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Developing mammalian embryonic kidney becomes
progressively more elaborate as the ureteric bud
branches into undifferentiated mesenchyme. Mor-
phological perturbations of nephrogenesis, such as
those seen in inherited renal diseases or induced in
transgenic animals, require careful and often tedious
documentation by multiple methodologies. We have
applied a relatively quick and simple approach com-
bining two-photon microscopy and advanced three-
dimensional (3-D) imaging techniques to visualize
and evaluate these complex events. As compared with
laser confocal microscopy, two-photon microscopy
offers superior optical sectioning deep into biological
tissues, permitting analysis of large, heterogeneous,
3-D structures such as developing mouse kidney. Em-
bryonic and newborn mouse kidneys were fluores-
cently labeled with lectins, phalloidin, or antibody.
Three-dimensional image volumes were then col-
lected. The resulting volume data sets were processed
using a novel 3-D visualization technique. Recon-
structed image volumes demonstrate the dichoto-
mous branching of ureteric bud as it progresses from
a simple, symmetrical structure into an elaborate,
asymmetrical collecting system of multiple branches.
Detailed morphology ofin situ cysts was elucidated in
a transgene-induced mouse model of polycystic kid-
ney disease. We expect this integration of two-photon
microscopy with advanced 3-D image analysis will
provide a powerful tool for illuminating a variety of
complex developmental processes in multiple dimen-
sions. (Am J Pathol 2001, 158:49—-55)

The study of biological development has been furthered
by recent advances in molecular biology. For example,
transgenic animal models allow for the selective expres-
sion of genes, permitting analysis of developmental con-
sequences of specific mutations. In vivo expression of
chimeric green fluorescent proteins fused to specific re-
combinant proteins permit the analysis of spatio-temporal
protein distribution. Nonetheless, our understanding of
development is still confounded by the inherent three-
dimensional (3-D) complexity of tissues and organs. De-
velopmental processes are difficult to evaluate by con-
ventional histological approaches. Though 3-D data may
be assembled from serial tissue sections, the process is
laborious and the resulting image volumes are difficult to
analyze.

Laser confocal microscopy rapidly captures optical
sections, thereby offering a relatively quick method for
generating 3-D image volumes from fluorescently labeled
tissues. When originally introduced, this potential was
hampered by the lack of microscope objectives capable
of collecting image volumes more than a few microns
thick. Water immersion objectives with longer working
distances now give confocal microscopes the potential to
collect image volumes up to hundreds of microns in
thickness.'™® In practice, however, significant light scat-
tering in biological tissues limits the depth of confocal
imaging. This problem has, in turn, been addressed with
the development of two-photon microscopy, a method of
optical sectioning that dispenses with the confocal aper-
ture and, thus, more efficiently collects scattered fluores-
cence.* Two-photon microscopy now offers the ability to
image biological structures whose size is on the scale of
millimeters with submicron resolution.
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Evaluation of data sets is complicated by the difficulty
of analyzing cubic image volumes. First, the size of the
digital image volumes with this kind of scale and resolu-
tion may exceed 50 to 100 megabytes, imposing huge
processing requirements for data handling and analysis.
Second, the three-dimensionality of such data is lost in
2-D image displays and printouts. While there has been
an explosive development of digital image technology in
computer gaming, multimedia, and even medical imag-
ing, very little of this technology has been applied to
analysis of microscopy image volumes. In this report, we
use novel image processing tools specifically designed
for analysis of microscopy image volumes.

The present study offers a new methodology to assess
morphology and function of developing mouse kidney
using a combination of two-photon microscopy and ad-
vanced image processing techniques. Development of
mammalian kidney is particularly intriguing because
nephrogenesis involves the reciprocal induction of two
distinct embryonic tissues: the Wolffian duct-derived ure-
teric bud and the metanephrogenic mesenchyme. In the
mouse, nephrogenesis begins at embryonic day 11 and
is still apparent in newborn kidneys.® The ureteric bud
branches to form the urinary collecting system, while the
mesenchyme divides and differentiates into nephric ep-
ithelia (nephrons) or stroma.® Careful reconstruction of
serial histological sections,®” scanning electron micros-
copy,® and microdissection of individual nephron seg-
ments®~'® are established methods of reassembling 3-D
events of nephrogenesis.

Two-photon microscopy permits in situ analysis of pro-
tein distribution while simultaneously defining 3-D tissue
microstructure. Therefore, we stained kidneys with fluo-
rochrome-conjugated lectins, phalloidin, or Tamm-Hors-
fall antibody. Lectins were chosen because these sugar-
binding proteins can reproducibly bind to and
discriminate between the developing kidney structures. ™
Phalloidin serves as a molecular marker for filamentous
actin (F-actin). Tamm-Horsfall protein is produced by
thick ascending loop of Henle and serves as a marker of
the distal nephron.’® Morphological analysis was per-
formed on kidneys from normal embryonic and newborn
mice and transgenic inv mice with polycystic kidney dis-
ease (PKD). Mice homozygous for inversion of embryonic
turning (inv/inv) have polycystic kidneys'® and, as such,
were used to demonstrate the power of two-photon mi-
croscopy in establishing morphology of in situ cyst for-
mation.

Materials and Methods

Animals and Tissue Procurement

Handling, care, and euthanasia of mice conformed to
institutional animal care guidelines. After euthanasia, kid-
neys were harvested from embryonic (E) or early post-
partum (P) mice and placed in 4% paraformaldehyde/1 X
phosphate buffered saline (PBS; Fisher Scientific, Fair
Lawn, NJ) for overnight fixation. Conditions were as fol-
lows:

Normal embryonic kidneys were obtained from timed
pregnant CD-1 female mice (Harlan, Indianapolis, IN).
Pregnancy was dated using presence of vaginal plug as
embryonic day (E) 0.5. Embryonic kidneys were dis-
sected on E11.5, E13.5, and E17.5.

Postpartum day 5 (P5) kidneys were obtained from
OVE210 inv mice (inversion of embryonic turning, pro-
vided by Paul Overbeek, Baylor College of Medicine,
Houston, TX).

Fluorescence Labeling

Kidneys were removed from paraformaldehyde and
washed in 1X PBS for 4 hours at room temperature.
Kidneys of newborn mice (P5) were vibratome-sectioned
(40-180 um thick). Embryonic kidneys were processed
without vibratome sectioning. Tissues were incubated
overnight (4°C) with one of the following: fluorescein-phal-
loidin (Molecular Probes, Eugene, OR), fluorescein-soy-
bean agglutinin, rhodamine-Dolichos biflorus, rhodamine- or
fluorescein-Lens culinaris, rhodamine- or fluorescein-peanut
agglutinin (Vector Labs, Burlingame, CA), or Tamm-Horsfall
antibody (Biomedical Technologies Inc., Stoughton, MA).

The lectin peanut agglutinin (PNA) stains ureteric bud,
collecting duct, and proximal tubule. Dolichos biflorus
(DBA) and soybean agglutinin (SBA) stain collecting duct
and ureteric bud. Lens culinaris agglutinin (LCA) binds
sugars in mesenchymal, tubular, and vascular structures.
Phalloidin (790 daltons) is a bicyclic peptide that stains
F-actin. Tamm-Horsfall glycoprotein is expressed in thick
ascending loop of Henle.'® Fluorescein-goat anti-rabbit
was used as secondary antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA). Lectins, phalloi-
din, and antibodies were diluted 1:200 in a solution of 2%
bovine serum albumin, 0.1% Triton-X 100, and 1X PBS.
After a 4-hour wash in 1X PBS, tissue was mounted as
follows: (i) vibratome sections were placed in 1X PBS on
glass slides with glass coverslips and sealed with clear
nail polish and (ii) embryonic kidneys were placed in
glass bottom No. 1.5 culture dishes (MatTek Corp., Ash-
land, MA) with tissue held in place by a lid of cooled 1%
agarose (Fisher Scientific).

Two Photon Microscopy

Two-photon microscopy was performed using a BioRad
MRC1024 confocal/2 photon system (BioRad, Hercules,
CA) fitted to a Nikon Eclipse inverted microscope with a
60x-water immersion, NA 1.2 objective (Nikon, Melville,
NY). The thickness of individual coverslips was measured
by micrometer, and the objective adjusted accordingly
before imaging of each sample. lllumination was pro-
vided by a Spectra-Physics (Mountain View, CA) Tsunami
Lite Titanium-Sapphire laser tuned to a wavelength of 820
nm. Data sets were collected as Z-series of 200 to 400
images with a spacing of 0.4 um.

Image Analysis

Real time rendering was performed using Interactive Vi-
sualization and Imaging Environment (IVIE) software de-



Figure 1. Stereopairs of developing embryonic kidneys imaged by two-
photon microscopy. Whole kidneys were microdissected from wild-type
mouse embryos, stained with fluorescently conjugated lectins, and imaged
by two-photon microscopy. Three-dimensional image processing reveals
weak staining of undifferentiated mesenchyme in an E11.5 metanephric
rudiment stained with rhodamine-PNA (A). By day E13.5, the simple, dichot-
omously branching ureteric bud is noted to have a cobblestone surface when
stained with rhodamine-PNA (B) and a spiculated internal structure when
stained with fluorescein-SBA (C). Each image is 205 wm across. A shows
projections collected over a depth of 68 um, B a depth of 74 um, and C a
depth of 116 pm. These and all subsequent stereopairs are also reproduced
as rotating projections located at http://renal.nephrology.iupui.edu/phillip
setal.

veloped at Indiana University-Purdue University at India-
napolis. The IVIE software provides volume rendering at
speeds of 4 to 8 frames per second for 256 X 256 X 256
pixel image volumes. Currently in prototype, this software
provides for color manipulations, zooming, 2-D and 3-D
image processing tools, and animation making tools. The
image volume animations shown here were generated at
8 frames per second using a Silicon Graphics Octane/SE
workstation with one 270 MHz R12000 processor, 256
MB of RAM, and 4 MB of texture memory. Satisfactory
results may be obtained with lower end Silicon Graphics
02 workstations, and the software is currently being
ported to PCs running Windows 2000. The rendering
shown in Figure 4 was produced using the PC version of
this software, written in C++, and using OpenGL to
control an NVIDIA GeForce2 graphics processor (NVIDIA
Corp., Santa Clara, CA) on the video board. The program
renders each set of images in back-to-front order, com-
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bining them using the “over” blending operator and a
nonlinear opacity function. Other examples and details
can be seen at http://www.cs.iupui.edu/arvl/volume. Ste-
reopairs, rotating animations, and 2-D images were pre-
pared using Metamorph (Universal Imaging, West Ches-
ter, PA), Premiere (Adobe, Mountain View, CA), and
Photoshop (Adobe) software. Scale bars have been omit-
ted from stereopairs, as they interfere with stereo image
formation.

Results

We have combined two-photon microscopy with 3-D im-
age analysis to evaluate the development of normal and
cystic kidneys. The image volume data are represented
in three forms. First, each image volume is presented as
a stereopair, constructed by projecting the image vol-
umes from two different angles. The stereoscopic images

Figure 2. Stereopairs of embryonic day 17.5 kidneys imaged by two-photon
microscopy. E17.5 wild-type kidneys were microdissected and labeled with
fluorescein-tagged PNA (A and B) or fluorescein-phalloidin (C) to illustrate
branches of ureteric bud surrounded by differentiating mesenchyme. PNA
shows intense staining of ureteral bud branches and ampullary tips but
weakly stains mesenchyme undergoing conversion to epithelial structures (A
and B). After phalloidin staining, this condensed mesenchyme can be seen
adjacent to the circular cross sections of ureteric bud (C). Careful inspection
of A and B reveals the emergence of faintly staining tubule segments that
bridge between the developing nephrons and the ampullae. Each image is
205 microns across. A shows projections collected over a depth of 139 um,
B a depth of 137 um, and C a depth of 16 um.
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Figure 3. Stereopairs of newborn mouse kidneys imaged by two-photon
microscopy. Vibratome sections of P5 kidneys incubated with rhodamine-
conjugated lectins LCA (A) or PNA (B and C). A shows a normal arcuate
artery giving off an interlobular artery which has two afferent arterioles with
attached glomeruli. B shows normal proximal tubules and scattered collect-
ing ducts with apical labeling of intercalated cells. C shows cystic proximal
tubules from an inv/inv mouse. Compare the cystic collecting duct of C
(lower left corner) to those in B. Each image is 205 microns across. A
shows projections collected over a depth of 100 uwm, B a depth of 77 um, and
C a depth of 130 pum.

may be viewed with a stereo viewer. Alternatively, the two
images may be fused into a 3-D image either by crossing
one’s eyes or by focusing to an infinite distance until the
two images converge. Second, rotations, constructed by
presenting a series of projections constructed from dif-
ferent angles, are presented at the website http://renal.
nephrology.iupui.edu/phillipsetal. Third, animations con-
structed with the IVIE real-time rendering software may
also be found on this website. This software is capable of
rendering 3-D volumes at rates of 4 to 8 frames per
second, permitting an investigator to interactively evalu-
ate an image volume by using a mouse to “grab” and
manipulate the volume. Although the animations pre-
sented here do not allow interactive inspection of image
volumes, the experience can be approximated by manip-
ulating the movie progress bar after the animation has
been completely downloaded from our website. Readers
for whom stereoscopic viewing is difficult or impossible
are encouraged to view the website animations.

Two-Photon Microscopy of Embryonic
Mouse Kidneys

Two-photon microscopy allowed us to clearly visualize
kidney development as the ureteric bud progressively
invades the undifferentiated mesenchyme. Figure 1A
shows no apparent differentiation of mesenchyme in
1112-day-old embryos (E11.5) labeled with PNA. By 1372
days, the primitive, symmetrical branches of the ureteric
bud become apparent in tissue labeled with either PNA
(Figure 1B) or SBA (Figure 1C). Whereas PNA predomi-
nantly labeled basolateral aspects of these early tubules,
SBA strongly labeled lumenal and intracellular structures.

By 172 days, the developing tubules are more numer-
ous, extensive, and complex. At this point, PNA labels
dichotomous branches extending from the maturing col-
lecting system (Figure 2, A and B). The ampullae, or
widened tips of the ureteric buds, appear to project out-
ward like tree limbs. While these branching tubules were
brightly labeled with PNA, particularly on the lumenal
membranes, a dimmer, more uniform basal labeling was
also seen in an intricate network of tubules throughout the
volume (Figure 2, A and B, especially apparent in the

Figure 4. Renderings of the image volume of inv/inv kidneys shown in
Figure 3C. Cysts arising from proximal tubules and a collecting duct are seen.
The two perspectives shown here were produced using a voxel rendering
program that performs real-time 3-D reprojection imaging (see Methods).
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Figure 5. Resolution and contrast in two-photon microscopy. A: A single optical section from the 3-D volume shown in Figures 3C and 4 collected at a depth
of 50 wm into the tissue. B: A magnified portion of this image (A) demonstrates the high resolution and contrast of the 2-photon images. C: A high magnification
optical section taken from the image volume shown in Figure 3B, collected at a depth of 17 wm into the tissue. D: A high magnification image of a single vertical
section from the image volume shown in Figure 3C. E: A vertical section of the image volume shown in Figure 3B. Scale bar, 50 um (A), 10 um (B-D), and 25

pm (E).

rotations). Some of these dimmer tubules are distal con-
necting segments of the developing nephron that link the
nephrons to the ampullae of the collecting ducts. PNA
staining of more mature collecting ducts, distinguished
by the checkerboard pattern of intensely staining inter-
calated cells alternating with the more numerous but
weakly staining principal cells, is also seen (right margin
of Figure 2B and animated rotations of Figure 2, A and B).
The relationship of these tubules is best viewed using the
animated rotations  (http://renal.nephrology.iupui.edu/
phillipsetal). F-actin, labeled with fluorescent phalloidin,
imparts a lace-like quality to reconstructed cross-sec-
tions of E17.5 tubules (Figure 2C). Defined F-actin stain-
ing is seen along the apical and basolateral aspects of
cells comprising the ureteric bud. A ring of metanephric
condensation is interposed between the stroma and ure-
teric bud.

Two-Photon Microscopy of Newborn
Mouse Kidneys

When normal newborn (day P5) mouse kidneys were
stained with LCA and imaged by two-photon microscopy,
two glomeruli were seen to hang like berries from afferent
arterioles (Figure 3A). An interlobular artery is also ob-
served branching perpendicularly from a thick-walled ar-
cuate artery running diagonally across the bottom of the
micrograph. At this same time point, PNA labels a dense
network of uniform tubules (Figure 3B). Waves of in-
tensely staining apical brush borders flow along the Iu-
menal aspect of convoluted proximal tubules stained with

either LCA (Figure 3A) or PNA (Figure 3B). Interposed
between proximal tubules are collecting ducts with in-
tense lumenal labeling of intercalated cells (Figure 3B).

A strikingly different morphology is found in PNA-la-
beled cystic kidneys of day P5 transgenic inv/inv mice.
These mice display a developmental symmetry disor-
der® but also provide a polycystic kidney model.’” '8 In
contrast to the uniform tubules of age-matched wild-type
mice (Figure 2B), cystic kidneys stained with PNA
showed fusiform dilatation of proximal tubules and focal
wrinkles along angles of an otherwise smooth basal sur-
face (Figure 3C). Continuity between two cysts, bridged
by a segment of normal caliber, may be seen in Figure 3C
(right side). This continuous network of dilated and con-
stricted tubules is consistent with that described for other
mouse models of PKD'®2° but is in contrast to morphol-
ogy proposed by others, in which pouches and blind
sacs are observed to extend from tubules.?! As the cysts
progressively expand, the epithelial cells flatten and, in
the case of proximal tubules, show focal loss of apical
brush border labeling. In contrast to normal kidneys, PNA
showed the most intense staining along the basal mem-
branes of cystic proximal tubules, but also stained apical
membranes and intracellular vesicles of cystic collecting
ducts (bottom left of Figure 3C). The image volumes
shown in Figure 3C were rendered using the IVIE soft-
ware to emphasize surface contours of cysts in two prox-
imal tubules and one collecting duct (Figure 4, two per-
spectives). Close inspection of basal membranes of
proximal tubules reveals geographic features such as
wrinkles along angles, fibril-like bands, and tenting, the
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Figure 6. Stereopairs of dual-fluoro-
chrome-labeled mouse renal tubules.
Normal E17.5 (A) and P5 inv/inv (B)
mouse kidneys were dual-labeled
with rhodamine and fluorescein. In
A, branches of ureteric bud (red)
stained with PNA-rhodamine are
separated by a network of mesen-
chyme stained with LCA-fluorescein
(green). In B, cystic renal tubules la-
beled with DBA-rhodamine (red) are
seen in close proximity to more nor-
mal caliber thick ascending loop of
Henle labeled with anti-Tamm-Hors-
fall-fluorescein (green). Each image
is 205 um across. A shows projec-
tions collected over a depth of 68 um
and B a depth of 52 um.

last of which may be a fixation artifact. This detailed
topography, based on the binding pattern of a single
lectin, rivals the morphology visualized by low-power
scanning electron microscopy.

Resolution and Contrast in Two-Photon
Microscopy

An example of a single optical section from the 3-D
volumes shown in Figures 3C and 4 is shown in Figure
5A. This image was collected 72 microns into the kidney.
A magnified portion of this image (Figure 5B) demon-
strates the high resolution and contrast of the two-photon
images. The resolution of these images is reflected in the
image of the tubule margin, which is a single pixel (0.44
wm) across. A comparable image taken from the image
volume of the normal kidney shown in Figure 3B is shown
in Figure 5C. Again the tubule margin is imaged in sharp
detail. In both figures, PNA can be seen labeling the
basal aspects of the tubules as well as the brush border
membranes of the tubule lumen. As pointed out in Figure
3, the basal membranes appear to be more intensely
labeled in tubules of the inv/inv mice (Figure 5B) than in
tubules of control littermates (Figure 5C).

The vertical resolution of this technique can be as-
sessed in vertical sections reconstructed from the stack
of horizontal optical sections of the original image vol-

umes. Figure 5D shows a high magnification image of a
single vertical section from the image volume shown in
Figure 3C. Although the tubule edges are still sharply
defined, vertical resolution is perhaps 2 to 3 times worse
than horizontal resolution. One of the chief advantages of
two-photon microscopy is its ability to collect images
deep in labeled samples. The extended imaging capa-
bility is apparent in Figure 5E, which is a vertical section
of the image volume shown in Figure 3B. High contrast
and sharp definition is apparent throughout the 130-um
depth of this image volume.

Multiparameter Two-Photon Microscopy

Fluorescence microscopy offers the ability to character-
ize the distribution of multiple structures or multiple mol-
ecules in the same image volume. Whereas two-photon
microscopy is currently limited to the use of a single
wavelength of light to stimulate fluorescence, the physics
of two-photon fluorescence is such that a single wave-
length of light is capable of efficiently exciting chromati-
cally distinct fluorophores. Examples of multicolor two-
photon microscopy are shown in Figure 6.

Figure 6A shows an image volume of a 17'2-day-old
embryonic kidney labeled with both fluorescein-conju-
gated LCA and rhodamine-conjugated PNA. A network of
undifferentiated mesenchyme labeled with LCA (green)



separates ampullae of ureteric bud preferentially labeled
with PNA (red).

Figure 6B shows an image volume of a newborn (P5)
inv/inv mouse kidney labeled with rhodamine-DBA and a
fluorescein-conjugated secondary antibody directed
against a primary antibody to Tamm-Horsfall protein. In
the inv/inv kidneys, the distended collecting ducts la-
beled with DBA (red) are clearly distinguished from more
normal-appearing thick ascending loops of Henle la-
beled with anti-Tamm-Horsfall antibody (green).

Discussion

The recent confluence of advances in microscopy, digital
image processing, and genetics has provided a fertile
field for the study of development. The approach used in
the present study combined two-photon microscopy, ad-
vanced 3-D image analysis, and genetic manipulation.
This combination provides a powerful tool for character-
izing complex 3-D structures, particularly for organogen-
esis studies of both normal and pathological processes in
animal models. For example, this approach provides for
rapid assessment of the histopathological defects after
transgene mutations. Additionally, using fluorescently
conjugated antibodies, one can also characterize the
expression of functionally important proteins.

The morphology of nephrogenesis has been advanced
by the exhaustive work of a number of investigators,
including the microdissections of Oliver®® and Osath-
anondh and Potter.°~"3 In her classic text of kidney de-
velopment, the pathologist Edith Louise Potter noted,
these “studies have been anatomical, and no attempt has
been made to follow the establishment of function.”®" In
this study of 3-D imaging technology, we demonstrate the
advantages of using two-photon microscopy for render-
ing the complex in situ tissue architecture of developing
mouse kidney while simultaneously labeling specific mol-
ecules that are important to understanding renal function.

Compared with laser confocal microscopy, two-photon
excitation provides superior deep imaging with minimal
bleaching of fluorochromes. Full-thickness visualization
was possible in tissue sections cut from 40 to 180 um in
thickness. Two-photon microscopy and advanced 3-D
image analysis provided relatively rapid and detailed
morphological information when tissue sections were
stained with fluorescently labeled phalloidin, lectins, or an-
tibody. Such an approach will help to identify the molecular
pathways of normal and pathological development.
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