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Many stages of nephrogenesis can be studied using cultured embryonic kidneys, but there is no efficient technique available
to readily knockdown or overexpress transgenes for rapid evaluation of resulting phenotypes. Embryonic stem (ES) cells have
unlimited developmental potential and can be manipulated at the molecular genetic level by a variety of methods. The aim
of this study was to determine if ES cells could respond to developmental signals within the mouse embryonic day 12 to
embryonic day 13 (E12 to E13) kidney microenvironment and incorporate into kidney structures. ROSA26 ES cells were shown
to express ␤-galactosidase ubiquitously when cultured in the presence of leukemia inhibitory factor to suppress differentiation. When these cells were microinjected into E12 to E13 metanephroi and then placed in transwell organ culture, ES
cell– derived, ␤-galactosidase–positive cells were identified in epithelial structures resembling tubules. On rare occasions,
individual ES cells were observed in structures resembling glomerular tufts. Electron microscopy showed that the ES
cell– derived tubules were surrounded by basement membrane and had apical microvilli and junctional complexes. Marker
analysis revealed that a subset of these epithelial tubules bound Lotus tetragonolobus and expressed ␣1 Naⴙ/Kⴙ ATPase. ES
cells were infected before injection with a cytomegalovirus promoter-green fluorescence protein (GFP) adenovirus and GFP
expression was found as early as 18 h, persisting for up to 48 h in cultured kidneys. This ES cell technology may achieve the
objective of obtaining a versatile cell culture system in which molecular interventions can be used in vitro and consequences
of these perturbations on the normal kidney development program in vivo can be studied.
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T

he development of the metanephric kidney begins
when inductive signals are shared between the metanephric mesenchyme and the ureteric bud (1). The
mesenchyme responds by aggregating at the tips of the ureteric
bud, forming a vesicle that sequentially transforms into a
comma shape, followed by an S-shaped figure. Endothelial
precursors migrate into the vascular cleft of comma- and Sshaped figures and, together with developing podocytes, begin
to synthesize the glomerular basement membrane (2). Subsequent cellular differentiation occurs, which ultimately produces the distinct segments of the mature nephron.
Many aspects of kidney development occur when isolated
embryonic kidneys are placed into organ culture, or when
isolated tissues are cocultured using transwell filters to separate
metanephric mesenchyme from the ureteric bud (3). Namely,
aggregation, formation of comma-shaped and S-shaped figures,
development of avascular glomerular tufts, and segmentation
of tubules all occur. In addition, transplantation of embryonic
kidneys into newborn mouse kidney cortex or anterior eye

Received July 22, 2004. Accepted March 14, 2005.
Published online ahead of print. Publication date available at www.jasn.org.
Address correspondence to: Dr. Dale R. Abrahamson, Department of Anatomy
and Cell Biology, University of Kansas Medical Center, MS #3038, 3901 Rainbow
Boulevard, Kansas City, KS 66160. Phone: 913-588-7000; Fax: 913-588-2710; E-mail:
dabrahamson@kumc.edu
Copyright © 2005 by the American Society of Nephrology

chambers of adult hosts allows the study of vascularization of
the nephron (4 – 6). Consequently, these organ culture and
transplantation experiments have been valuable for understanding aspects of renal induction, branching morphogenesis,
tubulogenesis, and vascularization.
We sought to exploit the organ culture model system further
by introducing cells into embryonic mouse kidneys and establish if they would respond to metanephric inductive signals by
developing into kidney structures. Specifically, we desired to
inject a developmentally uncommitted cell, and one that was
amenable to genetic modification. Embryonic stem (ES) cells
are multipotent and differentiate into a variety of cell types in
response to growth factors in culture. However, the culture
conditions necessary to drive differentiation toward kidney are
not well-established (7,8). Human ES cells do have the capacity
to differentiate into kidney structures when injected into immunosuppressed mice to form teratomas (9,10). In regeneration
models of kidney repair, only adult stem cells have been used
as a source of cells to repopulate the injured kidney (11,12).
Treatment of renal diseases has primarily focused on either
organ transplantations or gene therapy (13,14), given the existing hurdles of ES cell therapy (15). Application of ES cell
therapy has been used successfully in many other disease models such as Parkinson disease, diabetes, and hepatectomy (16 –
18). In those experiments, ES cells not only expressed markers
of differentiation but also restored physiologic functions lackISSN: 1046-6673/1606-1623
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ing in the host animal, offering great promise for the therapeutic use of ES cells (19). ES cells are also capable of undergoing
genetic modifications by a variety of means such as homologous recombination (20), viral infection (21), or RNA interference (22). We therefore elected to microinject ES cells into
embryonic mouse kidney. We then assessed whether these
exogenous cells integrated into structures that formed in metanephric organ culture.

Materials and Methods
ES Cell Culture
ROSA26 embryonic stem cells, a kind gift from Dr. Philippe Soriano
(Fred Hutchinson Cancer Research Center, Seattle, WA) (23), were
maintained in the presence of mouse embryonic fibroblasts according
to standard methods in KO⫹KOSR media (Knockout DMEM containing 15% Knockout Serum Replacement [Invitrogen, Carlsbad, CA] and
supplemented with 1000 U/ml leukemia inhibitory factor (LIF) [Esgro;
Chemicon, Temecula, CA] 2 mM l-glutamine, nonessential amino acids, 0.1 mM ␤-mercaptoethanol, 50 U/ml penicillin, and 50 g/ml
streptomycin). Mouse embryonic fibroblasts were depleted from ES cell
cultures by three rounds of plating on gelatin in the presence of 15%
FBS. Frozen stocks of the fibroblast-depleted ES cells were plated in
KO⫹KOSR media for 2 d before injection. ES cells were positive for Oct
4 (data not shown), a stem cell marker, as determined by anti-Oct 4
antibody labeling (Santa Cruz Biotechnology, Santa Cruz, CA).

Animals
Outbred CD-1 mice were obtained from our colony founded with
stocks originating from Charles River (Wilmington, MA). All animal
husbandry and procedures were in adherence to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Microinjections
Embryonic day 12 to 13 (E12 to E13) mouse kidneys were dissected
from timed pregnant CD-1 females and placed in DMEM/F12-defined
media (supplemented with 2 mM l-glutamine, 10 mM HEPES, 5 g/ml
insulin, 5 g/ml transferrin, 2.8 nM selenium, 25 ng/ml prostaglandin
E, 32 pg/ml T3, 250 U/ml penicillin, and 250 g/ml streptomycin) on
ice until the time of injection (24). ROSA26 ES cells were trypsinized,
counted, and loaded into a beveled glass capillary injection pipette
(World Precision Instruments, Sarasota, FL) at a concentration of 100
cells/nl. Immediately before injection, kidneys were placed on small
pieces of polyethylene terephthalate track-etched membranes (Falcon
cell culture inserts, 0.4 m pore size). Each kidney received three
microinjections (5 nl each) using a Pico-injector (Harvard Apparatus,
Holliston, MA). Membranes with adherent kidneys were floated on a
drop of media for 1 h at 37°C before transferring the kidneys to a new
cell culture insert or adding additional culture media. Kidneys were
grown in organ culture on membranes (as either inserts or free floating
membranes) for 3 to 5 d at 37°C and 95% air, 5% CO2.

␤-Galactosidase Development
After organ culture, kidneys were fixed in freshly prepared 0.2%
paraformaldehyde (in PBS containing 0.1 M PIPES, pH 6.9, 2 mM
MgCl2), cryoprotected in 30% sucrose, and frozen in Tissue-Tek OCT
embedding compound. Frozen serial sections, 8 m thick, were postfixed in 0.2% paraformaldehyde, rinsed twice in PBS containing 2 mM
MgCl2, and incubated in detergent rinse (0.1 M phosphate buffer, pH
7.3, 2 mM MgCl2, 0.01% sodium deoxycholate, and 0.02% Nonidet P-40)
for 10 min on ice (25). ␤-galactosidase histochemistry was performed
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overnight at 37°C in color development solution (detergent rinse with
5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 20 mM
Tris, pH 7.3, and 1 mg/ml X-gal). Slides were postfixed in 4% paraformaldehyde, dehydrated through graded ethanol, cleared in xylene, and
coverslipped. In some cases, kidneys underwent color development as
whole mounts before OCT embedding and serial sectioning.

Morphometric Analysis
Three kidneys from six daily time points (day 0 to day 5) were
serially sectioned and developed for ␤-galactosidase activity. Every
third section through the entire kidney was imaged and imported into
Photoshop CS. Total kidney section area and areas occupied by blue,
␤-galactosidase–positive ES cells were manually selected and measured. Data are presented as a percentage of blue per total kidney area.
During the same analysis, each blue structure was classified as single
cells, dispersed cells, dead/dying cells, or tubules. These four phenotypes were expressed as a percentage of total blue structures.

Antibody and Lectin Labeling
Serial frozen sections of injected and cultured embryonic kidney
were used for antibody or lectin labeling. Slides were fixed for 10 min
in cold 100% methanol and rinsed twice with PBS. For antibody labeling, a 1:100 dilution of either rabbit anti-WT1 (Santa Cruz Biotechnology), sheep anti-laminin (26), or 10 g/ml of goat anti–type IV collagen
(SouthernBiotech, Birmingham, AL) IgGs were incubated on frozen
sections at room temperature for 1 h. In other cases, sections were fixed
in 0.2% paraformaldehyde, permeablized with 0.5% TritonX-100/PBS,
and double-labeled with a 1:50 dilution of rabbit anti-WT1 and 10
g/ml mouse anti–␤-galactosidase (Promega, Madison, WI), or a
1:3000 dilution of mouse anti-Na⫹/K⫹ ATPase ␣1 (Sigma, St. Louis,
MO) and 10 g/ml mouse anti–␤-galactosidase, followed with isotypespecific secondary antibodies. After three washes with PBS, slides were
treated with the appropriate secondary antibody for 1 h (anti-rabbit
IgG-Alexa 488, anti-rabbit IgG-Alexa 594, anti-mouse IgG2a-Alexa 488,
anti-mouse IgG1-Alexa 594, anti-goat IgG-Alexa 488 [Molecular Probes,
Eugene, OR] or anti-sheep IgG rhodamine [MP Biomedicals, Irvine,
CA]). Other slides were also treated for 1 h with Lotus tetragonolobus
(LTA) lectin–FITC (1:100 dilution) (Vector Laboratories, Burlingame,
CA). Lectin staining was blocked by preincubation of slides with 0.5 M
l-fucose. All slides were washed three times with PBS before mounting
in Prolong antifade mounting media (Molecular Probes).

Electron Microscopy
ROSA26 ES cell–injected organ cultured mouse kidneys were washed
three times with PBS containing 2 mM MgCl2, dislodged from the
transwell with gentle pipetting of fluid, and then transferred to a glass
sample vial. Tissue was fixed for 2 h on ice with 2% paraformaldehyde/
0.4% glutaraldehyde in PBS containing 2 mM MgCl2, followed by three
washes in buffer. Samples were developed overnight with Bluo-gal
staining solution (20 mM potassium ferricyanide/ferrocyanide, 2 mM
MgCl2, 2 mM Bluo-gal [Invitrogen], pH 7.3 at 37°C). After washing
three times with buffer, samples were refixed with Karnovsky’s fixative
for 30 min, washed three times with 0.1 M sodium– cacodylate in 3.5%
sucrose, pH 7.3, and then postfixed for 1.5 h with Palade’s OsO4.
Tissues were dehydrated through graded ethanol and propylene oxide
and embedded in Polybed 812 with overnight polymerization at 60°C.
Ultrathin sections were stained with 4% uranyl acetate and Reynold’s
lead citrate.

Adenovirus Infection
ROSA26 ES cells were grown in 10-cm tissue culture plates for 1 d
before adenovirus infection. Media was replaced with 5 ml of
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inverted microscope with a FITC filter (B-2E/C). Control kidneys (cells
injected without virus infection) were imaged with the same exposure
times used for the virus-infected ES cell–injected kidneys. At various
time points during culture, kidneys were fixed for ␤-galactosidase color
development as described. Serial sections were either color developed
or reacted with an anti-GFP Alexa-488 – conjugated antibody (Molecular Probes; 1:200 dilution).

Figure 1. ROSA26 embryonic stem (ES) cells displayed ␤-galactosidase activity in both undifferentiated cultures (A) and after
injection into E13 mouse kidneys (B, C). After injection of
approximately 1500 ROSA26 ES cells and after 5 d of organ
culture, numerous ␤-galactosidase–positive clusters were seen
within the kidney (white arrows, B). A plastic section of an
injected kidney (C) showed that normal organ culture development occurred after ES cell injection. Tubules and glomerular
epithelial tufts (black arrows) were apparent, as were areas of
blue cells (arrowheads). Often, the structures containing blue
cells resembled epithelial tubules. Such tubules were usually
uniformly blue and apparently did not contain nontransgenic
(unstained) cells.

KO⫹KOSR containing 200 active virus particles per cell of Ad5-CMV5–
green fluorescence protein (GFP) adenovirus (Invivogen, San Diego,
CA). The plates were manually rotated every 20 min for 2 h at 37°C,
after which an additional 5 ml of KO⫹KOSR (without virus) was
added. The next day, virus-infected ES cells were trypsinized, counted,
and microinjected into E12 mouse kidneys as described. GFP fluorescence was viewed daily during the length of organ culture on a Nikon

Results
ES Cells Develop into Tubules after Metanephric Culture
We sought to investigate the capacity of ES cells to adopt a
renal differentiation program when placed in the developing
kidney. Mouse ROSA26 ES cells contain a knock-in of the lacZ
gene, which encodes ␤-galactosidase and is ubiquitously expressed (23,27). These cells were grown for 2 d in media containing LIF to suppress differentiation. When undifferentiated
ROSA26 ES cells were developed for ␤-galactosidase activity,
they turned intensely blue, as expected, which reflected transgene expression (Figure 1A). Undifferentiated ES cells were
trypsinized, counted, and microinjected into E13 normal mouse
kidneys. When microinjected kidneys were processed for ␤-galactosidase after 5 d of organ culture, blue structures were
apparent in both whole-mount and sectioned tissue (Figure 1, B
and C). Typical tubulogenesis and “glomerular” epithelial tuft
formation occurred in organ culture in close proximity to ES
cell– derived structures (Figure 1C, arrows). The most common
ES cell– derived structures in 5-d cultures were aggregates of
blue cells resembling tubules (Figure 1C).

Figure 2. Embryonic kidneys that had been injected with ROSA26 ES cells and cultured for 1 h (0) to 5 d were developed for
␤-galactosidase activity. Four phenotypes of the resulting blue structures were observed: single cells (A), dispersed or clustered
blue cells (B), areas that appeared dead or dying (C), or epithelial tubules (D). Three kidneys from each time point were serially
sectioned and each blue structure was classified and counted, then expressed as a percentage of total blue structures (E). Total area
occupied by ␤-galactosidase–positive ES cells was determined for three individual kidneys from each time point and expressed
as a percentage of total kidney area (F).
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Morphology of Resulting ES Structures
To define the frequency of ES cell– derived tubule formation
within cultured kidneys, a time course experiment was performed in which kidneys were sampled each day from 1 h
postinjection (day 0) to day 5. Three kidneys from each time
point were serially sectioned and developed for ␤-galactosidase. Four main phenotypes containing ␤-galactosidase–positive areas were found: single cells (individual cells completely
surrounded by host cells) (Figure 2A), dispersed cells (blue cells
in loose groups, apparently nonpolarized) (Figure 2B), dead or
dying cells (often bright blue, rough appearance) (Figure 2C),
or epithelial tubules (polarized, often with lumen) (Figure 2D).
The type and number of blue structures were assessed in every
third serial slide (Figure 2E). One hour after injection, only
single cells or clusters of dispersed cells were observed (Figure
2E). One day after injection, however, tubules were first observed and 13.9% of all blue structures were classified as tubules. By day 2, 51.9% of all ␤-galactosidase–positive structures
were tubules, and this proportion remained constant throughout the remaining time in culture (day 5 ⫽ 47.0%). In addition,
the area occupied by ES cells was found to decrease during the
initial 3-d culture period, but increased dramatically thereafter
to constitute approximately 5% of the total kidney area in 5-d
cultures (Figure 2F). Thus, there was an expansion of the ␤-galactosidase–positive ES cells during the culturing period, with a
tubule morphology representing the most prominent phenotype.

ES Cell–Derived Tubules Are Polarized Epithelia
To characterize the ultrastructure of the ES cell derivatives
within the embryonic kidney, cultured metanephroi were reacted with the Bluo-gal substrate for electron microscopic detection of ␤-galactosidase activity. Bluo-gal–positive cells contained numerous intracellular and paracellular electron-dense
precipitates (Figure 3, arrowheads), and a survey view revealed
that many of these cells had adopted an epithelial morphology
resembling tubules (Figure 3A). These ES cell– derived tubules
had developed typical epithelial specializations on their luminal surfaces, including apical microvilli and junctional complexes (Figure 3, B, D, and E). Basal bodies were also observed
in the apical region of Bluo-gal–positive cells (Figure 3, D and
E), and an axoneme of a primary cilium was observed projecting from the luminal surface of a Bluo-gal–positive ES cell
(Figure 3E, arrow). In addition, many of the ES cell– derived
tubule-like structures were surrounded by basement membranes (Figure 3C). The presence of basement membrane was
also shown by light microscopy as positive laminin and type IV
collagen immunofluorescence on the margin of areas containing blue ES cells (Figure 4, B and D).
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received ES cell injections (Figure 1C); however, ES cell derivatives were rarely seen integrating into glomerular structures.
On occasion, single isolated cells were localized to areas resembling glomerular epithelial tufts, but given the rarity of this, we
were unable to stain these isolated cells for markers of glomerular epithelial differentiation (Figure 5, A and B). Undifferentiated ROSA26 ES cells did not stain with the glomerular epithelial marker, WT1 (data not shown). However, some ES cell–
derived tubules were shown to express WT1, similar to the low
levels normally expressed in metanephric mesenchyme (Figure
5, C and D). Colocalization of ␤-galactosidase and WT1 was
also shown using antibody labeling (Figure 5, E and F).
Initial studies revealed a subset of ES cell– derived tubules
that labeled with the lectin LTA, a marker of proximal tubules.
By day 5, tubules that were positive for both LTA and ␤-galactosidase were seen (Figure 6, A and B). The inhibitory sugar
l-fucose completely blocked staining of LTA–FITC in both
normal proximal tubules (data not shown) and ES cell– derived
tubules (Figure 6C). ES cell–injected, organ-cultured kidneys
were also labeled with antibodies against the ␣1 subunit of the
Na⫹/K⫹ ATPase (Figure 6, D and E). In host tissue, nephron
segments with robust labeling were seen (Figure 6D, arrow),
along with other segments with weaker labeling (Figure 6D,
arrowhead). We also observed areas of cultured embryonic
kidney with no detectable signal (Figure 6D, double arrows). In
ES cell– derived tubules, we found lateral membrane staining of
Na⫹/K⫹ ATPase, similar to levels found in adjacent host kidney nephron segments (Figure 6, E and F). We also labeled,
with the distal tubule marker, anti-Tamm Horsfall protein and
the collecting duct lectin, Dolichos biflorus. Despite binding of
both markers to endogenous nephron segments, ES cell–
derived structures did not bind Tamm Horsfall protein or
Dolichos biflorus.

ES Cells Can Be Genetically Modified before Metanephric
Organ Culture
An adenovirus construct containing the cytomegalovirus
promoter driving GFP was used to transiently infect undifferentiated ES cells. GFP expression was seen in the cells after 18 h
of culture (Figure 7, A and B). When these infected cells were
microinjected into E13 mouse kidneys and cultured for 24 to
48 h, GFP-positive ES cells were seen in aggregates (Figure 7, C
and D). Control kidneys that were microinjected with ES cells
not infected with virus did not show GFP fluorescence (Figure
7, E and F). The GFP signal persisted on the second day of
culture in serial sections either developed for ␤-galactosidase or
labeled with an anti-GFP antibody (Figure 7, G and H). GFP
fluorescence was difficult to detect beyond 48 h in cultured
kidneys.

ES Cell–Derivatives Express WT1, LTA, and Na⫹/K⫹
ATPase

Discussion

Given that the ES cell– derived structures exhibited epithelial
characteristics, certain markers of various segments of the mature nephron were used to investigate how closely these epithelia mimicked terminally differentiated kidney structures.
Glomerular tufts developed normally within metanephroi that

We sought to determine whether ES cells could differentiate
into kidney structures when placed into the embryonic mouse
kidney microenvironment. Our work describes the following
important findings. First, undifferentiated ES cells, when injected into the E13 mouse kidney, survived and 5 d after injec-
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Figure 3. Embryonic kidneys that had been injected with ROSA26 ES cells and cultured for 5 d were developed for ␤-galactosidase
activity with the substrate Bluo-gal. Bluo-gal–positive areas were seen in the electron micrographs as small, electron-dense
precipitates (arrowheads), confirming that these cells are lacZ-positive ES cell derivatives. (A) A portion of a Bluo-gal–positive
tubule is shown. Microvilli were seen on the apical surface (mv), as were junctional complexes (arrows). (B) Higher magnification
of Bluo-gal–positive cells at their apical surface, showing microvilli and junctional complexes. The basal surfaces of the
Bluo-gal–positive areas were surrounded by basement membrane (arrow, C). Basal bodies were also positioned near the apical
membrane (D, bb). A primary ciliary axoneme was observed extending from a basal body of a Bluo-gal–positive cell (arrow, E).
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Figure 4. Serial frozen sections (A to D) were developed for
␤-galactosidase activity (A, C) or were reacted with sheep
anti-laminin antibody (B), or with goat anti–type IV collagen
antibody (D) to reveal areas of basement membrane. Many ES
cell– derived structures were surrounded by a linear basement
membrane (arrows).

tion ES cell derivatives constituted approximately 5% of the
cultured kidney. Second, the dominant morphology expressed
by the ES cell derivatives resembled epithelial tubules. Third,
we describe adenoviral infection of ES cells before injection into
E13 mouse kidneys and showed transgene expression after 2 d
of culture. Thus, we believe direct injection of ES cells into
embryonic mouse kidneys will allow the study of aspects of
epithelialization, basement membrane formation, and tubulogenesis in a simplified in vitro model. Finally, on rare occasions,
a small number of ES cells integrated into structures resembling
glomerular tufts.
Most models of in vitro ES cell differentiation begin with the
formation of embryoid bodies, which are structures containing
all three germ layers and display a complex gene expression
profile (28). Our study is one of a few that begins by using
undifferentiated ES cells. Markers of terminally differentiated
tissues, such as liver, often take several days, even weeks, to
become expressed in embryoid bodies (8,18,29). We have not
observed the appearance of an endodermal or mesodermal
layer surrounding the epithelial structures formed by the ES
cells within the embryonic kidney. Thus, we do not believe that
the injected ES cells were merely forming embryoid-like bodies
within the developing kidney. Instead, the epithelialization we
observed in our experiments closely resembles structures
formed when embryonic germ cells are cocultured with urogenital ridge aggregates (30), when monkey ES cells are grown
suspended in collagen (31), or when human ES cells are transplanted into chick embryos (32).
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Figure 5. Frozen sections developed for ␤-galactosidase showing two examples of single ES cells within areas believed to be
glomerular epithelial tufts (A, B). After ES cell microinjection
into metanephroi, ␤-galactosidase–positive tubules (C) expressed low levels of WT1 (arrow, D), similar to the levels seen
in the mesenchyme of host kidney (arrowhead, D). WT1 expression by a ␤-galactosidase–positive ES cell (arrow) was also
shown by double-labeling with WT1 and ␤-galactosidase antibodies (F, WT1, red; ␤-galactosidase, green). Metanephric mesenchymal cells surrounding the ureteric bud of the host kidney
tissue also expressed WT1 (arrowhead, F). A serial slide developed for ␤-galactosidase activity showed the corresponding ES
cell– derived tubules (arrow, E).

Although the ES cells developed into structures resembling
tubular epithelium and acquired certain kidney-specific markers expressed by native kidney cells, their developmental program appeared to differ from normal nephrogenesis. Initially,
the ES cells appeared round; they did not have a spindleshaped morphology akin to metanephric mesenchymal cells.
Once they developed into tubules, however, the ES cells expressed low levels of WT1, a tumor suppressor found in metanephric mesenchyme and important for the induction of the
kidney (33). This low level of WT1 expression in the ES cell–
derived tubules may represent the acquisition of mesenchymal
characteristics, and tubules on day 5 of culture may have been
downregulating WT1 as a consequence of the epithelial transition. Further studies on WT1 expression by ES cells on various
days of culture are needed to clarify this question. However, we
rarely saw individual ES cells participating in the development
of glomerular tufts, and we were unable to assess if ES cells
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Figure 6. ROSA26 ES cells were microinjected into embryonic
kidney, which were then organ cultured 5 d. Serial frozen
sections were processed for ␤-galactosidase activity (A) or labeled with the proximal tubule marker, Lotus tetragonolobus
(LTA) (B, C). LTA-FITC labeling was blocked by previous
treatment with inhibitory sugar, 0.5 M fucose (C), demonstrating specificity of binding. (D) Frozen section of cultured embryonic kidney was labeled with anti-␣1 Na⫹/K⫹ ATPase.
Some nephron segments labeled strongly (arrow), whereas
other segments showed weaker labeling (arrowhead). In other
areas, no signal was detected above background (double arrows). ES cell–injected kidneys were double-labeled with antiNa⫹/K⫹ ATPase (E) and anti–␤-galactosidase (F). ES cell– derived, ␤-galactosidase–positive tubules expressed membrane
labeling of Na⫹/K⫹ ATPase (arrow, E, F) at levels similar to
that seen by other host nephron segments (arrowhead, E, F).

within glomerular tufts were expressing WT1, indicative of
terminally differentiating podocytes.
The majority of injected ES cells quickly formed tightly compacted spheres, which developed lumens during the culturing
period. The ES cell– derived tubules were often larger in diameter than typical tubules found in the host kidney, and our
ultrastructural analysis suggested that each ES cell– derived
tubule contained only Bluo-gal–positive ES cells. In other
words, we did not observe tubules containing a mixed population of cells (ES cell derivatives together with native host
cells). We also have not yet examined whether the tubules were
a product of a single dividing ES cell or if they occurred
through the adhesion of several ES cells, although the appearance of an aggregate of ES cells immediately after injection
suggests the latter case. Given that hybrid cells are capable of
forming by cell fusion when ES cells are cocultured with bone
marrow or embryonic brain cells (34,35), the possibility exists
that lacZ-positive cells expressing kidney markers in our experiments represent ES cells fused with host metanephric cells.
However, we did not see evidence for multinucleated Bluo-gal–
positive cells in our electron microscopic analysis. In addition,
if ES cells were fusing with host cells, we would expect to see
integration of ES cells into glomerular and interstitial compartments of the developing metanephros, as well as forming tubules. Although we obtained clear binding of the proximal

Figure 7. A cytomegalovirus– green fluorescence protein (CMV–
GFP) adenovirus (Ad5.CMV5-GFP) was used to infect ROSA26
ES cells 1 d before injection into E13 mouse kidneys. GFP
fluorescence was observed in many of the cells at 18 h postinfection (A, brightfield; B, GFP). The infected cells were then
microinjected into E13 mouse kidneys and were imaged on
subsequent days of organ culture. After 24 h of organ culture,
GFP expression was seen as clusters of green cells distributed
throughout the kidney (C, brightfield; D, GFP). Kidneys microinjected with ES cells not infected with virus did not fluoresce
(E, brightfield; F, GFP). Serial sections of kidneys injected with
virus-infected ES cells and cultured for 48 h were developed for
␤-galactosidase (G) or were reacted with anti-GFP (H). GFP
expression was seen specifically in areas containing blue cells
(arrows, G, H).

tubule differentiation marker (LTA) to some of the ES cell–
derived tubules, marker analyses for collecting duct and distal
tubules were negative. Additionally, many of the ES cell– derived tubules expressed membrane Na⫹/K⫹ ATPase in patterns similar to that seen by native kidney tubules in vitro.
Although many kidney morphogenic events are replicated in
metanephric organ culture, this culture system is nevertheless
an imperfect model of normal kidney organogenesis. For ex-
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ample, the cultures lack a blood supply and consequently the
hemodynamic events associated with filtration and peritubular
blood flow are totally absent. Laminin isotype switching is
altered in cultured embryonic kidneys as well (37). The significance of expression (or not) of any segment-specific marker by
ES cells or, for that matter, cells of the cultured host kidney in
vitro is therefore uncertain. However, the speed and frequency
in which the ES cells underwent acquisition of epithelial characteristics was striking. All of the ES cell– derived tubule cells
displayed a polarized phenotype and contained apical junctional complexes and most were surrounded by basement
membranes. By these criteria at least, the metanephric organ
culture environment appears to have induced and supported
the development of undifferentiated ES cells into structures
resembling kidney tubules that bound LTA and expressed WT1
and Na⫹/K⫹ ATPase.
We do not know why the ES cell– derived structures were
predominantly tubule-like and why so few of the ES cells
appeared in glomerular tufts. Perhaps the injected ES cells were
so comparatively underdeveloped that they competed poorly
with native host cells for glomerular compartments. Transfection of ES cells with WT1 or other genes involved in podocyte
differentiation before injection may divert more of these cells
into adopting a glomerular epithelial program, and we are
currently testing this possibility.
To fully exploit this system further, we wanted to verify
whether transgenes introduced into the ES cells before injection
could be expressed in the developing tubules. Adenovirusinfected ES cells had been previously shown to retain reporter
gene expression after in vitro differentiation (36). ES cells infected with a cytomegalovirus–GFP adenoviral construct before
injection into metanephric kidney showed robust GFP expression after 18 h of organ culture. We also colocalized ␤-galactosidase activity in the same cells that were expressing GFP on
day 2 of culture. The GFP signal was attenuated on the second
day of culture, possibly caused by a combination of the increased autofluorescence of the host kidney and the transient
nature of the viral infection. Cell lines selected for stable integration of transgenes could circumvent any attenuation because of transient expression. Regardless, this transfection experiment strongly suggests that ES cells can be manipulated in
a variety of ways before microinjection into metanephroi.
In sum, we report the establishment of a new model system
in which to study aspects of epithelialization within the developing kidney. Direct injection of ES cells provides a rapid tool
for the evaluation of steps required for epithelial differentiation
and tubulogenesis, including junctional complex development
and basement membrane assembly. In addition, grafting techniques are available that will allow studies of vascularization of
the embryonic kidney and the effect endothelial cells may have
on the differentiating ES cells. This experimental system offers
much versatility in that the genotype of the host tissue and the
injected ES cells can be modified by various methods. We hope
that continued exploration of epithelial development from ES
cells will provide new insights on renal organogenesis.
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