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In Vivo Demonstration of
Increased Leukocyte Entrapment
in Retinal Microcirculation of
Diabetic Rats
Kazuaki Miyamoto,1 Naoko Hiroshiba,1

Akitaka Tsujikawa,1 and Yuichiro Ogura2

PURPOSE. Leukocytes have been reported to be less de-
formable and more activated in diabetes. It has also been
suggested that they cause microvascular occlusions that
may cause diabetic microangiopathy. This study was de-
signed to evaluate in vivo leukocyte dynamics in the reti-
nal microcirculation of diabetic rats.

METHODS. Streptozotocin (STZ)-induced diabetic rats 4
weeks after diabetes induction and spontaneously diabetic
Otsuka Long-Evans Tokushima Fatty (OLETF) rats with 6
weeks' duration of diabetes were used in this study. Leu-
kocyte dynamics were observed with acridine orange dig-
ital fluorography, using a nuclear fluorescent dye of acri-
dine orange and high-resolution images from a scanning
laser ophthalmoscope.

RESULTS. There was no significant difference in capillary
leukocyte velocity between the STZ-induced diabetic rats
(1.27 ±0.12 mm/sec, mean ± SD) and nondiabetic con-
trol subjects (1.38 ± 0.07 mm/sec) or between OLETF rats
(1.31 ± 0.17 mm/sec) and the nondiabetic controls,
Long-Evans Tokushima Otsuka (LETO) rats (1.29 ±0.11
mm/sec). In contrast, the density of leukocytes trapped in
the retinal microcirculation was significantly elevated in
the STZ-induced diabetic (2.5-fold; P < 0.01) and the
OLETF rats (2-fold; P < 0.01) compared with leukocyte
density in the control subjects.

CONCLUSIONS. Pharmacologically induced and spontane-
ously diabetic rats showed increased leukocyte entrap-
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ment in the living retina in the early stages of diabetes. In
light of the damaging potential of leukocytes, accumula-
tion of leukocytes in diabetic retinas from the preretinopa-
thy stage could cause microvascular occlusions and dys-
function, in turn causing diabetic retinopathy. (Invest
Ophthalmol Vis Set. 1998;39:2190-2194)

Capillary obstruction plays an important role as the initiator
of the pathogenesis of diabetic retinopathy. Although cap-

illary occlusions, subsequent vascular nonperfusion, and endo-
thelial cell loss in early diabetic retinopathy are well under-
stood clinically and histopathologically, little is known about
the causes of the initial capillary occlusion.

In diabetes, leukocytes have been found to be less deform-
able1 and more activated.2 We have also studied the flow behavior
of blood cells through microchannels that simulate capillaries and
have reported that diabetic leukocytes occasionally plug the mi-
crochannels, prolonging the transit time of whole blood.3 In
addition, lower perfusion in the retina has been shown in the
early stages of diabetes.4'6 Thus, leukocytes can become trapped
more easily in the retinal capillary bed of diabetes. Recent his-
topathologic studies have shown increased capillary occlusion
and damage by leukocytes in the retina of diabetic rats2 and in the
choroid of patients with diabetes.7 However, it is difficult to
assess in vivo dynamic behavior of leukocytes in the microcircu-
lation from histologic sections. Although an in vivo study recently
showed that the incidence of leukocyte plugging increases
throughout capillary networks in the skeletal muscle of diabetic
rats,8 no attempts have been made to examine leukocyte dynam-
ics directly in the living retina.

We have recently developed a method called acridine
orange digital fluorography that allows us to visualize leuko-
cytes and examine leukocyte dynamics in rat retinal circulation
in vivo.910 In the present study, using this method, we inves-
tigated the dynamic behavior of leukocytes in the retinal mi-
crocirculation of streptozotocin (STZ)-induced diabetic rats, a
chemically induced insulin-dependent diabetes mellitus model,
and Otsuka Long-Evans Tokushima Fatty (OLETF) rats, a spon-
taneous model of non-insulin-dependent diabetes mellitus.

METHODS

Animals
All animals were managed in accordance with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research.
For chemically induced diabetes, a rat model was used in which
diabetes was induced by streptozotocin (STZ; Sigma Chemical, St.
Louis, MO). Diabetes was induced in 5 Long-Evans rats, weighing
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approximately 200 g each, by intravenous injection of 60 mg/kg
of STZ in physiologic saline. We confirmed that the plasma glu-
cose level in each rat was greater than 139 mM 48 hours later.
Five Long-Evans rats that were injected with an equal volume of
saline alone served as nondiabetic control subjects. All rats were
allowed free access to water and food for 4 weeks before acridine
orange fluorography.

For the spontaneous diabetes model, Otsuka Long-Evans
Tokushima Fatty (OLETF) rats were used. This model was
developed by repeated selective bleeding of Long-Evans rats
with hyperglycemia, mild obesity, and glycosuria.11 The OLETF
rat shows hyperglycemic obesity with hyperinsulinemia and
insulin resistance similar to that of human non-insulin-depen-
dent diabetes mellitus. Diabetic complications were reported,
such as diffuse glomerulosclerosis and nodular lesions in the
kidney, perivascular fibrosis in the heart, or thickened base-
ment membranes of pericytes and deficient organelles in en-
dothelial cells in the retinal capillaries. Long-Evans Tokushima
Otsuka (LETO) rats that originated from the same colony of
Long-Evans rats were established as the genetic control for
OLETF rats. Four OLETF rats and four LETO rats were donated
by Tokushima Research Institute (Otsuka Pharmaceutical, To-
kushima, Japan). We verified that the fed plasma glucose level
of OLETF rats became significantly higher than that of LETO
rats from 18 weeks of age, as described in previous studies.
Thus, we determined that the onset of diabetes in OLETF rats
was at 18 weeks of age. The leukocyte dynamics in retinal
microcirculation were studied in OLETF rats with 6 weeks'
duration of diabetes when the average plasma glucose level
exceeded 16.7 mM and reached the same level as that of
STZ-induced diabetic rats and age-matched LETO rats.

Acridine Orange Digital Fluorography
Leukocyte dynamics in the retina were observed using acridine
orange digital fluorography. This technique in rats has been
described previously.910 Briefly, leukocytes were labeled with
a fluorescent nuclear dye of acridine orange (Wako Pure Chem-
ical, Osaka, Japan) administered intravenously and then imaged
with a scanning laser ophthalmoscope (Rodenstock Instru-
ment, Munich, Germany). The argon blue laser was used for
the illumination source, with a regular emission filter for fluo-
rescein angiography, because the spectral properties of leuko-
cytes stained with acridine orange are similar to those of
sodium fluorescein.

Immediately before acridine orange digital fluorography,
rats were anesthetized with a 1:1 mixture of 4 mg/kg xylazine
hydrochloride and 10 mg/kg ketamine hydrochloride, and the
pupils were dilated with 0.5% tropicamide and 2.5% phenyl-
ephrine hydrochloride. Each rat had a catheter placed into the
tail vein. The rat was then positioned on a movable platform
according to the height of the chin rest of the scanning laser
ophthalmoscope, and a focused image of the peripapillary
fundus of the right eye was obtained. Acridine orange was
dissolved in sterile saline at a concentration of 1.0 mg/ml, and
the solution was injected through the tail vein catheter at a rate
of 1 ml/min. The total dosage of dye was 5 mg/kg. The fundus
was observed with the scanning laser ophthalmoscope in the
40° field for 3 minutes. Thirty minutes after the injection, the
fundus was observed again to evaluate leukocyte entrapment
in the retina. The obtained images were recorded on an S-VHS
videotape at the rate of 30 frames/sec. After the experiment,
the rat was killed with an anesthetic overdose, and the eye was

enucleated to determine a calibration factor for converting
values measured on a computer monitor (in pixels) into real
values (in micrometers). The calibration factor is the ratio
between the actual size of each optic disc measured by micros-
copy and the apparent value on a computer monitor.

Video Image Analysis
The video recordings were analyzed with an image analysis
system, which has been described in detail elsewhere.910 The
system consists of a computer equipped with a video digitizer
(Radius, San Jose, CA) that digitizes the video image in real time
(30 frames/sec) to 640 X 480 pixels with an intensity resolu-
tion of 256 steps. Using this system, the flow velocity of
leukocytes in retinal capillaries and the density of leukocytes
trapped in the retina were determined.

The leukocyte velocity in capillaries was measured with
frame-by-frame analysis of the cell position. The digitized im-
ages were processed by subtracting each frame from the pre-
vious one. The center position of each leukocyte in the gen-
erated image was marked on a computer monitor, and die
distance between the marked positions was measured in pixels
as a straight line. The time interval between two marked
positions corresponded to the duration of one video frame, or
33-3 msec. The capillary velocity of one leukocyte was deter-
mined by averaging the velocities measured in at least five
consecutive frames. The average of 40 to 50 velocities in at
least 15 capillaries was used as the capillary leukocyte velocity
for each rat.

Leukocyte entrapment in retinal microcirculation was
evaluated in video images recorded 30 minutes after acridine
orange injection, as described previously.10 Briefly, an obser-
vation area surrounding the optic disc was determined by
drawing a polygon surrounded by the adjacent major retinal
vessels. The area was measured in pixels on a computer mon-
itor, and the density of trapped leukocytes was calculated by
dividing the number of trapped leukocytes that were recog-
nized as fluorescent dots by the area of the observation region.
The densities of leukocytes were calculated generally in eight
peripapillary observation areas. An average density of trapped
leukocytes for each rat was obtained by averaging the eight
density values. All data were converted into real values, by
using the calibration factor described earlier.

Leukocyte Count in Peripheral Blood
Blood anticoagulated with EDTA was drawn from the abdom-
inal aorta of each rat after the experiment. The blood sample
was analyzed using a hematology analyzer (Coulter Counter
T-890; Coulter Electronics, Tokyo, Japan).

Statistical Analysis
Results are expressed as mean ± SD. Statistical analyses were
performed using a two-sample f-test or a two-sample t-tcst with
Welch's correction. P < 0.05 was considered statistically signifi-
cant.

RESULTS

Characteristics of Diabetic Rats and Control
Subjects
The comparison between the diabetic rats and the control
subjects in body weight, fed plasma glucose, mean blood
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TABLE 1. Characteristics of Diabetic Rats and Control Subjects

STZ Control OLETF LETO

Body weight (g)
Plasma glucose (mM)
Blood pressure (mm Hg)
Leukocyte count (X 103//A1)

289 ± 27
20.6 ± 3.3
102 ± 12
6.2 ± 1.7

344 ± 23
6.7 ± 1.7
114 ± 16
6.4 ± 1.5

0.008
0.00003

NS
NS

584 ± 17
17.6 ± 2.5
117 ± 15
4.3 ± 0.9

491 ± 17
8.8 ± 1.6
110 ± 9
4.9 ± 0.4

0.0002
0.001

NS
NS

STZ, streptozotocin-inckicecl diabetic rats; OLETF, Otsuka Long-Evans Tokushima Fatly rats; LETO, Long-Evans Tokushima Otsuka rats; NS, not
significant.

Values are means ± SD.
* Comparison between control and diabetic rats (two-sample f-test).

pressure, and leukocyte count in peripheral blood is shown in
Table 1. Tn body weight, STZ-induced diabetic rats had signif-
icantly lower weights (P = 0.008) than control rats, and OLETF
rats had significantly higher weights (P = 0.0002) than LETO
rats. The plasma glucose levels of STZ-induced diabetic and
OLETF rats were significantly higher (P = 0.00003 and P =
0.001, respectively) than those of the control subjects. There
were no significant differences in mean blood pressure and
leukocyte count in peripheral blood between the diabetic and
control rats.

Leukocyte Dynamics in Retinal Capillary Bed

Leukocytes flowed through the retinal capillaries at a fairly
constant speed without stopping, in diabetic and control rats.
Tn either STZ-induced diabetic or OLETF rats, no leukocytes
were observed plugging the capillaries in even one video
frame, at least during the observation period, or for 3 minutes
after the beginning of acridine orange injection. Leukocyte
velocities in capillaries were 1.27 ± 0.12 mm/sec in the STZ-
induced diabetic rat group and 1.38 ± 0.07 mm/sec in the
control group. There was no significant difference between
the two groups, although the capillary leukocyte velocity of
STZ-induced diabetic rats tended to be lower than that of the
control subjects (P = 0.09). There was also no significant
difference in capillary leukocyte velocity between OLETF rats
(1.31 ± 0.17 mm/sec) and LETO rats (1.29 ± 0.11 mm/sec).

Leukocyte Entrapment in Retinal Microcirculation

The dye of acridine orange quickly stains circulating leuko-
cytes and vascular endothelial cells and then diffuses into the

retina through blood vessel walls because of its membrane
permeability. After the dye injection ended, the fluorescence of
the retina and circulating leukocytes decreased gradually, ow-
ing to the washout effect. In contrast, because leukocytes
trapped in the retinal microcirculation remain fluorescent for a
longer period,1U they became more distinguishable 30 minutes
after acridine orange injection, when the number of trapped
leukocytes was counted. Digitized images of the ocular fundus
obtained from an STZ-induced diabetic rat and a control rat 30
minutes after dye administration are shown in Figure 1. The
trapped leukocytes, recognized as fluorescent dots, were ob-
served more in the STZ-induced diabetic group than in the
control group. Similarly, OLETF rats showed more leukocyte
entrapment than LETO rats. The density of trapped leukocytes
in STZ-induced diabetic rats was 10.1 ± 3-6 cells/mm2, which
was significantly elevated (P — 0.008) compared with that in
control subjects (4.1 ± 1.4 cells/mm2; Fig. 2A). The OLETF rats
also showed a significant increase in the density of trapped
leukocytes (12.0 ± 2.8 cells/mm2, P = 0.008) compared with
LETO rats (6.0 ± 1.2 cells/mm2; Fig. 2B).

DISCUSSION

The present study shows that entrapment of leukocytes is
significantly increased in the retinal microcirculation not only
of chemically induced diabetic rats but also of spontaneously
diabetic rats. Recent histopathologic studies showed many
capillaries occluded by leukocytes in retinas of chemically
induced diabetic rats2 and increased numbers of polymorpho-

FIGURE 1. Digitized images of ocular fundus obtained from a streptozotocin (STZ)-induced diabetic rat (A) and a control (B) 30
minutes after acridine orange injection. The trapped leukocytes are recognized as fluorescent dots.
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FIGURE 2. Density of leukocytes trapped in the retinal microcirculation. (A) Streptozotocin (STZ)-induced diabetic rats and control
subjects. (B) Otsuka Long-Evans Tokushima Fatty (OLETF) and Long-Evans Tokushima Otsuka (LETO) rats. Values are means ±
SD.

nuclear leukocytes in retinas of patients with diabetes.12 In the
retinas of living diabetic rats, we could provide the first direct
evidence in agreement with the previous histologic observa-
tions. In one study of leukocyte behavior in diabetic microcir-
culation other than the eye, Harris et al.8 reported that the
incidence of leukocyte plugging was increased in the skeletal
muscles of STZ-induced diabetic rats, resulting in a significant
increase in capillary network resistance. Our result is also
consistent with their findings.

Two major reasons could be considered for increased
leukocyte entrapment in the diabetic retina: One is alterations
of leukocyte properties and the other, alterations of the micro-
vasculature itself. In diabetes, various changes in the properties
of leukocytes have been reported. First, many nitration studies
have shown that diabetic leukocytes are less filterable, that is,
less deformable than normal leukocytes. In addition, decreased
fluidity of the leukocyte membrane was described in STZ-
induced diabetic rats. Second, leukocytes have been reported
to be more activated in diabetes. The activation would make
leukocytes more rigid because of increased polymerization and
network organization of F-actin microfilaments, resulting in
increased entrapment of leukocytes in the microvasculature. In
fact, chemically activated leukocytes were shown to plug the
capillaries and increase microvascular resistance. Third, leuko-
cyte adhesion energy to the vascular endothelium is elevated in
the diabetic environment. Recent in vitro studies have shown
that neutrophils, after hyperglycemic treatment, exhibited in-
creased adhesion to retinal endothelial cells.13 In vivo data also
show increased monocyte adhesion to the endothelium in
alloxan-induced diabetes. Moreover, monocytes from patients
with diabetes have increased surface expression of the adhe-
sion molecule CDllb-CD18 and show greater adhesion to
endothelial cells.l4 These alterations of leukocyte properties in
diabetes could cause enhanced entrapment in the microcircu-
lation.

In addition, changes in the microvasculature can cause an
increased number of trapped leukocytes. It has been reported
in patients with diabetes with no retinopathy, that is, in the
early stages of diabetes, that blood speed in retinal arteries is

significantly lower4 and retinal blood flow is significantly de-
creased5; moreover, reduced retinal blood flow was also re-
corded in rats with STZ-induced diabetes of short duration,6

the same type of rats that were used as an insulin-dependent
diabetes mellitus model in our study. Under conditions of low
perfusion, leukocytes could become trapped mechanically in
the capillaries. Also, there is a possibility that vasoconstriction
at the microvascular level may occur in the early stages of
diabetes through increased expression of endothelin-115 or
elevated protein kinase C activity.6 Protein kinase C has been
shown to promote vasoconstriction and to be increased in the
retinas of rats with STZ-induced diabetes of short duration. A
decrease in capillary diameter has been observed in the early
stages of diabetes of STZ-induced diabetic rats.8 An additional
possibility is that leukocyte entrapment may be mediated by
adhesion molecules, such as intercellular adhesion molecule-1
and vascular cell adhesion molecule-1. High glucose treatment
significantly increases intercellular adhesion molecule-1 sur-
face expression in cultured endothelial cells.16 Furthermore,
increased intercellular adhesion molecule-1 immunoreactivity
has been observed in the retinal vascular endothelium of pa-
tients with diabetes.12 It remains to be studied whether the
expression of adhesion molecules are elevated in the early
stages of diabetic rats.

In the present study, no significant change was observed
in capillary leukocyte velocity between diabetic animals and
their control subjects. This may seem somewhat anomalous if
leukocytes are prone to becoming trapped in the microcircu-
lation. However, when leukocytes enter microvascular bifur-
cations, they preferentially flow into the pathway with higher
flow rate. We also showed a similar preferential distribution of
leukocytes in the retinal microcirculation.9 If this shunting
effect of leukocytes is preserved, no change in leukocyte flow
velocity in capillaries would be expected.

Leukocyte entrapment in the diabetic retina may play an
important role in the stage before observable retinopathy de-
velops, because leukocytes trapped in the capillaries may
cause flow disturbances and the capillary nonperfusion that
follows, which is the hallmark of early diabetic retinopathy.
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Moreover, entrapped leukocytes could increase vascular per-
meability by damaging the blood-retinal barrier. Furthermore,
once leukocytes interact strongly with the vascular endothe-
lium, they may initiate endothelial dysfunction and damage by
releasing oxygen-derived free radicals and proteolytic en-
zymes. Diabetic leukocytes have been reported to produce
more superoxide radicals than normal leukocytes. Recent his-
tologic studies showed the presence of leukocytes to be asso-
ciated with increased vascular endothelial cell injury and sub-
sequent vascular occlusion in the rat diabetic retina2 and in the
human diabetic choroid.7 Therefore, the increased leukocyte
entrapment in the diabetic retina may act as an initiator in a
chain of events leading to diabetic retinopathy.
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Matrix Metalloproteinases and
Metalloproteinase Inhibitors in
Choroidal Neovascular
Membranes
Bjorn Steen,1'2 Sylvia Sejersen,1'2

Lennart Berglin,1 Stefan Seregard,1 and
Anders Kvanta12

PURPOSE. Matrix metalloproteinases (MMP) are a family of
extracellular matrix degrading enzymes associated with
the development of neovascularization. To investigate the

possible role of these enzymes in choroidal neovascular-
ization, the mRNA expression of MMPs and tissue inhibi-
tors of metalloproteinases (TIMPs) were analyzed in sub-
foveal fibrovascular membranes from patients with age-
related macular degeneration (AMD).

METHODS. Surgically removed subfoveal fibrovascular
membranes from five eyes were analyzed for the expres-
sion of MMP and TIMP mRNA. In situ hybridization anti-
sense and sense riboprobes were generated using DNA
complementary to human collagenase (MMP-1), 72 kDa
gelatinase (MMP-2), stromelysin (MMP-3), 92-kDa gelati-
nase (MMP-9), TIMP-1, TIMP-2, and TIMP-3. Vascular en-
dothelial cells were detected using immunostaining for
von Willebrand factor.
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RESULTS. MMP-2 and MMP-9 mRNA were detected in all
specimens. Most of the membranes also expressed
TIMP-1 and TIMP-3 mRNA, and two of the membranes
expressed TIMP-2 mRNA. MMP-2, TIMP-1, and TIMP-2
mRNA had a similar overall distribution that was rela-
tively uniform within the vascularized membrane
stroma. MMP-2 expression appeared to be localized
mainly to the vascular endothelial cells, whereas TIMP-1
and TIMP-3 were detected in other cell types such as
fibroblastlike cells. MMP-9 expression was distinctly


