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Diabetic nephropathy is the leading cause of end-stage renal diseases. The progression of diabetic nephropathy is
closely related to disturbance of glomerular hemodynamics, such as renal hyperperfusion and/or glomerular
hyperfiltration. Therefore, the aim of this study is to observe and analyze the alteration of renal he modynamics in
diabetic rats in vivo using confocal laser scan microscope (CLSM). Experiments were performed in Munich -Wistar
rats on days 4 and 28 after streptozotocin (STZ) injection. Blood and urinary glucose levels, urinary protein
excretion and creatinin clearance were estimated. Microalbuminuria level was also examined by radioimmunoassay.
A polyethylene catheter was inserted into the carotid artery to allow blood pressure measurement. The left kidney
weight (KW) was also estimated. We measured the glomerular size using the isolated glomeruli from control and
diabetic groups. On days 4 and 28 after STZ injection, we examined hemodynamic changes by an intravital
microscope equipped with real-time CLSM in combination with a high -speed CCD video camera. To measure vessel
diameter and erythrocyte velocity, rats were injected with fluorescein isothiocyanate (FITC)-labeled dextran and
FITC-labeled red blood cells (RBCs). The diabetic rats on days 4 and 28 after STZ injection had a significantly
higher ratio of kidney/body weight than control rats. Also, glomerular size in diabetic rats was significantly larger
than that in control groups. There was not significant difference in mean arterial pressure (MAP) between diabetic
and control rats. On days 4 and 28, the diameters of afferent arterioles (AA) and efferent arterioles (EA)
significantly increased in diabetic rats as compared with control rats. Moreover, erythrocyte velocities within
glomeruli appeared to be faster in diabetic rats than in control rats. In a ddition, glomerular blood flow (GBF) was
significantly higher in diabetic rats on days 4 and 28 after STZ injection as compared with control rats. Our
real-time observations demonstrated that renal hypertrophy and glomerular hyperperfusion had started as e arly as at
4 days of diabetes. The noninvasive procedure, using CLSM in combination with high-speed video camera, allowed
us to evaluate the glomerular microcirculation in diabetic condition in vivo, and to reconfirm the significance of

hemodynamic changes in diabetic nephropathy.
Key words: CLSM, diabetes, glomerular hemodynamics, AA, EA
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Diabetic nephropathy is the leading cause of end-stage renal disease. Introrenal hemodynamic alterations, as
manifest by glomerular hyperfiltration and hyperperfusion, are thought to be the foremost factors responsible for the
onset and progression of diabetic nephropathy. Experimentally, glomerular hyperfiltration has been shown to result
from elevations in the glomerular capillary blood flow and the glomerular capillary hydraulic pressure. Glomerular
circulation is mainly regulated by two resistance arterioles, the afferent arteriole and efferent arteriole. The afferent

and efferent arterioles normally constrict and dilate in response to changes in systemic blood pressure to maintain

- 168 -



glomerular filtration while protecting the glome.rulus from excessive pressure. Therefore, real-time observation of
glomerular hemodynamic changes would allow us to deepen our understanding of progressive mechanisms in
diabetic nephropathy.

Recently, glomerular function has been directly evaluated with the use of the isolated perfused glomerulus,
juxtamedullary nephrons, hydronephrotic kidneys and needle-probe charge-coupled device (CCD) videomicroscope.
These approaches, however, invasive manipulations that might alter the renal vascular responsiveness, and may thus
confound the characterization of these renal vessels. We have developed a new technique to directly visualize the
glomerular microcirculation with the CLSM in combination with a high -speed CCD video camera. The particular
advantage of this system over other methods is to avoid nonphysiological effects of invasive operative procedures,
and permit the direct evaluation of renal microcirculation in vivo under physiological and pathological conditions.
In this present study, we directly observed the alteration of hemodynamics in diabetic rats using our newly

developed videomicroscopic technique.

HREFE
Animals

Studies were performed in male Munich Wistar rats of six- to seven-week-old, which purchased from Simonsen
Laboratories, Inc. Diabetes were induced by intraperitoneal injection of streptozotocin (sigma) (65mg/kg body wt)
dissolved in 0.1M sodium citrate buffer, PH 4.5. Diabetic and control rats were followed for 4 and 28 days. All rats
received standard chow and tap water.

Intravital observation of the renal microcirculation

Observations of microcirculation blood flow were made with an intravital microscope system (Nikon, Tokyo,
Japan), equipped with a real-time confocal scanner unit model CSU10 and image processing devices. Differing from
conventional CLSM, the real-time CLSM system used in this study CSU10 (YOKOGAWA Electric Corporation,
Tokyo, Japan) has two disks: microlens array and pinhole array. The CSU10 unit is designed to attain a high signal
to noize ratio by minimizing the background light inside the scanner, thus making observation of weak fluorescent
specimens possible. Rotation speed of the scanner motor is 1800 rpm. The scanner actually captures 360 frames of
confocal images which one can observe at the eyepiece of the scanner, and sends 30 frames of confocal images per
second to an ICCD camera (Model C2400-89; HAMAMATSU PHOTONICS K.K., Shizuoka, Japan), to synchronize
with the scanning rate of the camera and be video-recorded (Model SVO-9600; Sony, Tokyo, Japan) for later
analysis by using of a recording lens and salt water immersion objectives.

The Munich Wistar rats were anesthetized by intraperitoneal injection of thiobutabarbital sodium salt (100mg/kg).
The body temperature of animals was kept 37.0 C on a heating pad. Polyethylene catheters (PE50) were inserted
into the carotid artery for blood pressure measurements and into the femoral vein for administrating labeled plasma
component and autologous red blood cells (RBCs). The left kidney was exposed by a flank incision and split
longitudinally. To analyze the microcirculation from the surface of kidney, the kidney was placed under the CLSM.
The kidney was immersed in a bath of physiological saline (Na* 154mEg/L, ClI" 154mEq/L) in which the
temperature was kept at 37+1 C.

Measurement of microhemodynamic parameters in glomerular tufts

Measurement of vessel diameter. To measure vessel diameter, enhancement of the contrast of microvessel images
against a dark background was made by intravenous injection (10 mg ml 1.2 ml kg') of a solution of FITC-labeled
dextran (FITC-Dx, MW 150,000; Sigma Chemical Co., St. Louis, MO). This fluorescent staining procedure
produced bright fluorescent images of the vascular lumen, and enabled adequate mapping of the luminal diameter.

Diameters of microvessels were measured with a vernier caliper on individual frames of the video-recorded images.
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Erythrocyte Velocity. To measure erythrocyte velocity, a batch of erythrocytes labeled with FITC was injected
intravenously. Briefly, washed erythrocytes obtained from an experimental rat were incubated with a PBS (137mM
NaCl, 6.4mM Na,HPO,, 2.7mM KCl, 1.5mM KH,PO,, pH 7.8) solution containing 1mg/ml FITC (ICN
Pharmaceutical, Inc., Cleveland, OH, USA). The labeled cells were then washed twice with a saline solution
containing 1% bovine serum albumin (BSA; Sigma Chemical Co., St. Louis, MO) to remove unconjugated
fluorescent dye. The final volume percent of the labeled cells was adjusted approximately to 50% by adding an
isotonic saline solution, and an aliquot of these suspensions was injected (1ml/Kg) through the tail vein of the rat to
measure centerline erythrocyte velocity. The rate of the labeled RBC in total RBC was about 1% by a single
calculation. From the video-recorded images, erythrocyte velocity was calculated by frame-by-frame analysis, more
than five different areas were measured, and averaged for at least five measurements.

Measurement of Glomerular Volume

After measurement of kidney weight, the outer 1 to 2 mm of the renal cortex in left kidney was excised and cut
into fine fragments. The glomeruli were then isolated in DMEM by standard sieving techniques as described
previously. The PH of the medium was adjusted to 7.4 before use. The whole procedure for isolation of glomeruli
was carried out within 15 minutes at room temperature. Isolated glomeruli were allowed to adhere to an observation
chamber coated with poly-L-lysine (1 mg/ml) for 5 to 10 seconds. Unattached glomeruli were removed by gentle
washing with fresh isolation medium. Adherent glomeruli were viewed in a microscope, and then the image was
captured by computer. The area of each glomerulus was automatically measured using NIH software. The volume of
each glomerulus was calculated from the area (S) using the formula V = 4/3n(S/x) . At least 120 glomeruli from
three or more rats were studied in each experiment.

Statistical analysis

All measured values are given as mean = standard deviation (SD). The nonparametric Mann -Whitney U test
was used for comparison of the measured values of erythrocyte velocities, since these parameters are known to have
a distribution which deviates considerably from the Gaussian. A P value less than 0.05 was considered significant in

all statistical tests.

s 2
Determination of baseline characteristics of experimental animals

At 4 and 28 days after STZ injection, determination of baseline characteristics differed significantly between the
investigated groups as showed in Table 1. Blood and urinary glucose levels, urinary protein excretion and creatin in
clearance were estimated. Microalbuminuria level was also examined by radioimmunoassay. Blood glucose, urine
ghicose and albuminuria were markedly elevated in diabetes animals. Hyperglycemia (> 300 mg/dl) has already
started at day 4, and lasted at day 28. Heavy proteinuria (>100 mg/day) started at day 4, and reached at maximum
(mean = 500 mg/day) at day 28. Mean arterial pressure of the carotid artery in the control rats was 107+3mmHg.
On days 4 and 28 after injection with STZ, mean arterial pressure was 1064 mmHg and 101+ 9mmHg,
respectively, not significant difference with control.

Kidney weight and ratio of kidney/ body weight )

Although body weight was less in diabetic rats after 4 and 28 days injection, diabetic kidneys weighed more than
control kidneys. The ratio of Kidney/body weight in 4-day diabetic rats was significantly higher than that in control
rats, and it was more pronounced in 28 -day diabetic group.

The effect of diabetes on erythrocyte velocity
The left kidneys of Munich Wistar rats were observed by intravital microscopy. On day 4 after STZ injection,

erythrocyte velocities within glomeruli were slightly faster in diabetic rats (676.1 £ 209.6 pm/sec) than in control
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rats (496.1 = 134.1 pm/sec), similarly, erythrocyte velocities within microvasculature around Bowman’s capsule
were also slightly faster in diabetic rats (446.1 * 223.8 pm/sec) than in control rats (238.8 * 122.4 pm/sec). On
day 28 after STZ injection, erythrocyte velocities within glomeruli were significantly faster in diabetic rats (859.3
* 192.1 pm/sec) than in control rats (495.4 = 110.7 pm/sec). Therefore, erythrocyte velocities within glomeruli
appeared to be faster in diabetic rats than in control rats as early as on day.4. Similarly, on day 28 erythrocyte
velocities within microvasculature around Bowman’s capsule were also markedly faster in diabetic rats (516.3 =+
114.0 pm/sec) than in control rats (351.3 £ 91.6 pm/sec).
The effect of diabetes on diameters of AA and EA

On days 4 and 28 after STZ injection, we measured the diameters of AA and EA in control and diabetic rats. The
afferent and / or efferent arterioles within the glomerui were identified by observation of the microvascular branches
and the direction of movement of labeled red blood cells. On day 4 after STZ injection, the diameters of AA in
diabetic rats (10.39 * 1.43 pm) significantly increased, comparision with control rats (8.43 £ 0.52 pm). In
addition, the diameters of EA in diabetic rats (10.43 = 1.70 pm) significantly increased as compared with control
rats (8.00 = 0.68 pum). On day 28 after STZ injection, the diameters of AA in diabetic rats (11.68 = 0.79 um)
further enlarged, significantly greater increased than that in controls (8.88%+ 1.22 um). However, the diameters of
EA in diabetic rats (10.49 * 1.16 pm) did not further increased, but there was significant difference with controls
(8.33 = 0.96 pm).
Measurement of glomerular volume

Using isolated glomeruli from diabetic and control groups, we observed directly glomerular size and calculated
the volume of glomeruli. We demonstrated that the volume of glomeruli were markedly larger in diabetic rats as
compared with control rats.

The effect of diabetes on glomerular blood flow (GBF)
In order to deepen understanding the importance of hemodynamic alterati on in diabetes, we calculated the change

of blood flow using the equation BF = m (D/2)**GBV. GBF were significantly higher in 4-day diabetic rats as
compared with control rats, and it more pronounced in 28 -day diabetic group.

F B

In the present study, we evaluated the glomerular microcirculation in diabetic rats by intravital microscope
equipped with real-time CLSM in combination with a high -speed CCD video camera. This system visualizes AA,
EA, and the movement of labeled-RBCs within glomeruli and microvessels around Bowman’s capsule. Therefore,
GBV, BBV and GBF can be calculated. This research demonstrated that a basal vosodilation of afferent arterioles
and efferent arterioles and an increased glomerular blood flow in diabetic rats, consistent with pr evious studies. This
phenomenon appeared as early as on day 4 after STZ injection. It deepened our understanding on hyperperfusion
and hyperfiltration in early phase of diabetes, and to reconfirm the significance of hemodynamic abnormities in
diabetic nephropathy.

The CLSM intravital videomicroscopic technique appears to exceed other methodological approaches in
following several points: (1) This technique avoids nonphysiological-effects of invasive operative procedures. (2)
This system can real-time observe and record the continuous images of movement of FITC-labeled RBCs and
calculate the erythrocyte velocities within glomeruli and microvessels around Bowman’s capsule, because this
system can capture 360 frames of confocal images, and sends 30 frames of confocal images per second to an ICCD
camera (3) The diameters of afferent arterioles, efferent arterioles and glomerular blood flow can be evaluated. (4)
Systemic hemodynamics (e.g., blood pressure) can be measured simultaneously. (5) The technique and experimental

preparation are simpler than other approaches of direct visualization of the renal microcirculation.
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Using this newly developed videomicroscopic technique, we evaluated the glomerular microcirculation in normal
and diabetes in Munich Wistar rats. The unique characteristic of this rat strain is that many glomeruli are located
near the surface of the kidney and easy to visualizing the renal microcirculation by intravital microscopy. We have
observed differences of renal hemodynamics between two grougs in several points. Firstly, the diabetic rats on days
4 and 28 after STZ injection had a significantly higher ratio of kidney/ body weight than conirol rats. Also,
glomerular volume predominantly enlarged in diabetes as compared with controls. Secondly, on days 4 and 28, the
diameters of afferent and efferent arterioles significantly increased in diabetic rats as compared with control rats.
Thirdly, on day 28, erythrocyte velocities within glomeruli and vessels around Bowman’s capsule were significantly
faster in diabetic rats than in control rats. Moreover, on day 4, erythrocyte velocities within glomeruli were
significantly faster in diabetic rats than in control rats. Finally, GBF was significantly higher in diabetic rats on days
4 and 28 after STZ injection as compared with control rats.

Although body weight was less in the diabetic rats, diabetic kidneys weighed 22% more than control kidneys in
4-day group. There is a higher ratio of kidney/ body weight in 4 -day groups (diabetes 6.00 £ 0.55, control 4.43 =+
0.36) and more pronounced in 28-day groups (diabetes 7.36 % 0.73, control 4.27 % 0.50). Moreover, we also
directly observed that glomerular volume significantly increased in diabetes as compared with control rats. While
kidney weight was a strong predictor of glomerular filtration rate as previous report. Glomerular hyperfiltration in
early diabetes correlates with increased kidney size. On the other hand, we demonstrated that GBV and GBF in
diabetic rats of 4 and 28 days had significantly increased as compared with control rats. Therefore, our evidence
suggested that diabetes of 4 day had appeared not omly renal hypertrophy, but also hyperperfusion and
hyperfiltration simultaneously.

The glomerular microcirculation regulates glomerular filtration and renal hemodynamics by altering the vascular
resistance of afferent arterioles and efferent arterioles. Therefore, their behavior is the most important determinant
of glomerular blood flow and the glomerular filtration rate. In this present study, we observed that the diameters of
afferent and efferent arterioles significantly increased in diabetic rats of 4 and 28 days as compared with control rats.
Actually, basal diameters of all vessel types were wider in diabetic rats than that in control rats. Diabetic rats
showed a reduced renal vascular resistance, which may be caused by increased NO production in the renal
microcirculation. We demonstrated that the EA also dilated in the early phase of diabetes besides of AA. However,
the dilation capacity of EA was lower than AA. Therefore, the diameters of AA further enlarged with time, while the
diameters of EA on day 28 had no difference with that on day 4. In addition, we demonstrated that the AA/EA ratio
increased in diabetes of 28 days, indicating a pronounced increased internal glomerular pressure.

This newly developed technique can analyze acute changeé induced by some factors in glomerular
microcirculation in vivo. To shed some light on this area, the effects of some vasodilator and vasoconstrictor on
renal microcirculation should be investigated under direct intravital microscopic observation. That is our important
forthcoming work.

The noninvasive procedure, using CLSM in combination with high-speed videocamera, allowed us to evaluate the
renal microcirculation in vivo. It is useful to analyze directly mediators of diabetic hyperfiltration and other
experimental models. This technique for directly studying afferent and efferent arterioles changes and glomerular
filtration rate in vivo may provide important in sights into the actions of drugs and into renal diseases. Clinicians are

beginning 1o be able to select drugs that have desired effects on the renal microcirculation.
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