
Repair of injured proximal tubule does not involve
specialized progenitors
Benjamin D. Humphreysa,b,1, Suzanne Czerniaka, Derek P. DiRoccoa, Wirasat Hasnaina, Rabia Cheemaa,
and Joseph V. Bonventrea,b

aRenal Division, Brigham and Women’s Hospital, Department of Medicine, Harvard Medical School, Boston, MA 02115; and bHarvard Stem Cell Institute,
Cambridge, MA 02138

Edited by Maurice B. Burg, National Heart, Lung, and Blood Institute, Bethesda, MD, and approved April 26, 2011 (received for review January 12, 2011)

Recently we have established that the kidney tubular epithelium is
repaired by surviving epithelial cells. It is not known, however,
whether a population of intratubular adult progenitor cells are
responsible for this epithelial repair after acute kidney injury. In
this study, we used an unbiased DNA analog-based approach that
does not rely on candidate markers to track multiple rounds of cell
division in vivo. In the proximal tubule, robust thymidine analog
incorporation was observed postinjury. Cell division was stochastic
and enriched among cells that were injured and dedifferentiated.
There was no evidence for the presence of a population of spe-
cialized progenitors that repeatedly divide in response to injury.
Instead, these results indicate that after injury, new epithelial cells
arise from self-duplication of surviving cells, most of which are
injured. Because the renal papilla contains DNA label-retaining
cells and has been proposed as a stem cell niche, we examined the
proliferative behavior of these putative progenitors after ischemia-
reperfusion injury. Although label-retaining cells in the renal
papilla diminished with time after ischemia-reperfusion injury,
they neither proliferated nor migrated to the outer medulla or
cortex. Thus, nonlethally injured cells repopulate the kidney epi-
thelium after injury in the absence of any specialized progenitor
cell population.

During adult homeostasis, kidney cell proliferation is very low
(1). After acute injury, kidney epithelial cells rapidly reenter

the cell cycle and this high proliferative capacity has been inter-
preted to reflect an intrinsic ability of surviving epithelial cells to
adapt to the loss of neighboring cells by proliferating, ultimately
replacing the cells that died as a result of the insult (2, 3). This
process has been proposed to occur by a process of dedif-
ferentiation of the surviving proximal tubule epithelial cells. This
model has been challenged by more recent data (reviewed in
ref. 4), including the description of adult renal stem and pro-
genitor cells in lower vertebrates (5, 6), which suggest a role for
resident stem or progenitor cells in kidney repair. Here we ex-
amine the replicative history of renal epithelial cells to address
this important question.
To clarify the origin of reparative epithelia after acute kidney

injury, we previously used genetic lineage analysis and determined
that extratubular cells do not appreciably contribute to epithelial
repair after acute kidney injury (7), ruling out the possibility of
a bone marrow-derived or renal interstitial cell-derived epithelial
progenitor cell population. These findings do not exclude the
existence of an intratubular progenitor cell, however, because
such a cell would have been labeled by our genetic strategy.
Recent evidence indicates that such an intratubular epithelial
progenitor could exist. In renal papilla, epithelial slow-cycling
label-retaining cells (LRCs) have been characterized, and pro-
posed to migrate toward the cortex during renal repair (8, 9). In
the murine renal cortex, candidate stem-cell markers including
label retention (10, 11), Oct4 expression (12), podocalyxin pro-
moter activity (13), and NFATc1 expression (14), have been
suggested to identify epithelial progenitors, and the identifica-
tion of Kruppel-positive intratubular progenitors in Drosophila

malpighian tubules provides indirect support for this concept
(15).
The purpose of this study was to distinguish between proximal

tubule repair by a specialized intratubular progenitor population
or by self-duplication of surviving epithelia. To evaluate these
two possibilities, we adapted and validated a DNA analog-based
lineage analysis technique to track sequential rounds of renal
epithelial cell division after ischemia-reperfusion injury (IRI).
This unbiased approach was used to trace the fate of cortical
tubule cells and papillary LRCs and to ask whether a rapidly
proliferating progenitor population among surviving epithelial
cells could be detected. The results indicate that cell division in
the cortex and outer medulla occurs predominantly among in-
jured and dedifferentiated epithelial cells, and this proliferation
is stochastic and reflects self-duplication rather than selective
activation of an intratubular epithelial progenitor population.
Furthermore, papillary LRCs do not contribute to proximal tu-
bule epithelial cells after acute injury.

Results
Validation of Thymidine Analog Assay Specificity. To accurately
quantify two sequential rounds of DNA synthesis in the same
cell, we used the thymidine analogs, 5-chloro-2-deoxyuridine
(CldU) and 5-iodo-2-deoxyuridine (IdU), in a strategy validated
in solid organs, including pancreas (16), heart (17), and adult,
uninjured kidney (18). To assess the specificity of CldU and IdU
in our renal IRI model, we performed unilateral IRI and killed
mice 48 h after injury. Three hours before being killed, the mice
were injected with either IdU alone, CldU alone, or the com-
bination of IdU and CldU. A protocol was optimized that al-
lowed for specific detection of each thymidine analog during
repair. Using this optimized protocol (see Materials and Meth-
ods), kidney sections from all three conditions were costained
with both anti-IdU and anti-CldU antibodies. In mice that re-
ceived IdU alone, strong IdU-positive nuclei were detected in the
outer medulla with no CldU positivity (Fig. 1A). Similarly, mice
that received CldU alone showed strong CldU nuclear staining
but no IdU signal. In mice that received both IdU and CldU,
there was excellent concordance between nuclear IdU and CldU
signal. This experiment shows that our thymidine analog pro-
tocol exhibits excellent specificity for distinguishing IdU and
CldU nuclear staining.

Slow Cycling Cells Identified by CldU Retention. Stem cells retain
DNA labels either through slow cycling or asymmetric segrega-
tion of chromosomes. The latter theory, also called the “immortal-
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strand hypothesis,” proposes that stem cells avoid the accumu-
lation of mutations that arise during DNA replication by
retaining parental DNA strands during asymmetric cell division
(19). In kidney, the renal papilla has been identified as a site of
DNA LRCs and therefore proposed as a stem cell niche (8). We
next asked whether CldU could be used to identify such LRCs,
and to do so we briefly pulsed newborn mice with CldU and
chased for 8 wk in a protocol similar to that used by others to
identify LRCs in adult mouse and rat kidney (Fig. 1B) (8, 9, 20).
As expected, LRCs were located primarily in the tip and mid-
portion of the renal papilla, where they represented 8.5 ± 1.0%
(average ± SE) of tubular cells, with ∼80% of LRC in an aqua-
porin-2–positive collecting duct, and the rest in noncollecting
duct epithelia, such as NKCC2-positive cells of the thick as-
cending limb of the loop of henle (Fig. 1C).

Cells That Proliferate After Ischemia Reperfusion in the Cortex and
Outer Medulla Are Not LRCs. In the outer medulla and cortex,
there was a very low number of tubular LRCs, and this number
did not significantly change after IRI, indicating that there are
very few LRCs in the cortex or outer medulla and papillary
LRCs do not migrate from the papilla toward the cortex (Fig. 2
A–C). In contrast, substantial IdU incorporation could be
detected beginning 24 h after injury and increasing thereafter,
from 0.3 ± 0.1% in uninjured cortex to 26.9 ± 4.1% of tubular

cells by 48 h after IRI (Fig. 2D). Similar results were obtained
when mice were subject to bilateral IRI and analyzed 48 h after
IRI (Fig. S1).

LRCs in Papilla Tip and Midportion Do Not Proliferate or Migrate to
Cortex After Injury. To determine whether papillary LRCs selec-
tively proliferate after injury, as would be expected for a pro-
genitor population, mice that had received pulsed CldU at P1
and P2 were subject to unilateral IRI at 8 wk of age. IdU was
administered 3 h before being killed, which was performed at 12,
24, 36, and 48 h after IRI (Fig. 2A). Papillary LRCs were readily
detected in uninjured kidneys. After IRI, the number of papillary
LRCs gradually decreased from 8.5 ± 1.0% before injury to 4.6 ±
5.6% of tubular cells 48 h after injury (Fig. 2 B and C). No IdU-
positive cells were observed in uninjured papilla, and very rare
IdU-positive cells were found in the papilla by 48 h after IRI at
0.2 + 1.4% of tubular nuclei, but no papillary cells were positive
for both CldU and IdU (Fig. 2 B and D). These results suggest
that papillary LRCs in the tip and midportion of the papilla do
not proliferate in the first 48 h following IRI.
Although recent data refute the immortal-strand hypothesis in

the best-characterized adult stem-cell population—hematopoietic
stem cells (21)—the foregoing experiment leaves open the pos-

Fig. 1. Thymidine analog detection after either IRI or pulse chase. (A) To
validate the specificity of thymidine analog labeling, IdU and CldU was
injected alone or in combination 3 h before killing during repair. Kidney
sections from outer medulla were probed with both anti-IdU (green) and
anti-CldU (red) antibodies. When either IdU or CldU was injected alone there
was no cross-reactivity, and when both IdU and CldU were injected together,
there was concordant nuclear staining. (B) Newborn mice at P1 and P2 were
injected with CldU followed by an 8-wk chase, to identify slow cycling cells in
kidney. (Scale bar, 25 μm.) (C) LRCs were located in papilla, primarily in ep-
ithelial cells. ∼80% of LRC were AQP2-positive collecting duct cells, with the
rest from other tubule segments such as NKCC2-positive thick ascending
limb. (Scale bar, 25 μm.)

Fig. 2. Papillary LRCs do not proliferate or migrate after IRI. (A) Groups of
newborn mice (n = 3 per group) were injected with CldU at P1 and P2 and
chased for 8 wk. Then, unilateral IRI was performed, and mice were killed at
either 12, 24, 36, or 48 h after injury. IdU was injected 3 h before killing in
each condition. (B) In the outer medulla, IdU (green) incorporation began
24 h after injury and increased thereafter. There were very rare CldU (red)
positive cells in the outer medulla, and they neither incorporated IdU nor
increased in number over time. In papilla, CldU-positive LRCs did not in-
corporate IdU during repair, although several IdU-positive cells could be
found in papilla beginning 24 h after injury (arrows). (Scale bar, 25 μm.) (C)
The percentage of LRCs in the cortex did not change during repair,
indicating that there was no migration of LRCs from papilla to cortex. In
contrast, the percentage of LRCs in the papilla decreased over the 48-h time
course. *P = 0.003, 0 h compared with 48 h. (D) There was a dramatic in-
crease in IdU-positive epithelial cells in the cortex, but only few cells in pa-
pilla divided after IRI. *P < 0.05, **P < 0.01, cortex compared with papilla. (E)
Using the cell-cycle marker Ki67, there was a dramatic increase in cycling cells
in cortex during repair, but very few Ki67-positive cells in renal papilla. *P <
0.05, **P < 0.01, cortex compared with papilla.
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sibility that papillary LRCs did not incorporate IdU because they
retain the older, CldU-labeled, DNA strands. To address this
possibility, we costained papilla and cortex for the mitogenic
marker Ki67, which shows nuclear staining in cells that have
entered the cell cycle. If papillary LRCs selectively proliferate
during repair even as they retain CldU-labeled chromosomes,
they will still appear as Ki67-positive cells within the papilla.
Although Ki67-positive cells in the cortex increased from 0.6 ±
0.2% to 40.0 ± 7.0% by 48 h after IRI (P < 0.0001), there was
a very modest increase in papilla, from undetectable in uninjured
papilla to 0.5 ± 2.8% at 48 h after injury (Fig. 2E) (P = NS). No
papillary cells were observed to be positive for both CldU and
Ki67 at any time point, indicating that papillary LRCs do not
selectively proliferate after IRI.
By 48 h after IRI, there were occasional collecting ducts and

noncollecting tubules located in the papilla base and inner me-
dulla, where the majority of epithelial nuclei were Ki67-positive
(Fig. 3A). To determine whether these proliferating cells derived
from CldU-positive LRCs, we costained for CldU and Ki67.
Although occasional CldU-positive LRCs could be found in this
region, some even adjacent to these “chains” of proliferating
cells (Fig. 3B), we did not detect any epithelia positive for both
CldU and Ki67. Because we did not observe CldU-positive cells
that were also positive for either IdU or Ki67 in the papilla tip or
midportion, these results together suggest that the chains of
Ki67-positive cells in the papilla base do not derive from LRC.

Proximal Tubule Cell Division After Injury Is Stochastic. To test
whether an intratubular progenitor cell is responsible for gen-
eration of new proximal tubule epithelia after IRI, we treated
mice with a single injection of CldU 24 h after unilateral IRI
followed by a single injection of IdU 45 h after IRI with killing at
48 h (Fig. 4A). If an intratubular progenitor selectively pro-
liferates during repair, its progeny will divide rapidly and thereby
incorporate both CldU and IdU. Surviving epithelial cells that

are not progenitors will not divide at all, leaving a large pop-
ulation of double-labeled cells. In contrast, if proximal tubules
repair by self-duplication of all surviving epithelial cells, pro-
liferation will be random, and the fraction of double-labeled cells
will be low and can be predicted by multiplying the percentage of
CldU-positive cells times the percentage of IdU-positive cells
(Fig. 4A). CldU is cleared within hours under normal conditions,
and by separating the CldU and IdU injections by 21 h we
attempted to minimize the possibility that double labeling with
this experimental protocol could simply reflect slow clearance of
CldU (21).
CldU was administered 24 h after IRI and IdU was adminis-

tered 45 h after IRI, just before killing at 48 h (Fig. 4B). Few
CldU- or IdU-labeled nuclei were seen in uninjured kidney. At

Fig. 3. Chains of proliferating cells in the upper papilla do not derive from
LRCs. (A) Forty-eight hours after IRI, tubules can be seen in which nearly all
epithelial cell nuclei are Ki67-positive (red). These tubules are located in the
base of the papilla, adjacent to the inner medulla. Some of these pro-
liferating tubules are DBA-positive, indicating a collecting duct (arrowhead),
and others are DBA-negative (arrows). (B) Costaining of CldU (red) and Ki67
(green) shows that LRCs are not contributing to the Ki67-positive cells, even
though CldU-positive LRCs can be found adjacent to proliferating tubules.
(Scale bar, 25 μm.)

Fig. 4. Proximal tubule repair does not involve an intratubular progenitor
population. (A) If an intratubular progenitor cell generates new epithelial
cells during repair, such progenitors would selectively proliferate after injury
resulting in a high percentage of colabeled nuclei after sequential CldU and
IdU pulses. If all surviving epithelial cells are capable of proliferating through
self-duplication, then cell division is stochastic and a certain fraction of cells
will incorporate CldU, and a different fraction epithelial cells will in-
corporate IdU, with few cells incorporating both labels. (B) Adult mice were
subject to unilateral IRI, and injected with CldU 24 h after injury and IdU 3 h
before being killed at 48 h after injury. (C) Sham-operated kidneys showed
little CldU (red) or IdU (green) uptake, but injured kidneys had substantial
CldU and IdU uptake. A smaller fraction of cells was positive for both CldU
and IdU, indicating sequential cell division in the prior 24 h, and this frac-
tion was not different from that predicted if cell division were stochastic
(%predicted = %CldU-positive × %IdU-positive). (D) Nearly all cells that in-
corporated IdU 3 h before being killed were also Ki67-positive, as expected.
(E) The number of Ki67-positive cells was more than double the number of
CldU-positive cells; however, very few cells were positive for both CldU and
Ki67, and this number was significantly less than that predicted if cell division
were stochastic. *P < 0.05. n = 3 mice for each condition. (Scale bar, 25 μm.)
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48 h after injury, there were 22.0 ± 2.3% CldU-positive and
14.8 ± 0.7% IdU-positive nuclei (Fig. 4C). There were 4.8 ±
0.6% copositive nuclei, a fraction that was not different from the
3.2 ± 0.2% copositive nuclei predicted if cell division is stochastic
(predicted = CldU% × IdU%).
Because Ki67 staining identifies cells that have reentered the

cell cycle, including those in G1 that have not progressed through
the S-phase, we also measured Ki67 staining in this experiment.
All IdU-positive cells were expected to be Ki67-positive, and this
is what we observed (Fig. 4D). Cells that were Ki67-positive but
IdU-negative represent cells in G1 that have not yet progressed
through the S-phase. When we examined CldU and Ki67, few
copositive cells were observed: although 16.9 ± 3.5% of proximal
tubule nuclei were CldU-positive and 40.9 ± 4.2% were Ki67-
positive, only 2.7 ± 1.7% stained for both CldU and Ki67,
a number that was significantly less than the 7.0 ± 1.32% pre-
dicted. These results indicate that within the first 48 h after
injury, at least 55% (CldU% + Ki67% − copositive%) of outer
medullary epithelia have either reentered the cell cycle (Ki67
expression) or completed the S-phase (CldU uptake).

Cell Division Occurs Primarily in Injured and Dedifferentiated Epi-
thelia. Our results indicate that most if not all proximal tubule
epithelial cells are capable of proliferating after injury but do not
answer whether injured but surviving epithelia or uninjured
bystanders are more likely to proliferate after IRI. To address
this question, we costained for CldU, IdU, and Kidney Injury
Molecule-1 (Kim-1), an apical phosphatidylserine receptor that
is strongly induced in injured proximal tubule epithelia and un-
detectable in uninjured kidney (22, 23). We found that 75.0 ±
18.1% of CldU-positive cells and 72.3 ± 8.9% of IdU-positive
cells coexpressed Kim-1 (Fig. 5A) (P < 0.05 for both, compared
with Kim-1–negative cells). Because Kim-1 is not expressed in
thick ascending limbs or collecting ducts, this fraction may be an
underestimate because we did not exclude these segments from
the analysis and some portion of cells in those tubule segments
may proliferate after injury.
To corroborate this finding, we next investigated whether di-

viding epithelia expressed Pax-2, a transcription factor tran-
siently expressed during renal development that is reexpressed in
dedifferentiated proximal tubule after acute injury (24, 25). Of
the Ki67-positive epithelial cells, 74.3 ± 7.2% coexpressed Pax-2
(Fig. 5B) (P < 0.001 compared with Pax-2–negative cells), con-
sistent with a previous observation that BrdU/Pax-2 copositive
cells can be found in rat tubules after acute injury (26). Reduced
or mislocalized expression of basolateral Na/K/ATPase, a marker
of terminal epithelial differentiation, is an additional marker of
epithelial dedifferentiation (27, 28). We analyzed the expression
pattern of the Na/K/ATPase 24 h after ischemia-reperfusion in
mice that received BrdU 3 h before being killed. We observed
substantially reduced or absent basolateral Na/K/ATPase
expression in 71.9 + 15.4% of BrdU-positive cells (Fig. 5C)
(P < 0.05 compared with cells with normal Na/K/ATPase).
Taken together, these results indicate that the majority of pro-
liferating epithelial cells are injured and dedifferentiated in the
repairing kidney.

Discussion
There are three main findings from the present work. First, epi-
thelial proliferation after ischemic injury occurs by self-duplication
of differentiated cells, not by an intratubular progenitor cell
mechanism. Second, the cells most likely to proliferate within the
proximal tubule are those that are injured and dedifferentiated
rather than uninjured bystanders. Third, our data do not suggest
that slow-cycling cells in the papilla proliferate or that they or their
progeny migrate to the proximal tubule after IRI.
The CldU/IdU-labeling technique does not rely on candidate

stem-cell markers to identify putative progenitors and this allowed

an assessment of the replicative history of slow-cycling cells in
the papilla, which lack any other distinguishing marker aside
from thymidine analog retention itself. Indeed, papillary LRCs
express markers of terminal differentiation, such as aquaporin-2,
which is not consistent with a progenitor cell identity that should
be undifferentiated. The nondependence on stem-cell markers is
an important attribute of this technique because it is well-known
that the injured cell can dedifferentiate and express a host of
proteins in vivo that are typical of earlier stages of development.
Furthermore, once the cells are placed in culture they also as-
sume markers of early development, which likely do not reflect
pluripotency and stem-cell character in vivo.
If an intratubular epithelial progenitor located within a proxi-

mal tubule contributed substantially to the generation of new
epithelial cells during repair, most proliferating epithelial cells
should have been positive for both CldU and IdU. We observed
infrequent copositive cells at a frequency that was not different
from what would occur if cell division were stochastic. The
fraction of CldU- and Ki67-copositive cells was even lower, and
may be the more accurate reflection of epithelial proliferative
history in our experiment because we cannot rule out that uni-
lateral IRI might have slowed clearance of CldU leaving a low
concentration present as IdU was injected, which would tend to
increase the number of CldU- and IdU-copositive cells. Such
slow clearance would bias our results toward a small increase in
double-labeled cells, as has been previously reported (21). The
observation that proximal tubule cells undergo cell cycle arrest
after division in growing rats is consistent with our low mea-

Fig. 5. Cell division occurs primarily in injured, dedifferentiated proximal
tubule epithelial cells. (A) Mice treated with sequential CldU and IdU pulses
and killed 48 h after injury show little thymidine analog uptake and no Kim-
1 staining in sham-operated kidneys. In injured kidneys, there was strong
apical Kim-1 staining. Tubules that were positive for Kim-1 were more likely
to have divided over the previous 24 h (CldU) or 3 h (IdU), indicating that
injured tubules are more likely to proliferate during repair. *P < 0.01. n = 3
mice for each condition. (B) Injury induces nuclear Pax2 expression in outer
medullary tubular epithelia. Ki67-positive cycling epithelia were more likely
to express the dedifferentiation marker Pax2. *P < 0.001. n = 4 mice for each
condition. (C) Mice treated with a single pulse of BrdU before being killed 24
h after injury show reduced or absent basolateral Na/K/ATPase staining in
the majority of BrdU-positive cells, indicating that proliferating cells are
dedifferentiated at this time point. *P < 0.05. n = 3 mice for each condition.
(Scale bars, 25 μm.)
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sured frequency of CldU- and Ki67-copositive cells after IRI
(18). Taken together, our observations do not support even a
minor contribution of specialized intratubular progenitors to
epithelial repair.
We determined that a majority of proliferating cells after IRI

were injured and dedifferentiated because dividing cells coex-
pressed Kim-1 and Pax-2, and had reduced and mislocalized
expression of the Na/K/ATPase. The induction of injury marker
expression among repairing epithelial cells has implications for
the interpretation of experiments analyzing putative adult epi-
thelial stem-cell markers after injury. If a candidate stem-cell
marker is induced in terminally differentiated cells after injury,
then it is an injury marker and not a stem-cell marker. For
example, NFATc1 was described recently as an intratubular
progenitor cell marker in well-performed experiments that
showed an important role for NFATc1 in recovery from acute
injury (14). Because lineage-marked NFATc1-positive cells ex-
panded after injury, these cells were interpreted as progenitors.
However, our results argue against the existence of an intra-
tubular progenitor and therefore suggest that expansion of
NFATc1-Cre–labeled cells may reflect induction of nFatc1
promoter activity in injured cells that subsequently proliferate—
similar to Kim-1—rather than selective clonal expansion of an
intratubular progenitor.
Although thymidine analog-based pulse-chase has been used

to identify stem cells in the hematopoietic system (29), skin (30),
mammary gland epithelium (31), and heart (32), this technique
also has limitations. Label retention is neither sensitive nor
specific for identifying stem cells: less than 6% of hematopoietic
stem cells retain label, and fewer than 0.5% of LRCs in the
hematopoietic system are in fact stem cells (21). These findings
raise the possibility that papillary LRCs are a similarly hetero-
geneous population and that we might have missed the small
number of LRCs that are truly renal progenitors. Although we
cannot rule this possibility out, it seems unlikely because we did
not observe cycling papillary LRCs, either in the tip and mid-
portion or in the papilla base. Moreover, even if the papillary
LRCs that are progenitors are rare, we should have been able to
detect their progeny (even if they migrated out of the papilla tip)
using our dual-labeling approach. We did not find evidence for
such a “transit-amplifying population” anywhere in the kidney.
It has been proposed that papillary LRCs migrate from the tip

to its base, where they undergo proliferative expansion. Although
we did observe tubules in this region where almost all nuclei were
Ki67-positive, they did not derive from papillary LRCs because we
could not detect cells copositive for CldU and either IdU or Ki67
in the papilla tip, midportion, or base. We also did not observe
a corresponding uptake of IdU in the region where we observed
chains of Ki67-positive epithelial cells, suggesting that these cells
may be progressing through G1 very slowly or are potentially
arrested in G1 as a consequence of DNA damage or reactive
oxygen species (33). In any case, the results do not support these
Ki67-positive cells as direct participants in outer medullary prox-
imal tubule repair in the first 48 h after injury.
Papillary LRCs decreased after IRI. The reasons for this

finding, consistent with other reports (8), are unclear. We found
very little cell division in papilla so dilution of label through
DNA synthesis cannot explain the loss of LRCs. There is very
little apoptotic cell death in papilla as well (8). We do not find
evidence for a migration of papillary LRCs to the cortex, but
these LRCs might be migrating out of the kidney entirely. Al-
though the mechanism for this finding requires further investigation,
we did not find any evidence that the loss of papillary LRCs after
IRI reflects mobilization of a progenitor pool through proliferation
or migration to outer medulla. This conclusion is consistent with
a recent study that proposed that papillary label retention
reflects the early quiescence of papilla during development
rather than a stem-cell pool (34).

In summary, we have shown that proximal tubule epithelial
cells expand by self-duplication of surviving cells, not by repli-
cation of a specialized intratubular progenitor pool. Most of these
cells are injured. In the future it will be important to understand
the molecular mechanisms regulating epithelial dedifferentiation
and proliferation after acute injury.

Materials and Methods
Animal Experiments. All mouse studies were performed according to the
animal experimental guidelines issued by the Animal Care and Use Com-
mittee at Harvard University. Male C57Bl6 mice, aged 8 to 10 wk were
anesthetized with pentobarbital sodium (60 mg/kg body weight) before
surgery. At least three mice for each time point were used. Body temper-
atures were controlled at 36.5 to 37.5 °C throughout the procedure. Kidneys
were exposed through flank incisions, and mice were subjected to ischemia
by clamping the renal pedicle with nontraumatic microaneurysm clamps
(Roboz), which were removed after 27 min. One milliliter of 0.9% NaCl was
administered intraperitoneally 2 h after surgery.

CldU (Sigma-Aldrich) and IdU (MP Biomedicals) were made fresh as 20-
mg/mL stocks in sterile 0.9% saline warmed to 45 °C, as described (35).
Thymidine analogs were injected at 50 mg/kg intraperitoneally. Mice were
anesthetized, killed, and immediately perfused via the left ventricle with ice-
cold PBS for 2 min. Kidneys were hemisectioned and fixed in 10% neutral
buffered formalin at 4 °C for 16 h and mounted in paraffin sections, taking
care to orient the papilla for optimal sectioning.

ImmunofluorescenceMicroscopy.Detection of CldU and IdUwas accomplished
using modifications of published protocols (16, 18, 36). Paraffin sections
(4 μM) were rehydrated, nuclear membranes permeabilized with 0.2% Triton
X-100 in PBS for 5 min, and antigens retrieved by treatment with heated
citrate (Antigen Unmasking Solution; VectorLabs). After blocking in 5%
normal goat serum in PBS, sections were incubated overnight at 4 °C with
both mouse anti-BrdU (which binds IdU strongly but CldU weakly, clone B44,
1:200; Becton-Dickenson) and rat anti-BrdU (which binds to CldU but not
IdU, clone BU1/75, 1:1,500; Abcam). Next, slides were incubated in warmed
high-salt TBS-T buffer (0.5 M NaCl, 36 mM Tris-HCl, 0.5% Tween-20, pH 8)
and incubated with shaking at 225 rpm, 37° for 20 min. Secondary anti-
bodies with minimal cross reactivity to other species were used. FITC-
conjugated goat anti-mouse IgG (Jackson Laboratories) was used to reveal
IdU, and Cy3-conjugated goat anti-rat IgG (Jackson Laboratories) was used
to reveal CldU, both at 1:500.

The following additional antibodies were used: aquaporin-2 (Rabbit,
1:1,000, Cat. No. 15116; Abcam), DBA-lectin (FITC coupled, 1:500, Cat. No. FL-
1031; VectorLabs), Ki67 (Rabbit, 1:200, Cat. No. VP-RM04; VectorLabs), Ki67
(FITC-coupled, rabbit, 1:75, Cat. No. 27619; Abcam), NKCC2 (Rabbit, 1:100,
Cat. No. NKCC21-A; Alpha Diagnostic International), Kim-1 (Goat, 1:500, Cat.
No. AF1817; R&D Systems), Na/K/ATPase (Rabbit, 1:500, Cat. No. 76020;
Abcam), and Pax2 (Rabbit, 1:500, Cat. No. 79389; Abcam). Sections were
mounted in Vectashield containing 40, 6-diamino-2-phenylindole (Vector-
Labs). Images were taken on a Nikon C1 D-Eclipse confocal microscope using
standard procedures.

Quantification of Labeled Tubular Cells. Two areas of kidney were quantitated
for thymidine analog uptake. The combined outer medulla and inner cortex
were assessed because this is the region with most proliferative activity after
IRI. In papilla, themid- and tip-regions were examined and counted together,
because these are the regions where LRC depletion with aging occurs,
suggestive of the true papillary progenitor niche (9). Ten high-power fields
from each mouse were examined from each kidney region, and epithelial
cell nuclei counted based on DAPI staining. Interstitial cell nuclei were not
counted. CldU, IdU, and copositive cells were and expressed as a percentage
of the total number of tubular epithelial cells as assessed by DAPI-positive
intratubular nuclei.

Statistical Analyses. The results are expressed as the means ± SEM. Nuclei
were counted from 10 high-power fields for each kidney, and each experi-
ment consisted of at least three mice per group. Statistical analyses were
performed using two-way ANOVA followed by a Bonferroni test. P values
less than 0.05 were considered to be significant.
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