Am J Physiol Renal Physiol 292: F1873-F1880, 2007.
First published February 20, 2007; doi:10.1152/ajprenal.00218.2006.

Innovative Methodology

Rapid determination of renal filtration function using an optical ratiometric

imaging approach

Weiming Yu, Ruben M. Sandoval, and Bruce A. Molitoris

Nephrology Division, Department of Medicine, Indiana University School of Medicine, Indianapolis, Indiana

Submitted 14 June 2006; accepted in final form 14 February 2007

Yu W, Sandoval RM, Molitoris BA. Rapid determination of renal
filtration function using an optical ratiometric imaging approach. Am J
Physiol Renal Physiol 292: F1873-F1880, 2007. First published
February 20, 2007; doi:10.1152/ajprenal.00218.2006.—Glomerular
filtration rate (GFR), which measures the amount of plasma filtered
through the kidney within a given time, is an essential and clinically
important indicator of kidney function. Here, we report a new ratio-
metric measurement technique based on intravital fluorescence mi-
croscopy that allows rapid evaluations of renal function in rodent
models. By using this technique, plasma clearance rates of a fluores-
cent GFR marker can be measured in less than 5 min following a
bolus infusion of a fluorescent dye mixture into the bloodstream. The
plasma clearance kinetics of the GFR marker showed consistent
values when measured in healthy animals at locations both in the
kidney and from the skin. In addition, by using this technique, we
were able to rapidly determine renal function with acute renal failure
animal models and with other animal models where kidney filtration
functions were altered. The measured plasma clearance kinetics using
this technique correlated with expected changes in kidney function.
We found this ratiometric approach offers improved accuracy and
speed for quantifying renal function compared with the approach
using single fluorescent probes, and the measurement can be done
noninvasively from the skin. This approach also offers a high sensi-
tivity for determining plasma clearance rate of a fluorescent com-
pound. This feature is important for rapidly quantifying small differ-
ences in plasma clearance when kidney function is changing.

GFR; plasma clearance rate; intravital microscopy; ischemia; acute
renal failure; two-photon excitation; dextran; multiphoton

DEVELOPMENT OF INTRAVITAL microscopy has opened up new
windows for studying the kidney (6, 13-15), the associated
disease processes (12, 22-24), and molecular trafficking and
metabolism (19, 26). Following an intravenous infusion of
fluorescent dye molecules, one can monitor processes such as
apoptosis and necrosis of tubular cells, vascular permeability
defects, abnormal blood flow patterns and glomerular filtration
of molecules with different sizes with regard to kidney injuries
by performing intravital kidney imaging (7, 13, 23). A wealth
of information can be retrieved from analysis of these in vivo
images. It is apparent that to understand the dynamic processes
of the kidney, quantitative analysis of in vivo images is
essential. Recently, we have developed a ratiometric imaging
technique by using the generalized polarity concept for quan-
titative analysis of multicolor fluorescence images and demon-
strated its potential power for detecting relative concentration
changes of multiple probes both spatially and temporally (28,
29). The filtration property of a glomerulus and specific reab-
sorptive characteristics of a tubular section for different fluo-

rescent molecules are among those of particular interests that
can be quantified. We began to address important questions
specifically related to glomerular permselectivity or tubular
reabsorption by using this quantitative approach (29). What is
unique about imaging intact tissues from live animals vs.
isolated tissues or cell culture models is the ability to access the
kinetics of different biological processes systemically within
local tissues. Here, we report a technique that allows rapid
measurement of plasma clearance rates of a particular molecule
and glomerular filtration rate (GFR) using intravital micros-
copy.

The gold standard of determining GFR is via measurement
of plasma clearance of a marker molecule that can be filtered
freely through the glomerular filtration barrier, not protein
bound or metabolized, and is not reabsorbed. Inulin is one good
example and an often used GFR marker. Results based on
plasma clearance using a single injection of inulin, or other
marker molecules, correlate well in patient tests (5, 8). Tech-
niques applying plasma clearance allow rapid determination of
GFR in both normal patients as well as patients with acute
renal failure (ARF) in a matter of ~15 min (5, 17, 18). This is
an attractive advantage for assessing renal function of ARF
patients over methods requiring a multiple-hour period of urine
collection that are not applicable in these patients. This imag-
ing technique we developed and tested on rodents maintains
this important feature for rapid determination of kidney filtra-
tion function.

It has been previously reported that by using a fluorescent
marker molecule, such as FITC-inulin, following a single bolus
injection, GFR can be determined by measuring plasma clear-
ance kinetics based on fluorescence intensity decay (16). The
measured results correlated well with renal functions under
various controlled experimental conditions where the kidney
function was known to change (16). When animal models with
superficial glomeruli are used, glomerular filtration can be
visualized with two-photon excitation microscopy at near real-
time speeds (28) and subsequently single-nephron GFR (snGFR)
can be measured when fluorescent GFR markers were used (9).
So far, these fluorescence techniques for measuring GFR are
all based on the quantification of fluorescence intensity values
from a single fluorescence source. It is understandable that
measurements using intensity values alone, from a single
source, are subject to errors caused by experimental conditions
such as ambient light, fluctuations from excitation light source,
and the high-voltage supply of the detectors. The fluorescence
intensity value can be further affected by the nonuniformity of
the imaging detector and intensity attenuation at different
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imaging depths (3). The measurement technique we report here
is based on the use of two fluorescent molecules and the ratio
between their intensity values. Using intensity ratioing, the
ratio values are much less sensitive to signal fluctuations
caused by environmental and experimental conditions (28).
Most importantly, as we will discuss later, applications of
intensity ratio techniques result in better defined kinetic curves
of plasma clearance and improved accuracy for determining
the rate constants of the marker molecules.

MATERIALS AND METHODS

Animal preparation. Experimental procedures using animals were
approved by the Institutional Animal Care and Use Committee and
performed in accordance with the Guide for the Care and Use of
Laboratory Animals (Washington, DC: National Academy Press,
1996). Male Sprague-Dawley rats (6—8 wk, Harlan, Indianapolis, IN),
~250 g in body weight, were used. Animals were anesthetized with
an intraperitoneal injection of thiobutabarbital (130 mg/kg, Sigma,
St. Louis, MO), shaved, and placed on a homeothermic table to
maintain the body temperature at 37°C. After adequate anesthesia was
ensured, a femoral venous catheter was placed using a 27-gauge
cannula for injection of fluorescent dye solutions. One of the kidneys
was exteriorized for microscopy imaging via a 10- to 15-mm lateral
incision made dorsally under sterile conditions (6). The surgical
procedure was only to exteriorize the kidney. Kidney blood flow was
not interrupted during surgery, except when we deliberately occluded
blood flow to model renal ischemic injury. For studies in which
kidney ischemia was induced, the renal artery and vein were occluded
with a nontraumatic microaneurysm clamp for 30 min. For studies in
which the whole kidney nephrectomy was performed, the renal artery
and vein were first ligated with a nonabsorbable no. 2 (metric size)
silk suture before the kidney/kidneys were removed. For studies in
which bilateral ureteral ligations were performed, both the left and
right ureters were ligated with no. 2 silk sutures each at two points to
ensure that there was no urine flow. During all procedures, core body
temperature of the animal was maintained at 37°C by using a homeo-
thermic table and monitored with a rectal thermometer.

Fluorescent probes. The fluorescent solution we used for intrave-
nous injection included mixtures of /) FITC-inulin (3-5 kDa, Sigma)
and 500-kDa Texas red-dextran and 2) 3-kDa tetramethylrhodamine
(TMR)-dextran and 500-kDa FITC-dextran. FITC-inulin was dis-
solved in 0.9% saline and dialyzed overnight to remove unbound
fluorescent molecules (1-kDa cutoff). The 3-kDa TMR-dextran, 500-
kDa FITC-dextran, and 500-kDa Texas red-dextran were purchased
from Invitrogen (Eugene, OR) and used directly by dissolving in 0.9%
saline.

Fluorescence microscopy. A 0.5-ml saline solution containing 3.2
mg FITC-inulin (3-5 kDa) and 1.6 mg 500-kDa Texas red-dextran
was infused through the femoral venous catheter immediately before
microscopic imaging. Live images of the animal organ were captured
with a two-photon laser scanning fluorescence microscope system
(Bio-Rad MRC-1024MP, Hercules, CA). The external detectors were
used for acquiring fluorescence signals from 500 to 550 nm (green
channel for FITC-inulin) and 560-650 nm (red channel for Texas
red-dextran), respectively. A water-circulation heating pad was placed
on the microscope stage to preheat it to 37°C. The exposed kidney of
the animal was held in a 50-mm diameter tissue culture dish with a no.
1.5 cover-glass bottom (WillCo Wells, Amsterdam, The Netherlands)
for imaging. The tissue culture dish was filled with 0.9% saline to
maintain the moisture of the kidney. In cases of bilateral whole kidney
nephrectomy, the liver was exposed and held in the tissue culture dish
for imaging. Live images of the kidney/liver were taken as functions
of time for plasma clearance analysis. Baseline kidney/liver images
were collected before fluorescent dye infusion to record autofluores-
cence signals within the tissue under investigation. Typically, we
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started to collect images synchronized with dye infusion, and contin-
uously for ~5 min at a frame rate of 1.22 s. Images at later time points
were collected when needed. All intravital kidney/liver images were
acquired using a X60/1.2-NA water objective and external nonscan
detectors. A Ti-sapphire laser (Spectra-Physics, Mountain View, CA)
was tuned to 800 nm for excitation. The excitation laser power on the
sample was attenuated to between 2 and 28 mW using neutral-density
filters. During all imaging procedures, the body temperature of the
animal was maintained at 37°C.

Image data analysis. Intensity ratio images R(7) were calculated
using Meta Imaging Series (version 6, Universal Imaging, West
Chester, PA) on a personal computer as follows

Lima(1)
Ilarge(t) ( 1 )

where Isman(?) and liaree(f) are fluorescence intensities of the smaller
(GFR marker) and the larger size molecules at a particular pixel of an
image taken at different time points, respectively. A threshold level
for each detection channel was set according to the average pixel
value of an area without significant autofluorescence from images
taken before dye infusion. The average pixel values of intensity
ratio R from a region of blood vessel lumen (regions of interest,
ROI) were exported into PSI-PLOT (version 6, Salt Lake City, UT)
for analysis. The image-processing procedures were performed in
an equivalent manner for all images to ensure the results were
comparable.

The time series intensity ratio values of a ROI from an image time
series were extracted and fit nonlinearly with the following equation
using the Marquardt method (2) to retrieve the (apparent) plasma
clearance rate constant ku

Rvessel(t) =A eXP(_kAf) +C (2)

R(1) =

where Ryessel(?) is the average pixel value of the intensity ratio from
a given blood vessel lumen region extracted at different time
point, A is the amplitude or the preexponential factor, and C is a
constant.

RESULTS AND DISCUSSION

Figure 1 is a montage of color-combined fluorescence in-
tensity images of the kidney from a live and healthy male
Sprague-Dawley rat. These images were taken as a function of
time after a bolus intravenous infusion of a dye mixture
containing FITC-inulin and 500-kDa dextran labeled with
Texas red. The fluorescence intensity signal from FITC-inulin
is shown in green, and the 500-kDa Texas red-dextran intensity
is shown in red. At about 7.3 s after dye infusion (Fig. 1B), the
fluorescence intensity was mainly from the blood vessels of the
kidney. The yellowish color of the blood vessel indicates that
both FITC-inulin and 500-kDa Texas red-dextran were in these
blood vessels. At 12.2 s (Fig. 1C), the intensity from both dye
molecules increased as a result of increased plasma concentra-
tions of both molecules. At 24.4 s (Fig. 1D), FITC-inulin was
already observed in the proximal tubule lumen (in green and
indicated in Fig. 1, D and E), as a result of immediate plasma
clearance (glomerular filtration) of this molecule by the kid-
neys. At 95.2 s (Fig. 1E), the FITC-inulin appeared to accu-
mulate in the distal tubule lumen (in green and indicated in Fig.
1, E and F), while its concentration in the proximal tubule was
decreased compared with that at 24.4 s (Fig. 1D). At the same
time, there was less FITC-inulin in the bloodstream compared
with that at 24.4 s. Consequently, the strength of the red color
from the blood vessels increases, indicating a relative increase
in the 500-kDa Texas red-dextran-to-FITC-inulin concentra-

« JUNE 2007 - www.ajprenal.org

/T0Z ‘ST Arenuer uo z'€£'022 0T Ag /Bio ABojoisAyd-reuaidle//:dny wolj papeojumoq



http://ajprenal.physiology.org/

QUANTIFYING KIDNEY FUNCTION WITH FLUORESCENCE PHOTONS

Blood vessels

7.32 s

122 s

Proximal tubule lumen

tion ratio due to plasma clearance of FITC-inulin. At 244 s
(Fig. 1F), the FITC-inulin concentration continues to decrease
from the bloodstream due to further clearance. This was
accompanied by intensity decreases from both the proximal
and distal tubule lumens (Fig. 1F). This type of time-series
image collection contains dynamic information about a given
molecule passing through the glomerular filtration barrier of
the kidney and becoming part of the filtrate. This is the basis
for measuring plasma clearance kinetics and glomerular filtra-
tion function.

To quantify the molecular filtration rate, we used the inten-
sity ratio (Eq. 1) of the FITC-inulin and the 500-kDa Texas
red-dextran (Fig. 2). The intensity ratio from the blood vessels
(shown in cyan in Fig. 2) changed in time with a change of
relative concentrations of the two dyes. Since the 500-kDa
dextran is not cleared by the kidneys, due to its large size, it
stays in the bloodstream for a very long time (days) after
infusion. Typically, there is no noticeable intensity drop from
the 500-kDa dextran within the time period we follow a dye
infusion (anywhere between 5 and 30 min). Figure 3 is an
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Fig. 1. Montage of color-combined fluorescence intensity time-
series in vivo images of the kidney following a bolus infusion of
a dye mixture. Green, FITC-inulin; red, 500-kDa Texas red-
dextran. A: autofluorescence of the kidney at 3.66 s postinfu-
sion. Dye molecules had not reached local tissue yet at this time
point. As a result of glomerular filtration of FITC-inulin, it
appears in both the proximal and distal tubule lumens over time
(B—F), and the color of the capillary blood vessels becomes
increasingly red due to plasma clearance of FITC-inulin and
increased fractional concentration of the 500-kDa Texas red-
dextran. The image frame size is 200 X 200 pm?.

Distal tubule lumen

example of the intensity time series of the 500-kDa Texas
red-dextran measured from a blood vessel, following a bolus
infusion, for up to 79 min. The initial intensity spike (see inser)
was due to dye injection and fast distribution of the dye
molecules into the whole blood volume. There was no signif-
icant intensity drop for the rest of the curve. Effectively, the
decrease in the FITC-inulin-to-500-kDa Texas red-dextran
intensity ratio from the blood correlates with the concentration
decrease in FITC-inulin.

In Fig. 4, we plot the FITC-inulin-to-500-kDa Texas red-
dextran intensity ratio as a function of time after a bolus
infusion along with the result of a least squares fit. Each data
point in Fig. 4 was the average ratio value of the same region
from a blood vessel extracted from an image time series (such
as the images shown in Fig. 2). We plot data points every
1.22 s up to 120 s, then every 6.1 s until ~244 s. The data had
two phases (Fig. 4): the initial phase and the clearance phase
(or the filtration phase/elimination phase). The signal increase
of the initial phase was due to relative dye distributions and
accumulations in the kidney. The highest point (at ~15 s) of

FITC-Inulin

max
500 kD TR-Dextran

R i

Fig. 2. Fluorescence intensity ratio images (using the same data set as in Fig. 1) of the kidney following a bolus infusion of dye mixture showing the regions
of the capillary blood vessels. The decreasing of the ratio value over time is visible. The image frame size is 200 X 200 pum 2.
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Fig. 3. Fluorescence intensity of the 500-kDa Texas Red-dextran measured
from within the plasma as a function of time following a bolus infusion. /nset:
the first 250 s after infusion. There was no significant intensity drop over the
79-min time period the intravital imaging measurements were performed.

the curve, which marks the starting point of the clearance
phase, correlates with the beginning of the appearance of
FITC-inulin in the proximal tubule in this case. The data points
of the clearance phase fit well with a single exponential (Eg. 2).
We obtained a FITC-inulin plasma clearance rate constant, k
(or ku), of 0.0097 (s~ ") with ~2% error (using 95% confidence
limits) (2).

Plasma clearance rates measured using various animal
models. Measurement results of plasma clearance of a single
fluorescent (GFR) marker molecule have been shown to cor-
relate with renal function (16). Using the intensity ratio of two
fluorescent molecules, as in our case, should not change this
fact. To prove this point and to demonstrate the capability of
this ratiometric microscopic measurement technique for eval-
uations of abnormal kidney functions, we performed kinetic
imaging experiments in a number of animal models where their
GFRs were altered.

All plasma clearance rate constants plotted in Fig. 5 were
measured using Sprague-Dawley rats. The clearance rate con-
stant in Fig. 5A was measured from control animals where the
kidney function was not altered. In the case of unilateral kidney
ischemia (Fig. 5B), intravital microscopic images were taken
from healthy kidneys of live rats. At 24 h after a 30-min
unilateral kidney ischemia, the clearance rate constant was
down to k = 0.0082 = 0.0002 s~ . This reduction of plasma
clearance rate was expected (11). Significant reductions of the
plasma clearance rate constants were obtained at 24 h after a
30-min bilateral kidney ischemia (Fig. 5D, k = 0.0035 = 0.001
s~ 1). This result correlated with the blood urea nitrogen (BUN)
and creatinine measurements reported in the literature using
similar kidney ischemia models (10, 27).

As negative controls we measured the changes in the plasma
clearance rate constant following whole-kidney nephrectomy.
The reduction of the clearance rate constant measured imme-
diately after unilateral nephrectomy (within <30 min, Fig. 5C)
was as expected. The nonzero rate constant after bilateral
nephrectomy (Fig. 5E) indicates nonrenal “clearance” (due to
nonspecific tissue distribution) of FITC-inulin that needs to be
corrected for calculating the GFR (Egs. 3 and 4; discussed in
the following sections).
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Bilateral ureteral ligation is an alternative way to reduce and
stop glomerular filtration. Plasma clearance rate constants in
Fig. 5, F—H, were measured in the same animal, at ~15, 60,
and 90 min after bilateral ureter ligations. The clearance rate
constant of the first measurement (Fig. 5F), ~15 min after
ligation, was the same as the control (Fig. 5A), indicating
normal kidney function at this time point. Kidney filtration
started to decrease when urine began to back up from the
ureters upstream. As a result, the clearance rate constant was
decreased to k = 0.0081 *+ 0.0016 s~ ! at 1 h (Fig. 5G) and
further down to k = 0.0046 + 0.0021 s~ ! at 90 min (Fig. 5H).
This rate constant is similar to those of the bilateral nephrec-
tomy (Fig. SE) and bilateral ischemia observations at 24 h
postinjury (Fig. 5D).

Plasma clearance rate constant vs. GFR. The nonspecific
tissue (nonrenal) distribution rate constant kt was determined
from double whole-kidney nephrectomy experiments. The part
of plasma clearance related to kidney function can be deter-
mined as kp = k4 — kt. Therefore, we can calculate the GFR
as follows

GFR = kp* Vp (3)
kp = kA - kT (4)

where kp is the rate constant of the plasma clearance of

the marker molecule related to kidney function, and Vp is the
distribution volume. As a first approximation, Vp equals the
whole plasma volume. According to Egq. 3, it is equivalent to
use plasma clearance rate or GFR for kidney function evalua-
tion. Calculating GFR requires the knowledge of a distribution
volume Vp, which varies from individual to individual and

may also vary over time. The plasma clearance rate constant of

a GFR marker molecule, on the other hand, is a more direct
measure of kidney function and independent of blood volumes
of individual animals, in other words independent of the size
and weight variations of the animals one uses. Here, we

directly compare the plasma clearance rate constants obtained

in different animal experiments and show the compiled results

of measured rate constants in Fig. 5. It should be pointed out

that in a need of estimating GFR from plasma clearance
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Fig. 4. Example of FITC-inulin plasma clearance curve measured from the
blood plasma using intensity ratio. Open squares: data points; solid line: a fit
to the elimination phase using Eq. 2. A single exponential fits the clearance
phase data points very well, and the fitting curve goes through the initial points

of the elimination phase as well as points at the tail.
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24 hr Unilateral Ischemia (B) |-I 0.0082 + 0.0002
1 0.0074=0.001
0.0035 +0.001
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Fig. 5. Comparison between measured plasma clearance rate
constants using the ratiometric imaging approach in different
animal models with their kidney functions altered. A, con-
trols. B, 24 h after a 30-min unilateral ischemia. C, unilateral
nephrectomy. D, 24 h after a 30 min bilateral ischemia.
E, bilateral nephrectomy. F, 15 min after bilateral ureter
ligations. G, 1 h after bilateral ureter ligations. H, 1.5 h after
bilateral ureter ligations. For A-E, n = 3. F, G, and H were
measured from the same animal and each rate constant value
k was an average from analyzing ratio data of 3 individual

1 hr Bilateral Ureter Ligation (G) |—| 0.0081 +0.0016
1.5 hr Bilateral Ureter Ligation (H) I——-I 0.0046 = 0.0021
L | L | L | L
0.000 0.005 0.010 0.015

Plasma Clearance Rate Constant (s)

measurements, typically the plasma volume can be calculated
directly from the body weight (16) which is simple and
practical. It is a common practice in the clinics to evaluate
renal function by scaling the actual measurement results with
body weights or surface areas.

From results in Fig. 5, by considering the nonrenal clearance
rate constant kr (~0.0047 s~! obtained from the bilateral
nephrectomy Fig. 5E), we can calculate GFR for an individual
animal; e.g., we obtained GFR = 2.38 * 0.8 ml/min for an
animal of 229 g in body weight, with healthy kidneys, having
a total plasma volume of 6.3 ml (50% of the total blood volume
figured at 5.5% of the body weight) (1). In fact, this rate is
close to the rate reported in the literature using magnetic
resonance imaging techniques (20) to measure plasma clear-
ance of a GFR marker. With the removal of one kidney, we
obtained GFR = 1.34 = 0.5 ml/min measured with a 302-g
animal having a total plasma volume of 8.3 ml. This GFR value
was ~56% of that of the above-mentioned control animal, as
one expected.

By using a bolus infusion of GFR markers, the nonspe-
cific tissue distributions of the marker molecules contribute
to the overall plasma disappearance kinetics of the marker
molecules. This is a well-documented phenomenon and an
issue associated with methods using plasma clearance to
quantify renal filtration function. To remove this “nonrenal
clearance” component, we have experimentally determined
its kinetic rate constant by using a bilateral nephrectomy
model. The fact that the rate constants of the nonrenal

0.020 blood vessel regions.

clearance of the marker molecules are very close when renal
filtration functions are stopped (Fig. 5, E and H) suggest that
it has a well-defined value for the animal models we used. It
should be noted that the nonrenal distribution rate is likely
not a constant in different cases, such as in acute or chronic
renal insufficiency, and should be investigated accordingly.
However, in each one of these cases the corresponding renal
plasma clearance rate constant still needs to be corrected
using Egq. 4.

Alternatively, one can use a single exponential model with
two rate constants to fit the overall kinetic curve and directly
retrieve the rate constants of both the renal and nonrenal
clearance of the marker molecules as follows

Rvesse](t) = A eXP[_(kP + kT)t] + C (5)

where kj, and kt are rate constants of renal and nonrenal plasma
clearance, respectively, and A and C are constants. The use of
a single expression (Eg. 5) and Egs. 2 and 4 is mathematically
equivalent. Typically, a multicompartment model with double
exponentials is used to account for the kinetics of GFR marker
distribution in the blood volume after a bolus injection and the
clearance of the marker molecules, respectively. Since we are
using intensity ratio, the fraction of the distribution phase is
negligible, and therefore what’s left is a single exponential
term to account for the clearance kinetics. However, the overall
rate constant of the clearance phase is a sum of individual rate
constants of all processes contributing to the clearance kinetics.
For a general case when the GFR marker distribution phase is

Imaging of a Skin Blood Vessel over Time
after Infusion of a Fluorescent Dye Mixture

Fig. 6. Montage of color-combined fluorescence
time-series images of a blood vessel from a rat
skin area following a bolus infusion of a dye
mixture. Green, FITC-inulin, Red, 500-kDa
Texas red-dextran. The color of the blood vessel
becomes increasingly red over time due to
plasma clearance of FITC-inulin and increased
fractional concentration of the 500-kDa Texas
Red-dextran. Imaging was done on the rat penis.
Image frame size is ~100 X 150 pm 2.
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present, the plasma clearance kinetics can be described as
follows

Rvessel(t) =A exp[_(kP + kT)t] +B exp(_th) +C (6)

with ky = Xk.k; is the rate constant of any individual
nonrenal clearance processes, kp is the rate constant of marker
distribution process, and A, B, and C are constants. The use of
a multicompartment model to fit the data and retrieve the
plasma clearance rate constants can be helpful in human tests
(4, 25) when the fraction of the distribution phase becomes
more prominent.

Inulin clearance rate measured by imaging the skin. Since
we measure the clearance rate of the marker molecule from the
blood space, we should be able to determine the plasma
clearance rate constant by making measurements at any bodily
location wherever there is blood flow. To demonstrate that the
plasma clearance rate constants measured by imaging the
kidney represent renal function systemically, we performed in
vivo kinetic imaging of plasma clearance on the skin. Figure 6
is a montage of color-combined intensity images of a skin
blood vessel from a healthy male Sprague-Dawley rat. These
images were acquired as a function of time following intrave-
nous infusion of a FITC-inulin and 500-kDa Texas red-dextran
mixture. Other than placement of a catheter in the vein, there
were no surgeries involved. A skin area of male genitalia of the
rat was imaged.

The clearance of FITC-inulin (in green) from the blood was
visible as the green color gradually disappeared over time.
At the end of 360 s after infusion, the fluorescent molecule left
in the blood was mainly the 500-kDa Texas red-dextran (in
red). The FITC-inulin-to-Texas red-dextran intensity ratio
value of the whole blood vessel region was calculated from
individual images and plotted as a function of time (Fig. 7). We
obtained an inulin plasma clearance rate constant k =
0.0097 + 0.0010 (s~ ') by fitting the data to Eq. 2. This rate
constant value is almost identical to what was measured
from imaging the kidney (Fig. 4). These results suggest
there is no difference between imaging the kidney vascula-
ture and imaging the skin in measuring inulin plasma
clearance rates.

o O data

fit

k=0.0097 £ 0.0010 (s)

0.9

0.8
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Fig. 7. Plasma clearance of FITC-inulin measured from within a blood vessel
(same data set as in Fig. 6) as a function of time using the FITC-inulin-to-
Texas red-dextran (500 kDa) intensity ratio. 0, Data points. The solid line is a
fit to the elimination phase using Eq. 2.

AJP-Renal Physiol « VOL 292

QUANTIFYING KIDNEY FUNCTION WITH FLUORESCENCE PHOTONS

7 —@— Intensity
09 o —{}— Ratio

Normalized Values

0.6

0.5 H

Time (second)
Fig. 8. Comparison between using FITC-inulin-to-500-kDa Texas red-dextran
intensity ratio (0) and directly using FITC-inulin intensity alone (@). Both
curves are normalized to their highest values, respectively. The peak of the
intensity-alone curve is delayed with respect to the peak of the ratio curve.
Other than that, both curves are significantly overlapped. The lines are used to
guide the eyes.

In principle, plasma clearance rates can be measured at any
bodily location where there is representative blood flow. We
have experimented to image blood flow from the skin of the
ear, using a skin flap (requires surgery), from the lips, and the
genital areas of Sprague-Dawley rats. We found the genital
area is relatively simple to image, involving fewer proce-
dures to perform, not having the problem of the hair (highly
fluorescent and a problem associated with imaging the ear),
or interference with essential physiological functions (e.g.,
blocking or interfere with the airway, a problem in imaging
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Fig. 9. Example showing that the intensity-alone data can be very noisy and
the points are scattered, but the ratio data points are much tighter with a
well-defined clearance curve. A: 3-kDa tetramethylrhodamine (TMR)-dextran-
to-500-kDa FITC-dextran intensity ratio. B: 3-kDa TMR-dextran intensity
alone. In this case, a mixture of 1.6 mg of the 3-kDa TMR-dextran and 1.6 mg
of the 500-kDa FITC-dextran dissolved in 0.5 ml saline was used for infusion.
The solid fit lines in both A and B are for guiding the eyes.
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the lips). Imaging the genitalia of the animal allows us to
directly experiment with the Sprague-Dawley model com-
monly used for different studies e.g., ischemia, without
needing to use special animals such as the nude rats.

Using intensity from a single probe vs. intensity ratio from
two probes. After fluorescent molecules are intravenously
infused into the animal, they will distribute in the plasma and
eventually reach concentration equilibrium. This dye distribu-
tion process usually requires a given period of time to com-
plete. However, on the other hand, the filtration function of
kidneys is a continuous function. At the moment a GFR marker
molecule is being injected into the bloodstream, it is filtered by
the kidneys almost instantaneously on reaching the kidney
glomeruli. As a result of this kinetic process, if one uses the
signal from a single GFR marker, the kinetics of plasma
distribution and plasma clearance processes are convoluted.
Different from using intensity values from a single source, by
infusing two probes at the same time, the initial plasma
distributions of the two molecules happen at the same time and
the contribution, due to plasma distribution, to the overall
kinetic signals is minimized using the ratio values of one probe
being filtered and the other being retained in the blood. This
difference is illustrated in Fig. 8. The fluorescence intensity
value (from FITC-inulin) peaked at ~20 s (Fig. 8) after
infusion was significantly delayed compared with the time
when the ratio value reached its peak (at ~7 s). At 20 s
postinfusion, FITC-inulin had already been filtered and present
in the proximal tubular lumen for >10 s (Fig. 1). Clearly, the
kinetic curve using FITC-inulin intensity (Fig. 8) alone mis-
aligns in time with the filtration process. As a result, the initial
data points were either not acquired or not used for retrieving
the rate constants of plasma clearance using signals from single
GFR markers alone (16). On the contrary, the peak of the
kinetic curve using intensity ratio data (Fig. 8) matches more
closely the appearance of dextran mixture in the renal peritu-
bular capillaries (usually within the time period of acquiring
one image frame, which is 1.22 s under our experimental
conditions). Therefore, the initial data points related to the
(plasma) clearance phase can be used for curve fitting using
a single exponential. Consequently, the decay trace using
intensity ratio data better represents the kinetics of plasma
clearance, simplifies the mathematical model used for fit-
ting, and allows rapid renal function analysis.

In addition, a comparison of the kinetic data between using
the intensity ratio and directly using the intensity value of a
3-kDa tetramethylrhodamine-conjugated dextran (3-kDa TMR-
dextran) alone is shown in Fig. 9. The differences include the
following.

1. The intensity fluctuation of the 3-kDa TMR-dextran alone
was quite significant (Fig. 9B). Consequently, the fitting result
of the clearance rate constant contains larger errors (>15%)
and is less defined. In contrast, the intensity ratio (between
3-kDa TMR-dextran and 500-kDa FITC-dextran) has signifi-
cantly less noise, and the measured clearance rate constant is
much better defined with significantly less error. This is par-
tially because fluorescence intensity is typically very sensitive
to even a slight change in focus and movement of the sample.
Intensity ratio, on the other hand, is insensitive to minor
changes in imaging depth and motion. We are focusing on the
fluorescence signals from the blood. The intensity signal of a
dye from the blood can change when the blood flow rate
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changes. However, the relative intensity ratio between two
molecules does not change even when the blood flow rate or
blood volume changes (assuming there is no clearance). This is
because both dye molecules are present in the blood and move
together.

2. As discussed earlier, the separation between the initial dye
distribution and the clearance phase is well defined using the
intensity ratio. In the case of using the intensity of a single
dye alone, it is more difficult to determine at what time point
the clearance phase begins. The highest data point in the
intensity curve typically does not correlate in time with the
appearance of the smaller molecule in the proximal tubule
lumen. Therefore, the dye distribution and the filtration
phases are convoluted in the intensity only curve (16, 21). If
we fit the data using the same model as the one to which we
fit the ratio curve, we may miscalculate the plasma clearance
rate.

Although the data shown in Figs. 8 and Fig. 9 are results using
a fluorescent GFR marker, the associated disadvantages of using
the signals from single marker molecules exist in other plasma
clearance-based GFR measurement techniques, when single
nonfluorescent marker molecules, e.g., ['*’I]iothalamate, tech-
netium-labeled diethylenetriamine penta-acetate, or >!Cr-EDTA,
are used. In these cases when ratios are not used, one has to
apply more complicated models to describe the whole plasma
clearance kinetics to retrieve the clearance rate constant of the
marker molecules.

In conclusion, as demonstrated in the animal experiments,
the ratiometric microscopic imaging technique we have devel-
oped provides a quantitative means for determining kidney
function with improved accuracy and sensitivity compared
with techniques using signals from single GFR marker mole-
cules alone. Consequently, it allows rapid evaluations of
kidney function and as a result the initial data points of the
clearance phase immediately postinfusion can be used ef-
fectively with a simple mathematical model, which provides
a tool for quantifying renal function even when it is sever-
ally reduced. This ratiometric technique eliminates the need
for continuous infusion, urine collection, and other proce-
dures used for measuring renal function, and it can be also
applied to improve other techniques used to determine
glomerular filtration function based on plasma disappear-
ance rates.
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