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Adriamycin (doxorubicin), a common cancer chemotherapeutic drug, can be used to induce a
model of chronic progressive glomerular disease in rodents. In our studies, we evaluated renal
changes in a rat model after Adriamycin injection using two-photon microscopy (TPM), optical
coherence tomography (OCT) and Doppler OCT (DOCT). Taking advantage of deep penetra-
tion and fast scanning speed for three-dimensional (3D) label-free imaging, OCT/DOCT system
was able to reveal glomerular and tubular pathology noninvasively and in real time. By imaging
renal pathology following the infusion of fluorophore-labeled dextrans of different molecular
weights, TPM can provide direct views of glomerular and tubular flow dynamics with the onset
and progression of renal disease. Specifically, glomerular permeability and filtration, proximal
and distal tubular flow dynamics can be revealed. 6-8 weeks after injection of Adriamycin, TPM
and OCT/DOCT imaging revealed glomerular sclerosis, compromised flow across the glomerular
wall, tubular atrophy, tubular dilation, and variable intra-tubular flow dynamics. Our results
indicate that TPM and OCT/DOCT provide real-time imaging of renal pathology in vivo that
has not been previously available using conventional microscopic procedures.
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1. Introduction

Chronic kidney disease (CKD) is a growing health
problem among the aging population.'™ It associ-
ates with a decline in renal function characterized
pathologically by reduced glomerular filtration rate
(GFR), glomerulosclerosis, interstitial fibrosis and
tubular atrophy/dilation.!**¢ Adriamycin (doxo-
rubicin) has been used to induce a model of CKD in
rodents producing results similar to human CKD."®

Kidney disease has been monitored using a
number of different imaging modalities, including
ultrasound, computed tomography (CT) and mag-
netic resonance imaging (MRI).>? Although these
techniques allow for noninvasive, deep penetration
and wide field-of-view imaging, they do not have
sufficient resolution to detect changes in renal mi-
crocirculation and pathology associated with mi-
croanatomy. Optical imaging techniques that have
higher resolutions and greater sensitivities will
provide more information for functional/structural
correlations of pathological events in the kid-
ney.'0"'6 Studies using confocal microscopy!”'®
have demonstrated the ability to image kidney mi-
crostructure on animal models with high-resolution
and fluorescence detection capability, but the pen-
etration depth has been limited to a few hundred
microns. Two-photon microscopy (TPM) is a
rapidly emerging technology for high-resolution
fluorescence molecular imaging and intravital
studies.'»190 TPM has been used for kidney
function studies to image blood flow, glomerular
filtration and permeability, tubular flow dynamics
and tubular re-absorption.'* 1631733

Optical coherence tomography (OCT) is another
established biophotonic imaging technology, which
has been developed for subsurface imaging of tissues
with high resolution (<10 pum) and 1-2mm pene-
tration depth.**® The performance of OCT is
comparable to that of the standard pinch biopsy and
histology. OCT has the capability of generating
high-resolution cross-sectional images of tissue mor-
phology in situ and in real time.?*3"" Its functional
extension Doppler OCT (DOCT) has been shown to
visualize blood flow noninvasively by measuring
Doppler frequency shifts in the OCT interference
signal caused by moving scatters (i.e., red blood

cells).!071341743 More recently, a novel OCT-based
technique for label-free 3D imaging of blood circu-
lations @n wvivo, termed optical microangiography
(OMAG), has been developed rapidly.**°

In the study, we use TPM and OCT/DOCT for
kidney function imaging on an Adriamycin-induced
murine model of CKD. Our objective is to demon-
strate the feasibility of using noninvasive intravital
imaging techniques TPM/OCT to observe renal
function within living kidneys in real time and
evaluate the onset and progression of CKD,*>! and
compare the characteristics of each modality. TPM
and OCT/DOCT imaging reveal tubular atrophy,
tubular distention, and glomerular sclerosis in the
distal nephron over the 4-8 weeks after injection.
Our studies indicate that combining TPM and
OCT/DOCT can be a valuable procedure for eval-
uating renal histopathology.

2. Materials and Methods
2.1. Animal models and procedures

The animal protocol has been approved by the
committee on animal care and use at the University
of Maryland College Park. Adult male Munich-
Wistar rats were used in this study. This strain of
rats has numerous superficial glomeruli in the outer
cortex”” that are accessible for TPM and OCT
observations. The rats were maintained on a stan-
dard Purina Rat Chow diet (Ralston Purina Co., St
Louis, MO, USA) and ad lib water intake. All rats
had normal kidney function as determined by
analyses of serum creatinine (less than or equal to
1.3mg/dl), urine volume and urine protein. Urine
volume was collected with metabolic cages. Urine
protein was tested with testing stick. Serum creat-
inine was measured using creatinine analyzer (Cre-
atinine Analyzer, Beckman Coulter, CA, USA).
Forty rats were imaged in this study and they
were regularly fed with normal rat chow with free
access to water at all times. Eight rats served as
control rats and 32 rats were injected with Adria-
mycin (1.5mg/kg). Adriamycin is a chemotherapy
drug, which will speedily induce renal injury due to
primary focal segmental glomerulosclerosis.*® Once
a week during the 8 week study protocol, five rats
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(one control and 4 rats injected with Adriamycin)
were weighed and 24 h urine volumes were collected
in metabolic cages. At the day of imaging, fresh
urine samples were tested for albuminuria (Albus-
tix, Leverkusen, Germany), and blood samples
taken from the tail vein were analyzed for serum
creatinine (Creatinine Analyzer, Beckman Coulter,
CA, USA). Prior to surgery, the animals were
anesthetized with isoflurane/O2 (isoflurane: 4%
induction and 1.5% during operation; O2: 1L /min)
and monitored routinely by tactile stimulation with
supplemental anesthetic added as needed to main-
tain initial depth of anesthesia. After induction of
anesthesia, the abdominal cavity was opened
through a midline incision, and the left kidney ex-
posed and studied using TPM and OCT for in vivo
imaging. Multiple images from different locations
were acquired. Immediately following imaging, the
kidneys were fixed in situ by flushing with warm
(i.e., 37°C) oxygenated saline, followed immediately
by phosphate buffered 2% paraformaldehyde and
0.1% glutaraldehyde. The fixed kidneys were ex-
cised and the rat was euthanized by intracardiac
injection of pentobarbital sodium to induce cardiac
arrest. Blocks of fixed kidneys were embedded in
paraffin, sectioned, stained with hematoxylin and
eosin (H&E), and then examined and photographed
with a light microscope (BH-2, Olympus, Center
Valley, PA).

2.2. OCT and DOCT

A high-speed, high-resolution Fourier-domain OCT
system was used in this study.'?:!3>375° The details
of the OCT system have been previously de-
scribed.'® Briefly, an OCT system consisting of a
swept-source laser (100 nm bandwidth at 1310 nm
center wavelength) yielding an axial resolution of
10 pm in tissue was used. A 10x objective (Olympus
Plan N, NA = 0.25) was used in the sample arm to
achieve a lateral resolution of 5—6 ym determined by
a USAF resolution target. The laser source operated
at a sweep rate of 16 kHz, allowing a series of two-
dimensional cross-sectional images to be captured in
real time to form a three-dimensional (3D) data set
(voxel size: 1024 [X] by 256 [Y] by 512 [Z] pixels;
dimension: 1.4 mm [X] by 0.325 mm [Y] by 1.90 mm
[Z]; acquisition time 20s). OCT interference data
were acquired to obtain both amplitude and phase
information after Fourier transform, and DOCT

signals were computed using standard phased-
resolved algorithm.”® Glomeruli were first located
by scanning the surface of the renal cortex, and 3D
data sets were acquired for each glomerulus. OCT
intensity images as well as DOCT images were
computed from the interference data for each frame
in the 3D data sets. Quantification of single glo-
merular microcirculation parameters was performed
offline using a custom image analysis program
written in Matlab (Mathworks, Natick, MA, USA).

2.3. Two-photon microscopy (TPM)

TPM images were acquired using a nonlinear optical
imaging system based on a custom-built multipho-
ton microscope and a Ti:Sapphire laser (Mira 900-F,
Coherent, Santa Clara, CA, USA) operating at
790nm wavelength and 120 fs pulse width.”"%®
A silicon oil immersion objective (Olympus 60x,
NA = 1.3) was employed for focusing the excitation
beam into tissue samples and was also used to collect
the backscattered intrinsic two-photon excited
fluorescence signals. The working distance of the 60x
objective limits the imaging depth to 300 pm into
kidney tissues. For Munich-Wistar rats, this dis-
tance is sufficient to image superficial glomeruli,
proximal and distal tubules in intact kidneys.
Fluorescent dyes were dissolved in 1.0ml sterile
isotonic saline solution and intravenously injected
into rats. Hoechst 33342 was used for nuclei labeling
(2mg/ml). Large molecule-weight (MW) 500-kDa
dextran-Fluorescein (5 mg/ml) was used for the vi-
sualization of blood flow, as well as glomerulus fil-
tration and permeability. Since large MW dextran is
not filtered by normal glomerulus and remains in the
vasculature, it labels the peritubular and glomerular
capillaries. Small MW 10-kDa dextran-Rhodamine
(2.5mg/ml) was used for the observation of glo-
merulus filtration, as well as visualization of proxi-
mal and distal tubules. All dyes were obtained from
Molecular Probes (Grand Island, NY).

3. Results

From the previous data, the normal sizes of
the proximal and distal tubules are around
25-40 pm.*?>*Y The normal sizes of glomerular and
Bowman’s space are around 97.40 £19.02 ym and
6.18 & 1.49 um, respectively.’ In the first 3 weeks
after Adriamycin injection, OCT reveals open
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Control

normal tubular opening.
e

Fig. 1.

-

big tubular opening

abnofmal tubtfaropening

OCT/DOCT imaging shows the tubules in rat kidneys. Cross-sectional OCT/DOCT images of normal (a) and diseased rat

kidneys after Adriamycin (Doxorubicin) induced CKD at week 2 (c) ,week 3 (e), week 8 (b,d,f). Less blood flow inside glomeruli was

seen at weeks 2 and 3 after drug induction (c, e).

lumens of uriniferous tubules (mainly proximal
convoluted tubules) that appeared rounded in
cross-sectional profile, with a mean diameter less
than 50 um (Figs. 1(a), 1(c), 1(e)). In rat kidneys
6-8 week post-injection, OCT shows closed lumens
and dilated uriniferous tubules with diameter up to
200 um (Figs. 1(b), 1(d), 1(f)). Figure 2 shows
representative TPM auto-fluorescence imaging of
kidney morphology. Figure 2(a) shows control kid-
ney with normal proximal and distal tubules. Fig-
ures 2(b) and 2(c) show CKD kidney 8 weeks after
Adriamycin injection. Dilated tubules (Fig. 2(b))
and atrophic tubules (Fig. 2(c)) were found from
these high-resolution fluorescence images. The
foregoing OCT/TPM observations are verified by
light microscopic examination of the same samples
using conventional H&E staining. The control rat
kidney shows normal appearance of the uriniferous
tubules (Fig. 3(a)), while the CKD rat kidney shows

Regular tubule

(a)

TPM imaging of regular tubules from control model (a) distended tubules (b) and atrophic tubules (c) induced by CKD.

Fig. 2.

Distended tubule

(b)

dilated tubules and regions of interstitial fibrosis
(Fig. 3(b)).

Figure 4 shows cross-sectional OCT/DOCT
images revealing renal microanatomy and the spa-
tial location of the DOCT signal within the glo-
merulus. The upper row images are from a control
rat kidney and the bottom row images are from a
CKD rat kidney 8 weeks following Adriamycin in-
jection. Sclerotic glomeruli are visualized and dis-
tinguished from normal by the irregularly distended
Bowman’s space volume and shrunken capillary
tuft (bottom row images). OCT can visualize the
shrinkage of the sclerotic glomerular capillary tufts.
The corresponding DOCT images from the same
plane depict reduced blood flow (i.e., fewer red/blue
color pixels in the bottom row images).

Healthy kidneys remove wastes and extra water
in the body. As blood flows into each nephron, it
enters a cluster of tiny blood vessels, which is the

Atrophic tubules

()
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Tubular dilation

Atrophic tubules

(b)

Fig. 3. Histology images with H&E staining (a) Normal tubules show regular size and opening, (b) CKD rat show distended

tubules and atrophic tubules.

Fig. 4. Increased Bowman’s space and decreased blood flow were seen in the glomerulus of week 8 CDK animal, indicating
glomerulosclerosis. Numbers on the top indicated different cross-sections across a single glomerulus.

glomerulus. The smaller molecules, wastes and fluid
are able to pass the thin walls of the glomerulus into
the tubule, while larger molecules, such as proteins
and blood cells, stay in the blood vessel.%!
Molecules traversing the filtration barrier called
the extracellular slit diaphragm in the glomerulus
are selected according to their size, shape and
charge.’>%% Previous data have shown that the slit
diaphragm forms the ultimate barrier for macro-
molecular permeability.?*%¢ The slit pore size was
reported to be a rectangular pore approximately
3.5-4nm by 1l4nm in cross-section and 7nm in
length in rat.%>%” The molecular sizes of the label-
ing fluorophores can be estimated from the equa-
tion R, = 0.066 MY/3, where M is the MW in
Dalton and R,;, is the radius in nm.°® The mo-
lecular radii of 10-kDa dextran-Rhodamine and
500-kDa dextran-fluorescein are around 1.4 nm and
5.2nm, respectively. Based on the sizes, we chose

10-kDa dextran-Rhodamine and 500-kDa dextran-
fluorescein for the observation of glomerulus per-
meability and filtration differences in normal and
CKD rats. 500-kDa dextran-Fluorescein was used
in TPM for the visualization of blood flow as shown
in Video 1. Figure 5 shows the normal filtration in
control animal [upper row, Video 2] and the ab-
normal CKD model [bottom row, Video 3]. Each
row shows time series of images at 0s (injection of
10-kDa Dextran-Rhodamine), 2s, 4s and 2min.
Slower blood flow and permeability in the CKD
model indicates glomerulosclerosis. Also the CKD
rat kidney shows selective filtration across specific
regions of the glomerular wall. Corresponding his-
tology (Fig. 6) shows a good correlation of the
anatomic features observed by OCT/TPM with
conventional H&E stained light microscopic ima-
ges. Figure 6(a) shows normal glomeruli including
capillaries and Bowman’s space. Figure 6(b) reveals
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2min

2min

Slow blood flow Slow filtration and Bowman’s space is
permeability filled with Rhodamine

Blood tlow in

Fig. 5. TPM imaging shows the normal filtration in control animal [upper row,Video2] and abnormal CKD model [bottom row,
Video3]. Each row shows time series of images at 0s (injection of 10-kDa Dextran-Rhodamine), 2, 4, and 2 min. Slow blood flow
and permeability in the CKD model indicating glomerulosclerosis (Video2, QuickTime, 25.2 MB; Video2, QuickTime, 12.2 MB).

Shrunken
glomeruli

Fig. 6. Histology images with H&E staining (a) Normal glomeruli shows capillaries and Bowman’s space, (b) Glomerulosclerosis
show glomerular degeneration and shrunken glomeruli (arrows).

50 um Control

(a)

8 weeks

High MW dextran leakage
(©)

Fig. 7. TPM imaging of dextrans filtration from glomeruli (a) Small molecule weight (MW) 10-kDa dextran-Rhodamine was
detected in proximal and distal tubules. In CKD model, injury of podocytes induced the leakage of high MW 500-kDa dextran-
Fluorescein into tubules (b, c).
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glomerulosclerosis with glomerular degeneration
and shrunken glomeruli.

TPM can also visualize glomerular permeability
and tubular flow dynamics in normal and CKD rats.
Figure 7 shows TPM imaging of dextrans in tubules
after filtration from glomeruli. In normal kidney,
small MW 10-kDa dextran-Rhodamine was detec-
ted in both proximal and distal tubules, but no large
MW 500-kDa dextran-Fluorescein was seen, as
shown in Fig. 7(a). In CKD model, injury of podo-
cytes induced the leakage of high MW 500-kDa
dextran-Fluorescein into tubules, as shown by the
yellow color (mixture of red and green) in Figs. 7(b)
and 7(c).

4. Discussion

Due to the highly inhomogeneous and light-scatter-
ing structure of living renal tissue, the application of
conventional imaging techniques is more difficult
compared with other parenchymal organs.®” More-
over, key physiological processes of the kidney, such
as glomerular filtration and hemodynamics, involve
complex interactions between multiple cell types
which might require more advanced imaging meth-
ods with improved resolution, imaging speed and
penetration depth.’” TPM offers many advantages
over conventional imaging techniques and is superior
for deep optical sectioning of living tissue sam-
ples.!416,20,21,27.57.69,70 ynamic regulatory processes
and multiple functions in the intact kidney have been
visualized using TPM in real time, noninvasively,
and with submicron resolution.”~"® The process of
glomerular filtration has been visualized with high
temporal resolution by using water-soluble, freely
filtered, low-molecular-weight fluorescent mar-
kers,'#32:33.7 which allows the calculation of single
nephron glomerular filtration rate (SNGFR).*> OCT
and DOCT (or optical Doppler tomography, ODT)
enable depth-resolved high-resolution tomographic
imaging of tissue microstructure and blood flow.*!*?
Thus, OCT/DOCT represent a powerful tool to
evaluate kidney status in vivo and in real time and
have been demonstrated in imaging living human
kidney. 101,75

In this paper, we applied TPM and OCT/DOCT
to evaluate kidney microstructures and associated
renal function in a murine CKD model induced
by Adriamycin at different time points in vivo and
in situ. Over time, the rats exhibited a decrease in
body weight, proteinuria, polyuria, and a rise in

serum creatinine values. Both TPM and OCT are
able to delineate the morphological architectures of
normal rat kidney and CKD kidney. OCT provides
larger field-of-view to locate glomerulosclerosis and
abnormal tubules, but with lower resolution. TPM
has smaller field-of-view but higher resolution, and
has the unique capability of fluorescence imaging.
OCT reveals dilated tubules, regions of tubular
degeneration, and associated interstitial fibrosis at
later stage (week 6-8). Finally, many of the glo-
meruli appeared shrunken and sclerotic. DOCT
shows that there are less visible capillary tufts with
distended Bowman’s space in CKD rat kidney,
which is difficult to obtain using conventional
medical imaging modalities. Conventional light
microscopy confirms same histopathological fea-
tures, including dilated tubules, interstitial fibrosis,
degenerating tubules, as well as sclerotic glomeruli.
TPM reveals additional detailed images of tubular
flow and glomerular permeability and filtration.
Another observation is the decreased blood flow and
permeability in the CKD model. The small MW
dextran also shows selective filtration across specific
regions of the glomerular wall in the CKD model.
The combined use of TPM and OCT imaging
techniques provides more comprehensive diagnostic
information that cannot be obtained from conven-
tional kidney function measurement such as blood
creatinine and urine volume.

In addition, TPM/OCT images may further
provide: (1) morphological/structural parameters
indicating tubular atrophy, glomerulosclerosis, and
interstitial fibrosis; (2) functional parameters indi-
cating renal hemodynamics and glomerular filtra-
tion rate (GFR). Specifically, we have quantified
tubular atrophy/hypertrophy during CKD pro-
gression using a fully automated computer-vision
algorithm based on machine learning.”® Future de-
velopment in computer-aided diagnosis (CAD)
methods might enable the quantification of glo-
merulosclerosis and interstitial fibrosis from OCT
images, hemodynamics from DOCT images, and
glomerular permeability from TPM images.

5. Summary

Our results demonstrate the strong potential and
promise for the application of TPM and OCT/
DOCT in imaging kidney pathology, as it provides a
more comprehensive real-time examination of renal
pathology. These techniques have the potential to
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become a powerful tool for functional optical renal
biopsy in the future.
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