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Abstract

The purpose of this study is to evaluate the utility of high-resolution noninvasive endogenous
high-field MRI methods for the longitudinal structural and quantitative assessments of mouse
kidney disease using the model of unilateral ureter obstruction (UUQ). T-weighted, T,-weighted
and magnetization transfer (MT) imaging protocols were optimized to improve the regional
contrast in mouse kidney. Conventional T and T, weighted images were collected in UUO mice
on day 0 (~3 hrs), day 1, day 3 and day 6 after injury, on a 7T small animal MRI system. Cortical
and medullary thickness, corticomedullary contrast and Magnetization Transfer Ratio (MTR) were
assessed longitudinally. Masson trichrome staining was used to histologically assess changes in
tissue microstructure. Over the course of UUO progression there were significant (p<0.05)
changes in thickness of cortex and outer medulla, regional changes in T signal intensity and MTR
values. Histological changes included tubular cell death, tubular dilation, urine retention, and
interstitial fibrosis, assessed by histology. The MRI measures of renal cortical and medullary
atrophy, cortical-medullary differentiation and MTR changes provide an endogenous, non-
invasive and quantitative evaluation of renal morphology and tissue composition during UUO
progression.
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INTRODUCTION

In vivo MRI techniques have been important in evaluating the functional, structural, and
metabolic integrity of the compromised kidney in a wide variety of renal pathologies[1]. The
application of non-invasive imaging methods in mice could be useful for the non-invasive
and serial evaluation of disease progression, particularly given the importance of mouse
models for the biological investigation of renal disease. Numerous studies have used
contrast agents to assess renal functional features, such as blood flow, blood volume or
glomerular filtration rates [2-5]. Others have explored endogenous contrast mechanisms to
assess properties such as oxygen delivery, using blood oxygenation level dependent or
microstructural features and bulk water transport using diffusion weighted MRI [6, 7]. The
goal of this study was to further optimize and apply endogenous contrast mechanisms,
including traditional T and T, weighted imaging, magnetization transfer (MT), in the
context of a mouse renal disease model.

Endogenous MRI contrast mechanisms could provide valuable readouts on renal
morphology, tissue microstructure and/or composition. For example, renal cortical
thickness, which may be assessed using high-resolution T, or T, weighted imaging, is a very
important index for many renal diseases [8], and has been shown to influence the estimated
glomerular filtration rate (eGFR)[9]. The loss of corticomedullary differentiation is another
common feature of kidney dysfunction and thus provides a reasonable standard for the
optimization of MRI contrast on T4 or T, weighted imaging. Indeed, changes in the contrast
between cortex and medulla have been observed on proton density weighted images that
correlate with disease status [10-12].

Magnetization transfer (MT) imaging is an approach that is sensitive to large, immobile
macromolecules distributed within tissue and could provide a means to evaluate, for
example, apoptosis and fibrosis within the kidney [13-15]. MT experiments utilize off-
resonance radiofrequency pulses to saturate macromolecular protons and the acquisition of
the free water proton MR signal at a time sufficient for proton exchange between the two
proton pools. The decrease in the water signal following exchange indirectly provides
information on the macromolecules. MT has been used to detect intestinal fibrosis [16],
parenchymal lung disease [17] and apoptotic cell death [18]. In the context of the renal
system, MT effects have been investigated in lean and obese rat kidneys [19].

In the context of mouse renal disease models optimization of these imaging methods is
required in order to overcome challenges due to the small kidney size, motion artifacts, local
magnetic field inhomogeneity, low regional contrast and signal to noise limitations. Thus, in
this study we first sought to optimize image acquisition protocols for T, and T, weighted
and MT imaging. Next, to evaluate the sensitivity of the optimized imaging protocols to
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assess disease progression, we serially acquired MR data in mice following Unilateral
Ureteral Obstruction (UUO).

In infants and children obstructive nephropathy is a primary source of renal impairment
[20]. The UUO animal model has enabled the elucidation of the cellular and molecular
events involved in obstructive renal injury [21]. Of particular importance to this study, UUO
in mice induces serial changes in renal structure and recapitulates key features of tubular
damage, apoptosis, and renal fibrosis [22]. This model has been extensively studied using
histological methods [23-29] and diffusion weighted imaging has been applied to evaluate
changes in fibrosis due to UUO [6]. These prior studies demonstrate the range of
pathological features observed during UUO and are invaluable in the biophysical
characterization and evaluation of the MRI readouts explored herein.

MATERIALS AND METHODS

Animal model

All procedures were approved by our Institution’s Animal Care and Usage Committee. For
unilateral ureteral obstruction, mice were anesthetized with 2% isoflurane and left kidney
exposed through the site of a left flank incision. The ureter was obstructed completely near
the renal pelvis using a 4-0 silk tie suture at two points. Sham-operated mice underwent the
same surgical procedure except for the ureter ligation. 12 UUO mice and 4 sham mice
(around 22 grams) were scanned longitudinally. UUO mice were scanned on day 0 (~3 hrs),
day 1, day 3 and day 6 following surgery. Sham mice were scanned before surgery and
again on day 1 and day 6 following surgery. An additional parallel group of mice were
examined on days 0, 1, 3 and 6 for histologic analysis (2 kidneys at each time point).

In vivo Imaging and Histology

MRI studies were performed using a volume coil on a Varian 7T horizontal bore imaging
system. Anesthesia was induced and maintained with a 1.5%/98.5% isoflurane/oxygen
mixture, and a constant body temperature of 37°C was maintained using heated air flow. All
imaging protocols used a field-of-view (FOV) of 25.6x25.6 mm?2. Fast imaging technique
and respiration gating were applied to minimize motion artifacts. A coherent gradient echo
sequence was employed for T1-weighted imaging (TR = 75 ms; TE = 2.25 ms; flip angle =
35°: number of excitations (NEX) = 81, resolution = 0.2x0.2x0.5 mm3), and flip angle was
varied for Tq contrast optimization (5°, 15°, 25°, 35°, 45°, 55°, 65°, 75°, and 85°). A fast
spin-echo (FSE) sequence (TR = 2000 ms; effective TE = 52 ms; RARE-factor 8, resolution
=0.1x0.1x0.5 mm3) was used to achieve T, contrast. A navigator echo was employed to
reduce motion artifacts. The TE (12, 24, 36, 48, 60, 72, 84, 96, 108, and 120 ms) was
systematically varied to optimize T, contrast.

For MT-weighted MRI, off-resonant radio frequency (RF) irradiation at different frequency
offsets was incorporated into a gradient echo sequence. Fifteen off-resonance frequencies
spaced from 250 Hz to 20 kHz were applied to determine and optimize the MT contrast. The
Magnetization Transfer Ratio (MTR) was calculated from a selected coronal slice using the
optimized protocol (TR=24 ms, flip angle=7°, TE=3.3 ms, matrix size=128x128, ST=1 mm,
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NEX=64). Off-resonant RF irradiation was accomplished by the use of a Gaussian RF pulse
at 6000 Hz, duration 12 ms, O¢, at 820°. The control image was acquired without MT
pulses.

Following the MRI examination kidneys were removed from euthanized mice and fixed
overnight in 10% buffered formalin. Paraffin tissue sections were stained with Masson
trichrome using standard procedures.

Data analysis

RESULTS

All data were analyzed using MATLAB 2011a (The Mathworks). Images were registered
using a rigid registration algorithm with mutual information [30]. Kidneys and regional
ROIs were manually segmented with reference to high-resolution anatomic images [31]. The
longitudinal relaxation time T, was estimated for each voxel using the dual-angle
approach[32, 33], and the transverse relaxation time T, was extracted from a
monoexponential fit to the signal decay curve for each voxel using a least-squares
calculation routine. The ratio of the averaged signal intensity between outer medulla (OM)
and cortex (Iom/lc) was calculated at each time point after surgery. Average cortical
thickness in every mouse was calculated by measurement in nine locations, from the renal
capsule to the edge of the outer strip of OM in the equatorial horizontal slice. The average
OM thickness was calculated by measuring the distance from the edge of the inner medulla
(IM) and papilla to the edge of outer strip of OM in the same slice[34]. At each location,
thickness was determined as the shortest distance from the selected point to another sphere.
The averaged thickness evaluation of cortex or OM was calculated as

, 1
Thzckness:gz;);l \/(1‘1 - rj)z—l—(yi — yj)2 (1)

where(xj, yj) and (X;, yj) are the coordinates of points i and j respectively.

The MTR was defined as

SO - Ssat

0

MTR=

where § and Sy were the signal without and with MT saturation, respectively. For each
parameter above, a Student’s t-test was used to compare UUO kidneys to those founding
sham mice in the longitudinal study.

Optimization of Imaging Methods

To enable measurements of cortical/medullary thickness and contrast among cortex, outer
medulla (OM), and inner medulla and papilla (IM+P) of kidney, optimal acquisition
parameters were determined using contrast enhancement curves (Figure 1). The difference
in signal intensities between anatomically relevant regions of interests (ROI) was varied by
acquiring images over a range of specific MRI parameters such as flip angle, TE, or RF
offset. The observed T, times of cortex, OM and IM+P were 1.2+0.1 s, 1.7+0.3 s, and
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1.8+0.3 s, respectively. The measured T times of cortex and OM are reasonably longer than
those reported for human kidney at 3.0 T (1.1 s and 1.6 s for cortex and OM
respectively[35]). Using these T4 times the Ernst angle was estimated to be 20° with a
TR=75 ms. The maximum signal was observed around 20° for cortex and OM (S1 and S5 in
Fig. 1a). However, to maximize Tq contrast between tissues, full recovery needs to be
avoided by using a short TR and large flip angle. The contrast enhancement curve S1-S,
(Fig. 1a) is in agreement with this. With a TR of 75 ms, a flip angle of 34° provided
maximal T contrast between the cortex and OM on a T1-weighted image (see * in Figure
1a).

A multi-slice fast spin echo imaging sequence was used for T,-weighted imaging and an
echo train length of eight was selected as it provided a reasonable balance between T,
blurring artifacts and short scan durations. An effective echo time in the range 40-60 ms
yielded optimal T, contrast between the cortex and medulla (Fig. 1b). The T, times of
cortex, OM, and IM+P were about 38+3 ms, 47+4 ms and 64+6 ms respectively. These
values are consistent with those reported for murine kidney at 7T[36]. Optimal T, contrast
was obtained by setting the TE in the range of T, times of the tissues of murine kidney. For
MTC (Fig. 1c), an off-resonance frequency ~6000 Hz yielded the best MT contrast between
renal structures.

The optimized T1-weighted, To-weighted and MTC images of the kidneys in a control
mouse at 7T provided sufficient contrast for corticomedullary differentiation (Fig. 1). The
T1-weighted images enabled clear visualization of the interlobar arteries and veins within
the kidney (Fig. 1a). With high resolution T,-weighted images (0.1 x 0.1 x 0.5 mm3), fine
structures such as medullary rays could be resolved (Figure 1b). In MTC image, the inner
medulla and papilla exhibited the least degree of saturation, as exhibited by low MTR
(Figure 1c).

MRI based regional definition and thickness assessment

Figure 2 shows example images used for the delineation of cortex, outer medulla (OM),
inner medulla and papilla (IM+P) in a control kidney. The contrast in the outer strip of outer
medulla (OSOM) is similar to that in cortex but visually different than that in the inner strip
of the outer medulla (ISOM). However, the presence of blood vessels running between the
OSOM and the cortex enabled the delineation of these structures (Fig. 2a). In this study, the
cortical thickness measurements do not include the OSOM. The measurements of OM
thickness presented herein represent both the OSOM and the inner strip of the outer medulla
(ISOM). Representative locations for measuring cortical thickness in the equatorial slice are
indicated by crosses in Figure 2b. The cortical and medullary thickness of the left and right
kidneys measured across 12 control mice is shown in Fig. 2c. The average thickness of the
cortex and outer medulla across mice is 1.2+0.1 mm and 2.0+0.1 [standard deviation across
mice], respectively.

Anatomic MRI and histologic assessment of UUO disease progression

Figure 3 shows in vivo representative T1-weighted and T,-weighted images of the UUO CL
kidneys in a mouse 3 hours and 1, 3 and 6 days after obstruction. Throughout the duration of
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the study, structural features such as kidney size, cortical and medullary thickness, and
features of medullary rays were maintained as evidenced by normal regional differentiation
in the CL kidney. In contrast, urine started to collect within the renal pelvis of the UUO
kidney 3 hrs after the surgery (Fig. 3a). Generally, the size of the UUO pelvis substantially
increased as compared to the CL kidney, accompanied by a decrease in the thickness of the
OM and cortex. In the UUO kidney, the medullary rays were normal appearing 3 hrs post
surgery (Fig. 3a) but were partially lost by day 1. By day 3, the medullary rays began to
globally disappear (Fig. 3c). Interestingly, cortical-medullary contrast was lost on To-
weighted images but was maintained on Tq-weighted images. By day 6, the medulla in the
UUO kidney was greatly deformed and there was substantial thinning of the OM and cortex
(Fig. 3d). Most of the medullary ray structures disappeared at this stage, which made the
separation of ISOM and IM more difficult. Note that due to partial volume effects in the IM
+P region from urine accumulation and gross morphologic expansion, regional
quantification measures in this study focused only on the cortex and OM.

Serial Masson trichrome staining of UUQ kidney cortex tissue revealed typical features of
UUO renal disease. Normal features appeared in the histologic sections 3 hrs after surgery
(Fig. 3a). Tubular dilation was observed from day 1 (Fig. 3b). Tubular atrophy and tubules
with denuded basement membranes were detected on day 3 (Fig. 3c). The tubulointerstitial
region expanded drastically after UUO from day 1 to day 6 (Figs. 3b-d), as indicated by
destructive morphology of renal tubules (asterisks). Interstitial fibrosis was observable on
day 3 and became more pronounced by day 6 (light blue area indicated by black arrow in
Fig. 3c-d). The relative volume of kidney occupied by normal tubules also decreased
dramatically. Previous histologic analysis of UUO progression revealed increased cell
proliferation in the cortex, tubular atrophy and necrosis [6, 23-29, 37].

Characterization of UUO disease using MT imaging

Representative MTR measurements on day 3 and day 6 are shown in Figure 4. On day 3, the
MTR values in the OM (0.470 + 0.021) and cortex (0.502 + 0.022) were quite similar in the
CL kidney, while the IM+P showed much lower MTR (0.373 = 0.043). In the UUO kidney
(Fig. 4a) on day 3, obstructed urine showed very low MTR (0.055 + 0.084). The MTR in
OM (0.431 £ 0.032) and cortex (0.465 * 0.041) of the UUO kidney were substantially lower
than those found in the CL kidney. By day 6 (Fig. 4b), the MTR of the OM and cortex in
UUO kidneys decreased to 0.419 + 0.035 and 0.454 + 0.023, respectively.

Longitudinal comparison of MRI measurements

The mean cortical and OM thicknesses in sham kidneys were 1.2 £ 0.1 and 2.0 + 0.1 mm,
respectively (n=12). In UUO mice, the thicknesses of the cortex and OM in CL kidneys
were 1.2 £ 0.1 and 2.0 + 0.1 respectively (n=12), and they did not show evident changes
during disease progression (Fig. 5a). However, in the UUO kidney, OM showed significant
thickness variations in as little as 3 hrs (p=0.005) that continued into day 1 (p<0.001) after
surgery. By day 6, the OM exhibited regional deformation and shrinking, and the medullary
rays within the ISOM disappeared in some regions of UUO kidneys. Only regions with
preserved ray structures were considered as ISOM for measurements at this stage. The
thicknesses of the OM decreased by 72% on day 6. Evident decreases in cortical thickness
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were observed on day 1 (p = 0.008), while more significant variations appeared at day 3
(p<0.001). The thicknesses of the cortex and OM decreased by 33% over the course of 6
days following UUO.

The intensity ratio between OM and cortex (Iop/lc) in sham kidneys were 0.758+0.056 and
1.274+0.083 in T1 and T, weighted images, respectively (n=12). In UUO mice, the signal
intensity ratio for T1 and T, images in the CL kidney remained constant (n=12) over the
duration of the experiment (Fig. 5b). However, in the UUO kidney, significant changes in
the Iopm/Ic on To-weighted images were detected as early as 3 days post surgery (p < 0.001)
and decreased by more than 10% over the course of 6 days, as compared to sham kidneys
(Fig. 5b). No such change was found in UUO kidneys on Tq-weighted images.

The MTR of cortex and OM in sham kidneys were 0.510+0.007 and 0.491+0.010,
respectively (n=8). Small to significant changes in MTR of UUOQ kidneys were observed
from day 1 to day 6 after surgery (Fig. 5¢). Slight reductions in MTR showed up in cortex
(3.5%) and OM (4.0%) in UUO kidney on day 1 (p=0.026 and p=0.105, respectively), while
significant decrements in MTR were found in cortex (9.0%) and OM (14.2%) of UUO
kidney on day 3 (p<0.001). By day 6, the MTR in cortex and OM in UUQ kidney decreased
by 9.3% and 16.7%, respectively (p<0.001).

DISCUSSION

In this study, the optimized MRI protocols enhanced tissue contrast and structural
delineation within the mouse kidney. The use of Tq, T, and MT-imaging exhibited suitable
sensitivity to disease-induced variations in kidney structure and composition. The observed
abnormalities in renal MRI features during UUQ disease progression were accompanied by
notable histologic changes.

Renal cortical thickness

Renal cortical thickness is an important index for many renal diseases. To assess the average
thickness of the cortex and OM we sampled 9 regions in the equatorial slice, in which the
2D cutting is perpendicular to the capsule and medullary base. The vessels in the subcortical
zone of the OSOM helped delineate the cortex, even though they exhibit similar contrast on
anatomic images. While this approach provides a reasonable first estimate we would expect
that isotropic ultra-high resolution MRI imaging with automatic segmentation could
improve the reliability and reproducibility of such measures. The reported murine renal
cortical thickness in literature is variable (1.1-1.7 mm) and depends on the regional contrast
provided by different imaging methods used, the cortical definition difference and different
approaches for evaluating thickness [38-40]. In our study, the MR-derived cortical thickness
(1.2+0.1 mm) agrees well with that measured using histology (1.17+0.1 mm) [38].

In this study, renal deformation and variation of OM thickness provided the most sensitive
MRI features of UUO progression, with changes detected as early as 3 hrs after injury. The
early decrease in cortical thickness on UUO day 0 could be due to the global stretch. At later
time points, the further decrease in cortical thickness of the UUO kidney is likely associated
with global renal expansion caused by urine retention in the pelvis and, potentially, cortical
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tubular atrophy. The decrease in the thickness of the OM of UUO kidney could be related to
apoptosis and tubular atrophy in medulla[37]. A more systematic histologic analysis is
warranted in order to verify the underlying biophysical basis of the changes observed with
MRI. The variation in OM thickness measurements in different region was larger than that
of cortex, likely due to the observed severe medullary deformation and partial volume
effects resulting from the expansion of the IM+P.

Cortical-medullary contrast

The signal intensity ratio between the OM and cortex on To-weighted images was sensitive
to UUO progression, as early as day 1 after surgery, while that on T1-weighted images was
not. In general, the T, relaxation time is a sensitive marker to changes in water
compartmentation (e.g. whether intra- or extracellular) and the biochemical composition of
and water exchange between these compartments. The T, changes observed here are likely a
complex interaction between the underlying physiologic, structural and molecular features
of the diseased kidney, including dilated proximal tubules, tubules with denuded basement
membranes, interstitial expansion, ECM (extracellular matrix) accumulation and fibrosis,
and altered hemodynamics in the cortex, and apoptosis, tubular atrophy and epithelial
replacement of tubular segments in medulla[37]. Thus, the signal intensity ratios reflect an
uneven variation of these features between the cortex and medulla. At the expense of a
longer acquisition time, the spatial comparison of quantitative T4 and T, maps with relevant
histological (or mass spectrometry) indices could help separate the biophysical basis for the
findings in this study. It is encouraging that these relatively straightforward acquisition and
analysis techniques are able to consistently identify abnormalities within renal tissue beyond
the expected morphometric changes.

Sensitivity of MTR measurements

Previous studies have revealed that ADC (apparent diffusion coefficient) variations in cortex
are associated with changes in cell density and fibrosis in UUO kidneys between days 3 and
7 [6]. The MTR measure used herein provides complementary information on the renal
microenvironment, owing to its sensitivity to the macromolecular composition of tissue.
During early stages of UUO disease progression (day 0 — day 3), the MTR values in OM and
cortex of UUO kidneys decreased, as compared to normal tissue, with a more substantial
change in the OM. By day 6 the MTR of the OM continued to decrease but remained
constant in the cortex.

The decreased MTR values in OM suggest reduced macromolecular content, which could be
related to apoptosis, tubular atrophy and urine retention[37]. Apoptosis produces changes at
the molecular and cellular levels, including a breakdown of proteins. In the renal cortex,
variations in MTR values potentially reflect the net effect of a host of biological changes
including tubular dilation, tubules with denuded basement membranes, expansion of the
tubulointerstitial region filled with massive cells, proliferation of myofibroblasts and
fibrosis, and cortical tubular atrophy[6, 37]. Tubular dilation, denudation of the basement
membrane and tubular atrophy would decrease MTR values while fibrosis would have the
opposite effect. In this study, the histologic analysis indicated that tubular dilation and
degeneration were present at day 1 after UUO surgery while tubular atrophy and fibrosis
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increased from day 3 to day 6[6]. While MTR values exhibited a rapid decline initially, the
rate of change slowed down from day 3 to day 6, which could reflect the increase
contribution of fibrosis.

The observed MTR variations within the kidney during UUO progression depend on the
complex contribution of a number of simultaneous biological changes. While MTR has
shown a notable sensitivity to UUO progression, this semi-quantitative metric is also
sensitive to various experimental parameters, including the radio-frequency (RF) pulse
irradiation power, frequency offset and tissue relaxation properties, which reduces the
specificity of this method. To reduce these dependences and to potentially increase
specificity, quantitative magnetization transfer (qMT) imaging techniques could enable the
acquisition of more specific biological readouts such as pool size ratios that better reflect
variations in macromolecular content. Establishing the links between the MRI and
pathologic findings is a subject of ongoing investigation.

CONCLUSIONS

In this study, non-invasive in vivo imaging methods for high-resolution evaluation of mouse
models of renal disease were optimized and validated in a commonly used animal model of
obstructive nephropathy. Changes in renal structure, relative signal intensity ratios and MTR
measurements were detected early in the course of UUQ disease progression at times when
histologic abnormalities were also apparent. As these methods leverage endogeneous
contrast mechanisms and are easily implemented they should enable the assessment of
abnormal renal structure and composition across a wide range of pathologies.
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Figure 1.
Contrast Optimization. (a) T;-weighted image (top), T1 map (middle), and a comparison of

the signal intensity versus flip angle between cortex and outer medulla (bottom). (b) T,-
weighted image (top), T, map (middle), and a comparison of the signal intensity versus echo
time (TE) between cortex and outer medulla (bottom). (¢c) MTC images (top), MTR map
(middle), and the influence of irradiation-offset frequency (bottom) on contrast between
cortex and inner medulla. 1-cortex, 2-outer medulla (OM), and 3-inner medulla and papilla
(IM+P).
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Figure 2.
Measurements of cortical and medullary thickness. (a) Representative T1-weighted and T»-

weighted images used for ROI delineation. White arrows indicate the presence of vessels in
OSOM that were used to differentiate between cortex and OSOM. (b) Example ROIs used to
assess cortical and medullary thickness. OSOM: outer strip of outer medulla, ISOM: inner
strip of outer medulla, and IM+P: inner medulla and papilla. White crosses indicate the
representative locations used to define the outer boundaries of the cortex. (c) Averaged
thickness of cortex and outer medulla in the left and right kidneys in control mice (n=12).
The standard deviations (error bars) were calculated from the 9 locations.
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a. Day 0 (3 hrs)

Figure 3.
Invivo T1- and To-weighted images showing the UUO (left) and contralateral (right)

kidneys at (a) 3 hrs, (b) 1 day, (c) 3 days and (d) 6 days after surgery. At each time point,
representative histological sections (Masson trichrome stain) from UUQ kidneys are shown.
White arrows indicate the accumulation of urine within the UUQ kidney 3 hrs after surgery.
Red arrows indicate the loss of the medullary rays. Yellow arrows indicate the thinning of
cortex and outer medulla. The tubulointerstitial region substantially increased, as indicated
by destructive morphology of renal tubules (*) and fibrosis (black arrows). Tubular atrophy
is indicated by green arrow and tubule with denuded basement membranes is indicated by
purple arrow.

Magn Reson Imaging. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wang et al.

Page 15

Figure 4.
Representative Tq-weighted images (T1W) and MTR maps on (a) day 3 and (b) day 6 after

UUO surgery. Regions delineated by arrows are the same as those defined in Figure 1.
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Figure 5.
Temporal variations in the (a) cortical and medullary thickness (n=12), (b) T1-weighted and

To-weighted image signal intensity ratios between OM and cortex Igp/lc (n=12), and (c)
regional MTR (n=8) of CL and UUO kidneys. * p <0.001 vs sham mice.
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