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Abstract

The choriocapillaris is a unique capillary bed that provides nutrients to the retinal photoreceptors. It
changes anatomically in diabetes, but the impact of these changes on blood flow is unknown. In this
study hemodynamic parameters in individual choriocapillaris vessels were compared in hormal and
diabetic rats. Three groups were studied: normal buffer-injected control rats, streptozotocin (STZ)-
injected mildly hyperglycemic (STZ-MH) rats, and STZ-injected diabetic (STZ-D) rats. 7-8 weeks
after STZ injection, the rats were anesthetized, and epifluorescent, intravital microscopy was used
to record the flow of fluorescent red blood cells (RBC) in the choriocapillaris. Diameter, RBC flux,
and RBC velocity were measured in 153 capillary pathways in five control rats, 98 pathways in four
STZ-MH rats, and 153 pathways in seven STZ-D rats. There was no difference in capillary diameter
among the groups. RBC flux and velocity were lower in the STZ-injected rats compared to the
controls (p<0.023), which is similar to changes found in other capillary beds. RBC velocity and flux
were significantly correlated in all three groups, but the correlations in the STZ-injected rats were
much stronger than in the controls. This indicates a more heterogeneous distribution of RBCs at
upstream arteriolar branchpoints in hyperglycemic rats, which could lead to a decrease in
choriocapillaris hematocrit. These changes in the hyperglycemic choriocapillaris could contribute to
impaired oxygen delivery to the photoreceptors in diabetic retina.
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INTRODUCTION

The retina is a unique tissue in terms of its vascularization, since it is supplied with blood by
two distinct vascular networks, the retinal and choroidal circulations. In general, the retinal
circulation supplies the inner half of the retina with blood, while the choroidal circulation is
primarily responsible for exchange of nutrients and waste products with the outer retinal cells,
including the retinal pigment epithelium and photoreceptors (Linsenmeier and Padnick-Silver,
2000). Anatomically the choroidal blood vessels lie in three layers of the choroid, the highly
pigmented vascularized connective tissue that lies between the retina and the sclera. Large and
medium-sized arteries and veins lie in Haller’s and Sattler’s layer, while the capillaries of the
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vascular bed lie in the choriocapillaris, which is separated from the retinal pigment epithelium
by the 2-4 um-thick Bruch’s membrane.

The choriocapillaris is unlike most other capillary beds in the body. The fenestrated capillaries
are atypically large, with diameters ranging from12-20 um (Ring and Fujino, 1967; Wajer et
al., 2000). In humans, the vessels are arranged in lobules, and the nature of these lobules varies
as a function of retinal eccentricity (McLeod and Lutty, 1994). In general, the lobules are fed
by a single short arteriole and drained by a venule. The large bore capillaries and net-like
architecture of the choriocapillaris are responsible for the large volume of the choroidal
circulation and the low resistance across this vascular bed. Choroidal blood flow is roughly
700-1,000 mg blood/min (Bill, 1984), which is one of the highest in the body on a global
volume basis.

Diabetes is known to adversely affect the microcirculation throughout the body, including the
ocular circulation. The impact of diabetes on the retinal microcirculation can be especially
dramatic, including microaneurysm formation, intraretinal hemorrhages, selective loss of
pericytes from retinal capillaries, and subsequent loss of endothelial cells (Frank, 2004). These
changes directly or indirectly lead to retinal edema and neovascularization, and eventually
blinding diabetic retinopathy. The effects of diabetes on the choroidal circulation are not as
well known and are usually regarded as insignificant compared to the changes that occur in
the retinal circulation. Nevertheless, anatomical abnormalities have been found in the choroidal
vasculature of human patients with diabetes. These alterations include increased tortuosity,
microaneurysm formation, choriocapillaris luminal narrowing, endothelial cell loss, and
capillary dropout (Cao et al., 1998; Freyler et al., 1986; Fryczkowski et al., 1989; Hidayat and
Fine, 1985; McLeod and Lutty, 1994). It has also been reported that overall choroidal blood
flow is altered in patients with diabetic retinopathy (Langham et al., 1991; Savage et al.,
2004). While these studies have investigated anatomical or histological changes in the
choroidal microvessels or global changes in choroidal blood flow, there is no information on
the effect of diabetes on blood flow through the choriocapillaris. Since it plays a major role in
supplying the photoreceptors with oxygen and other nutrients, alterations in flow through the
choriocapillaris could impact metabolism in the avascular outer half of the retina (Linsenmeier
and Padnick-Silver, 2000).

In this study we determined the hemodynamic parameters in individual choriocapillaris vessels
and in choriocapillaris networks in normal and diabetic rats. We hypothesized that red cell flux
and velocity would be lower in the choriocapillaris vessels of diabetic rats compared to those
same microvessels in the choroid of normal rats.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats of approximately 16 weeks of age (Harlan Sprague-Dawley,
Indianpolis, IN) were used in this study for several reasons. First, rats are a common model for
the study of diabetes. Second, the rat choriocapillaris has many of the same features found in
humans. While the rats do not possess exactly the same lobular structure as is found in the
human choriocapillaris (Bhutto and Amemiya, 2001), they do form the same meshwork of
large diameter flat capillaries arranged in anastomosing units (Bhutto and Amemiya, 2001;
Ninomiya and Kuno, 2001). Third, these particular rats are albino, which allowed
choriocapillaris vessels to be viewed using epifluorescence. Finally, we have already described
the flow of erythrocytes through larger choroidal vessels in male Sprague-Dawley rats (Braun
et al., 1997). All procedures were in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, and the experiments were approved by the local
Institutional Animal Care and Use Committee.
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Induction of Diabetes with Streptozotocin

Rats were fasted overnight and anesthetized with an intramuscular injection of 54/6 mg/kg
ketamine/xylazine. Immediately before the injections, a 10 mg/ml solution of streptozotocin
in cold Machelvain’s citrate buffer was made and kept on ice. A drop of blood was taken from
the tail vein, and blood glucose was measured (Accu-Chek 1Im, Boehringer-Mannheim,
Indianapolis, IN). The rats were injected intraperitoneally with streptozotocin (70 mg/kg) or
an equivalent volume of citrate buffer. Ten ml of 5% dextrose in lactated Ringer’s was injected
subcutaneously in the back. The rats were given 1% dextrose water to drink for the next 24
hours, and blood glucose was monitored the following day and weekly thereafter.

Fluorescent Markers

Several different fluorescent markers were used in this work. Rhodamine-labeled, sterically
stabilized, long-circulating, pegylated liposomes were injected to visualize plasma in the blood
vessels. These liposomes consisted of egg phosphatidylcholine, cholesterol, 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-polyethylene glycol 2000, and lissamine rhodamine B
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (rhodamine-DHPE) in a molar ratio
of 10:5:0.8:0.1 (Yuan et al., 1995). All lipids except the rhodamine-DHPE were purchased
from Avanti Polar Lipids (Alabaster, AL). Rhodamine-DHPE was purchased from Molecular
Probes (Eugene, OR). The liposomes were prepared using the lipid film hydration and extrusion
method (Hope et al., 1985). The resultant liposomes had a diameter around 200 nm with a final
lipid concentration after hydration of 20 mg/ml.

Erythrocytes (RBC) for labeling were obtained from donor rats. The RBC were labeled with
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-cyanine perchlorate (Dil, Molecular Probes,
Eugene, OR) using a technique that has been described in detail elsewhere (Unthank et al.,
1993). Briefly, after blood was removed from the donor rat, erythrocytes were isolated by
successive washing and centrifugation. Then 100 pl of RBC were incubated for 30 minutes in
a mixture of 10 ml of PBS and 100 ul of 0.5 mg/ml Dil in ethanol. Following washing and
centrifugation, 100 pl of Dil-labeled RBC (Dil-RBC) were resuspended to one ml in PBS for
a final concentration of 100 pl Dil-RBC/ml.

Videomicroscopy of the Choriocapillaris

Seven to eight weeks after injection with STZ or buffer, the rats were used for an experiment.
Before initial anesthesia, a drop of blood was obtained from the tail vein of the restrained rat
for determination of blood glucose level (Accu-Chek 1Im, Boehringer-Mannheim,
Indianapolis, IN). All rats were anesthetized with urethane (1.6 g/kg s.c.; 240 mg/ml urethane
in water) subcutaneously in the back, and surgery was only begun after surgical anesthesia had
been achieved (1 to 2 hours). The femoral artery and vein were cannulated so that arterial blood
pressure could be monitored and the fluorescent markers could be infused, respectively. After
the cannulations, hematocrit was determined from a sample of arterial blood drawn from the
arterial line. The sclera was then surgically exposed to permit microscopic observation of the
choroidal circulation (Braun et al., 1997).

Observation of individual choroidal blood vessels has been described in detail previously

(Braun et al., 1997). Briefly, the rat was positioned in a head holder and placed on the stage of
a Zeiss intravital microscope (Photomicroscope Ill, Carl Zeiss, New York, NY). A regulating
thermal blanket (Harvard homeothermic blanket, Harvard Apparatus, S. Natick, MA) was

placed between the rat and a plexiglass stage to maintain body temperature at 37°C. The arterial
line was connected to a mean blood pressure monitor (Digital Manometer, FiberOptic Sensor
Technologies, Ann Arbor, MI). The eye was positioned under the 20X long working distance
objective. A drop of hydroxypropyl methylcellulose 2.5% (Goniosol, Novartis Ophthalmics,
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Duluth, GA) was applied to the sclera, and a piece of glass cover slip about 5 x 5 mm was
positioned to serve as a contact lens.

Small volumes (0.15-0.20 ml) of rhodamine-labeled liposomes and Dil-RBCs (0.15-0.20 ml)
were injected intravenously. Fluorescent microscopy was performed with epi-illumination
using a 100-W mercury source with the appropriate filter set. The set had a bandpass excitation
filter (. = 540-550 nm) and a longpass emission filter (A >590 nm). Images were recorded via
a silicon intensified tube (SIT) video camera (Hamamatsu C2400-08, Hamamatsu, Japan)
connected to a S-VHS video recorder (Mitsubishi BV-1000, Mitsubishi Electronics, Japan). A
video timer signal (For-A model VTG-55, Los Angeles, CA) was superimposed on the images
for record keeping. During epi-illumination a suitable region of the choroid containing a visible
field of choriocapillaris vessels was located, and the field was videotaped for at least three
minutes for later analysis (Figure 1). A region of choriocapillaris vessels was identified by
tracking the path of interconnected vessels to their source or destination. Each vessel path had
to be diverging from a feeding vessel (Figure 1) or converging into a draining venule. Using
this transscleral approach, only choroid at or proximal to the equator could be visualized, i.e.,
equatorial and peripheral choroid. Following the experiments, a final hematocrit was
determined from an arterial sample, and blood glucose level was measured from a venous
sample. Before euthanasia of the rat, another blood sample was taken from the arterial catheter
for determination of the labeled fraction of RBCs by flow cytometry (FACScan, Becton
Dickinson, Franklin Lakes, NJ). The labeled fraction is the relative number of RBCs that carry
the Dil label (number of Dil RBC/total number of RBC).

Analysis of Videotape Images and Determination of Microvascular Parameters

Statistics

Vascular fields containing regions of choriocapillaris were identified on the videotapes (Figure
1, top). In each field, vascular pathways through the choriocapillaris field were traced onto a
sheet of transparency film taped onto a high-resolution video monitor (Figure 1, center), and

the number of Dil-RBCs entering each capillary path over a 3-minute period was counted to

give the flux of Dil-RBCs per minute. The RBC flux was then determined by dividing the Dil-
RBC flux by the labeled fraction. In an earlier study, it was found that exposure of the choroid
to light for three minutes had no effect on erythrocyte flux or velocity through larger choroidal
vessels (Braun et al., 1997).

The same video image was then viewed in slow motion, and velocities of the Dil-RBC were
determined by calculating the transit time of the cells across the length of the capillary path.
Velocities were determined for a maximum of 30 Dil-RBCs for the three-minute period, and
a mean velocity was calculated. Capillary widths were determined using individual image
frames of each vascular field captured and digitized from the videotape (LG-3 Grayscale
Scientific PCI Frame Grabber, Catalog #L.G3-01 PCI RS170, Scion Corporation, Frederick,
MD). The digital image was imported into ImageJ software (National Institutes of Health,
Rockville, MD, http://rsh.info.nih.gov/ij/), and the width of each capillary path was measured
at four positions along its length. The average of the measurements was used as the vascular
diameter for that capillary path.

The normality of all distributions was tested using the Kolmogorov-Smirnov test. Since
systemic parameters passed normality tests, blood glucose levels, arterial hematocrits, and
blood pressure values were compared among the groups using one-way analysis of variance
(ANOVA). Likewise, the number of fields per rat and the number of capillaries per rat were
also normally distributed and were compared using ANOVA. If significant differences were
found among the groups (p < 0.05), the Bonferroni t-test was used to compare the values

Microvasc Res. Author manuscript; available in PMC 2010 May 1.
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between any two groups. The Student’s paired t-test was used to compare the systemic
parameters obtained before the experiment and those measured after induction of anesthesia.

Since the grouped hemodynamic parameters (capillary diameter, erythrocyte flux, and
erythrocyte velocity) all failed normality tests, comparisons among the three groups were made
using the nonparametric Kruskal-Wallis one-way analysis of variance on ranks test. If
significant differences were found among the groups (p < 0.05), Dunn’s method was used to
compare the values between any two groups.

Correlations among hemodynamic parameters or between hemodynamic parameters and vessel
diameter were determined using standard linear regression analysis. Regressions were
considered significant if p<0.05. The slopes of the regression lines were compared using
ANCOVA analysis (Dowdy and Wearden, 1983).

Diabetic Rats

The response of the rats to STZ was variable. Of the 11 rats injected with STZ, seven became
extremely hyperglycemic with blood glucose values above 400 mg/dl for the duration of the
study. These were designated as STZ-injected diabetic (STZ-D) rats. The other four rats were
transiently hyperglycemic, but did not maintain the severe hyperglycemia past the first week.
During the course of the study, their blood glucose level was typically between 100 and 200
mg/dl, and they showed no significant weight loss (Table 1). These rats were designated STZ-
injected mildly hyperglycemic (STZ-MH) rats. Five rats were injected with buffer and served
as control buffer-injected nondiabetic (B-ND) rats.

Systemic Parameters of Rats

The STZ-D rats had increased blood glucose levels for 64 + 4 days (mean £ SD, n=7, Table
1) at the time of the experiments. The STZ-D rats weighed about 100 g less than the B-ND or
STZ-MH rats (p<0.001, Table 1), but there was no difference between the two groups of
nondiabetic rats (p=0.770). At the start of the experiment, i.e., before anesthesia induction,
there was a significant difference in the blood glucose levels among the three groups (Table
1). The STZ-D rats had the highest blood glucose, which was significantly higher than either
nondiabetic group (p<0.001). The blood glucose in the STZ-MH rats was also significantly
higher than that in the B-ND rats (p=0.042). In agreement with previous studies (Van der Meer
et al., 1975), urethane anesthesia tended to increase blood glucose levels in all three groups,
but the increase was only statistically significant in the B-ND and STZ-MH groups (p<0.025,
n=4-5). There was no difference in arterial hematocrit among the groups, either at the beginning
or end of the experiment, although these values are higher than the normal hematicrit reported
for male Sprague-Dawley rats of this age (Wolford et al., 1986). This higher hematocrit is
consistent with the 8% hemoconcentration reported in rats after subcutaneous injection of
urethane (Van der Meer et al., 1975). There was no significant difference in arterial blood
pressure among the groups (Table 1).

Visualization of Choriocapillaris in Rat

A total of 153 normal choriocapillaris pathways were analyzed in 17 fields in five B-ND rats
and in seven STZ-D rats. In the four STZ-MH rats, 11 fields were recorded, and flow through
98 vessel pathways was characterized. There was no difference in the labeled fractions of Dil-
RBCs among the groups (Table 2), and the average labeled fraction was 0.0495 £ 0.0114 %
(n=16 rats). Likewise, there were no significant differences in the number of fields recorded
per rat or in the number of vessels analyzed per rat among the three groups (Table 2).

Microvasc Res. Author manuscript; available in PMC 2010 May 1.
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Choriocapillaris Diameter in Normal and Diabetic Rats

There was no difference in the diameter of choriocapillaris vessels among the three groups
(Table 2). The diameters ranged from around 9 to 20 um in all three groups, and the median
diameters for the B-ND, STZ-MH, and STZ-D rats were 13.5, 13.6, and 12.9 um, respectively.

Erythrocyte Flux in Choriocapillaris of Normal and Diabetic Rats

In the choriocapillaris of the B-ND rats, RBC flux varied from 11 to almost 1400 RBC/sec
(Table 2, Figure 2A). The median value was 124.7 RBC/sec, and 25% of the capillary pathways
had fluxes greater than 300 RBC/sec. The fluxes in both groups of STZ-injected rats were
significantly lower than the flux in the buffer-injected rats, but there was no difference between
the STZ-MH rats and the STZ-D rats, in which the median fluxes were 100.8 and 105.8 RBC/
sec, respectively (Table 2). Less than 6% of the pathways in these two groups had fluxes greater
than 300 RBC/sec (Figures 2B and 2C).

There was a very weak, but statistically significant, positive correlation between the RBC flux
and capillary diameter in the B-ND rats (Figure 2A, r2=0.053, p = 0.004) and STZ-D rats
(Figure 2B, r2=0.028, p = 0.040). There was no such correlation in the STZ-MH rats (Figure
2C, r2=0.004, p = 0.527).

Erythrocyte Velocity in Choriocapillaris of Normal and Diabetic Rats

In the normal choriocapillaris, most erythrocytes flowed at a velocity between 0.4 and 2.0 mm/
sec (Figure 3A). The medians in the B-ND, STZ-MH, and STZ-D groups were 1.066, 0.824,
and 0.907 mm/sec, respectively, and these distributions were statistically different (Table 2).
The velocities in the STZ-MH and STZ-D groups were both significantly lower than that in
the B-ND group, but were not different from each other (Table 2). In the B-ND group, 22% of
the velocities were greater than 1.4 mm/sec, compared to only 9% in the STZ-MH and STZ-
D groups (Figures 3B and 3C). There was no correlation between RBC velocity and vessel
diameter in any of the groups (Figure 3).

Correlation of Erythrocyte Velocity and Flux in Choriocapillaris of Normal and Diabetic Rats

In other capillary beds, erythrocyte flux and velocity are correlated (Ferreira et al., 2006;
Kleinfeld et al., 1998). Since the ratio of flux and velocity is proportional to the microvascular
hematocrit (Sarelius and Duling, 1982), the slope of this correlation can yield information on
the average hematocrit and erythrocyte spacing within the capillaries (Kleinfeld et al., 1998).
Because local hematocrit is a key determinant of capillary oxygen delivery (Federspiel and
Sarelius, 1984), we examined the relationship between RBC flux and velocity in the
choriocapillaris.

Erythrocyte velocity was significantly correlated with RBC flux in all three groups (Figure 4),
but there was a significant difference among the three slopes (p<0.001, ANCOVA). Further
analysis revealed that the slopes of the lines describing the data from the STZ-MH rats and the
STZ-D rats were 3.7 and 3.1 times greater than the slope for the data from the buffer-injected
rats, respectively (p<0.001). There was no difference in the slopes for the two STZ-injected
groups (p=0.843).

To further investigate this relationship, the mean RBC velocity and RBC flux were calculated
for each individual vascular field. There was no significant correlation between average field
velocity and flux for the B-ND group (p=0.324, Figure 5A), but these parameters were
significantly correlated for the STZ-injected rats (Figures 5B and 5C). The slopes of all three
regression lines were very similar to the slopes determined when all of the data were fitted
(Figure 4).
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DISCUSSION

Although red cell velocity has been previously measured in rat choriocapillaris using scanning
laser ophthalmoscopy (Wajer et al., 2000), this is the first time that both erythrocyte flux and
velocity have been quantified in the choriocapillaris, allowing us to correlate these parameters
with capillary diameter and each other. Since the interaction of erythrocyte flux and velocity
is a key determinant of red cell spacing and microvascular hematocrit (Federspiel and Sarelius,
1984; Sarelius and Duling, 1982), quantification of both parameters is necessary to determine
the possible impact of choriocapillaris hemodynamics on oxygen delivery to the retina.

Diameter and Hemodynamic Parameters in Choriocapillaris of Normal Rats

The diameter of capillaries in the normal rat choriocapillaris was 13.8 + 2.4 um (mean + SD).
The mean value and standard deviation are in good agreement with previous measurements of
rat choriocapillaris diameter. Based on measurements from corrosion casts of rat choroid,
choriocapillaris vessel diameters were 14.2 + 2.2 um near the equator, while toward the
periphery they were 12.1 + 2.1 um (Bhutto and Amemiya, 2001). A mean diameter of 10.5 +
3.0 um was measured from India ink preparations of rat choroid (Wajer et al., 2000). These
previous studies also showed a large range of diameters, as indicated by standard deviations
between 2 and 3 pum.

The erythrocyte flux measured in the normal choriocapillaris averaged 217 + 247 RBC/sec,
and ranged from 11 to almost 1400 RBC/sec. This is the first measurement of RBC flux in
choriocapillaris, and the wide range of fluxes was unexpected. It was not caused by the large
spread in vessel diameters, since there was not a strong correlation between flux and diameter
(Figure 2A). The heterogeneity in RBC flux is most likely attributable to the extensive
interconnectivity of the choriocapillaris, which would result in a complex distribution of
driving pressures and resistances throughout the network. Since the choriocapillaris vessels
are not formed by simple bifurcations (Figure 1), distribution of RBCs among the
choriocapillaris vessels would be more complex than in most other capillary beds.

The mean RBC velocity in the normal choriocapillaris was 1.06 mm/sec, which is in agreement
with the value of 1.1 mm/sec reported for rat choriocapillaris using scanning laser
ophthalmoscopy (Wajer et al., 2000).

Originally we had planned to calculate capillary hematocrit from these parameters, as we had
done for larger choroidal vessels (Braun etal., 1997), using the equation established by Sarelius
and Duling (Sarelius and Duling, 1982). Unfortunately, this proved to be impossible for most
of the pathways, due to the high level of interconnectivity within the choriocapillaris (Figure
1). The assumptions underlying the calculation of microvascular hematocrit, especially the
presence of an unbranched vessel segment, are not valid for most of this capillary bed.

Diameter and Hemodynamic Parameters in Choriocapillaris of Diabetic Rats

There were no differences in capillary diameter among the three groups. These results are
consistent with an earlier report, in which electron microscopy revealed no morphometric
differences between the choriocapillaris vessels of normal and spontaneously diabetic rats
(Caldwell and Fitzgerald, 1991). In human diabetic patients, however, significant narrowing
of the vascular lumen in the choriocapillaris has been noted (Cao et al., 1998; Fryczkowski et
al., 1989; Fryczkowski et al., 1988; Hidayat and Fine, 1985). Likewise, none of the other
morphological changes associated with human diabetic choroidopathy, including vessel
tortuosity, microaneurysm formation, capillary dropout, and neovascularization (Cao et al.,
1998; Fryczkowski et al., 1988; Hidayat and Fine, 1985), were evident in the current study.
The lack of these changes is not surprising, since the duration of diabetes in this study was
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only two months, and most of these vascular alterations would be expected to be associated
with long-term diabetes. Cao et al. observed subtler changes in human diabetics, including
choriocapillaris segments without viable endothelial cells that did not support blood flow (Cao
et al., 1998). Such diffuse changes could occur earlier in diabetes, since endothelial cell loss
in retinal capillaries has been demonstrated in STZ-induced diabetic rats after only one week
of diabetes (Joussen et al., 2001). Because we did not assess endothelial viability in this study,
we cannot comment whether these changes had already begun in the choriocapillaris and
affected the hemodynamic parameters.

In the choriocapillaris of mildly and severely hyperglycemic rats, RBC flux and velocity were
both significantly lower than the values in normal choriocapillaris (Table 2). This finding is
consistent with previous reports on the effect of diabetes on these parameters in skeletal muscle
capillaries in short-term STZ-induced diabetic rats (Kindig et al., 1998) and spontaneously
diabetic rats (Padilla et al., 2006). The diabetes-induced decrease of RBC flux of 50 to 67%
reported in skeletal muscle capillaries (Kindig et al., 1998;Padilla et al., 2006) was more severe
than the decrease in choriocapillaris RBC flux of roughly 40%. Likewise, RBC velocity
decreased in diabetic skeletal muscle capillaries by 34 to 65% (Kindig et al., 1998;Padilla et
al., 2006), compared to only 12 to 16% in the diabetic choriocapillaris. Since skeletal muscle
capillaries are only about 5 um in diameter (Kindig et al., 1998;Padilla et al., 2006), any
diabetes-induced changes in blood rheological properties or in blood vessel characteristics
would be expected to have a greater impact on blood flow in these smaller capillaries.

Since the STZ-D and STZ-MH rats exhibited the same differences in RBC flux and velocity
compared to the normal B-ND rats, it appears that mild hyperglycemia (< 200 mg/dl) during
the 7-8 weeks had the same effect on hemodynamics as severe hyperglycemia (> 400 mg/dl).
The present study can shed no light on the mechanism behind the hyperglycemia-induced
decrease in capillary hemodynamic parameters, although a likely cause is increased vascular
resistance within the choroidal microcirculation. Although smaller vessel diameters could
explain the decreases, no change in capillary diameter could be documented in the
hyperglycemic rats. Increased resistance of blood flow through the capillaries could be the
result of a decrease in erythrocyte deformability and a concominant increase in blood viscosity
caused by the hyperglycemia (Fornal et al., 2006; Petropoulos et al., 2007; Tsukada et al.,
2001). Increased resistance within the choriocapillaris could also be caused by an increase in
adhesion of leukocytes to the endothelium, since there is an increase in the expression of
intercellular adhesion molecule-1and P-selectin on the endothelium in human diabetic choroid
(McLeod etal., 1995). Since neutrophils are elevated in the choroids of human diabetics (Lutty
etal., 1997; McLeod et al., 1995) and leukostasis has been documented in the retinal
microcirculation of rats after only one week of STZ-induced diabetes (Joussen et al., 2001), it
is possible that leukocytes could play a role in the hemodynamic changes seen in the
choriocapillaris. In addition to these diabetes-induced changes in blood cells, damage to the
vascular endothelium can also occur, which could increase resistance as well. For example,
thinning of the glycocalyx on the endothelium of diabetic microvessels has been demonstrated
(Nieuwdorp etal., 2006), which could decrease the repulsive force that normally exists between
endothelium and RBCs (Raz et al., 1988). In addition, leukocytes not only accumulate in the
choroid, they also damage the endothelium, resulting in choriocapillaris dropout and increased
resistance (Cao et al., 1998).

Correlation of Erythrocyte Velocity and Flux in Choriocapillaris

A positive correlation between erythrocyte velocity and flux was found in all three groups,
although the correlation between these two parameters in the MH-STZ and D-STZ rats was
much stronger than in the normal rats (Figure 4). A positive correlation between erythrocyte
velocity and flux has been consistently reported in skeletal muscle capillaries (Ferreira et al.,
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2006;Kindig and Poole, 1998;Kindig et al., 1998;Padilla et al., 2006;Russell et al., 2003) and
has also been found in brain capillaries (Hudetz et al., 1995;Kleinfeld et al., 1998).

The relationship between capillary velocity and flux is a consequence of unequal partitioning
of erythrocytes at microvascular bifurcations, resulting in large heterogeneity in microvascular
hematocritand a reduction of the average capillary discharge hematocrit, a phenomenon termed
the network Fahraeus effect (Pries et al., 1996). When blood reaches a divergent branch point,
more erythrocytes tend to flow into the branch with the higher velocity (Klitzman and Johnson,
1982; Pries et al., 1996), resulting in a positive correlation between RBC flux and velocity.
The unequal distribution of red cells is the manifestation of two different hydrodynamic
phenomena that occur at bifurcations: plasma skimming and red cell screening (Pries et al.,
1996). Plasma skimming was originally described by Krogh (Krogh, 1922) and is the skimming
of the plasma-rich marginal layer of the parent vessel into the low-velocity branch at the
bifurcation. Phase separation due to plasma skimming does not occur to any significant degree
when the feeding vessel is above 40 um in diameter (Pries et al., 1989). Red cell screening is
due to the particulate nature of blood and is caused by fluid forces acting to move the RBC
toward the branch with the higher velocity (Pries et al., 1996). Since the effect of red cell
screening decreases significantly in vessels greater than about 12 um in diameter (Pries et al.,
1981), itwould not be expected to play a direct role in unequal RBC distribution in the relatively
large choriocapillaris vessels.

The weak or absent flux-velocity relationship in the normal choriocapillaris (Figures 4A and
5A) is indicative of relatively equal distribution of erythrocytes at most bifurcations upstream.
One would predict that this would result in a more homogeneous distribution of RBC flux
values in the choriocapillaris, but the standard deviation in RBC flux for the B-ND rats was
very large (Table 2). Similarly, there was a large spread in velocity values, especially in
capillaries carrying 300 RBC/sec or fewer (Figure 4A). Clearly RBCs did not preferentially
flow into capillaries with high velocities, and many high-velocity capillary paths carried
relatively few erythrocytes. This apparently random distribution of RBC flux and velocity is
most likely due to the absence of velocity-dependent RBC distribution at arteriolar bifurcations
upstream and to the complex interconnectivity within the choriocapillaris.

Unlike the situation in the normal choriocapillaris, there was a strong correlation between RBC
flux and velocity inthe MH-STZ and D-STZ rats (Figures 4B and 4C). This indicates that there
was more uneven velocity-dependent distribution of erythrocytes at microvascular branch
points in the hyperglycemic rats. Since the strong correlation was maintained even when
average values for each vascular field were considered (Figures 5B and 5C), significant
redistribution of erythrocytes must have occurred at arteriolar branch points upstream of the
choriocapillaris. This hyperglycemia-induced effect may be attributable to differences in
normal and nondiabetic arterioles, since defects in the ability of arterioles to vasodilate have
been demonstrated in STZ-D rats (Mayhan, 1989) and in human diabetic patients (Goodfellow
et al., 1996). In arterioles, uneven RBC distribution is mainly a result of plasma skimming,
although any factor that results in asymmetry of the RBC profile in the parent vessel increases
the role of red cell screening at the bifurcation and enhances the plasma skimming effect (Pries
et al., 1989). Therefore, any diabetes-induced decrease in RBC deformability (Fornal et al.,
2006; Petropoulos et al., 2007; Tsukada et al., 2001) or alterations in the interaction between
RBCs and the endothelium (Nieuwdorp et al., 2006; Raz et al., 1988) could lead to an increase
in plasma skimming at arteriolar bifurcations.

Although we could not directly measure microvascular hematocrit, the velocity-flux
relationships in Figure 4 can be used to estimate the relative microvascular hematocrits among
the groups. Since no parameters were strongly correlated with vessel diameter and the diameter
ranges of the vessels were similar among the groups, the slopes of the lines relating velocity
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to flux can be considered a rough estimate of the mean RBC spacing within the vessels. These
values for the B-ND, STZ-MH, and STZ-D rats are 0.5, 2.0, and 1.7 um/RBC, respectively.
Thus, on average, the erythrocytes in the normal choriocapillaris tend to be more tightly packed,
indicative of a higher microvascular hematocrit within the choriocapillaris of normal rats
compared to hyperglycemic rats. The lower hematocrit in the STZ-injected rats is attributable
to the heterogeneity in RBC distribution and the resultant network Fahraeus effect (Pries et al.,
1996). Since capillary oxygen delivery is dependent on erythrocyte spacing (Federspiel and
Sarelius, 1984), a high local hematocrit in the choriocapillaris would be consistent with the
goal of maximizing oxygen delivery to the photoreceptors by maintaining a steep oxygen
gradient from the choriocapillaris into the retina (Linsenmeier and Padnick-Silver, 2000). The
high hematocrit in normal choriocapillaris would also agree with our previous data showing
that hematocrit in 10-20 um diameter rat choroidal venules ranged from 15-20% (Braun et al.,
1997), much higher than the 8-10% found in similarly sized vessels in cat mesentery (Lipowsky
et al., 1980). If the erythrocyte distribution is altered in the diabetic choroid and the average
microvascular hematocrit decreases, oxygen delivery to the photoreceptors could be
compromised.
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Figure 1.

Epifluorescent image of a field of choriocapillaris vessels in a STZ-D Sprague-Dawley rat
(top). The vessels contain fluorescently labeled liposomes. The retina would be located behind
these vessels, i.e., into the page. The analyzed pathways of erythrocyte flow have been traced
on a transparent sheet (center) and then superimposed on the camera image of the
choriocapillaris (bottom). The arrow shows the direction of blood flow through the field.
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Erythrocyte (RBC) flux as a function of diameter in the choriocapillaris in five B-ND rats (A),
four STZ-MH rats (B), and seven STZ-D rats (C). In each panel, each symbol represents a
single capillary path, and each symbol type represents values from an individual rat. The line
in each plot is the linear regression for the data from all of the rats. A: RBC flux = 23.6
(diameter) — 108.6, n = 153 capillaries in 5 rats, r = 0.231, p = 0.004. B: RBC flux =-2.84
(diameter) + 166.6, n = 98 capillaries in 4 rats, r = 0.065, p = 0.527. C: RBC flux = 8.88
(diameter) + 19.1, n = 153 capillaries in 7 rats, r = 0.166, p = 0.040. Note that there are different

scales on the axes.
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Erythrocyte (RBC) velocity as a function of diameter in the choriocapillaris in five B-ND rats
(A), four STZ-MH rats (B), and seven STZ-D rats (C). In each panel, each symbol represents
asingle capillary path, and each symbol type represents values from an individual rat. The line
in each plot is the linear regression for the data from all of the rats. A: RBC velocity = -0.00132
(diameter) +1.082, n = 153 capillaries in 5 rats, r =0.007, p = 0.933. B: RBC velocity = 0.00235
(diameter) + 0.861, n =98 capillariesin 4 rats, r =0.016, p = 0.876. C: RBC velocity = - 0.00690
(diameter) +1.030, n =153 capillariesin 7 rats, r = 0.046, p = 0.574. Note that there are different

scales on the axes.
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Figure 4.

Erythrocyte velocity as a function of erythrocyte flux in the choriocapillaris in five B-ND rats
(A), four STZ-MH rats (B), and seven STZ-D rats (C). Each symbol represents a single
capillary path, and each symbol type represents values from an individual rat. The solid line
in each plot is the linear regression for the data from all of the rats. In panels B and C, the
dashed line is the regression line from panel A. A: RBC velocity = 0.000545 (RBC flux) +
0.946, n = 153 capillaries in 5 rats, r = 0.291, p < 0.001. Point at (76.9, 3.98) not shown for
clarity. B: RBC velocity = 0.00202 (RBC flux) + 0.638, n = 98 capillaries in 4 rats, r = 0.600,
p <0.001. C: RBC velocity = 0.00171 (RBC flux) + 0.700, n = 153 capillaries in 7 rats, r =
0.610, p < 0.001. Note that there are different scales on the axes.
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Figure 5.

Mean erythrocyte velocity as a function of mean erythrocyte flux in fields of choriocapillaris
vessels in five B-ND rats (A), four STZ-MH rats (B), and seven STZ-D rats (C). Each symbol
represents the mean value from an individual capillary field, and each symbol type represents
values from an individual rat. The line in each plot is the linear regression for the data. In panels
B and C, the dashed line is the regression line from panel A. A: RBC velocity =0.000467 (RBC
flux) + 0.937, n = 17 capillary fields in 5 rats, r = 0.254, p = 0.324. B: RBC velocity = 0.00214
(RBC flux) + 0.623, n = 11 capillary fields in 4 rats, r = 0.664, p = 0.026. C: RBC velocity =
0.00224 (RBC flux) + 0.602, n = 17 capillary fields in 7 rats, r = 0.737, p < 0.001. Note that
there are different scales on the axes.
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