a rate of 1.5 ml/min.
Twenty minutes after the injection, the fundus was observed with the SLO and
the images were recorded onto videotapes for subsequent analysis.
Microsphere impaction. Polystyrene microspheres (FluoSpheres; Molecular
Probes) with excitation and emission wavelengths of 490 and 515 nm,
respectively, were used. For these experiments, microspheres of 15 m in
diameter were chosen to ensure entrapment in the retinal capillaries. Before
microsphere injection, a polyurethane catheter (0.84-mm outside dimension)
was inserted from the right external carotid artery into the junction of the
common, external, and internal carotid arteries. The internal carotid artery
branches into the ophthalmic artery and continues into the central retinal
artery branch. Microspheres injected into the right external carotid through
the catheter impact only in the retina of the right eye. Retinal images were
observed with the SLO and recorded onto videotapes during injection of the
microspheres. The number of microspheres that appeared in the retinal
arteries were counted. Two weeks after microsphere injection, a heparin-lock
catheter was surgically implanted in the right jugular vein. Fluorescein
angiography was performed 24 h later using the SLO. MCT of the right and left
eyes were measured using our video fluorescein angiography methodology.
The relation between microsphere numbers and relative MCT of right eyes
against left eyes was evaluated. At the beginning of this study, the difference
in retinal circulation between right eyes and left eyes was determined.
Treatment with vitamin E. D-␣-tocopherol (40 mg/kg) or placebo vehicle
(HCO, polyethylene 60-hydrogenated caster oil) provided by the Eisai Company (Tokyo, Japan) was injected intraperitoneally every other day into
diabetic and nondiabetic rats for 2 weeks after the onset of diabetes. The dose
of D-␣-tocopherol was chosen based on previous reports (12,18,20).
Treatment with antioxidant and PKC ␤-inhibitor. Diabetic and nondiabetic rats were treated orally with the antioxidant, DL-␣-Lipoic Acid (Sigma)
(21) at a dose of 200 mg 䡠 kg–1 䡠 day–1 or PKC ␤-inhibitor (LY333531) at a dose
of10 mg 䡠 kg–1 䡠 day–1 for 2 weeks from the onset of diabetes. The doses of
␣-lipoic acid and LY333531 were chosen based on previous reports (22).
Measurement of plasma hydroperoxides. After the AOLF measurements,
the blood of each rat was collected into heparinized tubes. The plasma was
obtained by centrifugation of the blood at 2000g for 10 min at room
temperature. The plasma hydroperoxides were determined by the ferrous
oxidation in xylenol orange assay version two (FOX2 assay) using PeroXOquant quantitative peroxide assay kit (Pierce, Rockford, IL) (23) by the
method described in the kit insert. The difference of hydrogen peroxide values
between the sample with and without tris (2-carboxyethyl) phosphine hydrochloride (TCEP) determined as hydroperoxide concentration. Each sample
was measured in duplicate, and the mean value was used for statistical
analysis.
Statistical analysis. Each value is reported as a mean ⫾ SD. Paired t test was
used for comparisons between right eyes and left eyes in same rats. One-way
ANOVA was used for group comparisons. Population normality was tested
using the Kolmogorov-Smirnov test, and equality of variances was tested using
the Levene median test. If either test failed, then the Kruskal-Wallis ANOVA on
ranks was performed. All pairwise multiple comparisons were performed
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TABLE 1
Physical characteristics of Zucker lean, fatty, and diabetic fatty
rats for studies in Figure 2

n(1)
Final body weight (g)
Blood glucose (mg/dl)
n(2)
Appearance time (s)
Artery diameter (pixels)
Vein diameter (pixels)
MCT (s)

Zucker
lean

Zucker
fatty

Zucker
diabetic

9
305.0 ⫾ 22.6
96.1 ⫾ 11.2
4
1.43 ⫾ 0.12
12.7 ⫾ 1.1
17.6 ⫾ 1.2
0.98 ⫾ 0.08

10
424.0 ⫾ 29.8*
110.2 ⫾ 9.0*
6
1.23 ⫾ 0.19
13.9 ⫾ 0.8
18.2 ⫾ 0.7
1.03 ⫾ 0.11

6
422.0 ⫾ 25.9*
513.0 ⫾ 52.0*
6
1.89 ⫾ 0.39
14.2 ⫾ 1.3
17.9 ⫾ 1.1
1.26 ⫾ 0.20†

Data are means ⫾ SD. *P ⬍ 0.01 compared with nondiabetic control
rats; †P ⫽ 0.036 compared with nondiabetic Zucker fatty rats. 1)
Physical characteristics of all Zucker lean, fatty, and diabetic fatty
rats from retinal leukostasis and microcirculation studies; 2) retinal
vascular parameters of Zucker rats from microcirculation studies
alone.
using the Student-Newman-Keuls test. P ⬍ 0.05 was considered to be statistically significant.

RESULTS

Characterization of leukostasis and microcirculation
in the retina. Endothelial dysfunction and activation has
been observed in the arterial system of diabetic and
nondiabetic insulin-resistant states (12,13). Thus, we de-

termined whether retinal leukostasis and reduced retinal
blood are only observed in the diabetic state with hyperglycemia or are also present in the insulin-resistant state
with and without the presence of hyperglycemia. For these
studies, Zucker lean fa/x, insulin-resistant obese Zucker
fa/fa (fatty), and insulin-resistant spontaneous-diabetic
Zucker fa/fa (ZDF) were used. The Zucker fatty rats were
specifically selected because they have been characterized
with endothelial dysfunction in the absence of diabetes
(24). Physical characteristics for the Zucker fatty, ZDF,
and control Zucker lean rats are summarized in Table 1.
Random blood glucose levels for the fatty rats (109.4 ⫾ 9.0
mg/dl) were slightly higher compared with those measured
in the lean rats (96.1 ⫾ 11.2 mg/dl) but were not in the
diabetic range. ZDF rats had much higher blood glucose
levels (513.2 ⫾ 52.2 mg/dl) than either the fatty or lean
groups. The body weight for both the fatty and ZDF rats
were significantly greater than in the Zucker lean rats.
Retinal MCTs measured in the Zucker fatty, ZDF, and lean
rats are shown in Fig. 1A. There were no significant
differences in retinal MCTs between the Zucker lean
(0.98 ⫾ 0.08 s) and Zucker fatty rats (1.03 ⫾ 0.11 s).
However, the retinal MCTs of the ZDF rats was significantly (P ⫽ 0.036) prolonged (1.26 ⫾ 0.20 s) compared
with nondiabetic Zucker fatty rats.
In contrast, the density of stationary leukocytes/monocytes in the retinas of Zucker fatty rats (12.14 ⫾ 4.26 ⫻

FIG. 1. Retinal vascular function tests in Zucker lean
(Lean), Zucker fatty (Fatty), and Zucker hyperglycemic
diabetic (ZDF) rats. A: Retinal MCT was obtained by VFA.
B: Retinal leukostasis obtained by SLO. Retinal MCT and
leukostasis were measured on consecutive days as described in RESEARCH DESIGN AND METHODS. Data are expressed
as means ⴞ SD. *P < 0.01, ** P ⴝ 0.02.
DIABETES, VOL. 52, MARCH 2003
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TABLE 2
Physical properties for nondiabetic and diabetic L-E rats used in microsphere impaction studies
Nondiabetic rats

Diabetic rats

10
226.0 ⫾ 15.2
255.0 ⫾ 28.7
106.5 ⫾ 9.7

5
229.0 ⫾ 18.2
245.0 ⫾ 41.2
364.6 ⫾ 84.2*

n
Initial body weight (g)
Final body weight (g)
Blood glucose (mg/dl)

Appearance time (s)
Artery diameter (pixels)
Vein diameter (pixels)

Right eyes

Left eyes

Right eyes

Left eyes

1.49 ⫾ 0.30
15.5 ⫾ 1.4
20.6 ⫾ 2.7

1.31 ⫾ 0.28
14.9 ⫾ 1.3
19.8 ⫾ 2.1

1.52 ⫾ 0.38
15.2 ⫾ 1.5
19.8 ⫾ 2.1

1.43 ⫾ 0.22
15.1 ⫾ 1.3
19.0 ⫾ 1.7

Data are means ⫾ SD. *P ⬍ 0.01 compared with nondiabetic rats.

10⫺5 cells/pixel2 was significantly higher (98 ⫾ 62%, P ⫽
⬍0.01) than in Zucker lean rats (6.18 ⫾ 2.35 ⫻ 10⫺5
cells/pixel2 (Fig. 1B). Similarly, the density of stationary
leukocytes/monocytes in the ZDF rats was also significantly higher (81 ⫾ 69%, P ⫽ 0.02) than in Zucker lean but
not different from Zucker fatty rats.
Effect of microsphere impaction on retinal circulation. The results from Zucker insulin-resistant (fatty) and
-sensitive (lean) rats suggested that the increase in leukostasis is related more to insulin resistance rather than to
hyperglycemia, whereas MCT prolongation and concomitant decreased retinal blood flow is only observed with
hyperglycemia in diabetic rats. However, it may be possible that the decrease in retinal blood flow is a direct result
of enhanced leukostasis, which precedes both diabetes
and diabetes-related retinal blood flow reductions. Thus,
we explored the possibility of whether the increase in
retinal leukostasis can physically contribute to the decrease in retinal blood flow using capillary microimpaction
with 15-m diameter fluorescent microspheres.
The retinal circulation in both eyes of L-E rats was
evaluated before microsphere injection. No significant
differences were noted in the baseline values between
right eyes (MCT 1.05 ⫾ 0.13 s; AT 1.35 ⫾ 0.24 s; artery

diameter 14.4 ⫾ 1.36 pixels; vein diameter 20.0 ⫾ 1.2
pixels) and left eyes (MCT 1.07 ⫾ 0.19 s; AT 1.40 ⫾ 0.21 s;
artery diameter 15.0 ⫾ 1.2 pixels; vein diameter 20.3 ⫾ 1.8
pixels). Because no differences were observed between
left and right eyes, the contralateral eye was used as
the control for the microsphere-impacted eye. Physical
characteristics of the rats that underwent microsphere
injection are listed in Table 2. After injection of the
microspheres through the right external carotid artery
catheter, microspheres appeared only in the vasculature of
the right retina. No microspheres were observed in the
vasculature of the left retina after injection. No microspheres were observed in the retinal veins indicating that
all microspheres that came into retinal arteries and were
impacted in the retinal capillaries. VFA images of the
retina of a nondiabetic rat 2 weeks after microsphere
injection are shown in Fig. 2. Figures 2A and B are
representative images of the right retina during fluorescein
angiograms midphase. Figure 2A illustrates the stationary
microspheres observed in the retinal capillaries. No moving microspheres are observed in the primary vessels.
Arrow heads in Fig. 2B indicate retinal areas where
microspheres occlude the microcirculation of the retinal
capillaries in localized regions distal to the impaction

FIG. 2. VFA images of the retinas from a representative nondiabetic rat at 2 weeks after injection of 15 m microspheres. A: Stationary
microspheres were observed in the retinal capillaries, whereas no dynamic microspheres were
observed in the primary vessels of the right eye.
B: Arrow heads indicate retinal sites where
microspheres occlude the microcirculation of
the retinal capillaries within the right eye.
Areas of nonperfusion can be observed in the
downstream vascular beds. No stationary or
moving microspheres were observed in the left
retina of the same rat during late arterial phase
(C) or midvenous phase (D).
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FIG. 3. Effect of microsphere injection on retinal MCT. At 2 weeks
following the injection of 15 m microspheres, the occlusion of capillary beds by impacted microspheres does not altar retinal mean
circulation time in the affected right eye as compared with the left. The
relation between microsphere numbers in the right retina and the
relative retinal MCT of right eyes compared with left eyes in nondiabetic rats (A) (P ⴝ 0.19, r ⴝ 0.45, n ⴝ 10) and diabetic rats (B) (P ⴝ
0.6, r ⴝ 0.32, n ⴝ 5).

point. VFA images of the left eye in the same animal are
shown in Figs. 2C and D. No stationary or moving microspheres were observed in the left retinas of the rats. The
relation between microsphere numbers in the right retina
and the relative MCT of right eyes against left eyes in
nondiabetic rats are shown in Fig. 3A and that of the
diabetic rats are shown in Fig. 3B. The number of impacted microspheres had no significant correlation with
the relative MCT of right eyes in both nondiabetic rats
(P ⫽ 0.19, r ⫽ 0.45) and diabetic rats (P ⫽ 0.6, r ⫽ 0.32).

Results show that the localized reduction of regional
microcirculation in the retina has no significant effect on
retinal MCTs measured at the level of the major retinal
vessels even with ⬎1,000 beads impacted in the retina.
This number of microsphere impactions was much greater
than the total numbers of stationary leukocytes generally
measured in the retinas of diabetic rats (⬃100 stationary
leukocytes/retina).
Effect of vitamin E on retinal leukostasis and circulation. Multiple mechanisms have been postulated to
cause endothelial dysfunction and mediate hyperglycemia’s adverse effects including oxidative stress and
activation of PKC (12–16). To test whether increases in
oxidative stress or activation of PKC may cause the
increased leukostasis and reduction of retinal blood flow
in diabetic rats, the effect of D-␣-tocopherol, an antioxidant
that has been shown to have an inhibitory effect on PKC
activity, was examined. Table 3 shows initial body weights
and characteristics of STZ-induced diabetic and nondiabetic rats in the experimental groups (treatment with D-␣
tocopherol or placebo) that were used for the leukostasis
measurements. There was no significant difference in AT,
artery diameter, and venous diameter among these four
groups of rats. Thus, a prolonged MCT would reflect a
reduction in retinal blood flow. The MCT of placebotreated diabetic rats (1.19 ⫾ 0.21 s) was significantly
longer than that of the placebo-treated nondiabetic rats
(0.73 ⫾ 0.12 s) (P ⬍ 0.001) by 1.7-fold (Fig. 4A). The MCT
of the D-␣-tocopherol–treated diabetic rats (0.86 ⫾ 0.17 s)
was significantly shorter than that of control or placebotreated diabetic rats (P ⬍ 0.001). There was no significant
difference in MCT for the placebo-treated nondiabetic rats
(0.73 ⫾ 0.12 s) and the D-␣-tocopherol–treated nondiabetic
rats (0.75 ⫾ 0.10 s). These results show that vitamin E
treatment normalized the prolonged MCT observed in
diabetic rats as previously reported (20).
The effect of D-␣-tocopherol on leukostasis in the retina
was also characterized (Fig. 4B). Leukostasis in the placebo-treated diabetic rats (11.03 ⫾ 3.67 ⫻ 10⫺5 cells/pixel2)
(2) was significantly higher than that of placebo-treated
nondiabetic rats (4.90 ⫾ 1.73 ⫻ 10⫺5 cells/pixel2, P ⬍ 0.01)
by 2.3-fold and the nondiabetic rats treated with D-␣tocopherol (6.39 ⫾ 1.93 ⫻ 10⫺5 cells/pixel2) (P ⬍ 0.02) by
1.7-fold. Leukostasis in diabetic rats treated with D-␣tocopherol (6.40 ⫾ 2.56 ⫻ 10⫺5 cells/pixel2) was significantly lower than that of diabetic rats treated with placebo
(P ⬍ 0.01) and was not significantly different from those
measured in the nondiabetic rat groups.

TABLE 3
Physical properties for control and vitamin E treatment in L-E rats
Control
n
Initial body weight (g)
Final body weight (g)
Blood glucose (mg/dl)
AT (s)
Artery diameter (pixels)
Vein diameter (pixels)

Nondiabetic rats
Vitamin E

9
205.6 ⫾ 20.5
289.4 ⫾ 19.1*
100.0 ⫾ 9.5
1.21 ⫾ 0.20
7.2 ⫾ 0.6
8.5 ⫾ 1.2

6
200.0 ⫾ 22.1
288.3 ⫾ 14.7*
96.0 ⫾ 9.5
1.12 ⫾ 0.13
6.7 ⫾ 0.6
8.5 ⫾ 0.9

Diabetic rats
Control

Vitamin E

8
206.3 ⫾ 19.2
233.1 ⫾ 19.1*†
373.3 ⫾ 38.7*
1.26 ⫾ 0.53
6.5 ⫾ 0.3
8.4 ⫾ 0.6

10
202.0 ⫾ 10.6
245.0 ⫾ 27.6*†
333.9 ⫾ 61.6†
1.27 ⫾ 0.37
6.9 ⫾ 0.7
8.3 ⫾ 0.6

Data are means ⫾ SD. *P ⬍ 0.01 compared with initial body weight (paired t-test); †P ⬍ 0.01 compared with nondiabetic control.
DIABETES, VOL. 52, MARCH 2003
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FIG. 4. Effect of D-␣-tocopherol treatment on retinal MCT and leukostasis.
Retinal MCT was measured by VFA
(A), and retinal leukostasis was measured by SLO (B). Groups are shown as
nondiabetic (nonDM) treated with placebo (n ⴝ 9) or D-␣-tocopherol (n ⴝ 6)
and diabetic (DM) treated with placebo (n ⴝ 8) or D-␣-tocopherol (n ⴝ
10). Data are expressed as mean ⴞ SD
*P < 0.05 vs. nondiabetic (nonDM)
groups. **P < 0.01 vs. diabetic (DM)
placebo group.

Effect of antioxidant and PKC ␤-inhibitor on retinal
circulation. Because vitamin E has both an antioxidant
effect and PKC ␤-inhibitory effect as previously reported
(25,26), we attempted to separate these two effects of
vitamin E by using a specific PKC ␤-isoform inhibitor
LY333531 and an antioxidant lacking PKC inhibitor action,
␣-lipoic acid (21,27). Table 4 summarizes the initial body
weights and characteristics of diabetic and nondiabetic rat
groups that were treated with ␣-lipoic acid (antioxidant),
LY333531 (PKC ␤-inhibitor), or normal chow at the time of
leukostasis measurements. There was no significant difference in body weights and blood glucose levels among
three diabetic groups and among three nondiabetic
groups. The MCT (Fig. 5A) of untreated diabetic rats fed
normal chow (1.32 ⫾ 0.26 s) and rats treated with ␣-lipoic
acid (1.29 ⫾ 0.53 s) was significantly longer than that of
untreated nondiabetic rats fed normal chow (0.86 ⫾ 0.13 s)
by 1.5-fold (P ⬍ 0.01). There was no significant differences
in MCT among nondiabetic groups. The MCT of diabetic
rats treated with the PKC inhibitor LY333531 (1.02 ⫾
0.22 s) was significantly shorter than that of untreated
diabetic rats fed normal chow (P ⬍ 0.05). This result
shows that PKC ␤-inhibition normalized the diabetesinduced prolongation of MCT as previously reported (27),
but ␣-lipoic acid had no significant effect on retinal MCT.
The measurements of retinal leukostasis in these animals (Fig. 5B) showed that the retinas of untreated
diabetic rats fed normal chow (9.62 ⫾ 2.51 ⫻ 10⫺5 cells/
pixel2) was significantly higher than that of untreated

nondiabetic rats fed normal chow (4.60 ⫾ 2.35 ⫻ 10⫺5
cells/pixel2, P ⬍ 0.001) by 2.1-fold. There were no significant differences in leukostasis among the nondiabetic
groups. The retinal leukostasis in diabetic rats treated with
␣-lipoic acid (5.94 ⫾ 2.08 ⫻ 10⫺5 cells/pixel2) or LY333531
(5.62 ⫾ 2.41 ⫻ 10⫺5 cells/pixel2) was significantly lower
than that of untreated diabetic rats fed normal chow (P ⬍
0.001 and P ⬍ 0.001, respectively). These results showed
that both the antioxidant ␣-lipoic acid and the PKC ␤-inhibitor were effective in preventing the increases in retinal
leukostasis induced by diabetes.
The effect of PKC inhibitor and ␣-lipoic acid on
oxidative stress. To investigate the effect of the various
treatments on oxidative stress in vivo, plasma hydroperoxide levels were measured. Plasma hydroperoxide levels
(Fig. 5C) in untreated diabetic rats (5.65 ⫾ 2.45 mol/l)
were significantly (P ⬍ 0.05) higher than in untreated
nondiabetic controls (2.68 ⫾ 1.43 mol/l) by 2.1-fold.
There was no significant difference in plasma hydroperoxide levels among nondiabetic groups. Treatment with
␣-lipoic acid and LY333531 diabetic rats significantly (P ⬍
0.05 and P ⬍ 0.05, respectively) lowered the plasma
hydroperoxide levels (3.06 ⫾ 1.35 and 3.37 ⫾ 2.16 mol/l,
respectively) compared with untreated diabetic rats.
DISCUSSION

In this study, we have characterized two of the early
changes in the retinal microcirculation that have been

TABLE 4
Physical properties of L-E rats used for studies with lipoic acid and LY333531

n
Initial body weight (g)
Final body weight (g)
Blood glucose (mg/dl)
AT (s)
Artery diameter (pixels)
Vein diameter (pixels)

Control

Nondiabetic rats
Lipoic acid

LY333531

Control

Diabetic rats
Lipoic acid

LY333531

15
223.7 ⫾ 20.9
305.3 ⫾ 18.9*
96.9 ⫾ 11.0
1.55 ⫾ 0.44
6.5 ⫾ 0.4
8.7 ⫾ 0.4

14
237.1 ⫾ 17.0
291.8 ⫾ 11.5*
94.1 ⫾ 8.2
1.42 ⫾ 0.24
7.1 ⫾ 0.4
8.7 ⫾ 0.5

15
227.0 ⫾ 15.9
307.7 ⫾ 22.9*
101.1 ⫾ 8.7
1.40 ⫾ 0.36
7.0 ⫾ 0.5
8.5 ⫾ 0.5

20
224.8 ⫾ 11.2
247.3 ⫾ 21.9*†
355.3 ⫾ 51.4†
1.58 ⫾ 0.38
6.7 ⫾ 0.5
8.3 ⫾ 0.8

17
227.4 ⫾ 13.1
235.6 ⫾ 15.9*†
351.8 ⫾ 48.6†
1.55 ⫾ 0.27
6.9 ⫾ 0.6
8.8 ⫾ 0.7

16
216.9 ⫾ 19.4
242.8 ⫾ 27.6*†
380.3 ⫾ 54.8†
1.51 ⫾ 0.59
6.6 ⫾ 0.5
8.3 ⫾ 0.4

Data are means ⫾ SD. *P ⬍ 0.05 compared with initial body weight (paired t-test); †P ⬍ 0.01 compared with nondiabetic control rats.
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FIG. 5. Effect of ␣-lipoic acid and LY333531 treatment on MCT (A), retinal leukostasis (B), and plasma hydroperoxide level (C). Groups are
shown as nondiabetic (nonDM) treated with control (n ⴝ 15), lipoic acid (n ⴝ 14), or LY333531 (n ⴝ 15) and diabetic (DM) treated with control
(n ⴝ 20), lipoic acid (n ⴝ 17), or LY333531 (n ⴝ 16). Data are expressed as means ⴞ SD *P < 0.01 vs. nondiabetic (nonDM) groups. **P < 0.05
vs. diabetic (DM) control group.

reported to occur in diabetic retinopathy, increases in
leukocyte/monocyte adhesion (leukostasis) and changes
in MCT/retinal blood flow (2–5). Increases in leukostasis
have been shown to occur in animal models of diabetes
with short duration of disease (19). Multiple reports have
suggested that the increases in leukostasis are associated
with leukocyte or endothelial cell activation and increased
expression of intracellular adhesion molecules (5,28). The
consequences of increases in retinal vessel leukostasis
have not been established, but potentially the immobilization of leukocytes and monocytes can hinder retinal
microvascular blood flow physically. Several reports have
suggested that increases in leukocyte/monocyte adhesion
is a critical factor in early retinopathy causing decreases in
retinal blood flow and increases in cytokine expression,
such as vascular endothelial growth factor (4,29). However, increases in leukocyte/monocyte adhesion to the
vascular endothelium have also been reported to occur
systemically in association with endothelial dysfunction
and have been reported in insulin-resistant states with or
DIABETES, VOL. 52, MARCH 2003

without diabetes (30,31). The results from the present
study on lean and fatty Zucker rats provided clear evidence that the increases in leukostasis can also occur in
retinal microcirculation when only insulin resistance is
present without diabetes or overt hyperglycemia, indicating that leukostasis in the retina can occur before the
development of diabetes. In contrast, increases in MCT
and decreases in retinal blood flow appear to require more
than the presence of insulin resistance. The data demonstrates that the presence of diabetes and hyperglycemia
are necessary for a measurable effect on retinal blood flow
reduction. The finding that increases in retinal leukostasis
are correlated to endothelial dysfunction rather than
hyperglycemia confirms studies in systemic circulation
reporting that endothelial dysfunction may play an important role in the increased binding of leukocyte/monocyte
to endothelial cells in insulin-resistant states (32). Endothelial dysfunction, as observed systemically as a consequence of insulin resistance alone or with diabetes can
also be induced by elevation of the free fatty acid and is
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believed to contribute to the increased risk of cardiovascular disease but not to the microvascular disease observed in patients with these conditions (33).
The finding that increases in leukostasis may precede
the decreases in retinal blood flow and diabetes suggests
that the decrease in retinal blood flow observed in a
diabetic state of short duration could be the results of
leukostasis impeding retinal microcirculation. However,
the results of studies using the fluorescent microspheres
(15 mol/l diameter), which were large enough so that
they would be impacted into multiple retinal capillaries,
suggested that the blockage of capillaries even with
⬎1,000 microspheres/retina did not alter MCT in either
control or diabetic rats. Thus, it is unlikely that increases
in leukocyte/monocyte adhesion alone are responsible for
observed decreases in retinal blood flow. This conclusion
is supported also by the findings that the magnitude of the
increases in leukostasis in the insulin-resistant state was
comparable with the magnitude of leukostasis measured
in the presence of diabetes. Thus, it is very likely that
endothelial dysfunction, which has been documented in
both animal models and in patients with insulin resistance
alone and/or with overt diabetes, is responsible for the
development of leukostasis (5,34). The inducing factor of
endothelial dysfunction in the insulin-resistant state is
likely to be elevated free fatty acid or hyperlipidemia, both
of which are metabolic consequences of the loss on
insulin’s actions on adipose tissues (35). In contrast,
increases in MCT and decreases in retinal blood flow
require the presence of hyperglycemia and diabetes, possibly through induction of increased expression of ET-1, a
vasoconstrictor that we have previously reported to be
elevated in the retina of diabetic animals (8). These
findings also indicate that increases in leukostasis in the
retina is not sufficient to decrease retinal blood flow or to
induce the development of clinical diabetic retinopathy,
which is not observed in the insulin-resistant state without
diabetes or hyperglycemia. However, it is possible that
increases in leukocyte/monocyte adhesion may enhance
the adverse effects of hyperglycemia to accelerate diabetic
retinal pathologies.
The potential mechanisms causing the increases in
leukostasis and reduction of retinal blood flow in diabetic
rats were also characterized using inhibitors of oxidative
stress, ␣-lipoic acid, PKC ␤-isoform inhibitor, LY333531,
and an antioxidant (D-␣-tocopherol) that also has PKC
inhibitory effects (3,22,26,27). A great deal of evidence has
suggested that increases in oxidant production or PKC
activation, especially the PKC ␤-isoforms induced by hyperglycemia, are partly responsible for the various retinal
and other vascular dysfunction in diabetes (36). It has
been reported that ␣-lipoic acid treatment can improve
microcirculation in the peripheral nerves and is a welldocumented antioxidant (37). These results in the retinal
circulation suggested that increases in leukostasis are
related to oxidative stress, since both ␣-lipoic acid and
D-␣-tocopherol were able to prevent the increase in plasma
lipid peroxide and leukostasis. Surprisingly, however, inhibition of PKC ␤-isoform LY333531 was also able to
prevent the increases in lipid peroxidation (oxidative
stress) systemically and leukostasis. The apparent inhibitory effect of PKC ␤-isoform to prevent increases in lipid
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peroxidation could potentially be explained by the inhibition of NADP oxidases, which have been reported to be
activated by hyperglycemia via PKC ␤-isoform activation
(36,38,39).
Unlike leukostasis, manifestation of decreased retinal
blood flow requires the presence of diabetes and hyperglycemia as described above. Further, only PKC ␤-isoform
inhibitor (LY333531) and D-␣-tocopherol but not ␣-lipoic
acid normalized the decrease in retinal blood flow (22).
These results suggested that oxidative stress is not the
major cause of abnormalities of retinal blood flow, as
retinal blood flow change is probably not associated
directly to increases in leukostasis. This is consistent with
the microsphere results indicating that microspheres
trapped in the capillary beds at ⬎1,000 capillaries per
retina had no significant affect on retinal blood flow
measured from the major retinal vessels. These results
support our previous reports showing that the decreased
retinal blood flow is related to hyperglycemia and PKC
activation, especially the ␤-isoforms (27). Because treatments with insulin or PKC ␤-isoform–specific inhibitor
normalized retinal blood flow in diabetic animals, the
decreases in retinal blood flow are likely to be the result of
increases in the expression of ET-1, which we have
reported can be induced by elevation of glucose via PKC
activation. In addition, inhibitors of the endothelin A
receptor, such as BQ123, were effective in normalizing
retinal MCT and blood flow in diabetic rats. (8)
In summary, these results have identified increased
leukocyte/monocyte adhesion in the retina, as associated
with endothelial dysfunction, and are observed in insulin
resistance and oxidative stress but not require hyperglycemia and may thus not be an obligatory step in the
development of diabetic retinopathy. In contrast, the manifestation of decreased retinal blood flow in diabetes
requires hyperglycemia and PKC activation. Inhibition of
PKC ␤-activation appears to be effective both to prevent
hyperglycemia-induced oxidative stress and PKC activation, systemically, suggesting that PKC ␤-isoform activation could be an important regulator of several pathways
by which hyperglycemia mediates its adverse effects in
micro- and cardiovascular tissues of diabetes.
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